
 

 

Investigating mechanisms of acquired drug 

resistance in Triple Negative Breast Cancer 

 

Helen Elizabeth Grimsley 

November 2020 

 

This thesis is submitted to the University of Kent for the degree of 

Doctor of Philosophy 

 

 

 

Faculty of Sciences 

School of Biosciences 

University of Kent 



Declaration 

 

2 
 

 

Declaration 
 
No part of this thesis has been submitted in support of an application for any degree or other 

qualification of the University of Kent, or any other University or Institution of learning. 

 
Helen Elizabeth Grimsley 

November 2020 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Abstract 

 

3 
 

Abstract 
 
Triple negative breast cancer (TNBC) is an aggressive, heterogenous, metastatic disease 

characterised by lack of oestrogen, progesterone and human epidermal growth factor 2 receptors. 

Due to the lack of druggable targets, chemotherapy remains the mainstay of treatment. Whilst 

patients initially respond to this therapy, they often relapse due to acquired drug resistance. Given 

the poor outlook, it is evident that an appropriate second line therapy is required following 

chemoresistance, as well as clinically relevant biomarkers to identify when this change of therapy 

is required.  

 
To address this, a panel of six chemotherapeutic agents and 16 inhibitors of the DNA damage 

response and repair (DDR) pathways were evaluated as potential second line therapy options 

against a panel of three chemo-naive and 15 chemo-resistant TNBC cell lines. This showed that the 

PARP inhibitors, olaparib and rucaparib, and the chemotherapeutic agent, doxorubicin, may be 

ineffective as second treatment strategies for chemo-refractory TNBC, whilst inhibitors targeting 

CHK2, RAD51 recombinase and PLK1 may be effective. Analysis of the TNBC cell lines exome 

sequencing data, in combination with data extracted from The Cancer Genome Atlas, identified 70 

genes as candidate biomarkers of chemoresistance. This included a loss of function frameshift 

variant in TOP2A within the doxorubicin resistant cell line, HCC1806rDOX12.5, as a candidate 

biomarker of doxorubicin resistance. SiRNA mediated knockdown of TOP2A in the chemo-naive cell 

line, HCC1806, confirmed a doxorubicin resistance phenotype.  

 
In conclusion, this thesis provides a novel insight into the use of chemotherapeutic agents and DDR 

inhibitors as a potential second line therapy options after the emergence of chemoresistance in 

TNBC. It identified 70 clinically relevant candidate biomarkers of chemoresistance, and provides 

new avenues of research for further exploration of these findings. The work presented in this thesis 

has the potential to advance understanding of chemoresistance in the clinic and improve the 

outcome of patients with chemo-refractory TNBC. 
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1. Introduction 

1.1 Introduction to Cancer 

 
Cancer is a major worldwide public health problem, and is the second leading cause of premature 

death globally after cardiovascular disease (Ma and Yu, 2006; Bray et al., 2018). It was estimated 

that there were 18.1 million new cancer cases and 9.6 million cancer deaths in 2018 with high 

prevalence of lung, female breast, colorectal and prostate cancer (Bray et al., 2018). According to 

Cancer Research UK; it has been predicted that there will be 27.6 million new cases of cancer each 

year by 2040 (Cancer Research UK, 2016). It is therefore clear that a deeper understanding of cancer 

is required for better cancer prevention, detection, diagnosis and treatment worldwide.  

 
Cancer cannot be described as a single disease state, but comprises of over 200 different diseases, 

which commonly demonstrate a phenotype of uncontrolled cell growth and proliferation, which 

can result in invasion of surrounding local tissue, and metastasis to secondary sites. There are 

several theories, which propose an explanation for the progression of cancer. The tissue 

organisation field theory (TOFT) states that cancer arises from the disruption of chemical signals, 

mechanical forces and bioelectric changes of a cell with the adjacent tissue (Baker, 2015). The 

metabolic theory considers cancer to arise as a mitochondrial metabolic disease through 

respiratory insufficiency, whilst the cancer stem cell theory considers cancer to arise as result of 

genomic instability in stem or differentiated cells, termed cancer stem cells (CSCs) (Seyfried, 2015; 

Tomasetti and Vogelstein, 2015; Tran et al., 2016; Afify and Seno, 2019). The most widely accepted 

theory, and the one that is assumed through this thesis, is the somatic mutation theory (SMT). SMT 

states that the development of genetic and epigenetic alterations in a single somatic cell can 

extricate the cells from the homeostatic mechanisms, which control normal cell proliferation, 

resulting in the cancer cell phenotype (Blagosklonny, 2005). 

 
SMT considers the development of cancer as a Darwinian process, whereby the accumulation of 

mutations in the genome over successful clonal expansions result in the mutant oncogenic 

phenotype (Hanahan and Weinberg, 2011). The majority of somatic mutations that occur are 

considered passenger mutations, which have no effect on the cell, whilst driver mutations result in 

an oncogenic progression (Stratton, 2009). Driver mutations are commonly found in oncogenes or 

tumour suppressor genes (TSGs), which can positively or negatively regulate the promotion of 

cancer progression respectively. Proto-oncogenes often obtain activating mutations, such as 

amplification, translocation or missense variants, which are often dominant (Grandér and Grandér, 

1998). An example of an oncogene is EGFR, whereby activating mutations in EGFR results in 
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increased cell proliferation, survival and differentiation (Zandi et al., 2007; Sigismund et al., 2018). 

TSGs  are known to have a role in protecting the genetic integrity of the cell, and deleterious loss of 

function variants in these genes can lead to oncogenesis (Grandér and Grandér, 1998). An example 

of a commonly mutated TSG in cancer is TP53, which has a crucial role in sensing DNA damage and 

halting cell cycle progression. Loss of function mutations in TP53 are found in approximately 50% 

of cancers (Rivlin et al., 2011; Perri, 2016). Genetic aberrations in oncogenes and TSGs affect the 

genomic stability of the cell, which can result in a higher risk of acquiring further genetic aberrations 

(Fletcher and Houlston, 2010).  

 
Both internal and external genotoxic factors such as; reactive oxygen species (ROS), tobacco smoke 

and ultraviolet light, can result in DNA damage (Jackson and Bartek, 2009). Although DNA repair 

mechanisms are in place to repair the generated somatic mutations, if repaired incorrectly before 

cell replication; a permanent alteration is fixed in the DNA, further contributing to oncogenesis 

(Lord and Ashworth, 2012). It has been found that cancer cells often have increased rate of DNA 

damage and genetic aberrations compared to normal cells, which contributes to the development 

of oncogenesis (Negrini, 2010). It is thought that inherited germline mutations in oncogenes, such 

as those in KRAS in non-small cell lung cancer patients, can contribute to the development of 

oncogenesis in combination with somatic mutations (Román et al., 2018). 

 

 
 
Figure 1.1 The hallmarks of cancer 
Schematic diagram highlighting the hallmarks of cancer. Taken from Hanahan and Weinberg 2011.  

 
The sequential development of driver somatic mutations in both oncogenes and TSGs results in an 

oncogenic phenotype that have been defined as traits, and considered to drive the cancer 

progression; termed the hallmarks of cancer (Hanahan and Weinberg, 2011). Initially, six hallmarks 

were identified; with the cancerous cells able to sustain proliferative signalling, evade growth 
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suppressors, activating invasion and metastasis, enabling replicative immortality, inducing 

angiogenesis and resisting cell death (Hanahan and Weinberg, 2000). A reviewed update identified 

two new emerging hallmarks; deregulating cellular energetics and avoiding immune destruction, as 

well as two enabling characteristics; tumour-promoting inflammation and genome instability and 

mutation (Figure 1.1) (Hanahan and Weinberg, 2011). Different therapeutic strategies have been 

developed which target these characteristics of the cancer phenotype. One of the earliest methods 

to be developed, and which is still a frontline treatment for many cancer types, is chemotherapy.  

 
1.2 Chemotherapeutics 

 
Cancer therapy is predominantly dependent upon the use of surgery, radiotherapy and cytotoxic 

chemotherapeutic agents. Whilst both surgery and radiotherapy are still commonly used, these 

methods are reliant on accessibility of the tumour site, and the stage of the tumour. Cytotoxic 

chemotherapy agents were introduced, which can provide an effective broad-acting therapy across 

all tissue types and can be used at any tumour stage. These cytotoxic agents are used to induce 

severe DNA damage, with the rationale that this will result in higher levels of replication stress or 

mitotic catastrophe and activation of apoptosis in the rapidly dividing cancerous cells compared to 

normal cells. There are several classes of chemotherapeutic agents based on their mechanism of 

action, which include, (but not exclusive to); alkylating agents, anti-metabolites, topoisomerase 

inhibitors and anti-mitotic agents, which are considered in the scope of this thesis due to their use 

in the treatment of the cancer investigated here (Huang et al., 2017).  

 
1.2.1 Alkylating agents 

 
Alkylating agents are antineoplastic compounds, which chemically react to biological molecules 

such as; nucleic acids, proteins, amino acids and nucleotides. These agents alter the structure of 

DNA through cross-links, which can lead to DNA fragmentation. Alkylating agents, such as sulphur 

mustard gas, were initially used as chemical warfare in World War I, before nitrogen mustards were 

harnessed for the treatment of cancer. The nitrogen mustard alkylating agents, such as 

chlorambucil, reacts with nucleophilic sites in DNA through its electron deficient alkyl groups, and 

was used for the treatment for chronic lymphocytic leukaemia (Siddik, 2005; Vidal et al., 2016). 

Considered alkylating-like are the platinum analogues; cisplatin and carboplatin, which bind to the 

N7 position of guanine and/or adenine bases in DNA via a platinum atom (Oronsky et al., 2012). 

The platinum agents are commonly used as either single agents, or in combination with another 

drug class for the treatment of cancers of the; breast, testicular, ovarian, cervical, prostate, head 
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and neck, bladder, lung and refractory non-IƻŘƎƪƛƴΩǎ ƭȅƳǇƘƻƳŀǎ (Tsimberidou et al., 2009; Dhar 

et al., 2011; Dasari and Bernard Tchounwou, 2014).  

 
Cisplatin introduces both inter-and intra-strand cross-links in the DNA, which require repair (Pascoe 

and Roberts, 1974). This results in the inhibition of DNA synthesis and cell division and the induction 

of apoptotic cell death. Cisplatin has also been found to induce mitochondrial oxidative stress, with 

an increase of ROS, which results in the loss of mitochondrial protein sulfhydryl group, calcium 

uptake inhibition and reduction of mitochondrial membrane potential (Marullo et al., 2013a). 

Furthermore, increased ROS levels in the cell can damage proteins, lipids and further damage DNA 

adding to the induction of apoptosis. 

 
1.2.2 Antimetabolites 

 
Antimetabolites are folic acid, pyrimidine or purine analogues and have a similar structure to 

molecules required for DNA or RNA synthesis. Generally, antimetabolites are incorporated into DNA 

or RNA during S-phase of the cell cycle, or inhibit the enzymes that are required for nucleic acid 

production, resulting in replication stress and the induction of apoptosis (Huang et al., 2017). 

 
One of the first antimetabolites to be developed for solid tumours was 5-Fluorouracil in 1957, and 

it  remains an essential chemotherapeutic agent, both as a single agent and in combinations with 

other drug classes for the treatment of colorectal, breast and head and neck cancers (Heidelberger 

et al., 1957; Arruebo et al., 2011). 5-Fluorouracil is an analogue of uracil, in which a fluorine atom 

has replaced a hydrogen atom at the C-5 position (Rutman, Cantarow and Paschkis, 1954). It enters 

the cell via the same facilitated transport mechanism of uracil, before undergoing intracellular 

conversion into multiple active metabolites, which include; fluorodeoxyuridine monophosphate 

(FdUMP), flurodeoxyuridine triphosphate (FdUTP) and fluorouridine triphosphate (FUTP) 

(Wohlhueter, McIvor and Plagemann, 1980; Miura et al., 2010). FdUMP inhibits thymidylate 

synthase, which is required for the conversion of deoxuridine monophosphate (dUMP) to 

deoxythymidine monophosphate (dTMP), thereby reducing the nucleotide pool of thymidine 

required for DNA synthesis (Longley, Harkin and Johnston, 2003a). The accumulation of dUMP can 

lead to increased levels of deoxyuridine triphosphate (dUTP)(Aherne et al., 1996). Both dUTP and 

the metabolite FdUTP have been found to be misincorporated into DNA resulting in DNA damage. 

Furthermore, FUTP has been found to be incorporated into RNA, which disrupts the normal RNA 

processing and function (Aherne et al., 1996). Together, the active metabolites of 5-Fluorouracil 

induce DNA damage, and replication stress, which results in the induction of apoptosis.  
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Gemcitabine is a pro-drug cytidine analogue, which is commonly used as either a single agent, or in 

combination with another drug class for the treatment of a variety of solid tumours, including; non-

small cell lung, pancreatic, bladder and breast cancer (Toschi et al., 2005). Upon influx via 

nucleoside transporters, gemcitabine undergoes an intracellular conversion to the nucleotides 

gemcitabine diphosphate (dFdCDP) and triphosphate (dFdCTP), which both have downstream 

action inducing gemcitabine cytotoxicity. The nucleotide dFdCTP competes with deoxycytidine 

triphosphate as an inhibitor of DNA polymerase and is incorporated in the DNA. To potentiate this 

effect, the nucleotide dFdCDP inhibits ribonucleotide reductase, which results in the depletion of 

deoxyribonucleotide pools required for DNA synthesis (Mini et al., 2006). Furthermore, it has been 

found that dFdCTP can incorporate into RNA, which can disrupt normal RNA processing, and 

maturation of ribosomal, transfer and messenger RNA, (rRNA, tRNA, mRNA) precursors (Mojardín 

et al., 2013). The incorporation of the cytidine analogue into DNA and the reduction of the 

nucleotide pools results in a disruption of DNA synthesis, increasing replication stress, and the 

induction of apoptosis.  

 
1.2.3 Topoisomerase inhibitors  

 
Topoisomerase inhibitors target either topoisomerase I or II (topo I, topo II), which are well 

characterised enzymes involved in the unwinding of DNA during replication and transcription. 

Chemotherapeutic agents have been developed to target both topoisomerases with camptothecin 

targeting topo I, and etoposide and doxorubicin targeting topo II (Liang et al., 2019).  

 
Doxorubicin is an anthracycline topo II targeted inhibitor, which has been used as a single agent, or 

in a combination therapy with other drug classes for the treatment of several cancers including; 

breast, gastric, lung, ovarian, thyroid, non-HodgkƛƴΩǎ ŀƴŘ IƻŘƎƪƛƴΩǎ ƭȅƳǇƘoma, sarcoma, multiple 

myeloma and paediatric cancers (Thorn et al., 2011). The mechanisms of action associated with 

doxorubicin are multi-factorial, but all lead to increased DNA damage resulting in apoptotic cell 

death. Doxorubicin has been found to intercalate into DNA, which can result in the inhibition of 

DNA replication, and disruption of DNA repair mechanisms, which is believed to be mediated by 

topo II, although the mechanism is not fully known (Yang et al., 2014). Topo II is an ATP-dependent 

enzyme, which consist of two isoforms; TOP2A and TOP2B. Topo II is known to bind to entangled 

DNA and DNA supercoils, before breaking both strands of one DNA duplex, passing the other duplex 

through the gap and resealing the break, in order to reduce torsional stress produced from DNA 

replication and transcription (Pommier et al., 2010; Yang et al., 2014). It has also been found that 

Topo II is required for decatenation of DNA during mitosis, and for normal cytokinesis (Carpenter 
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and Porter, 2004; Yang et al., 2014). It is thought that doxorubicin binds and traps topo II at 

breakage sites, stabilising the DNA cleavage complex and this prevents the resealing of DNA breaks, 

resulting in increased DNA damage (Nitiss, 2009). Furthermore, doxorubicin has also been found to 

oxidize to an unstable metabolite, semiquinone, before being converted back, which releases ROS. 

The ROS in turn can contribute to the DNA damage and result in cell death (Doroshow, 1986; Kim 

et al., 2006; Thorn et al., 2011). In addition, doxorubicin has been found to be associated with 

enhancement of nucleosome turnover around promoter regions, which is thought to be attributed 

to its ability to intercalate DNA (Yang, Kemp and Henikoff, 2013; Taymaz-Nikerel et al., 2018). 

 
1.2.4 Anti-mitotic agents 

 
Anti-mitotic agents target the dynamics of microtubules, which can disrupt spindle formation and 

chromosome orientation resulting in mitotic arrest. Microtubules are predominantly formed during 

interphase and crucial for the completion of mitosis. If the cells remain in a prolonged arrest state, 

this results in a subsequent apoptosis induction or a senescence-like G1 state (Mitchison, 2012). 

Anti-mitotic drugs are divided into two classes based on their mechanism of action; microtubule 

destabilising agents or microtubule stabilising agents (Kavallaris, 2010). 

 
Destabilising agents inhibit the polymerisation of microtubules and include vinca alkaloids such as; 

vincristine, vinorelbine and eribulin, which bind to the vinca domain located at the interface 

between h  ς and ̡ -tubulin (Jordan and Kamath, 2007; Dumontet and Jordan, 2010; Smith et al., 

2010). Eribulin has been approved for patients with metastatic breast cancer όhΩ{ƘŀǳƎƘƴŜǎǎȅΣ 

Kaklamani and Kalinsky, 2019). The binding of eribulin at the vinca domain is selectively at the plus 

ends of microtubules as well as to soluble tubulin subunits. This prevents the addition of new 

subunits without affecting normal subunit loss, and results in net microtubule depolymerisation  

(Natarajan et al., 2012; Lu, Pokharel and Bebawy, 2015). 

 
Stabilising agents promotes the polymerisation of microtubules and include the drug groups; 

taxanes and epothilones, which are found to bind to the inner surface of the microtubule at the 

taxoid-binding site on ̡-tubulin (Altmann, 2001; Jordan and Kamath, 2007). Paclitaxel, a common 

taxane agent, has been used both as a single agent, or in combination with other drug classes for 

the treatment of breast, ovarian, colorectal, lung, head and neck cancer (Zhu and Chen, 2019). 

Paclitaxel binds to the taxoid binding site on the inner surface of the microtubule lattice, along its 

entire length and promotes microtubule stability and suppression of the microtubule shortening 
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events, which results in net microtubule polymerisation (Derry, Wilson and Jordan, 1995; Snyder et 

al., 2001; Jordan and Wilson, 2004; Jordan et al., 2005). 

 
1.2.5 Problems with chemotherapeutic agents 

 
The use of chemotherapeutic agents for the treatment of cancer does not come without problems. 

For example, the therapeutic window for targeting cancer cells is small, with the assumption that 

increasing DNA damage through chemotherapy in cancerous cells is attributed to their ability to 

rapidly divide. However, some normal cells, such as those found in the mouth, stomach, bowel and 

hair follicles are also rapidly dividing, which can result in undesirable side effects (Falzone, 

Salomone and Libra, 2018). Long term effects, such as cardiotoxicity, have also been identified with 

treatment of chemotherapeutic agents, such as doxorubicin, which is more predominant in children 

and adolescents who receive chemotherapy at a young age (Mancilla, Iskra and Aune, 2019). 

Furthermore, patients can become refractory to the treatment as resistance develops to the 

chemotherapeutic agents resulting in therapy failure and patient relapse.   

 
1.3 Resistance to chemotherapeutic agents 

1.3.1 The challenge of drug resistance 

 
Resistance to chemotherapeutic agents, and to therapies designed to be selective for specific 

molecular targets, remains the biggest challenge to the treatment of cancer in the clinic. Most 

patients with advanced cancer die as the cancer either already exhibits, or develops drug resistance 

to the therapy, and also to other existing therapies through multi-drug resistance (Garraway and 

Jänne, 2012; Konieczkowski et al., 2018). The development of drug resistance can result in an 

increase in tumour mass, invasion of nearby tissues or metastasis to distant tissues, which results 

in patient death. Approximately 90% of failures to chemotherapy are during the invasion and 

metastasis of cancer related to drug resistance (Mansoori et al., 2017a). 

 
Drug resistance can be divided into two categories; intrinsic or acquired. Intrinsic resistance 

indicates that prior to therapy, pre-ŜȄƛǎǘƛƴƎ ǊŜǎƛǎǘŀƴŎŜ ŜȄƛǎǘ ƛƴ ǘƘŜ ǇŀǘƛŜƴǘΩǎ ǘǳƳƻǳǊ ŎŜƭƭǎΣ ǊŜƴŘŜǊƛƴƎ 

the therapy ineffective. Acquired resistance develops during drug treatment in tumour cells that 

have previously demonstrated sensitivity to the drug. This can be through genetic or epigenetic 

changes that occur in the tumour cells with the application of drug, or the expansion of a small 

residual population of tumour cells, which are not killed, enabling a regrowth of tumour that no 

longer responds to the drug (Holohan et al., 2013; Cree and Charlton, 2017). The latter is thought 
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to be a result of a high degree of molecular cell heterogeneity often found in tumours, resulting in 

the expansion of resistant minor subpopulations (Swanton, 2012).  

 
Tumour heterogeneity presents a challenge in the study of drug resistance. It has been found that 

cell heterogeneity can be spatial; within a single tumour and amongst multiple metastases, as well 

as temporal; in which it is a result of a selective pressure induced by drug therapy (Konieczkowski 

et al., 2018). It has also been found that simultaneous development of resistance can occur in 

multiple metastases suggesting that the resistant subpopulations may pre-exist before tumour 

dissemination (Wagle et al., 2011; Sanborn et al., 2015; Konieczkowski et al., 2018). 

 
Another challenge is also found in the models used to analyse drug resistance. The use of cell line 

models is still considered a widely accepted method underpinning drug resistance research 

(Garraway and Jänne, 2012). However, whilst these models are derived from patients, they may 

not be entirely chemo-naive. These historically obtained cell lines are often derived from patient 

biopsies with very little information as to what treatment had been received, if any, at the time of 

the biopsy. Investigation of the year of the biopsy and the country it was obtained from, may 

provide some useful insight as to what stand of care treatment was given at the time. However, 

lack of this historical information can hinder the understanding of drug resistance.  

 
A further challenge is that drug resistance is multifactorial. Resistance has been found to develop 

not only though changes in the cancer genome, such as somatic mutations and chromosomal 

rearrangements, but also through non-genetic mechanisms such as protein phosphorylation and 

changes in gene expression. The way in which the resistance effectors develop, or become 

dysregulated can be extensive for any tumour context (Konieczkowski et al., 2018). In order to 

overcome refractory tumour phenotypes, an understanding of the mechanisms driving resistance 

to anti-cancer agents is important.(Garraway and Jänne, 2012). 

 
1.3.2 Mechanisms of drug resistance 

 
Six hallmarks of drug resistance have been proposed to describe common resistance mechanisms, 

which include; drug pumps, alteration of drug targets, detoxification mechanisms, increased DNA 

damage repair, reduced apoptosis and altered proliferation (highlighted in figure 1.2) (Cree and 

Charlton, 2017). These hallmarks, which underly the emergence of drug resistance, can be applied 

to both chemotherapeutic agents and to molecularly targeted drugs, although chemotherapeutic 

agents will be the focus of the discussion in the following subsections.  
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1.3.2.1 Drug pumps 

 
Alterations in drug pumps can result in an increase of drug efflux or a decrease in drug uptake, 

which ultimately leads to an observed drug resistance phenotype. Increased expression of the ABC 

transporter family has shown to efflux drugs from the cell at a rate that exceeds their entry in a 

relatively promiscuous manner. These transporters have been shown to efflux structurally 

unrelated chemotherapeutic agents, small molecule targeted drugs and xenobiotics, which results 

in a multi-drug resistance phenotype. For example, the ABCB1 transporter/multi-drug resistance 

transporter (MDR1) has been found to efflux common chemotherapeutic agents including; 

doxorubicin, eribulin and paclitaxel (Chen et al., 2016; Oba et al., 2016). The ABCG2/ breast cancer 

resistance protein (BCRP), has been found to efflux inhibitors such as irinotecan, gefitinib and 

imatinib (Tsuruoka et al., 2002). Given the problem ABC transporter activity has upon the efficacy 

of a drug, new drug development programmes often screen compounds to determine their 

substrate activity for the transporters before continuing drug development (Montanari and Ecker, 

2015).  

 
The solute carrier superfamily (SLCs) of membrane transporters contain; the organic anion 

transporting polypeptide, organic anion transporters and the organic cation transporters (OCTs). 

Decrease in the expression of SLCs can result in a reduced cellular uptake of chemotherapeutic 

agents resulting in a drug resistance phenotype (Zhou et al., 2017; J. Zhou et al., 2020). For example, 

Gao et al., 2019, showed that the decrease of the organic transporter 2 (OCT2/SLC22A2) results in 

a reduced cellular accumulation of cisplatin. Furthermore, it has been shown that doxorubicin is 

imported into the cell via the solute carrier family 22 member 16 (SLC22A16/OCT6) in a sodium-

independent manner (Okabe et al., 2005a, 2005b; Muley et al., 2020). 
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Figure 1.2 Mechanisms of drug resistance in cancer cells 
Schematic diagram identifying the common mechanisms of drug resistance in cancer cells. This includes increased drug efflux, and 
decreased drug uptake, drug compartmentalisation, changes in drug target or drug target levels, changes in drug metabolism, increased 
resistance to apoptosis and increased DNA damage response and repair. Adapted from (Mansoori et al., 2017). 

 
 
1.3.2.2 Detoxification mechanisms 

 
If uptake of the anti-cancer agents is efficient, there are many detoxification mechanisms that 

reduce the cytotoxicity of anti-cancer agents, which occur within the cell. These mechanisms can 

involve directly changing the drug, prevention of required drug metabolism needed to form active 

metabolites or drug compartmentalisation.  

 

Inactivation of platinum agents have been found associated with conjugate formation between the 

drug and the thiol glutathione (GSH) catalysed by glutathione S-ǘǊŀƴǎŦŜǊŀǎŜ όD{¢ˉύ. This has been 

found to result in a detoxification of the molecule and also increases the affinity to ABC transporters 

(Delou et al., 2019) (see sub- section 1.3.2.1 Drug pumps). Upregulation of D{¢ˉ and its activity has 

been implicated as a detoxification resistance mechanism in several cancer types (Cazenave et al., 

1989; T et al., 1992; Di Nicolantonio et al., 2005). Furthermore, GSH can act as an antioxidant, which 

can inhibit oxidative stress, such as ROS, which is found increased during treatment with cisplatin. 

Both cisplatin resistant lung and ovarian cancer cell lines have been shown to have higher levels of 

GSH, counteracting the high levels of ROS induced by cisplatin (Chen and Kuo, 2010; Catanzaro et 

al., 2015, 2018).  
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Some chemotherapy agents, such as gemcitabine and 5-Fluorouracil, undergo complex metabolism 

pathways to form active metabolites, as previously discussed (sub-section 1.2.2 Antimetabolites). 

Altered pathways of drug metabolism can prevent the formation of the active metabolite, 

detoxifying the agent and resulting in an observed resistant phenotype. For example, an increase 

of expression of the 5-Fluorouracil activating enzymes; thymidine phosphorylase (TP), uridine 

phosphorylase (UP), and orotate phosphoribosyl transferase (OPRT), have been associated with 5-

Fluorouracil sensitivity (Houghton and Houghton, 1983; Schwartz et al., 1985; Evrard et al., 1999; 

Longley and Johnston, 2005). Furthermore, 5-Fluorouracil can be catabolised by dihydropyrimidine 

dehydrogenase (DPD) (Longley and Johnston, 2005). Diasio and Harris, 1989, have reported that 

overexpression of DPD in cancer cell lines results in resistance to 5-Fluorouracil, which was also 

confirmed by Takebe et al., 2001, who showed that high levels of DPD mRNA expression in 

colorectal tumours correlated with 5-Fluorouracil resistance.  

 
Sequestration of drugs away from the drug target and into cellular compartments is another 

mechanism that results in drug detoxification. This drug compartmentalisation is often as a result 

of defects in lysosomal and protein trafficking (Vadlapatla et al., 2013). One such example, is where 

cisplatin is sequestered within the vesicle structures of the lysosome, golgi and secretory 

compartments before being effluxed from the cell (Katano et al., 2004; Liang et al., 2005; Safaei et 

al., 2005; Vadlapatla et al., 2013). The ABC transporter, ABCA3, has been implicated in exosome 

biogenesis and the efflux of vesicle structures in a drug resistance context (Safaei et al., 2005; 

Chapuy et al., 2009; Vadlapatla et al., 2013; Overbeck et al., 2017). 

 
1.3.2.3. Alteration of drug targets 

 
Another mechanism of resistance to anti-cancer drugs is alteration of the drug target, which can be 

a result of either a mutation or changes in the expression levels due to epigenetic alterations (Wang, 

Zhang and Chen, 2019). Whilst this mechanism is commonly associated with newer small molecule 

targeted agents, the truism is associated with chemotherapeutic agents too (Cree and Charlton, 

2017). As previously mentioned, part of the cytotoxicity induced by 5-Fluorouracil is the inhibition 

of thymidylate synthase. Increased expression of thymidylate synthase has been implicated as a 

mechanism of resistance to the treatment of 5-Fluorouracil (Longley, Harkin and Johnston, 2003b). 

Mutations in the drug target have been seen in topo I, which results in the inability of camptothecin 

to effectively bind and carry out the intended cytotoxic mechanism, resulting in an observed 

resistance phenotype (Larsen and Skladanowski, 1998).  
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1.3.2.4 Changes in DNA damage repair 

 
Commonly, chemotherapeutic agents introduce DNA damage as their mechanism of action, which 

can ultimately lead to cell death. To circumvent this, a frequent resistance mechanism is to 

upregulate the DNA repair pathways to remove the exogenous DNA damage. This can be through 

either aberrant expression or mutation of DNA repair components or regulators of DNA repair. 

Nucleotide excision repair (NER) is a highly conserved DNA repair pathway that repairs DNA lesions 

such as those introduced by cisplatin. The excision repair cross-complementation group 1 (ERCC1) 

protein plays a key role in NER. Olaussen et al., 2006, showed through an international adjuvant 

lung cancer trial, which retrospectively conducted an immunohistochemical analysis of ERCC1 in 

tumour samples of 761 patients with metastatic lung cancer, that there was a statistically significant 

survival benefit in patients with low levels of ERCC1 when receiving platinum-based chemotherapy, 

compared to those that had high levels of ERCC1. Similar results were seen in retrospective clinical 

trials with ovarian and colorectal cancer (Dabholkar et al., 1992; Metzger et al., 1998; Kang et al., 

2006; Martin, Hamilton and Schilder, 2008). An alternative example is seen when a DNA repair 

pathway is switched off to increase tolerance to exogenous DNA damage. Normally, mismatch 

repair (MMR) pathway recognises cisplatin-induced DNA adducts, which results in successive repair 

cycles that ultimately triggers apoptosis. However, a loss of function in the MMR pathway results 

in reduced recognition of DNA damage, cell death is not efficient, which thereby promotes 

tolerance to cisplatin, and also increases the development of mutations, which can lead to further 

carcinogenic transformation (Povey et al., 2002; S. et al., 2013). This latter example is also a 

common resistance mechanism for 5-Fluorouracil, which has been established in colorectal cancer 

(Mark Meyers et al., 2001). 

 
1.3.2.5 Reduced apoptosis 

 
As mentioned in the previous sub-section, increased DNA damage is seen with the application of 

many chemotherapeutic agents, which ultimately result in cell death via the induction of apoptosis. 

Therefore, another common resistance mechanism is to increase cell pro-survival signalling, and 

reduce signalling through pathways, which result in apoptosis. It must be noted, that other forms 

of cell death can also be triggered by chemotherapeutic agents, which include necrosis, necroptosis 

and autophagy, and changes in these pathways can also lead to a resistant phenotype (Kroemer et 

al., 2009; Cree and Charlton, 2017). One example is the loss of function of a critical tumour 

suppressor gene, TP53, which has multiple downstream targets that can induce apoptosis (Fridman 

and Lowe, 2003). Whilst p53 has been found to be mutated in more than 50% of cancer patients, 
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mutated p53 has also been implicated in driving chemoresistance due to loss of function on 

activating transcription of PUMA,  a key pro-apoptotic protein (Huang et al., 2019). 

 
Another example, is the activation of nuclear factor kappa-light-chain-enhancer of activated B cells 

(NF- Bˁ) pathway, which has been found to rescue cancer cells from the apoptotic pathway, 

promotes survival and proliferation and prevents cell death (Xia et al., 2018; Delou et al., 2019). 

Korber et al., 2016, found a chemoresistance phenotype to 5-Fluorouracil in colonic carcinoma cells 

lines, which was strongly dependent on NF- Bˁ activation. Furthermore, anti-apoptosis proteins 

including Bcl-XL and Bcl-2, have been found upregulated via the activation of NF- Bˁ during the 

emergence of chemoresistance in invasive pancreatic cancer (Greten et al., 2002; Y. Li et al., 2016; 

Li et al., 2018).  

 
1.3.2.6 Altered proliferation  

 
Activation of the phosphatidylinositol 3-kinase (PI3K) / serine/threonine kinase (AKT) pathway can 

result in increased cellular functions including survival, proliferation, migration and differentiation 

(West, Castillo and Dennis, 2002). Upregulation of this pathway, results in increased proliferation 

and has been implicated in resistance to anti-cancer agents including chemotherapeutic agents 

such as doxorubicin (Christowitz et al., 2019). Both in vitro and in vivo studies have shown that 

combination of small molecule inhibitors of PI3K/AKT pathway with a chemotherapeutic agent are 

successful in attenuating chemotherapeutic resistance (West, Castillo and Dennis, 2002). Altered 

proliferation can become a self-perpetuating mechanism, whereby cancer cells with a high rate of 

proliferation are genetically unstable, resulting in the development of further drug resistant 

mechanisms through genetic aberrations (Mansoori et al., 2017c). 

 
1.3.3 Overcoming resistance to chemotherapeutic agents 

 
Given the clinical implications resistance to chemotherapeutic agents have on the outcome of 

patient survival, it is important to consider methods of overcoming resistance. One such approach, 

is to use both a small molecule inhibitor and a chemotherapeutic agent in combination therapy. For 

example, several ABC transporter inhibitors have been developed, such as zosuquidar, which when 

combined with a known substrate chemotherapeutic agent, attenuates the chemotherapeutic 

resistance in cells (Nanayakkara et al., 2018). However, although the use of ABC transporter 

inhibitors has led to success in MDR reversal in preclinical studies, little impact was seen on clinical 

outcome (Falasca and Linton, 2012). Many ABC transporter inhibitors have been clinically tested 

over the last forty years, but the use in the clinic is impeded by severe toxicities, and as such no 
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effective agent has been developed and approved to date (Choi and Yu, 2014; J. M. A. Delou et al., 

2019). However, fourth-generation ABC transporter inhibitors have emerged, which are based on 

either natural or semi-synthetic compounds, and are under investigation (Karthikeyan and Hoti, 

2015; J. M. A. Delou et al., 2019). 

 
Another approach to overcome drug resistance, is to determine an appropriate second line therapy. 

For a second line therapy to be effective, the patient must not demonstrate cross-resistance, and 

to this end, the drugs selected are normally of a different drug class to the first line therapy. Within 

a patient setting, investigation of new drug classes as an appropriate second line therapy is difficult, 

as patients entering clinical trials have often undergone several treatment options before entering 

a clinical trial, often as a last treatment resort. A new drug class of small molecule inhibitors of the 

DNA damage response have been developed, many of which are undergoing clinical trials both as 

monotherapies or in combination with other drugs. However, they have not been investigated as 

an appropriate second line therapy after the development of chemo-resistance.  

 
1.4 DNA damage response 

1.4.1 Signalling in the DNA damage response 

 
In order to preserve genomic integrity after DNA damage through endogenous or exogenous stress, 

the cells must identify and repair the damaged DNA. This is conducted through the DNA damage 

response (DDR), which can be broken down into three integral steps; 1) recognition of the DNA 

lesions 2) downstream cascade of DNA repair signalling and cell cycle arrest and 3)  induction of 

apoptosis if the damage is irreparable (Blackford and Jackson, 2017).  

 
1.4.1.1 Recognition of DNA lesions 

 
The DDR is driven by signal transduction with downstream cascades of protein phosphorylation. 

Initial detection of DNA damage and cellular signalling is predominantly instigated through three 

phosphoinositide 3-kinase (PI3K) related kinases (PIKKs); Ataxia-Telangiectasia Mutated (ATM), 

Ataxia-Telangiectasia and Rad3 related (ATR), and DNA-dependent protein kinase (DNA-PK) 

(Blackford and Jackson, 2017). Both ATM and DNA-PKcs are active in the recognition of DNA double 

strand breaks (DSBs), whilst ATR is predominantly activated by DNA replication stress, or lesions, 

which result in single-stranded DNA (ssDNA). Whilst DNA-PKcs are thought to be limited to the 

repair of DSBs at the site of the lesion, both ATR and ATM have both a local and global cellular 

responses through the phosphorylation of the downstream effectors; checkpoint kinase 1 (CHK1) 

and checkpoint kinase 2 (CHK2) respectively (Blackford and Jackson, 2017). It must be noted that 
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ATM, ATR and DNA-PKcs have overlapping signalling pathways and substrates, and ATR and ATM 

have been found to substitute for each other, suggesting some role redundancy (Brown and 

Baltimore, 2003; Wang et al., 2004). 

 
Each of the DDR kinases are recruited and activated to the site of the damaged DNA through 

individual co-factors dependent on the type of DNA damage that has occurred. The ATR-interacting 

protein (ATRIP) has been found to bind to the heterotrimeric replication protein A (RPA), a protein 

complex that associates with ssDNA, and ATRIP recruits ATR to the site of ssDNA (Cortez et al., 2001; 

Zou and Elledge, 2003). Further protein recruitment to the ssDNA site is required for full ATR 

ŀŎǘƛǾŀǘƛƻƴΦ 9ǿƛƴƎΩǎ ǘǳƳƻǳǊ-associated antigen 1 (ETAA1) is recruited to RPA-coated ssDNA sites, 

where it binds to ATR through the ATR-activation domain, stimulating ATR (Bass et al., 2016; Haahr 

et al., 2016). DNA topoisomerase 2-binding protein 1 (TOPBP1) has also been found to contain an 

ATR-activation domain, and the activation of ATR by TOPBP1 is a crucial step in the initiation of ATR 

dependent signalling, but the recruitment and mechanism are not yet clear (Kumagai et al., 2006; 

Blackford and Stucki, 2020). Both ATM and DNA-PKc are activated through their recruitment to the 

DNA lesions by their co-factors. ATM has been found to be recruited and activated by the MRE11-

RAD50-NBS1 (MRN) complex, which can recognise and bridge broken double stranded DNA 

(dsDNA) ends (Lee and Paull, 2004, 2005). DNA-PKc is known to be recruited and activated to dsDNA 

ends by a heterodimeric complex, Ku, which contains two subunits; Ku70 and Ku80 (Gottlieb and 

Jackson, 1993).  

 
One of the key roles of ATM and ATR during DNA lesion recognition, is the activation of cell cycle 

checkpoints in order to arrest the cells at G1/S or G2/M boundaries to allow for DNA repair (Kastan 

and Bartek, 2004). This is predominantly driven through activating phosphorylation of the cell cycle 

checkpoint proteins; CHK1 and CHK2. Although cross-talk has been identified in these activation 

pathways, the end result is the inhibition of the cyclin -dependent kinase (CDK) activity, which is 

known to drive cell cycle progression (Blackford and Jackson, 2017). Upon recognition of DNA 

damage, ATM/ATR rapidly activate CHK1/CHK2 respectively, which inactivate the cell division cycle 

25 (CDC25) family of phosphatases, which counteracts the inhibitory phosphorylation of cyclin 

dependent kinases (CDKs) by the wee1-like protein kinase (WEE1)(Squire et al., 2005). Furthermore, 

ATM/ATR can both phosphorylate p53, which results in a slower transcription of CDKs by 

p21CIP1/WAF1, which is key for the progression of the G1/S checkpoint (Blackford and Stucki, 2020). 

Activation of CHK1/CHK2 also promotes DNA repair and activate apoptosis pathways (Patil, Pabla 

and Dong, 2013). With the DNA lesion recognised and progression of the cell cycle halted (Figure 

1.3), effective DNA repair can occur.  
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Figure 1.3 DNA lesion recognition and cell cycle halt 
Exogenous or endogenous DNA damage result in the recruitment of the three PIKKs to recognise the DNA lesions. DSBs damage results 
in the recruitment and activation of DNA-PKcs by Ku-bound to DSB ends, and ATM to DSBs by the MRE11-RAD50-NBS1 (MRN) complex. 
ATR is recruited to RPA-coated ssDNA by its binding partner ATRIP after damage, which produces ssDNA such as DNA strand crosslinks 
or stalled replication forks. ATR and ATM activate the downstream CHK1 and CHK2 kinases to halt the cell cycle to prevent entry into the 
S-phase, delay progression through S -phase and stop the cells from entering mitosis. Activation of checkpoint kinases also initiates DNA 
repair and if repair fails or there is prolonged activation of the checkpoints, the kinases trigger apoptosis. Figure adapted from both 
Garrett and Collins, 2011 and Blackford and Jackson, 2017.  
 

 
 

1.4.1.2 DNA repair signalling 
 
There are many different agents that can induce DNA damage, and their mechanisms results in the 

formation of distinct types of damage. Multiple cellular DNA repair mechanisms exist to address 

the damage, and the selection of the appropriate DNA repair pathway is crucial after damage has 

been detected. Table 1.1 outlines a summary of the different repair pathways available for the 

repair of damaged DNA by common DNA damaging agents (adapted from a figure by Chatterjee 

and Walker, 2017). DNA repair pathways are available to repair bulky lesions, or incorrect base 

incorporation, but two of the most common DNA repair mechanisms are the repair of DSBs and 

single strand breaks (SSBs). It must be noted that the selection of the distinct DNA repair pathways 

is often dependent on the stage of the cell cycle (Hustedt and Durocher, 2017).  
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Table 1.1 Summary of repair mechanisms for damaged DNA 

 

 

 
DSBs are commonly repaired through two distinct mechanisms; non-homologous end joining 

(NHEJ) and homologous recombination repair (HRR). Classical NHEJ (cNHEJ; to distinguish from 

alternative end joining, which functions in the absence of cNHEJ proteins), is a rapid high capacity 

pathway, which works to ligate two broken DNA ends without needing a repair template, 

predominantly during G1 phase of the cell cycle (Branzei and Foiani, 2008; Scully et al., 2019). 

Briefly, cNHEJ is initiated by Ku and DNA-PKcs binding to the DSBs, promoting DNA-end tethering 

(Graham, Walter and Loparo, 2016). Subsequently, additional cNHEJ core factors are recruited to 

allow for the ends to be closely aligned and ligated, which includes, XRCC4, XLF and DNA ligase IV, 

and stabilised by PAXX (Blackford and Jackson, 2017). Some DSBs require additional proteins such 

as DNA polymerases and nucleases in order for repair to occur (Blackford and Jackson, 2017). DSBs 

are mostly repaired by cNHEJ, and although it has been previously described as error prone, in 

relation to the development of CRISPR-Cas9 assays, it is also described as efficient and mostly 

accurate (Bétermier, Bertrand and Lopez, 2014; Hsu, Lander and Zhang, 2014; Blackford and 

Jackson, 2017).  

 
The HRR pathway relies on the presence of a homologous donor template and is predominately 

used to repair DSBs at replication forks during the S phase and G2 phase of the cell cycle (Beucher 

et al., 2009; Karanam et al., 2012; Scully et al., 2019). One of the key determinants of the DSB repair 

pathway of choice is DNA-end resection in order to produce ssDNA, a perquisite required for HRR 

(Mladenov et al., 2019; Scully et al., 2019). Briefly, the two blunt ended DSB ends are converted to 

ssDNA tail through the endonuclease activity of MRN, EXO1 and the DNA2-Bloom syndrome protein 

(BLM). The activity of MRN displaces any Ku present, committing to HRR as the repair pathway. 

With available ssDNA overhangs, RPA binds and this activates ATR/ATRIP, which phosphorylates 

CHK1 initiating HRR (Sørensen et al., 2003). RPA is then replaced with recombinase DNA repair 

protein RAD51 homolog 1 (RAD51) (Heyer, Ehmsen and Liu, 2010). RAD51 is loaded onto ssDNA, 
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forming a nucleoprotein filament, which can then form synaptic complexes that contain a three-

stranded DNA helix intermediate supporting the formation of the hetero-duplex DNA. This is 

composed of the invading strand and the complementary strand (Chen, Yang and Pavletich, 2008; 

Scully et al., 2019). If base-pairing is successful, the synapse is stabilised, and the non-base-paired 

strand of the invading molecule is displaced to form the displacement loop (D-loop). A DNA 

polymerase binds to the invading strand to extend the invading strand using the donor DNA 

molecule as a template (Scully et al., 2019).  

 
One ended DSBs are created when a replication fork collapses, or when a replication fork collides 

with a SSB, and requires activation of HRR (Saleh-Gohari et al., 2005). Complex signalling networks 

are required to stabilise the replication fork and to delay cell cycle progression to repair the damage 

(Liao et al., 2018). Briefly, stalled replication forks are protected from degradation by SWI/SNF-

related matrix-associated actin-dependent regulator of chromatin subfamily A-like protein 1 

(SMARCAL1), DNA annealing helicase and endonuclease ZRANB3 (ZRANB3) or HRR factors 

(Schlacher, Wu and Jasin, 2012; Poole and Cortez, 2017). Fork reversal can be mediated by 

poly[ADP-ribose] polymerase 1 (PARP1) to prevent formation of DSBs by protecting the replication 

fork from colliding with SSBs (Liao et al., 2018). PARP1 can also induce the synthesis of poly(ADP-

ribose) chains, which can act as an signal for other DNA repair proteins. If the fork collapses, 

SMARCAL1 will be recruited to RPA-ssDNA at the replication forks to stabilise (Puccetti et al., 2019). 

As before, RPA-ssDNA at stalled replication forks activates the ATR-CHK1 axis. CHK1 is recruited to 

the replication fork where it stabilises the replication fork, regulates the activation of replication 

origins, regulates elongation and delays S-phase progression (Meyer et al., 2020). During the 

stabilisation of the replication forks, CHK1 also activates HRR through an activating phosphorylation 

of RAD51 and BRCA2 (Sørensen et al., 2003).  

 
If replication stress is too high and fork progression is delayed too long, or the DNA damage is not 

resolved, as a last resort, the cells activate the mechanisms, which result in cellular death. This 

programmed cell death is to ensure DNA fidelity is maintained. 

 
1.4.1.3 Induction of apoptosis 

 
Apoptosis is a secondary response to DNA damage with the main goal of protecting a multicellular 

organism against a damaged cell. If DNA damage is too severe to effectively repair, or the cell has 

been arrested for a considerable amount of time, apoptosis is induced (Roos, Thomas and Kaina, 

2016). Apoptosis is a series of coordinated signalling events of programmed cell death which are 
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activated through two major signalling pathways; extrinsic (death receptor) pathway or intrinsic 

(mitochondrial) pathway.  

 
Briefly, the extrinsic pathway is mediated by the activation of cell surface receptors, which transmit 

apoptotic signals after binding with specific ligands, termed; death receptors (Elmore, 2007; 

Nowsheen and Yang, 2012a). Signalling is then mediated by the cytoplasmic part of the death 

receptor, which through the death domain (DD) conserved sequence, can bind with adaptor 

proteins, such as Fas-associated death domain (FADD) protein or Tumour necrosis factor receptor 

type 1-associated DEATH domain (TRADD), forming the death inducing signalling complex (DISC) 

which further disseminates the signal (Elmore, 2007; Nowsheen and Yang, 2012a). FADD also 

contains the death effector domain (DED), which can sequester procaspase-8 to the DISC, resulting 

in an autocatalytic activation due to autoproteolysis, which releases caspase-8 activating the 

effector caspases, and resulting in cell death (Elmore, 2007; Nowsheen and Yang, 2012a). 

 
The intrinsic pathway is predominantly triggered by cellular stress, specifically mitochondrial stress 

caused by DNA damage and heat shock (De Zio, Cianfanelli and Cecconi, 2013). The inner 

mitochondrial transmembrane potential is disrupted, resulting in permeability and the release of 

proapoptotic proteins from the mitochondrial intermembrane space into the cytoplasm (Elmore, 

2007; Nowsheen and Yang, 2012a). This includes cytochrome c, which activates the apoptosome, 

resulting in the activation of the caspase cascade. Activation of caspase-9 and the subsequent 

proteolytic effector procases-3, -6 and -7 cleaves protein substrates which result in both the 

mediation and amplification of the death signal, resulting in cell death (Elmore, 2007; Nowsheen 

and Yang, 2012a). The pathways of DDR and apoptosis are closely regulated and converge 

(Nowsheen and Yang, 2012b). This introduction will only discuss key links of this convergence, 

however there are many other ways cellular death can be triggered, which are beyond this scope.  

The tumour suppressor protein, p53, is a key protein for the mediation of cellular response to stress, 

with its ability to initiate DNA repair, cell-cycle arrest, senescence and apoptosis (Nowsheen and 

Yang, 2012b). It is considered to be the balance between survival and death following DNA damage 

(Roos, Thomas and Kaina, 2016). In the event of DNA repair remaining unresolved, p53 can initiate 

apoptosis by transactivating the pro-apoptotic proteins, including BAX, BID, NOXA and PUMA, 

which results in the permeabilization of the mitochondrial membrane and the release of pro-

apoptotic factors (Fridman and Lowe, 2003). Both the extrinsic or the intrinsic apoptotic pathways 

can be stimulated via p53 induction depending on the DNA damage. Furthermore, p53 has been 

shown to bind to the outer mitochondrial membrane and antagonise the anti-apoptotic functions 

of BCL2 and BCL-XL (Nowsheen and Yang, 2012b). Through transcription, p53 can also control the 
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permeabilization of the mitochondrial membrane by activating the pro-apoptotic protein BAX, or 

neutralising the anti-apoptotic proteins BCL2 and BCL-XL (Nowsheen and Yang, 2012b). 

Importantly, ATM, ATR, CHK1, CHK2 and DNA-PK can phosphorylate p53 on Ser15, Ser37, Thr18 and 

Ser20, which results in the uncoupling of p53 from its inhibitory MDM2 binding partner to carry out 

its role in resolving cellular stress induced by apoptosis (Roos, Thomas and Kaina, 2016).  

 
DNA-PK has also shown to have another role in triggering of apoptosis in response to severe DNA 

damage (Puccetti et al., 2019). DNA-PK can undergo proteasomal degradation during the apoptotic 

process, which results in the suppression of pro-survival signals (Burma and Chen, 2004). The Ku70 

binding partner of DNA-PK has been shown to suppress apoptosis by sequestering BAX from the 

mitochondria, whilst acetylation of Ku70 can disrupt this interaction (Sawada et al., 2003; Cohen et 

al., 2004; Nowsheen and Yang, 2012b). 

 
BRCA1 has been shown to enhance p53-independent apoptosis when present in the cytoplasm (Gu 

et al., 2010). Overexpression of BRCA1 induces apoptosis and it is thought to be linked to BRCA1 

nuclear export during DNA damage events, and to the c-Jun N-terminal kinase pathway (Harkin et 

al., 1999; Nowsheen and Yang, 2012b) . Furthermore, BRCA1 has been found in the mitochondria 

where it can promote BCL2 mediated apoptosis.  This depletes BRCA1 from the nucleus, which 

results in decreased mediated-HRR (Laulier et al., 2011; Nowsheen and Yang, 2012b). ATR has also 

been shown to mediate the phosphorylation of BRCA1 after UV DNA damage, demonstrating a 

convergence of p53 and BRCA1 mediated apoptosis (Deng, 2006).  

 
1.4.2 Targeting the DNA damage response for therapeutic benefit 

 
An early event of cancer progression is the abrogation of the DDR, which can result in further 

increased genomic instability and increased mutation rate, further facilitating cancer progression. 

Many genetic instability disorders, such as Fanconi Anaemia, or Li-Fraumeni syndrome, have a high 

cancer incidence due to mutations in genes involved in the DDR (Martin and Smith, 2007). Further 

to this, as discussed earlier (1.3.2.4), dysregulation of the DDR can promote drug resistance and 

result in patient therapy failure. The rationale of targeting the DDR pathways for therapeutic 

benefit follows the concept that the cancer cells have defects or dysregulation of these pathways, 

and have been shown to demonstrate a greater dependence on the remaining functional DDR 

processes for both cancer progression and drug resistance (Garrett and Collins, 2011). To this end, 

many small-molecule inhibitors targeting the DDR have been developed with the reasoning that in 

combination with DNA-damaging chemotherapeutic agents, inhibition of the remaining DDR 
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pathways will result in an increase of drug induced cytotoxicity (Garrett and Collins, 2011). Evidence 

has also been seen whereby inhibitors of the DDR can also work as a monotherapy, with the 

rationale that pre-existing defects in the DDR in the cancer cells in combination with a DDR inhibitor 

can result in synthetic lethality (Martin and Smith, 2007).  

 
The principle of synthetic lethality is based on the idea that simultaneous perturbation of two 

genes, or in this case DNA repair pathways, results in cellular death (Nijman, 2011). This can be 

achieved through genetic or epigenetic perturbation of one DNA repair pathway in combination 

with an inhibitor of another (Figure 1.4). An example of this scenario, is the combination of a 

deleterious mutation in BRCA1 or BRCA2 gene in combination with a PARP inhibitor. PARP 

inhibitors, such as olaparib and rucaparib, function by trapping PARP on the DNA during the repair 

of SSBs resulting in replication fork stalling and the formation of DSBs. In BRCA1/BRCA2 proficient 

cells, DSB repair occurs via HRR and the replication forks restart, resulting in cell survival. In 

BRCA1/BRCA2 deficient cells, HRR is impaired, which results in DSB accumulation and cellular death 

(Dziadkowiec et al., 2016). Treatment with the PARP inhibitor, olaparib, is now approved for BRCA-

deficient ovarian cancer patients (Montemorano, Michelle and Bixel, 2019).  

 
The concept of synthetic lethality for the development of new drug targets and applications has led 

to high-through-put genome-wide screens using CRISPR-Cas9. Screening of CRISPR-Cas9 gene 

knockouts against panels of drugs have generated new synthetic lethal combinations, and this is  

expected to become a more common place approach as CRISPR-Cas9 gene knockout cell lines 

become more accessible όhΩbŜƛƭΣ .ŀƛƭŜȅ ŀƴŘ IƛŜǘŜǊΣ нлмтύ. Recently Wang et al., 2019, identified 

through a genome-wide CRISPR screen that deficiency of RNASEH2 is synthetically lethal with the 

inhibition of ATR.  

 

 

 
Figure 1.4 Synthetic lethality of DNA repair pathways 
Schematic representation of synthetic lethality. Two pathways are synthetic lethal only when their simultaneous inactivation results in 
cellular death. In this example, failure of pathway 1 or pathway 2 does not affect viability whereas inactivation of both at the same time 
is lethal. This can occur through genetic and/or epigenetic changes in combination with a small molecular targeted inhibitor.  
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As previously discussed, ATR, ATM and DNA-PK orchestrate the recognition of DNA lesions and 

subsequent DNA repair signalling cascades. Several drugs have been developed in order to target 

and inhibit these proteins to result in increased DNA damage and cell death. Several inhibitors of 

ATR are in clinical trials including M6620, BAY1895344, berzosertib and ceralasertib, and when used 

as a monotherapy can increase levels of DNA replication stress (Mei et al., 2019). Of note, 

ceralasertib is currently in twenty-two trials both as a single agent or in a drug combination. This 

includes a phase II trial in combination with the PARP inhibitor olaparib, as inhibition of ATR and 

PARP have been reported to be synthetically lethal (Turner et al., 2008; Mei et al., 2019; Warren 

and Eastman, 2020). The ATM inhibitor; AZD0156 has shown to exhibit activity, which can be 

potentiated in combination with agents, which induce DSBs, such as chemotherapeutic agents and 

irradiation (Riches et al., 2020). AZD0156 is currently in a phase I study to determine preliminary 

efficacy of ascending doses of the drug either a monotherapy or in combination with 

chemotherapies in patients with advanced malignancies (NCT02588105)(Riches et al., 2020). DNA-

PK inhibitors have also shown to sensitise tumours to DSB inducing agents, such as chemotherapy 

and radiation, and combination phase I clinical trials are currently underway for several DNA-PK 

inhibitors including, M3814 (NCT02516813) and CC-122 (NCT01421524) (Mohiuddin and Kang, 

2019). In addition a dual DNA-PK and mTOR inhibitor has just completed a phase II study 

individualised screening trial of innovative glioblastoma therapy (INSIGhT)(NCT02977780) 

(Alexander et al., 2017; Mohiuddin and Kang, 2019).  

 
Inhibitors have also been developed targeting the ATR/ATM downstream effectors; CHK1 and 

CHK2. Inhibitors of CHK1/CHK2 can modulate the response of the cell to DNA damage, and can lead 

to the abrogation of the cell cycle checkpoints, inhibit DNA repair and change the regulation of 

apoptosis (Garrett and Collins, 2011). Many CHK1 inhibitors have been developed, such as MK-

8776, prexasertib, rabusertib and SRA737, and have shown to kill tumour cells that present high 

levels of replication stress. Of note, prexasertib, which was considered to be a dual CHK1/CHK2 

inhibitor entered phase II studies, but was terminated in April 2019, likely due to a high rate of 

observed toxicity (Warren and Eastman, 2020). The CHK1 inhibitor, SRA737, is the only CHK1 

inhibitor currently undergoing further clinical development and has just completed two phase I/II 

trials, one as a monotherapy and the other in combination with gemcitabine (Banerji et al., 2019; 

Plummer et al., 2019; Warren and Eastman, 2020). Currently, there are no compounds, which target 

only CHK2 in clinical trials. However, Cancer Research UK are looking for a commercial partner for 

the further development of a CHK2 inhibitor, CCT241533, which has shown a good selectivity profile 

for CHK2 and of which has demonstrated activity that potentiates the cytotoxicity of PARP 
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inhibitors. More medicinal chemistry development is required to obtain appropriate 

pharmacological properties based on CCT241533 (Anderson et al., 2011; Caldwell et al., 2011; Chk2 

Inhibitor Programme | Commercial Partnerships | Cancer Research UK, 2020). 

 
Another protein critical for DSB repair through HRR, and critical for DNA replication, is RAD51. 

RAD51 forms nucleoprotein filaments at damaged DNA sites, or stalled replication forks, in order 

to allow for break repair and replication fork start (Mills et al., 2017). A handful of RAD51 inhibitors 

have been developed including B02, CYT01B and CYT-0851 (Huang et al., 2012; Mills et al., 2017). 

Of note, a phase I/II clinical trial is currently recruiting to test CYT-0851 in B-cell malignancies and 

advanced solid tumours (NCT03997968).  

 
WEE1 is another attractive target involved in the DDR and is found down stream of CHK1 where it 

regulates the progression of the cell cycle at the G2/M boundary. WEE1 is a negative regulator of 

CDK1, whereby the inhibitory phosphorylation at tyrosine 15, deactivates CDK1 and prevents 

mitotic entry (De Witt Hamer et al., 2011; Koh et al., 2018). Inhibition of WEE1 has been shown to 

augment the effects of DNA-damaging agents (Rajeshkumar et al., 2011; Kausar et al., 2015). Of 

note, the WEE1 inhibitor, adavosertib, is involved in active phase I/II clinical trials, as well as trials 

that are currently recruiting. Most of the trials are in combination with chemotherapy agents or 

radiotherapy, but it is interesting to note a phase II trial, which is recruiting to use adavosertib as a 

monotherapy in advanced solid tumours that have a mutation in SETD2 (NCT03284385). It has been 

shown that WEE1 selectively kills SETD2 deficient cancers through deoxynucleoside triphosphate 

starvation (Pfister et al., 2015).   

 
Also downstream of CHK1 are the polo and aurora kinases. It has been observed that CHK1  

negatively regulates polo-like kinase 1 (PLK1), which is required for mitotic progression, and CHK1 

contributes to the activation of aurora B at the spindle checkpoint in response to tension-lacking 

kinetochores (Tang, Erikson and Liu, 2006; Yu, 2007). It is also important to note there is interaction 

between polo kinases and aurora kinases, and the pathways have been found to converge. One 

example is that in which PLK1 gets activated through Bora and Aurora A kinase (Chopra et al., 2010). 

With their role in cell cycle progression at the G2/M boundary and within the M phase at the spindle 

checkpoint, inhibitors targeting polo and aurora kinases are also termed second generation mitotic 

drugs, with the first generation being the anti-mitotic agents discussed early in this chapter (1.2.4).  
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Polo kinases play a crucial role in the progression of mitosis, and as such have several functions 

including; activation of CDK1, bipolar spindle formation, regulation of anaphase-promoting 

complex, centrosome maturation, chromosome segregation and execution of cytokinesis (Chopra 

et al., 2010). PLK1 also is known to directly phosphorylate WEE1, which results in its degradation 

and therefore entry of cells into mitosis (Chopra et al., 2010). Inhibition of PLK1 prevents bipolar 

spindle formation, which results in cells arrest and with prolonged arrest, results in apoptosis 

(Chopra et al., 2010). Several polo kinase inhibitors started clinical trials, such as volasertib and 

BI2536, but these showed inhibitory off-target effects, including the death-associated protein 

kinases (DAPKs), which counteracted the cell death induced by PLK inhibition (Raab et al., 2014; 

Abdelfatah et al., 2019). However, a phase I study with the PLK1 inhibitor, CYC140 is currently 

recruiting (NCT03884829) and a phase I trial is underway for CFI-400945, a PLK4 inhibitor 

(NCT01954316) (Moureau et al., 2016; Veitch et al., 2019).  

 
Aurora kinase activity and protein expression are cell cycle regulated, and peak during mitosis in 

order to carry out critical mitotic processes, which includes; chromosome alignment, chromosome 

segregation and cytokinesis (Bavetsias and Linardopoulos, 2015a). Further to this, aurora kinase A 

provides an important link between the DDR and the cell cycle (Figure 1.5). Once HRR machinery is 

active for the repair of DSBs, the cell cycle is halted by the activation of the CHK1 via ATM or ATR. 

Cell cycle arrest is achieved through the regulation of CDC25 phosphatases, by WEE1 and PLK1 

(Bavetsias and Linardopoulos, 2015a). Importantly, two pathways converge to maintain inhibition 

of CDK1 preventing cell cycle progression. During recovery from the DNA damage checkpoint, PLK1 

becomes dominant and stimulates cell cycle progression (Bavetsias and Linardopoulos, 2015a). 

During this late phase and during unperturbed cell cycle, Aurora kinase A is an upstream activator 

of PLK1. Furthermore, Aurora A inhibits RAD51 recruitment to DNA DSBs, decreasing DSB repair by 

HRR (Bavetsias and Linardopoulos, 2015a).  
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Figure 1.5 Schematic representation of Aurora inhibitor targeting both DDR and cell cycle pathways 
Aurora A is directly involved in DNA repair pathways and cell cycle pathways. Inhibition of Aurora A results in increases cellular sensitivity 
to death. Figure adapted from Bavetsias and Linardopoulos, 2015. 
 
Several aurora kinase inhibitors have been through clinical trials including barasertib, alisertib, 

tozasertib, danusertib, AT9283, PF-03814735, and AMG 900, which initially aimed to target solid 

tumours, but were often terminated due to limited efficacy observed in patients (Bavetsias and 

Linardopoulos, 2015a, 2015b; Borisa and Bhatt, 2017). Very few clinical trials are underway using 

aurora kinase inhibitors at present, however there is a phase I study of a combination of MLN0128, 

an mTOR inhibitor, and alisertib in patients with advanced solid tumours and metastatic TNBC 

recruiting (NCT02719691).  

 
In order for each of these drugs to be used successfully in the clinic, patients need to be identified 

in subgroups of those that will be likely to get the greatest benefit from treatment with these 

inhibitors. As with the PARP inhibitor example, patients are selected, which have shown to have 

either a BRCA1 or BRCA2 mutation. In this case, this is considered a predictive biomarker for 

treatment with PARP inhibitors, and as such, more biomarkers are required to be found for patient 

stratification for new drug classes.  
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1.5 Biomarkers of resistance 

 
With the progression of novel drug classes as new therapeutic options, a method is required to 

determine when drug resistance has occurred, which can be indicative of when a change of therapy 

is required. One such method is through the identification of biomarkers, a portmanteau of 

άōƛƻƭƻƎƛŎŀƭ ƳŀǊƪŜǊέΣ ǿƘƛŎƘ ǿŀǎ ƛƴƛǘƛŀƭƭȅΣ ōǊƻŀŘƭȅ ŘŜŦƛƴŜŘ ōȅ ǘƘŜ bŀǘƛƻƴŀƭ ƛƴǎǘƛǘǳǘŜ ŀǎ άŀ ŎƘŀǊŀŎǘŜǊistic 

that is objectively measured and evaluated as an indicator of normal biological processes, 

ǇŀǘƘƻƎŜƴƛŎ ǇǊƻŎŜǎǎΣ ƻǊ ǇƘŀǊƳŀŎƻƭƻƎƛŎ ǊŜǎǇƻƴǎŜǎ ǘƻ ŀ ǘƘŜǊŀǇŜǳǘƛŎ ƛƴǘŜǊǾŜƴǘƛƻƴέ (Atkinson et al., 

2001; Strimbu and Tavel, 2010). The US Food and Drug Administration (FDA) have called for the 

investigation of fit-for-purpose validated biomarkers in order to evaluate patient response and 

stratification to cancer therapy and drug resistance (Garnett et al., 2012). 

 
1.5.1 Biomarker discovery 

 
One of the most harnessed methods of identifying biomarkers, and a classic paradigm in diagnostic 

pathology, is immunohistochemistry (IHC) (Chae et al., 2017). This method can detect specific 

antigens in histologic specimens through the use of target-specific antibodies with colorimetric or 

fluorescent reagents, allowing for the identification of proteins or phosphoproteins in the sample 

(Chae et al., 2017). This method is commonly used to detect the progesterone receptor (PR) and 

oestrogen receptor (ER) for the diagnosis of breast cancer (Ronchi et al., 2020). Another common 

method is the use of fluorescence in situ hybridization (FISH). FISH uses fluorescently tagged DNA 

probes which can anneal to target sequence genes and be detected through fluorescence 

microscopy, allowing for the detection of genetic aberrations in the DNA sample (Chae et al., 2017). 

FISH is commonly used, alongside IHC, to evaluate the human epidermal growth factor receptor-2 

(HER2) status to determine if the receptor is overexpressed and/or amplified, as a diagnostic tool 

of breast cancer (Chae et al., 2017). 

 
The development of next generation sequencing techniques, such as whole exome sequencing 

(WES), has allowed for the identification of changes in the genomic landscape of cancer cells. 

Measuring changes in DNA and RNA can identify mutations, which may be driving cancer, or drug 

resistance. These mutations can be identified in both pre-clinical models and patient tumour 

samples and can be used to stratify patients for treatment. One such method using WES in the 

clinics is to monitor circulating tumour DNA (ctDNA) or circulating tumour cells (CTCs) in the 

ǇŀǘƛŜƴǘΩǎ ōƭƻƻŘ (Chen and Zhao, 2019). This liquid biopsy technology can be used to signal both 

patient relapse and emergence of ǊŜǎƛǎǘŀƴŎŜ ǘƻ ǘƘŜ ǇŀǘƛŜƴǘΩǎ ǘǊŜŀǘƳŜƴǘ ǊŜƎƛƳŜ (Chen and Zhao, 
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2019). Although initially, it was hard to detect the ctDNA with enough sensitivity, recent 

advancements in this technology can detect as low as 90-150 base pair of ctDNA fragments, 

ƛƴŎǊŜŀǎƛƴƎ ǘƘŜ ōƛƻƳŀǊƪŜǊ ŘŜǘŜŎǘƛƻƴ ƛƴ ǘƘŜ ǇŀǘƛŜƴǘΩǎ Ŏǘ5b! (Mouliere and Rosenfeld, 2015; Mouliere 

et al., 2018).  

 
Large-scale efforts have led to the development of patient tumour databases, which can be used 

for the discovery of biomarkers. Large projects have accumulated patient genomic data, which has 

been collected and stored and made publicly available for analysis. The Cancer Genome Atlas 

(TCGA) is one such publicly available database, and includes sequenced patient tumour samples, 

along with gene expression data, and the response of these tumour samples to the treatment of a 

panel of anti-cancer drugs (Weinstein, 2013). The Genomics of Drug Sensitivity in Cancer (GDSC) 

database includes cell lines from the Catalogue of Somatic Mutations in Cancer (COSMIC) database, 

interrogated with a panel of anti-cancer drugs (Yang et al., 2013; Forbes et al., 2017). Also of note 

is the Broad Institutes Cancer Therapeutics Response Portal (CTRP), which screened 130 clinical and 

preclinical drugs against a panel of cancer cell lines (Garnett et al., 2012). Comparison of cancer cell 

lines response to anti-cancer agents, in a known genomic context, can identify biomarkers driving 

cancer, as well as biomarkers, which could be indicative or driving a drug resistant phenotype. 

 
With the vast amount of public data now available, and the rapid changes in molecular technology, 

studies identifying biomarkers are occurring at a high frequency (Henry and Hayes, 2012). However, 

with the overabundance of biomarker information, this is not necessarily translatable, or useful to 

the clinic. The discovery of biomarkers through next generation sequencing techniques must be 

experimentally validated and demonstrate clinical relevance (Figure 1.4) (Goossens et al., 2015). 

 
1.5.2 Experimental validation 

 
Biomarkers identified through next generation sequencing techniques in pre-clinical models, need 

to undergo experimental validation. Investigation of biomarkers associated to drug resistance are 

often conducted in pre-clinical cancer cell models in which a cancer cell line with acquired drug 

resistance is interrogated against the paired drug-sensitive cell line. Gene knockdown studies in the 

drug-sensitive cell line, using siRNA, shRNA or CRISPR methods can identify if the target gene is 

involved in the resistant phenotype. Further evidence can complement this with the introduction 

of the functional gene, or overexpression of the target gene into the resistant cell line to observe 

any re-gain of drug sensitivity.  
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1.5.3 Biomarker clinical relevance and validity 

 
A biomarkers relevance is indicative of its ability to provide clinically relevant information. Cancer 

biomarkers can be broadly classified into three categories based on how they are used; diagnostic, 

prognostic and predictive (Goossens et al., 2015). Diagnostic biomarkers are used to identify 

whether a patient has a specific cancer or disease. One example is elevated levels of 

carcinoembryonic antigen in the tissue or the hormone calcitonin in the serum as a diagnosis of a 

thyroid medullary carcinoma patient  (DeLellis, Wolfe and Rule, 1987; Chatterjee and Zetter, 2005). 

Prognostic biomarkers are not directly linked to or used to make therapeutic decisions, but can 

inform clinicians with regards to the risk of clinical outcomes, such as cancer recurrence or disease 

progression. Mutations in the tumour suppressor gene, Phosphatidylinositol 3,4,5 trisphosphate 3 

phosphates (PTEN), are routinely used as a biomarker of poor patient prognosis in cancers such as 

glioblastoma, malignant melanoma, endometrial, prostate, breast, colorectal and 

pancreatic cancer (Goossens et al., 2015; McCabe, Kennedy and Prise, 2016; Bazzichetto et al., 

2019). Predictive biomarkers can be used for patient stratification as they can be indicative as to 

whether the patient will respond to a given drug. For example, HER2 positive patients have been 

found to respond to the treatment of trastuzumab in breast cancer, whilst KRAS-activating 

mutations in colorectal cancer patients are found to be intrinsically resistant to EGFR inhibitors  

(Slamon et al., 2001; Romond et al., 2005; Van Cutsem et al., 2009; Goossens et al., 2015).  

 
The validity of a biomarker is the measure of its effectiveness or utility. In addition, the use of a 

biomarker must be reproducible and done so with accuracy (Chatterjee and Zetter, 2005). Often, 

cancer biomarkers lack specificity and sensitivity. For example, Alpha Fetoprotein (AFP) is 

considered a gold standard diagnostic biomarker for liver cancer, however it is also known to occur 

in patients with chronic hepatitis infection (Conti et al., 2015; Luo et al., 2018; Lv et al., 2019). Due 

to the heterogenous nature of many cancers, some cancer biomarkers that are reported are 

considered to have low sensitivity in which they are only found in a small subset of patients of a 

much larger cancer group. These biomarkers are not useful for patient screening however, they 

could be useful when detecting cancer recurrence within the subset of patients in which this 

biomarker is detected (Chatterjee and Zetter, 2005). One such example is the biomarker 

carbohydrate antigen -125 (CA-125), which is found in a subset of ovarian cancers. Of that subset, 

postsurgical elevation of CA-125 has been found to been indicative of cancer recurrence (Chatterjee 

and Zetter, 2005; Sharma, 2009)Φ CǳǊǘƘŜǊƳƻǊŜΣ ǿƘŜƴ ŀ ōƛƻƳŀǊƪŜǊ ƛǎ ǳǎŜŘ ǘƻ ǇǊŜŘƛŎǘ ŀ ǇŀǘƛŜƴǘΩǎ 

response to a drug, the biomarker must strongly correlate with the resistance or sensitivity 

accordingly.  
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The majority of studies focus on biomarkers, which are indicative of a patients response to a drug, 

but not on biomarkers that indicate when a therapy has stopped working (Michaelis et al., 2020). 

Identification of predictive biomarkers, which can indicate the emergence of drug resistance and 

therapy failure, will be particularly useful in cancers that frequently metastasise and develop 

resistance to the ǇŀǘƛŜƴǘΩǎ treatment regime. One such cancer where biomarkers indicating early 

therapy failure would be useful, is the highly aggressive metastatic triple negative breast cancer.  

 
1.6 Triple Negative Breast Cancer 

 
The Global Cancer Observatory (GLOBOCAN), an interactive web-based platform presenting global 

cancer statistics, estimated the worldwide incidence of new breast cancer in 2018 as 2,088,849, 

and was considered the highest incident tumour for women (Bray et al., 2018; da Silva et al., 2020). 

Triple negative breast cancer (TNBC) accounts for approximately 10-15% of all breast cancers, and 

has been found to frequently affect younger patients (< 50 years) and is more prevalent in African-

American women  (Reis-Filho and Tutt, 2008; Lund et al., 2009). TNBC tumours are often larger and 

less differentiated, and are approximately 2.5 fold more likely to metastasize within five years of 

initial diagnosis, compared to other breast cancer sub-types (Dent et al., 2007; Lehmann et al., 

2011; Lee and Djamgoz, 2018).  

 
TNBC is defined by the lack of the oestrogen receptor, progesterone receptor and human epidermal 

growth receptor 2 (Ryu et al., 2011). Due to the lack of these targets, patients with TNBC do not 

benefit from hormonal manipulation, which are commonly used in the treatment of other breast 

cancer subtypes (Wahba and El-Hadaad, 2015). Previously, surgery remained the frontline 

treatment option for TNBC, with Freedman et al., 2009 showing that the local recurrence rate after 

surgery is not high in TNBC compared to other breast cancer sub-types (Wahba and El-Hadaad, 

2015). Radiotherapy is often applied following surgery, although there is controversy on this issue 

(Wahba and El-Hadaad, 2015). However, despite adjuvant treatment, the risk of relapse remains 

high in the first two years (Wahba and El-Hadaad, 2015). More commonly now, clinicians adopt 

neoadjuvant chemotherapy as the risk of systemic relapse is high, and if pathological complete 

response (pCR) is achieved it results in improved long term outcomes (Cortazar and Geyer, 2015; 

Cai et al., 2020). 

 
Clinicians have frequently adopted an intensive chemotherapeutic approach with sequential 

anthracycline and taxane regimes, which was determined after retrospective analyses of clinical 

trials reported prior to 2010 (Bergin and Loi, 2019). Eribulin was FDA-approved in 2010, which 
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ǎƘƻǿŜŘΣ ǘƘǊƻǳƎƘ ǘƘŜ Ψ9a.w!/9Ω ǘǊƛŀƭΣ ǘhat there was an improvement of overall survival by 4.7 

months in patients with metastatic TNBC, and the use of platinum agents as a neoadjuvant 

treatment have also shown an increase in pCR (Cortes et al., 2011; Von Minckwitz et al., 2014; 

Melinda et al., 2016; Lee and Djamgoz, 2018). Initially, TNBC had been shown to be more sensitive 

to the chemotherapy regime than hormone receptor positive breast cancer, but there is a high risk 

of recurrence in patients that do not achieve a pCR (Carey et al., 2007). Currently, re-challenging 

the recurrent or metastatic TNBC with chemotherapy, remains the predominant treatment 

strategy, but this often results in a poor response, toxicity and multi-drug resistance (Lee and 

Djamgoz, 2018). New therapy approaches are under investigation, which target specific 

characteristics that define TNBC, compared to other breast cancer subtypes.  

 
Immunotherapy has made strong advancements in the last few years, having now been approved 

by the National Institute for Health and Care Excellence (NICE) for the treatment of metastatic 

TNBC. Immune checkpoint inhibitors (ICIs) have been shown to result in durable clinical remissions 

in several metastatic cancers  (Keenan and Tolaney, 2020). Metastatic TNBC has been identified as 

a candidate cancer type to respond to immunotherapy through three key characteristics; 1) TNBC 

has more tumour-infiltrating lymphocytes (TILs) than other breast cancer subtypes which have 

been found to correlate with good response to ICIs, 2) TNBC has higher levels of programmed 

death-ligand 1 (PD-L1) expression on both tumour and immune cells which is a direct target for ICIs, 

and, 3) TNBC has a large number of nonsynonymous mutations, which result in tumour specific 

neoantigens, which activate neoantigen-specific T cells to mount an antitumour immune response, 

strengthening the use of ICIs (Keenan and Tolaney, 2020). Of note are the ICIs, pembrolizumab and 

atezolizumab, which target programmed cell death protein 1 (PD-1) and PD-L1 respectively. 

Pembrolizumab was investigated in the KEYNOTE-173 trial in combination with chemotherapy in a 

neoadjuvant setting, whilst atezolizumab was approved after the Impassion130 trial in combination 

with nab-paclitaxel (Schmid et al., 2018, 2020; Keenan and Tolaney, 2020). However, Impassion131 

phase three trial, a continuation of investigation of atezolizumab and nab-paclitaxel combination, 

showed the combination did not significantly reduce the risk of TNBC progression and death 

compared to a placebo and paclitaxel in a PD-L1 positive population  (FDA alerts health care 

professionals and oncology clinical investigators about efficacy and potential safety concerns with 

atezolizumab in combination with paclitaxel for treatment of breast cancer | FDA, 9/08/2020).  

 
Inhibitors targeting the PI3K/AKT pathway, a regulator of cell growth and glucose metabolism, are 

another therapeutic approach under investigation for the treatment of TNBC. Hormone receptor 

positive (HR+) and HER2+ breast cancers are found commonly to harbour PI3KCA mutations, which 
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are found less commonly (10%) in TNBC (Cantley and Neel, 1999; Koboldt et al., 2012). However, 

TNBC has been shown to have pathological activation of the PI3K/AKT pathway through either the 

loss of PTEN activity, loss of INPP4B or amplification of PI3KCA. Furthermore, TNBC which gain PI3K 

activation through the loss of PTEN have also shown more growth inhibition from PI3K inhibitors 

than with cells with PIK3CA mutations (Stemke-Hale et al., 2008). The combination of the highly 

activated PI3K/AKT pathway, and the susceptibility to PI3K inhibition, through loss of PTEN activity, 

makes treatment with PI3k/AKT inhibitors a candidate therapy for TNBC compared to other breast 

cancer subtypes (Massihnia et al., 2016; McCann, Hurvitz and McAndrew, 2019). The experimental 

AKT inhibitor, ipatasertib, underwent the LOTUS phase II clinical trial, and whilst did not improve 

patient survival compared to the placebo, those with PIK3CA/AKT1/PTEN alterations did show a 

significant 4.1-month increase in survival (McCann, Hurvitz and McAndrew, 2019). A phase II clinical 

trial is currently recruiting, which is investigating the combination of ipatasertib in with an ICI, 

atezolizumab, along with paclitaxel in patients with locally advanced or metastatic TNBC 

(NCT04177108). 

 
Cyclin-dependent kinase (CDK) inhibitors are also under investigation as a novel treatment of a sub-

type of TNBC. CDK 4/6 help tightly regulate the progression of the cell cycle at the G1-S phase 

transition (Lundberg and Weinberg, 1999; McCann, Hurvitz and McAndrew, 2019). For the cell cycle 

to continue, the retinoblastoma protein (Rb) is inactivated through hyperphosphorylation by CDK 

4/6. CDK 4/6 inhibitors block the hyperphosphorylation of RB, which result in the inhibition of 

progression from G1/S phase (Lundberg and Weinberg, 1999; Fry et al., 2004). Cell line studies have 

shown that luminal type, HR+ and HER2- breast cancers are sensitive to growth restriction through 

inhibition of a CDK4/6 inhibitor; Palbociclib (Finn et al., 2009). Luminal cancers have upregulation 

of the Rb pathway, with dependence on the CDK4/cyclin D1/Rb interaction (Matutino, Amaro and 

Verma, 2018). TNBC cell lines of the luminal-androgen (LAR) and mesenchymal-stem like (MSL) 

subsets were sensitive to CDK4/6 inhibitors, whilst those that demonstrated resistance had 

elevated cyclin E1 mRNA and protein levels, or are considered as basal-like TNBC (Asghar et al., 

2017; Matutino, Amaro and Verma, 2018; Niu, Xu and Sun, 2019). There are currently three 

approved CDK inhibitors, palbociclib, ribociclib and abemaciclib for the treatment of HR+ and HER2- 

advanced or metastatic breast cancer (Matutino, Amaro and Verma, 2018)  Clinical trials are 

underway investigating the use of CDK inhibitors in combination with an additional drug class for 

the treatment of TNBC. Of note, is the PAveMenT trial which is investigating the combination of 

palbociclib and an ICI, Avelumab, in metastatic AR+ TNBC (NCT04360941). 
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Finally, as previously mentioned (section 1.4.2), DDR inhibitors are a new drug class, which are also 

being investigated as a new therapeutic option for the treatment of TNBC, and alongside 

chemotherapeutic agents, is the drug class of focus in this thesis. TNBC has been shown to have 

high chromosomal instability, and this has been attributed to defects in DNA repair pathways, 

specifically HRR (Meyer et al., 2020). Importantly, the percentage of TNBC patients with a BRCA1 

mutant is 35%, whilst other diagnosed breast cancer patients have < 10% of BRCA1 or BRCA2 

mutants  (Peshkin, Alabek and Isaacs, 2010). This led to the OlympiAD study that compared the use 

of olaparib versus standard single agent chemotherapy in BRCA-mutated breast cancer patients, 

including TNBC patients (Mehanna et al., 2019; Robson et al., 2019). Often TNBC tumours may not 

have the germline mutation in BRCA1 or BRCA2, but have other defects in genes involved in the 

HRR pathway which result in a similar phenotype, ŀƴŘ ǘƘŜǎŜ ŀǊŜ ŎƻƴǎƛŘŜǊŜŘ ŀǎ ŀ ά.w/!ƴŜǎǎέ ǘȅǇŜ 

(Turner, Tutt and Ashworth, 2004; Peshkin, Alabek and Isaacs, 2010; Mehanna et al., 2019). For 

example, defects in genes such as ATM, ATR, CHK1, CHK2, RAD51, NBS1 and the Fanconi anaemia 

complementation group (FANC) family of genes have all been reported to demonstrate cellular 

sensitivity to PARP inhibitors (Lord and Ashworth, 2016). BRCA1 and BRCA2 mutants are now 

considered a biomarker for treatment with PARP inhibitors, with olaparib now approved for this 

context in ovarian and breast cancers (Montemorano, Michelle and Bixel, 2019). However, given 

the fraction of TNBC patients that harbour the BRCA1/2 mutation, it is evident that more clinical 

biomarkers for drug response need to be determined to identify new targeted treatments, or 

treatments as a second line option after the development of chemotherapy resistance.  

 
1.7 Overview and aims of this thesis 

 
TNBC is an aggressive breast cancer sub-type, in which patients often relapse as a result of the 

development of acquired drug resistance. Given the poor outlook, therapy-refractory TNBC is a 

disease of unmet medical need. An appropriate second line therapy is required after 

chemoresistance has occurred. TNBC has high chromosomal instability, which is attributed to 

defects in the DNA repair mechanisms, specifically in HRR, with many TNBC patients having mutant 

BRCA1/2 ƻǊ ŘŜƳƻƴǎǘǊŀǘƛƴƎ ŀ ά.w/!ƴŜǎǎέ ǇƘŜƴƻǘype. Inhibitors of the DDR are a new drug class 

now entering the clinic, and investigation of their use both as a monotherapy or in combination 

with another drug type is underway. However, their use after therapy failure due to acquired 

resistance to chemotherapeutic agents are yet to be determined. Analysis of DDR inhibitors as a 

second line therapy option after chemotherapeutic resistance, may provide a beneficial therapeutic 

option. Furthermore, early identification of the emergence of chemoresistance in TNBC is crucial in 

identifying when a change of therapy is appropriate. Understanding mechanisms of acquired 
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resistance in TNBC, and identifying biomarkers of resistance that will indicate when a change in 

therapy is required could potentially improve the outcomes of TNBC patients that develop 

chemoresistance.  

 
Previous studies have shown that pre-clinical cell lines models can be used to identify cell response 

to novel drugs, as well as determine candidate biomarkers of resistance. To this end, this project 

uses chemo-naive MDA-MB-468, HCC38 and HCC1806 TNBC cell lines, and chemo-resistant TNBC 

sub-lines acquired from the Resistant Cancer Cell Line (RCCL) collection; a set of more than 1300 

cancer cell lines that can be used to model acquired resistance in cancer (Michaelis, Wass and 

Cinatl, 2019).  These cell lines will be used to consider inhibitors of the DDR as an appropriate next 

line therapy option after chemo-resistance has occurred, and the exome sequencing data of these 

cell lines to identify candidate biomarkers as an indication of chemotherapy failure.  

 
Aims and objectives: 

 

¶ Characterise chemo-naive and chemo-resistant TNBC cell lines by: 

o Examination of morphological differences between chemo-naive and chemo-

resistant cell lines 

o Cross-resistance profiling to other chemotherapeutic agents 

¶ Determine viable next-line therapy options by: 

o  Cross-resistance profiling the chemo-naive and chemo-resistant TNBC cell lines 

against DDR inhibitors.  

¶ Identification of clinically relevant candidate biomarkers or mechanisms of resistance by: 

o Examination of exome variants in chemo-naive and chemo-resistant TNBC cell lines 

o Comparison of identified candidate variants with clinical patient data 
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2.0 Materials and Methods 

2.1 Cell Biology 

2.1.1 Cell lines and cell line nomenclature 

 
Fifteen TNBC cell lines were obtained from the Resistant Cancer Cell Line (RCCL) collection  and 

were comprised of chemo-naive and chemo-resistant cell lines (Table 2.1; 

https://research.kent.ac.uk/industrial-biotechnology-centre/the-resistant-cancer-cell-line-rccl-

collection/; (Michaelis, Wass and Cinatl, 2019). For the purpose of this project, the MDA-MB-468, 

HCC38 and HCC1806 cell lines are assumed to be chemo-naive as historical information (previous 

treatment, year and country sample was taken) was not available. The chemo-resistant cell line 

nomenclature is as follows: chemo-naive cell line its derived from, r (to indicate resistance), 

abbreviation of drug name, concentration of drug cell line is maintained in (ng/mL). Drug 

abbreviations are as follows; Cisplatin = CDDP, Doxorubicin = DOX, Eribulin = ERI, Gemcitabine = 

GEM, Paclitaxel = PCL and 5-Fluorouracil = 5-F. For example, HCC38rCDDP3000 indicates a cisplatin 

resistant sub-line derived from HCC38 and maintained in 3000 ng/mL of cisplatin.  

 
Table 2.1 Panel of chemo-naive and chemo-resistant cell lines 

 

 

 
2.1.2 Maintenance of cell lines 

 
All cell lines were maintained in IscoveΩǎ aƻŘƛŦƛŜŘ 5ǳƭōŜŎŎƻΩǎ όLa5aΤ CƛǎƘŜǊ {ŎƛŜƴǘƛŦƛŎΣ ¦Yύ 

containing L-Glutamine and 25 mM HEPES, supplemented with Fetal Bovine Serum (FBS; Sigma-

Aldrich, Germany) and 1% Penicillin-Streptomycin Solution Liquid (Life Technologies, UK; complete 

IMDM), at 37 °C in a humidified 5% C02 incubator. The cells were passaged when the flask was 

approximately 70-80% confluent. Cells in a T25 flask were washed with 2 mL phosphate-buffered 

saline (PBS) preceding detachment with 1 mL Trypsin-EDTA x10 solution (Sigma-Aldrich, Germany). 

The detached cells were resuspended in complete IMDM and split at an appropriate concentration 
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into a new flask. Chemo-resistant cell lines were maintained in the required chemotherapeutic 

agent at concentrations outlined in the cell nomenclature in Table 2.1. Chemotherapeutic agents 

used are outlined in Table 2.2. Prior to plating, a cell sample was treated with trypan blue and 

counted on a haemocytometer.  

 

In order to prevent genetic deviation, cell populations were passaged continuously for no 

longer than 5 months. Fresh stocks were made from the earliest passage possible from a 

subpopulation of each cell line. Cells were grown to approximately 80% in a T75 flask, 

trypsinised and resuspended in complete IMDM before being spun down at 270 x g for five 

minutes at room temperature. Culture medium was aspirated and the cell pellet was 

resuspended in 3 mL of freeze-down media (10% DMSO, 40% FBS, 50% complete IMDM) before 

being aliquoted into three cryovials and cooled in a polystyrene sectioned box in the -ул ɕ/ 

overnight. Frozen cell stocks were transferred to a cryostat to increase longevity.  For revival, 

freeze-Řƻǿƴǎ ǿŜǊŜ ǘƘŀǿŜŘ ŀǎ ǉǳƛŎƪƭȅ ŀǎ ǇƻǎǎƛōƭŜ ōȅ ǿŀǊƳƛƴƎ ƛƴ ŀ от ɕ/ ǿŀǘŜǊ ōŀǘƘΦ hƴŎŜ 

thawed, the cells in the freeze down media were transferred to 9 mL of complete IMDM in a 

T25 flask and incubated as per normal maintenance. Chemo-resistant cell lines were re-

introduced to the chemotherapeutic agent after two successful passages, to maintain 

resistance. 

 

 All cell lines have been tested to ensure they were free from Mycoplasma contamination using 

the VenorGeM® Mycoplasma PCR detection kit (Minerva Labs, UK). 

 
2.1.3 Cell seeding density optimisation 

 
Cells were seeded with five technical replicates in seven 96-ǿŜƭƭ ǇƭŀǘŜǎ ƛƴ нлл ˃[ ŎƻƳǇƭŜǘŜ La5a 

at cell ŘŜƴǎƛǘƛŜǎ ǎǇŜŎƛŦƛŜŘΦ hƴŜ ǇƭŀǘŜ ǿŀǎ ŦƛȄŜŘ ŜǾŜǊȅ нп ƘƻǳǊǎ ǿƛǘƘ тл ˃[ мл҈ όǿκǾύ ǘǊƛŎƘƭƻǊƻŀŎŜǘƛŎ 

acid (TCA), stained and analysed as described for SRB growth assay (see section 2.1.4). Raw 

absorbances were used to generate growth curves in GraphPad Prism 6 (GraphPad Software Inc, 

USA). The doubling time for each cell line was calculated using the following equation: 

 

ὈέόὦὰὭὲὫ ὸὭάὩ 
ὈόὶὥὸὭέὲ Ὤέόὶίὼ ÌÏÇ ς

ÌÏÇὪὭὲὥὰ ὕὈ ÌÏÇ ὭὲὭὸὥὰ ὕὈ
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2.1.4 Sulforhodamine growth assay 

 
Sulforhodamine B dye (SRB; Sigma-Aldrich, UK) is a useful tool for measuring proliferation of cells. 

It has been shown that the dye binds to amino acids which provides an estimation of cellular density 

(Skehan et al., 1990). Cells were plated out per well as specified in 200 ˃[ ŎƻƳǇƭete IMDM and 

incubated for the ǎǘŀǘŜŘ ǘƛƳŜΦ /Ŝƭƭǎ ǿŜǊŜ ŦƛȄŜŘ ǿƛǘƘ тл ˃[ мл҈ όǿκǾύ ¢/! ŦƻǊ ол ƳƛƴǳǘŜǎ ŀƴŘ ǿŀǎƘŜŘ 

five times with water. The fixed cells were stained with 0.4% (w/v) SRB solubilised in 1% (v/v) acetic 

acid (Fisher Scientific, UK) for 30 minutes, and washed five times with 1% (v/v) acetic acid before 

ŘǊȅƛƴƎ ƻǾŜǊƴƛƎƘǘ ŀǘ от ϲ/Φ .ƻǳƴŘ {w. ǿŀǎ ǎƻƭǳōƛƭƛǎŜŘ ƛƴ млл ˃[ мл Ƴa ¢Ǌƛǎ ōŀǎŜ ό{ƛƎƳŀ-Aldrich, UK). 

Absorbance was read 490 nm wavelength in a Victor X4 Multilabel Plate reader (PerkinElmer Life 

Sciences, USA). The half-maximal growth inhibitory concentration (GI50) of the specified drug was 

determined using GraphPad Prism 6 (GraphPad Software Inc, USA). 

 
2.1.5 MTT assay 

 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Universal Biologicals UK) is a 

yellow tetrazole that is metabolically reduced to purple formazan only in living cells. This can be 

used as a quantitative colorimetric assay which allows for the measurement of cytotoxicity and 

proliferation (Mosmann, 1983). Cells were plated out per well as specified in 50 ˃ [ ŎƻƳǇƭŜǘŜ La5aΦ 

When screening for sensitivity to drugs, the desired agents were serially diluted and added to cells 

ƛƴ рл ˃[ ŎƻƳǇƭŜǘŜ La5a ǇŜǊ ǿŜƭƭ ǿƛǘƘ ǘƘŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ǎǘŀǘŜŘ (Table 2.2 and Table 2.3 for list of 

drugs). After incubation of 120 hoursΣ нр ˃[ ƻŦ a¢¢ ǊŜŀƎŜƴǘ ǿas added and cells were incubated 

ŦƻǊ п ƘƻǳǊǎΦ ¢ƘŜ ŎŜƭƭǎ ǿŜǊŜ ƭȅǎŜŘ ǿƛǘƘ ŀŘŘƛǘƛƻƴ ƻŦ млл ˃[ нл҈ ǎƻŘƛǳƳ ŘƻŘŜŎȅƭ ǎǳƭŦŀǘŜ ό{5{Σ CƛǎƘŜǊ 

Scientific) and incubated overnight. Absorbance was read at 600 nm wavelength in a Victor X4 

Multilabel Plate reader (PerkinElmerLife Sciences, USA). The half-maximal growth inhibitory 

concentration (GI50) of the specified drug was determined using GraphPad Prism 6 (GraphPad 

Software Inc, USA). Structures of each of the chemotherapeutic agents and DNA damage response 

and repair targeted inhibitors are found in Appendix A1.  

 
Table 2.2 List of chemotherapeutic agents 
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Table 2.3 List of DNA damage response and repair targeted inhibitors 

 

 

 

2.2 Biochemistry 

2.2.1 Cell lysis 

 
Cells were plated out into 10cm plates at specified densities and grown for 48 hours, reaching 70% 

confluency. The culture medium was removed prior to the cells being washed twice with ice cold 

t.{Φ млл ˃[ ƻŦ ƭȅǎƛǎ ōǳŦŦŜǊ όрл Ƴa I9t9{ ǇIтΦпΣ нрл Ƴa bŀ/ƭΣ лΦм҈ btплΣ м Ƴa 5¢¢Σ м Ƴa 95TA, 

1 mM NAF, 1л Ƴa ʲ-Glycerophosphate, 0.1 mM sodium orthoǾŀƴŀŘŀǘŜ ŀƴŘ /ƻƳǇƭŜǘŜϰ ǇǊƻǘŜŀǎŜ 

inhibitor cocktail (Roche, Switzerland)) was added and the cells were scraped into cold 

microcentrifuge tubes and incubated on ice for 30 minutes before centrifugation at 13,000 rpm for 

10 minutes at 4 °C to remove insoluble material. The lysate was then transferred to a clean 

microcentrifugation tube and kept on ice (if to be used immediately) or frozen on dry ice and stored 

at -80 °C. 

 
2.2.2 Determination of protein concentration 

 
Bicinchoninic acid (BCA) is a sodium salt which is known to form an intense purple complex with 

cuprous ion in an alkaline environment. Proteins can reduce CU+2 to CU+1, resulting in a purple 

colour formation by BCA. This allows for a colorimetric assay for the determination of the protein 
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concentration from cell lysates (Smith et al., 1985). Cell lysate (as obtained in section 2.4.1) was 

diluted 20-fold in ddH2h ŀƴŘ мл ˃[ ǿŀǎ ŀŘŘŜŘ ƛƴ duplicate to a 96-ǿŜƭƭ ǇƭŀǘŜΦ мл ˃[ ƻf diluted (0.1-

м ˃Ǝ Ƴ[-1) bovine serum albumin (BSA) protein standards (Sigma-Aldrich, USA) and ddH2O blanks 

were included on every plate. At a 1:50 dilution Copper (II) sulfate solution (Sigma-Aldrich, USA) 

was mixed with BCA, and 20л ˃[ ǿŀǎ ŀŘŘŜŘ ǘƻ ŜŀŎƘ well. Samples were mixed on a plate shaker 

prior to incubation at 37 °C for 30 minutes. Absorbances were read at 570 nm wavelength in a Victor 

X4 Multilabel Plate reader (PerkinElmer Life Sciences, USA). A standard curve was produced from 

the protein standards of known concentration, and sample protein concentration was determined. 

 
2.2.3 SDS-PAGE 

 
In order to determine, in a semi-quantitative manner, the amount of specific proteins within the 

cell lysates, the samples were separated by molecular weight under denaturing conditions using 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Equal amounts of protein 

sample (15-пр ˃Ǝύ were diluted into lysis buffer and 3x loading buffer (187.5 mM Tris-base pH 6.8, 

6% (w/v) SDS, 30% glycerol, 15҈ όǾκǾύ ʲ-mercaptoethanol, 0.15% (w/v) bromophenol blue), 

typically at a 1:2 ratio of sample buffer to lysate. Samples were heated at 95 °C for 5 minutes to 

allow for denaturation and reduction of the proteins, and centrifuged at 14,000 xg for 1 minute. 

Samples were loaded onto fixed concentrations gels, as stated in text, with a concentration 

dependent on the protein molecular weight. Precision Plus Protein Standards (BIO-RAD, USA) were 

loaded in a separate lane to allow for an estimation of the protein size. Samples underwent 

electrophoresis through the gel in Tris-glycine running buffer at 150 V for 60-90 minutes. 

 
2.2.4 Western blotting 

 
The proteins separated by SDS-PAGE (section 2.2.3) were transferred to methanol-activated лΦн ˃Ƴ 

pore Immobilon-P PVDF membrane (Millipore, USA) at 100 V for 90 minutes in transfer buffer (25 

mM Tis-Base, 190 mM glycine, 10% methanol) using the Bio-Rad Mini Transfer Trans-Blot Transfer 

Cell apparatus (Bio-Rad, USA). After transfer, membranes were re-activated in methanol and 

incubated in ponceau S solution (0.1% ponceau S in 5% acetic acid) for five minutes and rinsed in 

ddH20 to determine the quality of transfer. Membranes were appropriately sliced to separate 

proteins of interest for probing in primary antibodies. Subsequently the membranes were blocked 

in Tris Buffered Saline Tween Buffer (TBST; 50 mM Tris pH8.0, 150 nM NaCl, 0.1% Tween-20 (v/v)) 

containing 5% milk. The membranes were then incubated in primary antibody diluted into 5% 

milk/TBST at 4 °C overnight (Table 2.4 for list of antibodies). Membranes were washed with TBST 
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twice for ten minutes before incubation in secondary horseradish peroxidase-conjugated goat, anti-

rabbit or anti-mouse antibody (Bio-Rad, USA; primary antibody dependent) at room temperature 

for one hour. Membranes were washed four times for five minutes in TBST before detection was 

performed with Enhanced Chemiluminescence (ECL) Western Blotting Substrate (Pierce 

Biotechnology, USA). Bands were visualised by exposure to Amersham Hyperfilm ECL (GE 

Healthcare, USA). The film was then scanned on an Epson Expression 1600 (Seiko Epson Inc., Japan) 

and labelled in Microsoft Powerpoint. 

 
Table 2.4 List of antibodies used in western blotting analysis 

 

 
 

2.3 Molecular Biology 

2.3.1 Reverse transcription quantitative polymerase chain reaction (RT-qPCR) 

 
Cells were plated out in 10 cm plates at specified seeding densities and grown for 48 hours, reaching 

70% confluency. The culture medium was removed prior to the cells being washed twice with ice 

cold PBS. RNA was extracted using the QIAGEN RNeasy Mini kit (QIAGEN, Germany) following the 

ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴs. The concentration of RNA was determined using a NanoDrop 2000C 

Spectrophotometer (ThermoFisher, USA). 

 
In order to reverse transcribe RNA into complementary DNA (cDNA), GoScript reverse transcriptase 

(PROMEGA, USA) was used. Purified RNA was mixed with Oligo(dT)ls primer (PROMEGA) and 

incubated at 70 °C for five minutes. The reaction mixture was prepared as follows; п ˃[ GoScript 5x 

reaction buffer (PROMEGA), п ˃[ MgCl2 (PROMEGA), 1 ˃[ PCR Nucleotide Mix (PROMEGA), 2 ˃[ 
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RNasin Ribonuclease inhibitor recombinant (PROMEGA), 1 ˃[ GoScript reverse transcriptase 

(PROMEGA), and 3 ˃ [ nuclease free water. The samples were incubated on the following 

programme, 25 °C for five minutes, 42 °C for one hour, 70 °C for 15 minutes and cool to 4 °C until 

ready to use. The cDNA was then diluted in RNAase free water in a ratio of 1 part cDNA, 14 parts 

RNAase free water. 

 
Polymerase chain reaction (PCR) was performed using the cDNA as a template and Sybr Green Real-

¢ƛƳŜ t/w aŀǎǘŜǊ aƛȄŜǎϯ ό¢ƘŜǊƳƻCƛǎƘŜǊ ¦{!ύΦ ! мл ˃[ ǊŜŀŎǘƛƻƴ ǿŀǎ ǎŜǘ ǳǇ ŎƻƴǘŀƛƴƛƴƎ пΦп ˃[ ƻŦ 

ŘƛƭǳǘŜŘ Ŏ5b!Σ р ˃[ {ȅōǊ DǊŜŜƴ wŜŀƭ-¢ƛƳŜ t/w aŀǎǘŜǊ aƛȄŜǎϯΣ лΦо ˃[ ŦƻǊǿŀǊŘ ŀƴŘ лΦо ˃[ ǊŜǾŜǊǎŜ 

primer. Primer sequences are shown in Table 2.5. The PCR cycling conditions were 95 °C for 10 

ƳƛƴǳǘŜǎ ŦƻƭƭƻǿŜŘ ōȅ пл ŎȅŎƭŜǎ ƻŦ ŘŜƴŀǘǳǊŀǘƛƻƴ ŀǘ фр ɕ/ ŦƻǊ мл ǎŜŎƻƴŘǎ ŀƴŘ ŀƴƴŜŀƭƛƴƎ ŀǘ ру °C for 15 

seconds, and elongation at 72 °C for 25 seconds. A melting curve was then produced by incubating 

in the following cycle; 95 °C for 15 seconds, 60 °C for one minute and 95 °C for one second. Data 

ǿŀǎ ŀƴŀƭȅǎŜŘ ƛƴ vǳŀƴǘ{ǘǳŘƛƻϰ 5ŜǎƛƎƴ ϧ !ƴŀƭȅǎƛǎ {ƻŦǘǿŀǊŜ ǾмΦпΦо ό¢ƘŜǊƳƻCƛǎƘŜǊΣ ¦{!ύΦ 

 
Table 2.5 PCR and sequencing primers 

 

 

 
2.3.2 Lipid mediated reverse transfection siRNA knockdown 

 
Transient knockdown of target gene expression was achieved using lipid-mediated reverse 

transfection of small interfering RNA (siRNA) oligonucleotides. Lipofectamine (Life Technologies, 

USA) transfection reagent and siRNA oligonucleotides (QIAGEN, USA) were used at final 

concentrations as indicated in the text. Appropriate death and non-targeting control 

oligonucleotides were included to establish transfection efficiency and toxicity. The oligonucleotide 

sequences used to deplete gene expression are listed in Table 2.6. 

 
Oligonucleotide and transfection reagent were complexed in OptiMEM (Life Technologies, USA) by 

incubation at room temperature for 15 minutes. Meanwhile, cells were prepared by trypsinisation 
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and cell counting. For 96-well plates, рл ˃[ of oligonucleotide/lipid complex was added to each well 

ōŜŦƻǊŜ ŀŘŘƛǘƛƻƴ ƻŦ ŎŜƭƭǎ ŀǘ ƴǳƳōŜǊǎ ǎǘŀǘŜŘ ƛƴ рл ˃[ ŎƻƳǇƭŜǘŜ LaDM. For analysis of protein 

knockdown levels by western blot, cells were transfected in 6-well plate format with 1.5 mL 

oligonucleotide/lipid mixture and an equal volume of cells at a count stated in the results. After 

incubation for 48 hours, cells were harvested and analysed by western blot as described in section 

2.2.4. 

 
Table 2.6 siRNA target sequences 

 

 

 
 
2.3.3 Whole exome sequencing 

 
Whole exome sequencing (WES) was performed on the TNBC cell lines by the Genomic Core Facility, 

Philipps-University, Marburg, Germany, using a transposase-based method utilising the Illumina 

άbŜȄǘŜǊŀ 9ȄƻƳŜ 9ƴǊƛŎƘƳŜƴǘ YƛǘέΦ рл ng of fragmented and adapter tagged DNA was amplified via 

PCR protocol and sequencing indexes were added. The indexed libraries were pooled, denatured 

to ssDNA before hybridisation to biotin-labelled custom oligonucleotide capture probes, specific to 

targeted regions. Addition of Streptavidin beads, which binds to biotinylated probes, allowed the 

bound DNA fragments to be magnetically pulled down and eluted from solution before 

amplification by PCR. 2 x 100 nucleotide paired end sequences were input into Illumina HisSeq2000 

with an output of 100 nucleotide paired end reads in FASTQ format. The sequencing was performed 

in two lanes providing two sets of FASTQ data per cell line. 
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2.4 Bioinformatics 

2.4.1 Next-generation sequencing variant alignment and annotation pipeline 

2.4.1.1 Quality control of FASTQ files 

FASTQC was used to perform quality control checks on the raw sequence data to identify low-

quality reads and contaminants including duplicates, adapters and PCR primers (Andrews S, 2018). 

Modular set of analyses allowed for identification of problems with per base sequence quality, per 

sequence quality scores, per base sequence content, per base/sequence GC content, per base N 

content, sequence length distribution, sequence duplication levels, overrepresented sequences 

and Kmer content. 

 
2.4.1.2 Trimming 

Trimmomatic was used for the removal of sequencing adaptors from the raw sequence data. 

Parameters for this tool were used as follows: NexteraPE-PE.fa:2:30:10 LEADING:3 TRAILING:3 

SLIDING WINDOW: 4:15 MILEN:36 (Bolger, Lohse and Usadel, 2014).  

 
2.4.1.3 Mapping raw FASTQ reads to reference genome  

The Burrows-Wheeler Alignment (v.0.7.17) was used to align the raw FASTQ files to Genome 

Reference Consortium human reference genome (GRCh37) outputting a Sequence Alignment Map 

(SAM) format, which includes the read-group information (Burrows and Wheeler, 1994; Li et al., 

2009; Church et al., 2011). Parameters were used at the tools default settings; -M -R. Here only 

paired reads were used, and Samtools flagstat used to print statistics throughout each of the 

subsequent steps.  

 
2.4.1.4 Sorting SAM file and conversion to BAM file  

In order to achieve a fast retrieval of alignments in overlapping specified chromosomal regions, the 

SAM files were inputted into Picard tools SortSam (v.2.17.10), where the read alignments were 

sorted by coordinate and converted to a Binary Alignment Map (BAM) format output (Picard 

Toolkit.2019. Broad Institute, GitHub Repository. http://broadinstitute.github.io/picard/; Broad 

Institute). 

 
2.4.1.5 Marking duplicate PCR reads  

In order to mitigate potential biases on variant calling algorithms, Picard Tools MarkDuplicates 

(v2.17.10) was used to tag PCR duplicates, which were subsequently removed. (Picard Toolkit. 2019. 

Broad Institute, GitHub Repository. http://broadinstitute.github.io/picard/; Broad Institute). The 
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output consists of two files; a BAM file containing SAM flags for each of the reads, and another 

identifying the number of duplicates for the paired end reads. 

 
2.4.1.6 Merging BAM files 

As the sequencing was performed in two lanes for each cell line, it was required to merge the two 

BAM files together. The two BAM files were then run together through Picard Tools 

MarkDuplicates, in order to remove any PCR duplicates after merging the files with the output as 

one merged BAM file. 

 
2.4.1.7 Building BAM index 

To ensure a faster search of data through the BAM file, an index of the BAM file was created and 

sorted in coordinate order Picard Tools BuildBamIndex (v2.17.10) to output an indexed BAM file 

(BAMi). 

 
2.4.1.8 Sequence realignment  

Single nucleotide variants (SNVs) may mistakenly be identified in the individual genome with 

respect to the reference genome due to poor local realignment. Insertion or deletion of bases 

(INDELs) increase the number of mismatching reads highlighting the requirement for these regions 

to be realigned. Both the BAM file and the GRCh37 reference genome were input into 

GenomeAnalysisTK-3.7.0 (GATK) with RealingerTargetCreator to create realignment targets. GATK 

IndelRealinger was then used to execute the realignment of the listed targets (McKenna et al., 

2010).  

 
2.4.1.9 Build recalibration model 

The sequencer which estimates the quality score of each base call can have systematic errors. 

GenomeAnalysisTK-3.7.0 was used to perform base score recalibration. It analyses patterns of 

covariation in the sequence datasets, and applies the recalibration to the sequence data (McKenna 

et al., 2010).  

 
2.4.1.10 Variant calling  

SAMtools mpileup was used to generate Binary Variant Call Format (BCF) files from the BAM files 

in order to compute the genotype likelihoods for each read using the default parameters (Li, 2011). 

These were then input into BCFtools to call the SNVs and INDELS to generate a Variant Calling 

Format (VCF) file containing information about the variants position in the genome. 
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2.4.1.11 Variant effect prediction  

The Ensembl Variant Effect Predictor (VEP) was used to annotate the called variants to determine 

which genes, and region of the gene, the variant is located in (i.e. coding, regulatory, non-coding 

regions etc), the prediction of consequence of a called variant (i.e. frameshift, stop-gain, missense 

etc) and if the variant is considered synonymous or non-synonymous. VEP predicts protein function 

of the called variants by labelling with pathogenicity scores by programmes; SIFT, Polyphen and 

ClinVar (Ng and Henikoff, 2003; Landrum et al., 2014; Adzhubei, Jordan and Sunyaev, 2015; 

McLaren et al., 2016).  

 
2.4.2 Variant filtering  

 
Variants called in the individual genome, were filtered to identify high confidence somatic variants. 

Called variants were checked for quality and coverage. Variants were removed if the Phred quality 

score is < 30 or the variants have less than 10 reads supporting the base call. If < 3 reads at the base 

call did not support the variant, these were subsequently removed from the dataset. In order to 

remove common germ-like variants, variants found at a frequency of җ 0.001% in the genome 

aggregation database (gnomAD) were removed (Karczewski et al., 2019). However, if variants were 

found to be in җ 3 samples in The Cancer Genome Atlas (TCGA), or җ мл ǎŀƳǇƭŜǎ ƛƴ Catalogue Of 

Somatic Mutations In Cancer (COSMIC), these were re-added to the called variants list (Bamford et 

al., 2004; Weinstein, 2013; Ghandi et al., 2019). Variants were also removed if they were not found 

in the protein sequence, such as upstream variants, as these are considered outside of the 

confident sequencing scope. This left only high confidence somatic variants in the VCF file.  

 
2.4.3 Computational analysis 

2.4.3.1 Variant comparative studies 

 
Comparative studies of the called variants in VCF files were conducted through the use of scripts 

made in the Python language and graphs and plots were made using GraphPad Prism 6 (GraphPad 

Software Inc, USA). Density plots were made using the online tool DensityPlotter (Spencer, 

Yakymchuk and Ghaznavi, 2017). Mutational patterns, kataegis and mutational signatures were 

analysed using the online tool Mutalisk (Lee et al., 2018).  

 
2.4.3.2 Gene Ontology 

 
Two online tools were used to analyse gene ontology (GO). GO functional enrichment analysis  was 

conducted using G:profiler (Raudvere et al., 2019). This tool maps genes to known functional 
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information sources, such as Ensembl, and identifies statistically significant enriched terms 

(McLaren et al., 2016). KEGG BRITE pathway was used to label the gene lists with biological and 

cellular functions. KEGG BRITE is the reference database for BRITE mapping in KEGG Mapper and is 

a collection of hierarchical classification systems which incorporates different types of relations 

including; genes and proteins, compounds and reactions, drugs, diseases and organisms and cells 

(Kanehisa, 2000; Kanehisa et al., 2019). 

 
2.4.3.3 Variant effect predictions 

 
Three variant effect predictors were used to identify if a missense variant in a gene is to be 

considered damaging to the structure or function of the protein it encodes. SIFT (Sorting intolerant 

from tolerant), is a variant predictor which assess whether an amino acid substitution affects 

protein structure based on sequence homology and the physical properties of amino acids (Ng and 

Henikoff, 2003). PolyPhen (Polymorphism Phenotyping) is a tool which predicts possible impact of 

an amino acid substitution on the structure and function of a protein using both physical and 

comparative considerations. These include analysis of protein secondary structure, including 

surface area, and Phi-psi dihedral angles, sequence alignment and phylogenetic and structural 

information to characterise the variant (Adzhubei, Jordan and Sunyaev, 2015).  Mutational assessor 

predicts the functional impact of amino acid substitutions in proteins through assessments based 

on evolutionary conservation in protein homologs, and identifies if the variant is in binding domains 

required for protein-protein interaction, DNA/RNA or small molecule binding (Reva, Antipin and 

Sander, 2011). 

 
2.4.3.4 Extraction of data from Sanger Genomics of Drug Sensitivity in Cancer (GDSC) 

 
Pan-cancer data was extracted from the GDSC which had CDKN1A expression data available, and a 

response to treatment of the following drugs (measured as area under the curve); cisplatin, 

AZD7762 (CHK1 inhibitor), 681640 (WEE1/CHK1) inhibitor, QL-VIII-58 (ATR/MTOR inhibitor), and 

KU-55933, CP466722 (ATM inhibitors) (Yang et al., 2013). CDKN1A expression data was divided into 

high or low expression based on the mean expression. Box plots were created of the distribution of 

response to the drugs (measured by area under the curve), vs high and low expression using 

GraphPad Prism 6 (GraphPad Software Inc, USA). 
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2.4.3.5 TCGA analysis  

 
Variant data was extracted via the GDSC Data portal and the Bioconductor R package TCGAbiolinks 

was used to obtain clinical data (Colaprico et al., 2016; Grossman et al., 2016). Chromosomal 

locations of patient variants were remapped from GRCh38 to GRCh37 using the NCBI Genome 

Remapping service. Pan-cancer gene expression and survival data was extracted for each 

chemotherapeutic agent. Survival analyses were conducted to determine the response of the 

patient treated with the chemotherapeutic agent for when the gene expression was high or low. 

Cox proportional hazards regression was used to calculate the hazard ratio for cohorts expressing 

ƘƛƎƘ Ǿǎ ƭƻǿ ŜȄǇǊŜǎǎƛƻƴ ƭŜǾŜƭǎ ƻŦ ǘƘŜ ƎƛǾŜƴ ƎŜƴŜΦ ¢ƘŜ Ψsurv_ŎǳǘǇƻƛƴǘΩ ŦǳƴŎǘƛƻƴ ƻŦ ǘƘŜ ǇŀŎƪŀƎŜ 

survminer in R allowed for the identification of the optimal expression cut-ff point to give the lowest 

p-value for high vs low expression. The cut-off selected was between the 20th and 80th percentiles 

of gene expression values as previously described by Uhlen et al., 2017. The calculations used 

overall survival as the measure of clinical outcome. Overall survival is defined as days to last medical 

follow up or death as was previously described by Ng et al., 2016. The calculations were performed 

using the R survminer and survival packages. From this Kaplan-Meier survival curves were 

generated using the R package ggsurvplot. Statistical analysis using the Wald test (or log rank 

(Mantel-Cox) test was performed to obtain p-value of significance for each Kaplan-Meier graph. 

Hazard ratios weǊŜ ŀƭǎƻ ŎŀƭŎǳƭŀǘŜŘ ǿƘƛŎƘ ǊŜŦŜǊ ǘƻ ǾŀƭǳŜǎ ŦƻǊ άƭƻǿέ όōŜƭƻǿ ƳŜŘƛŀƴύ ŜȄǇǊŜǎǎƛƻƴ ŦƻǊ 

each given gene, with values >1 indicative of increased hazard (a reduced overall survival) and 

values < 1 are indicative of decreasing hazard (an increased overall-survival).  
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3. Characterisation of chemo-resistant Triple Negative Breast Cancer cell lines 
 

3.1 Introduction 
 
Resistance to chemotherapy agents is a bottleneck in the treatment of cancer leading to poor drug 

responses and patient survival. Often in breast cancer, this is due to genomic instability which 

facilitates the tumour resistance to cytotoxic therapies (Kalimutho et al., 2019). Understanding the 

underlying mechanisms of both intrinsic and acquired resistance experimentally, can aid in the 

development of therapeutic strategies to overcome drug-resistance in the clinic. Methods of 

investigating drug resistance in patient samples are becoming increasingly popular, especially with 

the development of liquid biopsy technology which has the potential to both confirm mechanisms 

of drug-resistance or identify drug-resistance emerging in a patient. By detecting circulating tumour 

DNA (ctDNA) or circulating tumour cells (CTCs), samples can be measured for changes in 

heterogeneity and can be used to identify emerging biomarkers of drug-resistance (Rolfo et al., 

2014). Tang et al., 2016 showed that ctDNA could be used to monitor clonal evolution during 

routine management of non-small-cell lung cancer (NSCLC), and identified emerging resistance to 

tyrosine kinase inhibitors through observed epidermal growth factor receptor (EGFR) T790M 

mutations. However, although given the wide scope of research liquid biopsy can provide, it is not 

without technological difficulties. For example, the concentration of ctDNA and CTCs depends on 

the localisation of the tumour tissuse, with primary or metastatic brain lesions difficult to assess via 

blood analyses (Heidrich et al., 2020). Due to this, surgical biopsies, to obtain patient tumour 

samples, continue to dominate the clinic. These can facilitate research on samples pre and post-

drug treatment, or between primary and metastatic sites. However, the patient sample material is 

often limited and retrospective, and the samples are commonly fixed in formalin and embedded in 

paraffin which can reduce their usefulness in molecular analysis (Herwig et al., 2011).  

 
The use of cell line models is still a widely accepted method underpinning pre-clinical drug-

resistance research. Cell line models can allow for an understanding of mechanisms driving drug-

resistance before its emergence in the clinic, and to identify ways to overcome this resistance 

phenotype. A number of methods and models have been successfully developed which have 

determined important resistance mediators (Garraway and Jänne, 2012a).  

 
A common way of addressing drug-resistance is through large-scale screening of cancer cell lines 

with known genetic background, to identify biomarkers of intrinsic sensitivity or resistance to 

panels of drugs. One study, which used part of the Cancer Cell Line Encyclopaedia (CCLE), was 

conducted by Barretina et al., 2012 where the genetic background of 479 cell lines was coupled 
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with pharmacological profiles to 24 anticancer drugs. The study confirmed previously established 

activating mutations in BRAF and NRAS as predictors of sensitivity to the treatment of the MEK 

inhibitor; PD-0325901. Further to this, the study found elevated AHR gene expression was identified 

as an additional predictor of sensitivity in cell lines with the NRAS mutation.  

 
Another large-scale screen was conducted by Garnett et al., 2012 describing the response of 600 

cancer cell lines, with a known genetic background, to a panel of 130 inhibitors, which revealed 

markers of resistance that correlated with genetic mutations, or cancer type.  One example 

identified, ǿŀǎ 9ǿƛƴƎΩǎ ǎŀǊŎƻƳŀ ŎŜƭƭǎ ƘŀǊōƻǳǊƛƴƎ ǘƘŜ 9²{-FLI1 gene translocation, which showed 

sensitivity to PARP inhibitors.  A further study went on to combine the data from the studies by 

Barretina and Garnett, conducted by Nichols et al., 2014, which showed, through a head and neck 

squamous cell cancer (HNSCC) specific study, that HNSCC cell lines harbouring PIK3CA mutations 

conferred sensitive to treatment with PI3K inhibitor; AZD6482. This supported the hypothesis that 

PIK3CA can be used as a biomarker for treatment by PI3K inhibitors.  

 
Large scale siRNA or shRNA screens have been useful to determine if knockdown of target genes 

identify genes regulating sensitivity to drugs. An example is seen when Campbell et al., 2016 used 

a series of siRNA screens that identified kinase genetic dependencies in 117 cancer cell lines. 

Examples highlighted in the study, was an increased sensitivity to fibroblast growth factor receptor 

(FGFR) inhibitors in osteosarcoma cell lines, and to mitotic inhibitors in SMAD4 mutant cells.  

Recently, a genome editing approach is being more frequently adopted which uses the bacterial 

CRISPER-Cas9 system, thus avoiding several pitfalls associated with siRNA screens. A large scale 

CRISPR-Cas9 screen was performed by Dev et al., 2018 on BRCA1-deficient breast cancer cells 

treated with PARP inhibitors. Two previously uncharacterised proteins were identified; C20orf196 

and FAM35A, whose inactivation correlated with PARP inhibitor resistance. 

 
Another well-founded method to study drug-resistance in vitro, is to establish a resistant cell line 

by exposing drug-sensitive cells to the drug of interest. This can result in  the generation of resistant 

clones which can undergo extensive characterisation to determine the cause or mechanism of 

resistance (Garraway and Jänne, 2012a). This can be achieved through short-term pulsing of cells 

with a high drug concentration, allowing for recovery in drug-free media, thereby mimicking the 

cycling doses of an intravenously administered drug in a clinical setting. However, resistance in this 

method is often low and transient (McDermott et al., 2014). A preferred method of generating 

resistant cell lines is long-term chronic exposure to the drug. The cells can undergo dose-escalation 

with high concentrations of a compound, or a single high concentration dose of the compound is 
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administered until a resistant population emerges. These methods have been shown to generate 

higher levels of resistance, and a much more stable phenotype than the short-term methods 

(McDermott et al., 2014). The in vitro models with acquired drug resistance has been shown to be 

beneficial in understanding the mechanisms of resistance, as seen in the recent works of Michaelis 

et al.,. Michaelis and colleagues have co-developed a large Resistant Cancer Cell Line (RCCL) 

collection and shown that resistance to nutlin, an MDM2 inhibitor, in neuroblastoma cell lines (UKF-

NB-3) is due to the formation of de novo p53 mutations, which has now been confirmed in clinical 

liposarcoma using liquid biopsy methods (Michaelis et al., 2011, 2012; Jung et al., 2016). 

 
Triple negative breast cancers (TNBC) are highly metastatic aggressive breast cancers which are 

generally susceptible to chemotherapy initially, however, the early complete response does not 

correlate with overall patient survival. Often TNBC patients relapse within three to five years due 

to resistance to the standard chemotherapy treatment being administered, and so there is an 

urgent need for second, or even third line treatments (Lehmann et al., 2011). Extensive studies 

have shown that once drug-resistance has emerged, cross-resistance to several, structurally, and 

functionally unrelated drugs can occur (J. Wang et al., 2017). This multi-drug-resistance (MDR) 

phenotype may be developed through non-drug specific resistance mechanisms, such as the 

expression of drug efflux pumps in the cell membrane that reduce intracellular drug levels to less 

than therapeutic concentrations (Pluchino et al., 2012). This generates a difficult ongoing clinical 

problem that still needs to be overcome. An alternative strategy proposed by Hall et al., 2009, was 

to identify ŀƴ ά!ŎƘƛƭƭŜǎ ƘŜŜƭέ ƛƴ ǿƘƛŎƘ ǘƘŜ ŜƳŜǊƎŜŘ ǊŜǎƛǎǘŀƴŎŜ ǘƻ ƻƴŜ ŘǊǳƎ Ƴŀȅ ƘŀǾŜ ŎƻƴŦŜǊǊŜŘ ŀ 

hypersensitivity to anotƘŜǊ ŘǊǳƎΦ ¢ƘŜ ǘŜǊƳ άŎƻƭƭŀǘŜǊŀƭ ǎŜƴǎƛǘƛǾƛǘȅέΣ ƻǊ ŀŎǉǳƛǊŜŘ ǾǳƭƴŜǊŀōƛƭƛǘȅΣ ǿŀǎ 

coined to described this phenomenon, and the first full report of this was seen in the work of .ŜŎƘπ

Hansen et al., 1976, where the group used a series of MDR sub-lines derived from the Chinese 

Hamster Ovary (CHO) in increasing concentrations of colchicine to understand cross-resistance. This 

phenomenon can be harnessed for patient treatment in the clinic, and by determining the patterns 

of cross-resistance or acquired vulnerability to clinically relevant drugs, this will help inform 

clinicians on the next line of therapy in treating TNBC. 

  
This chapter characterises a panel of chemo-resistant TNBC cell line models which have acquired 

resistance to the chemotherapeutic agents; cisplatin, doxorubicin, eribulin, gemcitabine, paclitaxel 

and 5-Fluorouracil. The cell line models were obtained from the RCCL collection in which the 

development of acquired drug resistance had been induced through chronic exposure to the drug. 

The chapter also sought to determine any cross-resistance or acquired vulnerability phenotypes to 

the panel of chemotherapeutic agents.  
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3.2 Results 

3.2.1 Growth characteristics of chemo-naive and chemo-resistant TNBC cell lines 

 
A panel of chemo-naive and chemo-resistant TNBC cell lines were selected from the Resistant 

Cancer Cell Line (RCCL) Collection for analysis of chemo-resistant mechanisms. TNBC is known to 

be a heterogeneous cancer type, therefore three chemo-naive cells lines were initially selected to 

reflect a range of tumour location, stage, grade and ethnicity as shown in Table 3.1. 

 
Table 3.1. Origin of chemo-naive TNBC cell lines 

 

 

 
The chemo-resistant cell lines were previously developed through long-term incubation of the 

chemo-naive cells in increasing concentrations of the stated chemotherapeutic agent, as previously 

described by Cinatl et al., 1999. The chemo-resistant cell lines chosen for this project have been 

developed to have a resistant phenotype to chemotherapy agents common or historical to the 

treatment of TNBC. Along-side the three chemo-naive TNBC cell lines, a total of fifteen chemo-

resistant sub-lines were selected for analysis (Table 3.2). 

 
Table 3.2. Chemo-naive and chemo-resistant TNBC cell lines selected from the RCCL 
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First, the morphology of each of the TNBC cell lines was established. Microscopy was used to 

determine differences in shape, structure and form, and images were taken for each of the TNBC 

cell lines (Figure 3.1). 

 
The MDA-MB-468 cell line consisted of small, round, convex cells, grape-like in structure, which 

often grew on top of each other forming chains away from the flask surface. MDA-MB-468rCDDP1000 

looked similar to that of MDA-MB-468, except the formation of chains of cells were more apparent. 

MDA-MB-468rDOX50 were similar to the MDA-MB-468 in morphology. MDA-MB-468rERI50 had a 

mixture of cell morphology, with a sub-population likened to the morphology of MDA-MB-468, and 

another sub-population containing small, elongated, round cells.  MDA-MB-468rPCL20 had a 

morphology distinct from MDA-MB-468. The cells were observed to be elongated, spindly cells, 

which could be considered to be mesenchymal in shape. Furthermore, the cells did not grow on top 

of each, or form chains, but would pack tightly together on the surface of the flask. 

 
HCC38 consisted of large, flat, thin cells, which were almost transparent on certain microscopic 

planes. These were similar in shape to flat endothelial cells, and would often pack tightly together 

on the surface of the flask. There did not appear to be a notable difference between HCC38 and 

HCC38rDOX40, HCC38rPCL2.5 or HCC38rGEM20. Both HCC38rCDDP3000 and HCC38rERI10 showed to be 

slightly smaller than HCC38, and would pack into discrete islands when growing. 

 
HCC1806 consisted of small, polygonal, raised cells, similar to the shape of epithelial cells. These 

cells grew in discrete islands on the flask surface, leaving areas of the flask empty. There was no 

notable difference between the morphology of HCC1806 and the HCC1806 derived chemo-resistant 

cell lines, with the exception to HCC1806rPCL20 and HCC1806r5-F1500, where the cells would grow on 

top of each other in layers.  
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Figure 3.1 Morphology of chemo-naive and chemo-resistant TNBC cell lines 
Morphology of each of the chemo-naive and chemo-resistant TNBC cell lines were analysed using microscopy. Cells were visualised at 
40x magnification, and images taken. Images are representative of җ 3 independent experiments.  
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Next, the growth characteristics of each of the chemo-naive and chemo-resistant TNBC cell lines 

were established. In order to determine the optimal conditions for the 120-hour MTT assay, each 

cell line was plated at five different densities across seven 96-well plates in 200 µl complete IMDM. 

Every 24 hours, one plate was fixed and stained as described for the SRB growth assay (Section 

2.1.4). Once all seven were stained, the data was analysed and raw absorbances were used to 

generate growth curves in GraphPad Prism 6. The ideal plating density is considered to be when 

the cells remain in exponential growth during exposure to the drug within the 120 hours of the MTT 

experiment. This allows for consistency between the cell lines in later experiments, while having 

optimal uptake and response to the drug during the assays. Further to selecting the ideal plating 

density, the logarithmic doubling time for each of the TNBC cell lines could be calculated. The 

doubling times was averaged across at least three independent experiments in each cell line, and 

calculated as described in the Materials and Methods (section 2.1.3).  

 
Both MDA-MB-468rDOX50 and MDA-MB-468rERI50 demonstrated an increase in doubling time from 

MDA-MB-468 with 48.49 ± 0.87 and 42.69 ± 7.05 hours respectively (Figure 3.2). MDA-MB-

468rCDDP1000 showed a slightly faster doubling time compared to MDA-MB-468 with 34.87 ± 2.25 

hours, whilst MDA-MB-468rPCL20 showed a much faster doubling time with 31.27 ± 2.9 hours (Figure 

3.2). For each of the cell lines, 12.8 x103 was determined at the optimal plating density, with the 

exception of MDA-MB-468rPCL20, where a lower optimal cell density of 6.4 x103 cells per well was 

chosen. 

 
HCC38rCDDP3000 had a faster doubling time than HCC38 with a time of 36.7 ± 9.19 hours (Figure 

3.3).  HCC38rDOX40, HCC38rERI10, HCC38rGEM20 and HCC38rPCL2.5 all had a slower doubling time 

than HCC38 with times; 45.19 ± 3.37, 45.18 ± 5.52, 42.6 ± 6.80, and 44.72 ± 1.04 respectively (Figure 

3.3). The HCC38 and HCC38 derived chemo-resistant cell lines optimal plating density was 12.8 x103 

with the exception to HCC38rCDDP3000 and HCC38rDOX40 where it was chosen to plate at a higher 

density of 19.2 x103 cells per well (Figure 3.3). 

 
Both HCC1806rDOX12.5 and HCC1806r5-F1500 had a faster doubling time compared to HCC38 with a 

time of 30.35 ± 1.09 and 32.15 ± 0.65 respectively (Figure 3.4). HCC1806rCDDP500, HCC1806rERI50, 

HCC1806rGEM20 and HCC1806rPCL20 had a slower doubling time compared to HCC38 with 39.10 ± 

5.32, 44.45 ± 3.74, 43.09 ± 3 and 39.82 ± 6.43 respectively (Figure 3.4). Each of this set were plated 

at 12.8 x103 cells per well. 
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Figure 3.2. Growth characterisation of MDA-MB-468 and chemo-naive and chemo-resistant cell lines 
Cells were seeded with five technical replicates in seven 96-well plates at the cell number indicated. One plate was fixed every 24 hours 
and analysed by SRB assay. Growth curves A) MDA-MB-468 B) MDA-MB-468rCDDP1000, C) MDA-MB-468rDOX50, D) MDA-MB-468rERI100, 
E) MDA-MB-468rPCL20, were generated using GraphPad Prism 6. Data points represent mean ± SD where graphs are a representation of 
җо ƛƴŘŜǇŜƴŘŜƴǘ ŜȄǇŜǊƛƳŜƴǘǎΦ Dotted line at t120 represents endpoint of MTT assay. Variable y-axis between graphs. F) Table shows 
calculated mean ± {5 ŘƻǳōƭƛƴƎ ǘƛƳŜ ŦǊƻƳ җо ƛƴŘŜǇŜƴŘŜƴǘ ŜȄǇŜǊƛƳŜƴǘǎ ŀƴŘ ǘƘŜ ŎƘƻǎŜƴ ƻǇǘƛmal plating density.


