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Abstract

Abstract

Triple negative breast cancer (TNBC) is an aggressive, heterogenous, metdistatise
characterised by lack of oestrogen, progesterone and human epidermal growth factor 2 receptors.
Dueto the lack of druggble targets, chemotherapy remains the mainst#fytreatment. 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 requiodldwing
chemoresistance, as well as clinica#ievant 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) pathwayere evaluated as potential second linkerapy optiors
against a panel of three chemmaive and 15 chemeesistant TNBC cell linebhis showed that the
PARP inhibitors, olaparib and rucaparib, and the chemotherapeutic agent, doxorubicin, may be
ineffective assecond treatment strategies for chenrefractory TNBC, whilst inhibitors targeting
CHK2, RAD51 recombinase and PLK1 may be effe8tiatysis of the TNBC cell lines exome
sequencing datan combination with data extracted from The Cancer Genome Atlastified 70

genes as candidate biomarkers of oi@esistanceThis included a lossf function frameshift
variant in TOP2Awithin the doxorubicin resistant cell lingHCC180®0X?5, as a candidate
biomarker of doxorubicin resistancBRNA mediated knodown of TOP2A ithe chemonaive cell

line, HCC1806&confirmed a doxorubicin resistance phenotype.

In conclusion, this thesis providasovelinsight into the use of chemotherapeutic agents and DDR
inhibitors asa potential second line therapy optionsftar the emergence of chemoresistagmén
TNBC It identified 70 clinically relevant candidate biomarkers of chemoresistance, and provides
new avenues of research for further exploration of these figdiThe work presented in this thesis
has the potentialto advance understanding of chemoresistance in the clinic and improve the

outcome of patients with chemoefractory TNBC.
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1. Introduction

1.1 Introduction to Cancer

Cancer is a majarorldwide public health problem, and is the second leading cause ahptere
death globally after cardiovascular diseg®a and Yu, 2006; Bragt al., 2018) It was estimated

that there were B.1 million new cancer cases and 9.6 million cancer deaths in 2018 with high
prevalence of lung, female breast, colorectal and prostate cafi@&yet al., 2018) According to
CanceResearch UK; it has been predictidt there will be 27.6 million new cases of cancer each
year by 204@Cancer Reseeh UK, 2016)it is thereforeclear that a deeper understanding of cancer

is required for better cancer preventiodetection,diagnosis and treatment worldwide.

Cancer cannot be described as a single disease state, but comprises of over 200t diffeases

which commonly demonsate a phenotype of uncontrolled cell growth and proliferatiovhich

can result in invasion of surrounding local tissue, and metastasis to secondary sites. There are
several theories which propose an explanation for thprogression 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 t{8sker, 2015)The
metabolic theory considers cancer to arise as a mitochondrial metabolic disease through
respiratory insufficiency, whilst the naer stem cell theory considersrozer to arise as result of
genomic instability in stem or differentiated cells, termed cancer stem cells (C@§)ed, 2015;
Tomasetti and Vogelstein, 281 Tranet al., 2016; Afify an&eno, 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 somelti can
extricate the cells frm the homeostatic mechanismsvhich control normal cell proliferation,

resulting in the cancer cell phenotygBlagosklonny, 2005)

SMT considers the development of cancer as a Darwinian process, whereby the acamuflati
mutations in the genome ovesuccessful clonal expansions result in the mutant oncogenic
phenotype (Hanahan and Weinberg, 201Ihe majority of somatic mutations that occur are
considered passenger mutations, which have no effect on the cell, whilst driver mutations result in
an oncogenic progressidtratton, 2009) Driver mutations are commonly found in oncogenes or
tumour suppressor geneflSGs), which can positively cegatively regulate the promotion of
cancer progression respectiveliProto-oncogenes often obtain activating mutations, such as
amplification, translocation or missense varigntich are often dominan{Grandér and Grandér,

1998) An example of an oncogene ESGFRwhereby activating mutations in EGFR results in
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increased cell proliferation, survival and differentiatigtandiet al., 2007; Sigismunet al.,2018)
TSGs are known taave a role in protecting the genetic integrity of the cell, and deleterious loss of
function variants in these genes can lead to oncoger(€iandér and Grandér, 1998n example

of a commonly mutated TSG in cancef3 which has a crucial role in sensing DNA damage and
halting cell cycle progression. Logdunction mutations inTP53are found in approximately 50%

of cancergRivlinet al., 2011; Perri2016) Genetic aberrgons in oncogenes and TSGs affect the
genomic stability of the celvhich can result in a higher risk ofqpdring further genetic aberrations

(Fletcher and Houlston, 2010)

Both internal and external genotoxic factors such as; reactive oxygen species (ROS), tobacco smok
and ultraviolet light, can result iDNA damagé€Jackson and Bartek, 200#Ithough DNA repair
mechanisms are in place to repair the generated somatic mutations, if repairedéctgrbefore

cell replication; a permanent alteration is fixed in the DNA, further contributing to oncogenesis
(Lord and Ashworth, 2012)t has been found that cancer cells often have increased rate of DNA
damage and genetic aberrations compared to normakgethich contributes to the development

of oncogenesigNegrini, 201Q)1t is thought that inherited germline mutations in oncogenas;h

as those inKRASn nontsmall cell lung cancer patients, can contribute to the development of

oncogenesis in combination with somatic mutatig®manet al., 2018)

Sustaining Evading
proliferative growth
signaling suppressors

Enabling
replicative
immortality

Resisting
cell
death

=
Genome Q@?
instability & N

mutation

Tumor-
promoting
inflammation

Inducing Activating
angiogenesis invasion &
metastasis

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

The sequetial development of driver somatic mutatis in both oncogenes and TSGs results in an
oncogenic phenotypahat have been defined as traitand considered todrive the cancer
progression; termed the hallmarks of can¢gianahan and Weinberg, 201Iyitially, six hallmarks

were identified; with the cancerous cells able to sustain proliferative signakiwacde growth
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suppressors, activating iagion and metastasis, enabling replicative immortality, inducing
angiogenesis and resisting cell deéittanahan and Weinberg, 200@ reviewed update identified

two new emerging hallmarks; deregulating cellular energetics and avoiding immune destruction, as
well as two enabling characteristics; tumegamomoting infammation and genome instability and
mutation (Figure 1.1YHanahan and Weinberg, 201 Different therapeutic strategies have been
developeal 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

Cance therapy is predominantly dependenpan the use of surgery, raatherapyand cytotoxic
chemotherapeutic agents. Whilst both surgery amdliotherapyare still commonly used, these
methods are reliant on accessibility of the tumour site, and the stagdeftumour. Cytotoxic
chemotherapy agets were introducegwhich can provide an effective broatting 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 thiits will result in higher levels oéplication 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 exclug to); alkylating agents, antietabolites, topoisomerase
inhibitors and antimitotic agents which are considered in the scope of this thagig to their use

in the treatment of the cancer investigated hefiduanget al., 2017)

1.2.1Alkylating agents

Alkylating agents are antineoplastic compounaich chemically reacto biological molecules
such asnucleic acids, proteins, amino acids and nucleotidess@hgents alter the structure of
DNA through crosbnks which can lead to DNA fragmentatiofilkylating agents, such as sulphur
mustard gas, wereinitially used as chemical warfare in World War |, before nitrogen mustards were
harnessed for the treatment of canceffhe nitrogen mustard alkylating agentsuch as
chlorambucil, reacts with nucleophilic sites in DNA through its electron deficient alkyl groups, and
was used for the treatment for chronic lymphocytic leukaerf8&ddik, 2005; Vidadt al., 2016).
Considered alkylatintike are the platinum analogues; cisplatin and carboplatrhich bind to the

N7 position of guanine and/or adenine bases in DNA via a platinum @wonskyet al., 2012)

The platinum agents are commonly used as either single agents, or in combinédoanother

drug class for the treatment of cancers of {hmeast, testicular, ovarian, cervical, prostate, head
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and neck, bladder, lung and refractory pbn2 R3 1 A Yy Q & (Tsi@beérideut ¥} 2809; Dhar
et al, 2011, Dasari and Bernard Tchounwou, 2014)

Cisplatin introduces both intesind intrastrand crosdinks in the DNAwhich require repai{Pascoe

and Roberts, 1974 his 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 oxidatigs,siri#

an increase of ROS, which results in the loss of mitochondrial protein sulfhydryl group, calcium
uptake inhibition and reduction of mitochondrial membrane potenti®arullo et al., 2013a)
Furthermore, increased ROS levels in the cell can darpedeins, 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 syntheSmnerallyantimetabolites are incorporated into DNA
or RNA during-$hase of the cell cycle, or inhibit the enzynibat are required for nucleic acid

production, resulting in replication stress and the induction of apopt@sismnget al., 2017)

One of the fist antimetabolites to be developed for solid tumours waBlBorouracil 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 dead and nek cancergHeidelberger

et al, 1957; Arruebeet al., 2011) 5-Fluorouracil is an analogue of uracil, in which a fluorine atom
has replaced a hydrogen atom at thé@osition(Rutman, Cantarow and Paschkl954) It enters

the cell via the same facilitated transport mechanism of uydogfore undergoing intracellular
conversion into multiple active metabolitewhich include; fluorodeoxyuridine monophosphate
(FAUMP), flurodeoxyuridine triphosphate d(BFTP) and flumuridine triphosphate (FUTP)
(Wohlhueter, Mclvor and Plagemann, 1980; Miwt al., 2010) FAUMP inlbits thymidyhte
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 synthes{tongley, Harkin and Johnston, 2003&)e accumulation of dUMP can
lead to increased levels of deoxyuridine triphosphate (d((A#rneet al., 1996) Both dUTP and

the metabolite FdUTRave been found to be misincorporated into DNA resulting in DNA damage.
Furthermore, FUTP has been found to be incorporated into,RiiEh disrupts the normal RNA
processing and functiofAherneet al, 1996) Together, the active metabolites ofFBuorouracil

induce DNA damagendreplication stresswhich results in the induction of apoptosis.
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Gemciabine is a predrug cytidine analoguavhich is ommonly used as either a single agent, or in
combination with another drug class for the treatment of a variety of solid tumours, inclyaidmg

small cell lung, pancreatic, bladder and breast candesch et al., 2005) Upon influx via
nucleoside trangorters, gemcitabine undergoes an intracellular conversion to the nucleotides
gemcitabine diphosphate (dFdCDP) and triphosphate (dFd@hih both have downstream
action inducing gemcitabine cytotoxicitfhe 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 reductadech results in the depletion of
deoxyritbnucleotide pools required for DNA synthe@#ni et al., 2006) Furthermore, it has been
found tha dFACTP can incorporate into RNA, which can pisnormal RNA processingnd
maturation of ribosomal, transfer and messenger RNA, (rRNA, tRNA, mRNA) pre@icgardin

et al, 2013) The incorporation of the cytidine analag 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

Topoisomeras inhibitors target eithertopoisomerase | or Il ¢po |, topo 1), which are well
characterised enzymes involved in the unwinding of DNA during replication and transcription.
Chemotherapeutic agents have been developed to target both topoisomerasesanmitbtathecin

targeting topol, and etoposide and doxubicin targeting topo I{Lianget al., 2019)

Doxorubicin is aanthracycline topo Il targeted inhibitowhich has been used as a single agent, or

in a combination therapy witlother drug classefor the treatment of several canceracluding;

breast, gastric, lungyvarian, thyroid, norHodgh y Qa | y R | ®rRadsarkoyh® iultiplé Y LIK
myeloma and paediatric cancef$hornet al,, 2011) The mechaisms of action associateditiv
doxorubicin are multfactorial, but all lead to increased DNA damage resulting in apoptotic cell
death. Doxorubicin has been found to intercalate into DWAich can result in the inhibition of

DNA replication, and disruptioof DNA repair mechanismshichis believed to benediated by

topo Il, although the mechanism is not fully knoganget al., 2014) Topo Il is an ATtRpendent
enzyme which consist of two isoformsfOP2A and TOP2B. Topis lknown 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 spregkiced from DNA
replication and transcriptio(Pommieret al,, 2010; Yanegt al., 2014) It has &0 been found that

Topo llis required for decateation of DNA during mitosis, and for normal cytokiné€larpenter
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and Porter, 2004; Yangt al., 2014) It is thought that doxorubicin binds and traps topo Il at
breakage sites, stabilising the DNA cleavage congmdxhis prevents the resting of DNA breaks,
resulting in increased DNA damagétiss, 2009)Furthermore, doxorubicin has also been found to
oxidize to an unstable metabolite, semiquinone, before being converted, batkh releases ROS.
The ROS in tarcan contribute to the DNAamage and result in cell deafporoshow,1986; Kim

et al, 2006; Thorret 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 intercéate DNA(Yang, Kemp and Henikoff, 2013; TaysN#zerelet al., 2018)
1.2.4 Antimitotic 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 fahe completion of mitosis. If the cells renmdn a prolonged arrest state,
this results in a subsequent apoptosis induction or a senesekked; state (Mitchison, 2012)
Anti-mitotic drugs are divided into two classes based beit mechanism of action; microtubule

destabilising agents or microtubule stabilising agdKtavallaris, 2010)

Destabiling 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
betweenh ¢ andi -tubulin (Jordan and Kamath, 2007; Dumontet and Jordan, 2010; Sxnéh,

2010) Eribulin has been approvedr patients with messtatic breast canced h Q{ K| dza3 Ky S
Kaklamani and Kalinsky, 201%he binding of eribulin at the vinca domadrselectivelat the plus

ends of microtubules as well as to soluble tubulin subunitsisprevents the addition of new
subunits without affecting normal subunit loss, arebults in net microtubule depolyemisation

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

Stabilising agents promotes the polymetion of microtubules and include the drug groups;
taxanes and epothilonesvhich are found to bind to thénner surface of the microtubule at the
taxoid-binding site on -tubulin (Altmann, 2001; Jordan and Kamath, 200 aclitaxel, a common
taxane agent, has been used both as a single agent, or in condingith other drug classefor
the treatment of breast, ovarian, colorectal, lung, head and neck cafftan and Chen, 2019)
Paclitaxel lnds to the taxoid binding site ahe inner surface of the microtubule lattice, along its

entire length a promotes microtubule stability and suppression of the microtubule shortening
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events which results in net microtubule polymerisati¢Derry, Wilson and Jordan, 1995; Snyeler
al.,, 2001; Jordan and Wilson, 2004; Joreaal., 2005)

1.2.5 Problems with chemotherapeutic agents

The use of chemotherapeutic agents for the treatment of cancesdot come without problems.

For example, the therapeutic window for targeting cancer cells is small, with the assumption that
increasing DNA daage through chemotherapy in cancerous cells is attributed to their ability to
rapidly divide. However, some noahcells, such as those found in the mouth, stomach, bowel and
hair follicles are also rapidly dividing, which can result in undesirable sigete{Falzone,
Salomone and Libra, 2018png term effects, such as cardiotoxicity, have also demified with
treatment of chemotherapeutic agentsuch as doxorubicin, which is more predominant in children
and adolescents wd receive chemotherapy at a young afdancilla Iskra and Aune, 2019)
Furthermore, patients can become refractory to the treatment as resistance develops to the

chemotherapeutic agentsesultingin therapy failure and patient relapse.

1.3Resistance to chemotherapeutic agents

1.3.1 The challeng of drug resistance

Resistance to chemotherapeutic agents, and to therapies designdx teelective for specific
molecular targets, remainthe 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 radiitig resistanc€Garraway and
Janne, 2012; KonieczkowsHti al., 2018) The development of drug resistance can result in an
increase in tumour mass, invasion of nearby tissues or metastasis to distant tigguelsresuts

in patient deah. Approximately 90% of failures to chemethpy are during the invasion and

metastasis of cancer related to drug resistafigiansooriet al.,, 2017a)

Drug resistance can be divided into two categories; intrinsic or acquired. Intrinsic resistance
indicates that prior to therapy, plS EA a G Ay 3 NBaAA &Gl yOS SEA&AG Ay (
the therapy ineffective. Acquired resistance developsimy diug treatment in tumour cellshat

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

longer responds to the dru@Holohanet al., 2013; Cree and Charlton, 201Thelatter 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 subpopulatioSwanton, 2012)

Tumour heterogeneity presents a challenge in the study of drug resistance. It has been found that
cell heterogeneity can be spatial; withénsingé tumour and amongst multiple metastases, as well

as temporal; in which it is a result of a selective pressure induced by drug th@¢apieczkowski

et al., 2018) It has also been found that simultaneous development of resistance can occur in
multiple metastases suggesting that the resistant subpopulations mayexise before tumour

disseminationWagleet al, 2011; Sanboret al.,, 2015; Konieczkowskt al.,2018)

Another challenge is alstound in the models usedtanalyse drug resistanc€heuse of cell line
models is still considered a widely accepted metti underpinning drugresistanceresearch
(Garraway and Janne, 201However, whilsthese models are derived fmo patients they may
not be entirely chemonaive. These historicallpbtained cell linesre oftenderivedfrom patient
biopdes with very littleinformation as to what treatment had beereceived if any, at thetime of
the biopsy.Investigation of the year of théiopsyand the country it was obtained frommay
provide someusefulinsight as to what stand of cartreatment was givemt the time However,

lack ofthis historical information caminder theunderstandingof drug resistance.

A furtherchallenge is that drug resistance is multifarial. Resistance has been found to develop
not only though changes in the cancer genome, such as somatic mutations and chromosomal
rearrangements, but also through nayenetic mechanisms such as preotgihosphorylation and
changes in gene expression.eTkvay in which the resistance effectors develop, or become
dysregulated can be extensive for any tumour contésbnieczkowskét al., 2018) In order to
overcome refractory tumour phenotypes, an understanding of iiechanismslriving resistance

to anti-cancer agents is importaifiGarraway and Janne, 2012)

1.3.2 Mechanisms ofrmdig resistance

Six hallmarks of drug resistance haween proposed to describe common resistance mechanisms
which includedrug pumps, alteration of drug targets, detoxification mechanisms, increased DNA
damage repair, reduced apoptosis and altered peddition (highlighted in figure 1.2jCreeand
Charlton, 2017)These hallmarksvhich undely the emergence of drug resistanaan be applied

to both chemotherapeutic agents and to molecularly targeted dragthough chemotherapeutic

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

Alterations indrug 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 celhatate that exeeds their entry in a
relatively promiscuous manner. These transporters have been shown to efflux structurally
unrelated chemotherapeutic agents, small molecule targeted drugs and xenaobiotics, which results
in a multidrug resistance phenope. For examplethe ABCB1 transporter/multrug resistance
transporter (MDR1) has been found to efflux common chemotherapeutic agents including;
doxorubicin, eribulin and paclitaxéChenret al., 2016;0ba et al. 2016) TheABCG2/ breast cancer
resistance protein (BCRP), has been found to efflux inhibitach as irinotean, gefitinib and
imatinib (Tsuruokeet 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 activiy for the tranporters before continuing drug developme(iiontanari and Ecker,
2015)

The solute carrier superfamily (SLCs) of membrane transporters contain; the organic anion
transporting polypeptide, organic anion transporseand the orgait cation transporters (OCTS).
Decrease in the expression of SLCs can result in a reduced cellular uptake of chemotherapeutic
agents resulting in a drug resistance phenotypkouet al., 2017; J. Zhoet al., 2020) For example,

Gaoet 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 thecell via the slute carrier family 22 member 16 (SLC22A16/0OCT6) in a sedium
independent mannefOkabeet al., 2005a, 2005b; Mulegt al., 2020)
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Figure 12 Mechanisms of drug resistance in cancer cells

Schematic diagram identifying the commanechanisms of drug resistance in cancer cells. This includes increased drug efflux, and
decreased drug uptake, drug compartmentalisation, changes in drug target otadgeg levels, changes in drug metabolism, increased
resistance to apoptosis and ireased DNA damage response and repair. Adapted {Mansooriet al.,, 2017).

1.3.22 Detoxification mechanisms

If uptake of the anticancer agents igfficient, there are many detoxification mechanisms that
reduce the cytotoxicity of anttancer agentswhich occur within the cell. These mechanisms can
involve directly changing the drug, prevention of required drug metabolism needed to form active

metabolites ordrug compartmentalisation.

Inactivation of platinum agents have been found associated gdgttjugate formation between the

drug and the thiol glutathione (GSH) catalysedyhytathione Si NJ- vy & F S NJTRishasbdéef ¢ ~ 0
found to result in a dxification of the molecule and also increases the affinity to ABC transporters
(Debuet al., 2019)(see subsection 1.3.2.1 Drug pumpg)pregulation oD { dand its activity has
beenimplicated as a detoxification resistance mechanisreaveralcancer typegCazenavet al,,

1989; Tet al., 1992; Di Nicolantoniet al., 2005) Furthermore, GSH can act as an antioxidahich

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 cisf@4ém and Kuo, 2010; Catanzato

al.,, 2015, 2018)
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Some chemotherapy a&gts, such as gemcitabine aneFtuaouracil undergo complex metabolism
pathways to form active metabolites, as previously discussedgeuation1.2.2 Antimetabolitel
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 Fluorouracil activating enzymes; thymidinegsphorylase (TPridine
phosphorylase (UP), and orotate phosphoribosyl transferase T)Rd&¥e been associated with 5
Huorouracilsensitivity(Houghton and Houghton, 1983; Schwaetzal., 1985; Evraret al.,, 1999;
Longley and Johnston, 200%urthermore, SFluorouracil can be catabolised byydropyrimidine
dehydrogenase (DP@)ongleyand Johnston, 2005pPiasio and Harris, 1988ave reported that
overexpression of DPD in cancer cell lines results in resistancé&liwEouracil, which was also
confirmed byTakebeet al, 2001 who showed that high levels of DPD mRNA expression in

colorectal tumours correla@with 5-Fluorouracil resistance.

Sequestration of drugs away from the drug tetrgand into cellular compartments is another
mechanismthat results in drug detoxification. This drug compartmentalisation is often as a result
of defects in lysosomal and protein traffickifgadlapatleet al., 2013) One such examplés where
cisplatin is sequestered within the vesicle structures of the lysosome, golgi and secretory
compartments before being effluxed frothe cell(Katanoet al., 2004; Lianget al., 2005; Safaedt

al., 2005; Vadlapatlat al,, 2013) The ABC transporter, ABCA3, has been implidatedosome
biogenesis and the efflux of vesicle structuirsa drug resistance contexSafaeiet al., 2005;
Chapuyet al., 2009; Vadlapatlat al., 2013;0verbeclket al., 2017)

1.3.2.3. Alteration of drug targets

Another mechanism of resistance to astncer drugss alteration of thedrug target which can be

a result of either a mutation or changes in the expression levels due to epigeneticialsfgang,
Zhang and Chenp29) Whilst this mechanism is commonly associated with newer small molecule
targeted agents, the truism is associated with chemotherapeutic agent¢Goee and Charlton,
2017) As previously mentioned, part of the cytotoxicity induced Hyldorouracil is the inibition

of thymidylate synthae. Increased expression of thymidylate synthase has been implicated as a
mechanism of resistance to the treatment eFhiorouracilLongley, Harkin and Johnston, 2003b)
Mutations in the drug target have beeseen in topo |, which results in the inabilityaafmptothecin

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

resistance phenotyp@_arsen and Skladanowski, 1998)
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1.3.2.4Changes ilDNA damage repair

Commonly, chemotheragutic 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 pathwaj® 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 lesion:
such aghose introduced by cisplatin. The excision repair casaplementation group 1 (ERCC1)
protein plays a key role in NE@lausseret al., 2006 showed through an international adjuvant
lung cancer triglwhich retrospectively conducted an immunohistochemical gsial of ERCCL1 in
tumour samples of 761 patients with metasic lung cancer, that there was a statistically significant
survival benefit in patients with low levels of ERCC1 when receiving plabased chemotherapy,
compared to those that had high levelEERCC1. Similar results were seen in retrospectiveatlini
trials with ovarian and colorectal canc@abhdkar et al., 1992; Metzgeet al., 1998; Kangt al,,

2006; Martin, Hamilton and Schilder, 200@)n alternative example is seen when a DNA repair
pathway is switched off to increase tolerance @mogenous DNA damage. Normally, mismatch
repair (MMR) pathwy recognises cisplatinduced DNA adducts, which results in successive repair
cyclesthat ultimately triggers apoptosis. However, a loss of function in the MMR pathway results
in reduced recognibn of DNA damage, cell death is not efficient, which thgreoromotes
tolerance to cisplatin, and also increases the development of mutatishich can lead to further
carcinogenic transformatiorfPoveyet al, 2002; Set al, 2013) This l&er example is also a
common resistance mechanism foffuorouracilwhich ha been established in colorectal cancer

(Mark Meyerset al., 2001)

1.3.2.5 Reduced apoptosis

As mentioned in the previous stdection, increased DNA damage is seen with the application of
many chemotherapeutic agentwhich ultimately result in cell death via the induction of apoptosis.
Therefore, another common resistance mechanism is to increase celupkival signalling, and
reduce signalling through pathwayshich result in apoptosis. It must be notatiat other forms

of cell death can also be triggered by chemotherapeutic ageritish include necrosis, necroptosis
and autophagy, and changes in these pathways can also lead to a resistant phdikotygraeret

al., 2009; Cree and Charlton, 201Dne example is the loss of function of a critical tumour
suppressor gend B3, whichhas multiple downstream targets that can induce apopt@sisdman

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 duesw of function on

activating transcription of PUMAa key preapoptotic protein(Huanget al,, 2019)

Anotherexamge, is the activation of nuclear factor kapfight-chainenhancer of activated B cells
(NFB) pathway, which has been found to rescue cancer cells from the apoptotic pathway,
promotes survival and proliferation and prevents cell de@{iaet al., 2018; Delotet al., 2019)
Korberet al., 2016 found achemoresistance phenotype teHuorouracil in colonic carcinoma cells
lines which was stragly dependent on NFB activation. Furthermore, anéipoptosis proteins
including BeXL and Be2, have been found upregulated via the activation of‘®Fduring the
emergence of chemoresistance in invasive pancreatic cd@reen et al,, 2002; YLiet al,, 2016;

Liet al, 2018)

1.3.2.6 Altered proliferation

Activation of the phosphatidylinositoti@nase (PI3K) / serine/threonine kinase (AKT) pathway can
result in increased cellular functions including survival, proliferation, migratiohdéferentiation
(Weg, Castillo and Dennis, 2002)pregulation of this pathway, resultsimcreased proliferation
and has been implicated in resistance to as#ihcer agents including chemotherapeutic agents
such as doxorubici{Christowitzet al, 2019) Bothin vitro and in vivostudies have shown that
combination of small moleculalibitors of PI3K/AKT pathway with a chemotherapeutic agent are
succesdil in attenuating chemotherapeutic resistanf@est, Castillo and Dennis, 2002)tered
proliferation can become aelf-perpetuatingmechanism, whereby cancer cells wilhighrate of
proliferation are geetically unstable, resulting in the development of further drug resista

mechanisms through genetic aberratiofMansooriet al,, 2017¢)

1.3.3 Overcoming resistance to chertteerapeutic agents

Given the clinical implications resistance dbemotherapeutic 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 inhibitorcdaa chemotherapeutic agent in combination therapy. For
example, seeral ABC transporter inhibitors have been developed, such as zosuquidar, which when
combined with a known substratehemotherapeutic agent, attenuates the chemotherapeutic
resistance in cé&d (Nanayakkaraet al., 2018) However, although the use of AB@rsporter
inhibitors has led to success in MDR reversal in mieali studies, little impaatasseen on clinical
outcome(Falasca and Linton, 2012)any ABC transporter inhibitors have been clinically tested

over the lag forty years, but the use in the clinic is impeded by severecities, and as such no
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effective agent has been developed and approved to d@teoi and Yu, 2014; J. M. A. Detval.,
2019) However, fourthgeneration ABC transporter inhibitors haemerged which are based on
either natural or semsynthetic compoundsand areunder investigationKarthikeyan and Hoti,
2015; J. M. A. Delcet al., 2019)

Another approach to overcome drug resistanis¢o determine an appropriate second line therapy.

Fa a second line therapy to be effective, the patient must not demonstrate eresistance, and

to this end, tle drugs selected are normally of a different drug clagbeé first linetherapy. Within

a patient setting, investigation of new drug classes as an appropriate second line therapgu,diffi
aspatients enteringclinical triels have often undergone several treatmeayitions before entering
aclinical tria] oftenas a last treatment resorA new drug clas of small molecule inhibitors of the
DNA damage response havedpedeveloped, many of whidre undergoing clinical trials both as
monotherapies or in combination with other drugs. However, they have not been investigated as

an appropriate second line énapy after the development of cherresistance.

1.4 DNA damage r@®nse
1.4.1 Signallingn 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 (DDRyhich can be broken den into three integral steps; 1) recognition of the DNA
lesions 2) downstream cascade of DNA repair signallingealhadycle arrest an@) induction of

apoptosis if the damage is irreparalflackford ad 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
phosploinositide 3kinase (IBK) related kinases (PIKKs); Atabétangiectasia Mutated (ATM),
AtaxiaTelangiectasia and Rad3 related (ATR), and-@#pé&ndent protein kinase (DNRK)
(Blackford and Jackson, 201Bpth ATM and DNPRKcs are active in theecognition of DNA double
strand breaks (DSBs), whilst ATR is predominantly activated by DNA replication stress, qr lesions
which result in singlstranded DNA (ssDNA). Whilst DRKcs are thought to be limited to the
repair of DSBat the site of the leon, 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) respectiyBlgckérd and Jackson, 2017f must be noted that
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ATM, ATR and DNPKcs have overlapping signalling pathways and substrates, and ATR and ATM
have been found to substitute for each other, suggesting some role redund@roywn and
Baltimore, 2003; Wanegt al., 2004)

Each of the DDR kinases are recruited and activated tcsitieeof the damaged DA through
individual cefactors dependent on the type of DNA damage that has occurred. ThénkeF&cting
protein (ATRIP) has been found to bind to the heterotrimeric replication protein A (RPA), a protein
complex that associates thissDNA, and ATRIRraits ATR to the site of ssD{@ortezt al., 2001,

Zou and Elledge, 20Q3further protein recruitment to the ssDNA site is required for full ATR
FOGA DI GA2Y ®-asodidted Anfdgen Wi(EDARLYIdJecruited to RBAted sSDNA sites,
where it binds to ATR through the A@Rtivation domain, stimulating ATRasst al., 2016; Haahr

et al,, 2016) DNA topoisomerase-2inding protein 1 (TOPBPhas also been found to contain an
ATRactivation domain, and the activation of ATR by TOPBP1 igialcstep in the initiation of ATR
dependent signalling, but the recruitment and mechanism are not yet ¢lamagaket al., 2006;
Blackford and Stucki, 202@oth ATM and BA-PKc are activated through their recruitment to the
DNA lesions by their elactors. ATM has been fad to be recruited and activated by the MRE11
RAD5ENBS1 (MRN) complexvhich can recognise and bridge broken double stranded DNA
(dsDNA) endd_ee and Paull, 2004, 200BNAPKCc is known to be recruited and activated to dsDNA
ends by a heterodimeric complex, Kuhich contains two subunits; Ku70 and K&ottlieb and
Jackson, 1993)

One of the key rolesf ATM and ATR during DNA lesion recognition, is the activation of cell cycle
checkpoints in order toraest the cells at G1/S or G2/M boundaries to allow for DNA répaistan

and Bartek, 2004)This is predominantly driven through activating phosphorylation of the cell cycle
chedpoint proteins; CHK1 and CHK2. Although etaléshas been identified in these activation
pathways, he end result is the inhibition of the cyclidependent kinase (CDK) activityhich is
known to drive cell cycle progressig@Blackford and Jackson, 201T)pon recognition of DNA
damage, ATM/ATR rapidly activate CHK1/CldgRactivelywhich inactivate the cell division cycle

25 (CDC25) family of phosphatases, which counteracts the inhibitory phosphorylation of cyclin
deperdent kinases (CDKs) te weelike protein kinasé WEE1()Squireet al., 2005) Furthermore,
ATM/ATR can both phosphorylate p53, which results in a slower transcriptioc@Défs by
p21CPYWAFL \which is key for the progression of the G1/S checkp@tackford and Stucki, 2020)
Activation of CHK1/CHK2 also promotes DNA repair and activate apoptosis pa(RatlyPabla

and Domg, 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 13 DNAlesion recognition and cell cycle halt

Exogenous or endogenous DNA damage result in the recruitment ¢hithe PIKKto recognise the DNA lesions. DSBs damage results
in the recruitment and activation of DNRKcs by kbound to DSB ends, and ATM to DSshe MRE1-RAD56NBS1 (MRN) complex.
ATR is recruited to RRated ssDNA by its binding partner ATRtEBrafamagewhich produces ssDNA such as DNA strand crosslinks
or stalled replication forks. ATR and ATM activate the downstream CHK1 and CHKR tkiteiethe cell cycle to prevent entry into the
Sphase, delay progression throughphase and stop theells from entering mitosis. Activation of checkpoint kinases also instiakA
repair and if repair fails or there is prolonged activation of tieckpoints, the kinases trigger apoptosis. Figure adapted from both
Garett and Collins, 201&nd Blackford and Jackson, 2017

1.4.1.2 DNA repair signalling

There are many different agentisat can induce DNA damage, and their mechanisms results in the
formation of distinct types of damage. Multiple cellular DNA repair mechanisms exist tessddr

the damage, and the selection of the appropriate DNA repair pathway is crucial after damage has
beendetected. Table 1.1 outlines a summary of the different repair pathways available for the
repair of damaged DNA by common DNA damaging agents (adhprada figure byChatterjee

and Walker, 2017)DNA repair pathways are available to repair bulky lesiongncorrect base
incorporation, but two of the most common DNA repair mechanisms are the repair of DSBs and
single strand breaks (SSBs). It must bedabhat the selection of the distinct DNA repair pathways

is often dependent on the stage of the celt®(Hustedt and Duroche 2017)
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Table 1.1 Summary of repair mechanisms for damaged DNA

DNA damage DNA repair pathways
Toxins, alkylating agents, Base Mismatches, uracil, abasic sites, Mismatch repair, base excision
E deamination, replication errors adducts repair
Q
. . Base excision repair, single strand
:, - . Lesions, single strand break, double ) P €
= Oxidative damage, eletrophiles break repair, double strand break
= strand break .
= repair
3
. - L Bulky lesions, intra-interstrand Nucleotide excision repair,
° lonizing radiation, UV radiation, _V S . ) .p )
b= S . . crosslink repair, single strand break interstrand crosslink repair, single
= crosslinking agents, aromatic . ) )
(=] . repair, double strand break repair, strand break repair, double strand
compounds, heat cold hypoxia . ) ) . )
translesion synthesis break repair, translesion synthesis

DSBs are commonly repaired through two distinct mechanisms;hoomlogous endoining
(NHEJ) and homologous recombinati@pair (HRR). Classical NHEJ (cNHE&#8istnguish from
alternative end joiningwhich functions in the absence of cNHEJ proteins), is a rapid high capacity
pathway, which works to ligate two broken DNA endsthwiut needing a repair template,
predominantly during G1 phase of the cell cyf#anzei and Foiani, 2008; Scudlyal., 2019)
Briefly, cNHEJ is initiated by Ku and BRKEs binding to the DSBsomoting DNAend tethering
(Graham, Walter and Lop&r2016) Subsequently, additional cNHEJ core factors are recruited to
allow for theends to be closely aligned and ligated, which includes, XRCC4, XLF and DNA ligase I\
and stabilised by PAXRlackford and Jackson, 2013pme DSBs require additional proteins such
as DNA polymerases and nucleases in ofalerepair to occuiBlackford and Jackson, 201DSBs

are mostly repaired by cNHEJ, and although it has been previously described agrenerin
relation to the development of CRISBRS9 assays, it is also describedeffigient and mostly
accurate (Bétermier, Bertrand and Lopez, 2014; Hsu, Lander and Zhadg; Blackford and
Jackson, 2017)

The HR pathway relies on the presence of a homologous donor template and is predominately
used to repair DSBs at replication forkgidg the S phase and G2 phase of the cell B#eicher
etal,, 2009; Karanarat al., 2012; Scullgt al.,, 2019) One of the kegeterminantsof the DSB repair
pathway of choice is DNénd resection in order to produce ssDNA, a perquisite required Rt H
(Mladenovet al.,, 2019; Scullet al., 2019) Briefly, the two blunt ended DSB ends are converted to
ssDNAail through the endonuclease activity of MRN, EXO1 and the EBll#&n syndrome protin
(BLM). The activity of MRN displaces any Ku present, committing Riasike repair pathway.
With available ssDNA overhangs, RPA binds and this activates ATRI¥TI&iRhosphorylates
CHK1 initiating RR (Sgrenseret al, 2003) RPA is then replaced with recombinase DNA repair
protein RAD51 homolog 1 (RADJHeyer, Ehmsen and Liu, 201BAD51 is loaded onto ssDNA,
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forming a nucleoprotein filament, whictan then form sgaptic complexes that contain a three
stranded DNA helix intermediate supporting the formation of the hetdoplex DNA. This is
composed of the invading strand and thentgplementary strandChen, Yang and Hatich, 2008;
Scullyet al., 2019) If basepairing is successful, the synapse is stabilised, and thébasapaired
strand of the invading molecule is displaced to form the disptaent loop (Bloop). A DNA
polymerase binds to the invading strand éxtend the invaihg strand using the donor DNA

molecule as a templatéScullyet al., 2019)

One ended DSBsecreated when aeplication fork collapses, or when a replication fork collides
with a SSB, and requires activation ¢IR{Sdeh-Gohariet al., 2005) Complex signalling networks
are required to stabilise the replication fork and to delay cell cycle progression to repair the damage
(Liaoet al., 2018) Briefly, stalled replication forks are protected from degradation by SWHSNF
related matrixassociated actitdependent regulator of chromatin subfamily-like protein 1
(SMARCAL1), DNA annealing helicase emdonuclease ZRANB3 (ZRANB3) oR F#Rtors
(Schlacher, Wu and Jasin, 2012; Poole and Cortez, .2Bd7 reversal can be mediateby
poly[ADPribose] polymerase 1 (PARPL1) to pretvformation of DSBs by protectinige replication

fork from colliding with SSRkiaoet al, 2018) PARP1 can also induce the synthesis of poly{ADP
ribose) chainswhich can act as angial for other DNA repair proteins. If the fork collapses,
SMARCAL1 will be recruited to RE®ONA at the replication forks to stabil{§ccettiet al., 2019)

As before, RPAsDNA at stalled replication forks activates the XHK1 axis. CHHKs recruited to

the replication fork where it stailises the replication fork, regates the activation of replication
origins, regulates elongation and delaypl&se progressiotiMeyer et al, 2020) During the
stabilisation of the replication fork€§HK1 also activatétRRhrough anactivating phosphorylation

of RAD51 and BRC/&arensert al., 2003)

If replication stress is too higdnd fork progression is delayedatong, or the INAdamageis not
resolved, as a lasesort, the cells activate the mechanisnvghich result in cellular death. This

programmed cell death is to ensure DNA fidelity is maintained.

1.4.1.3 Induction of apptosis

Apoptosis is a secondary response to DNalge with the main goal of proteaiy 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 timeppfosis is inducedRoos, Thomas and Kaina,

2016) Apoptosis is a series of coordinated signglievents of programmed cell deaivhich are
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activaed through two major signalling pfaways; extrinsic (death receptor) pathway or intrinsic

(mitochondrial) pathway.

Briefly,the extrinsic pathway is mediated by the activation of cell surface receptiish transmit
apoptotic signals after binding with specific ligands, termed; deatteptors (EImore, 2007;
Nowsheen and Yan 2012a) Signalling is then mediated by the cytoplasmic part of the death
receptor, which through the death domain (DDyonservedsequence,can bind with adaptor
proteins, such as Fasssociated death domain (FADD) protein or Tumour necrosis factgotozce
type l-associated DEATH domain (TRADD), forming the death inducing signalling c@mp@x (
which further disseminates the signéElmore, 2007; Nowsheen and Yang, 201ZADD also
contains the death é&ctor domain (DEDyhich can sequest procaspased to the DISC, resulting

in an aubcaalytic activation due toautoproteolysis, which releases caspdaseactivating the

effector caspasesandresulting in cell deatElmore, 2007; Nowsheen and Yang, 2012a)

The intrinsic pathway is predomantly triggered by cellular stress, specifically mitochondrial stress
caused by DNA daage and heat shockDe Zio, Cianfanelli and Cecconi, 20I®)e inner
mitochondrial transmembrane potential is disrupted, resulting in permeagtdlind the release of
proapoptotic proteins from the mitochondrial intermembrane space itite cytoplasm(Elmore,

2007; Nowsheen anang, 2012a)This includes cytochrome c, which activates the apoptosome,
resulting in the activation of the caspase cascade. Activation of ca§pasd the subequent
proteolytic effector procase8, -6 and-7 cleaves protein substrates which resuit both the
mediation and amplification of the death signal, resulting in detith (EImore, 2007; Nowsheen

and Yang,2012a) The pathways of DDR and apoptosis are elljosegulated and converge
(Nowsheen and Yang, 2012fhis introductionwill only disciss key links of this convergence,
however there are many other ways cellular death can be triggewbich are beyond this scope.

The tumour suppressor protej p53, is a key protein for the mediation of cellular response to stress,
with its aklility to initiate DNA repair, celtycle arrest, senescence and apoptddiswsheen and
Yang, 2012b)it is considered to be the balance between survival and death following DNA damage
(Roos, Thomas and Kaina, 2016)the event of DNA repair remaining unresolved, p53 can initiate
apoptosis by transactivatg the preapoptotic proteins, including BAX, BID, NOXA and PUMA,
which results in th permeabikation of the mitochondrial membrane and the release of-pro
apoptotic factorgFridman and Lowe, 2003 oth the extrinsic or the intrinsic apoptotic pathys

can bestimulated via p53 induction depending on the DNA damage. Furthermore, p53 has been
shown to bind to the outer mitochondrial membrane and antagonise the-aptiptotic functions

of BCL2 and B&XL(Nowsheen and Yang, 2012Bhrough transcription, p53 can also control the
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permeabilizaion of the mitochondrial membrane by activating the papoptotic protein BAX, or
neutralising the antapoptotic proteirs BCL2 and BEAL (Nowsheen and Yang, 2012b)
Importantly, ATM, ATR, CHK1, CHK2 and-Bi&an phosphorylate p53 on Serl15, Ser37, Thr18 and
Ser20, which results in the uncouginf p53 fom its inhibitory MDM2 binding partner to carry out

its role in resolving cellular stresxluced by apoptosi€Roos, Thomas and Kaina, 2016)

DNAPK has also shown to have another role in triggering of apoptosis in response to severe DNA
damage(Puccettiet al., 2019) DNAPK can undergo proteasomal degradation during thepagtic
processwhich results in the suppression of psarvival signal@Buma and Chen, 2004The Ku70
binding partner of DNAK has been shown to suess apoptosis by sequestering BAX from the
mitochondria, whilst acetylationfdu70 can disrupt this interactiq@awadaet al., 2003; Coheet

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

BRCAZ1 has beahown to eshance p53andependent apoptosis when present in the cytoplagbu

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 tdarc Nterminal khase pathwayHarkinet

al.,, 1999; Nowsheen and Yang, 2012Burthermore, BRCA1 has been found in the mitochondria
where it can promote BCL2 mediated apoptosis. This depletes BRCA1 from the nubiehs
reaultsin decreasednediatedHRR (Laulieret al., 2011; Nowsheen and Yang, 20120)R has also

been shown to mediate the phosphorylation of BRCA1 after UV DNA damage, steating a
convergence op53 and BRCAL1 mediated apoptdfdeng, 2006)

1.4.2Targeting the DNAlamage respose for therapeutic benefit

An early event of cancer progression is the abrogation of the DDR, which can result in further
increased genomic instability andcreased mutation ratefurther facilitatingcancer progression.
Many genetic instality disordes, such as Fanconi Anaemia, efFtdumeni syndromghave a high
cancer incidence due tmutations in genes involved in the D[¥Rartin and Smith, 2007}urther

to this, as discussed earliét.3.2.4) dysregulation of the DDR can promote drug resistance and
result in patient therapy failure. Theationale of targeting the DDR pathways for therapeutic
benefit follows the concept that the cancer cells have defects or dysregulation of thelseaqat,

and have been shown to demonstrate a greater dependence on the remaining funciipigl
processes foboth cancer progression and drug resistafi@arrett and Collins, 2011)o this end,

many smahlmolecule inhibitordargeting the DDR have been developed with the reasoning that in

combination with DNAlamaging chemotherapeutic agents, inhibition of the remagniDDR
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pathways will result in an increase of drug induced cytotoxi&grrett and Collins, 201L1gvidence

has als been seenwhereby inhibitors of the DDR can also work as a monotherapy, with the
rationale that preexistirg defects in the DDR in the cancer cells in combination with a DDR inhibitor
can result in synthetic lethaligMartin and Smith, 2007)

The principle of synthetic lethality is based on tidea thatsimultaneous perturbation of two
genes, or in this case DNA repair pathways, results in cellagth@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).rAexample of this scenario, is the combination of a
deleterious mutationin BRCAlor BRCAZgene in combination with a PARP inhibitor. PARP
inhibitors, such as olaparib and rucaparib, function by trapping PARP on thdubiNé therepair

of SSBs resulting in replication fork stalling and the formation of DSBRCABRCADroficient

cells, DSB repair occurs via Rdé&hd the replication forks restartresulting in cell survival. In
BRCA/IBRCAA®Eeficient cells, IRR ismpaired which results in DSB accumulation and cellular death
(Dziadkowieet al., 2016) Treatment with he PARP inhibitor, olaparib, is now approved for BRCA

deficient ovarian cancer patien{&ontemorano, Michelle and Bixel, 2019)

The concept of synthetic lethality for the development of nawgitargets and applications has led

to highthroughput genomewide screens using CRISB&9. Screening of CRISRR9 gene
knockouts againstamels of drugs have generated new synthetic lethal combinations, and this is
expected to become a more commaiiace approach as CRISB&9 gene knockout cell lines
become more accessibteh Qb SAf = . | A f SRecentyWWRangetialS ZOSINEENtifiech M T 0
through a genomavide CRISPR screen that deficiency of RNA&Eynthetically lethal with the
inhibition of ATR.

Pathway 1 Pathway 2 Pa“y 1 Pathway 2

Viable Viable

Pathway 1 PPy 2 Palp@y 1 Py 2

Viable Lethal

Figure 14 Synthetic lethality of DNA repair pathways

Schematic representation of sygtic 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 &nsam

is lethal. Tks 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-BK/Archestrate the recognition of DNA lesions and
subsequent DNA repair signallingscades. Several drugs have been developed in order to target
and inhibit these proteins to result in increased DNA damageceafidleath. Several inhibitors of
ATR are in clinical trials including M6620, BAY18933#40sertikand ceralasertib, and wharsed

as a monotherapy can increase levels of DNA replication s{Msg et al., 2019) Of note,
ceralasertibis currently in twentytwo trials both as a single agent or in a drug combination. This
includes a phase Il trial in combinatiaith the PARP inhibitor olaparib, as inhibition of ATR and
PARP have been reported to be synthafliclethal (Turneret al., 2008; Meiet al., 2019; Warren

and Eastman, 2020)The ATM inhibitor; AZD0156 has shown to exhibit acfiwtyich can be
potentiated in combination with agengsvhich induce DSBs, such as chemotherapeutic agents and
irradiation (Richeset al., 2020) AZD0156s currently in a phase | study to determine preliminary
efficacy of ascending doses of the drug either a monotherapy or inboation with
chemotherapies in patients with advanced malignancies (NCT0258&i€3 <t al., 2020) DNA

PK inhibitors have also showm $ensitise tumours to DSB inducing agents, such as chemotherapy
and radiation, and combination phase | clinical trials areenity underway for several DNRK
inhibitors including, M3814 (NCT02516813) and1@Z (NCT01421524Mohiuddin and Kang,
2019) In addition a dual DNRK and mTOR inhibitor has just completed a phase Il study
individualised screening trial of innovative glioblastoma therapy (INSIGhT)(NCT02977780)
(Alexandelet al., 2017; Mohiuddin and Kang, 2019)

Inhibitors have also been developed targeting the ATR/ATM downstreffiectors; CHK1 and
CHK2. Inhibitors of CHK1/CHK2 can modulate the response of the cell to DNA damage, and can lea
to the abragyation of the cell cycle checkpoints, inhibit DNA repair and change the regulation of
apoptosis(Garrett and Collins, 1) Many CHK1 inhibitors have been developedich as MK

8776, prexasertib, rabusertib and SRA7&7d have shown to kitumour cells that present high

levels of replication stress. Of note, prexasertib, which was considered to be a dual CHK1/CHK2
inhibitor entered phase Il studies, but was terminated in April 2019, likely due to a high rate of
obsened toxicity (Warren and Eastman, 2020yhe CHKL1 inhibitor, SRA737, is the dbiyK1
inhibitor currentlyundergoing further clinical development and has just completed two phase /1|
trials, one as a monotherapy and the other in combination with gemcitafiamerjiet al., 2019;
Plummeret al,, 2019; Warren and Eastma2020) Currently, there are no compoungdshich target

only CHK2 in clinical trials. Howev@ancerResearch UK are looking for a commercial partner for

the further development of a CHK2 inhibitor, CCT241533, which has shgoauaelectivity profile

for CHK2 and oifvhich has demonstrated activitthat potentiates the cytotoxicity of PARP
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inhibitors. More medicinal chemistry development is required to obtain appropriate
pharmacological properties based on CCT241B38lersoret al., 2011; Caldwebt al,, 2011 Chk2

Inhibitor Programme | Commercial Partnerships | Cancer Research028.

Another protein critical for DSB repair throughRj and critical for DNA replication, is RAD51.
RAD51 forms nuctprotein filaments at dmmaged DNA sites, or stalled replication forks, in order
to allow for break repair and replication fork stgMillset al., 2017) A handful of RAD51 inhibitors
have been developed including B02, CYT01B andd851{Huanget al., 2012; Millset al., 2017)

Of note, a phase I/1l clinical trial is currently recruiting to €3fF0851 in Bcell malignancies and
advanced solid tumours (NCT03997968).

WEEL1 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. WEEL is a negative regulator of
CDK1 whereby the inhibitory phosphorylation at tyrosine 15, deactivates CDK1 and prevents
mitotic entry (De Witt Hameeet al, 2011; Kotet al., 2018) Inhibition of WEE1 has been shown to
augment the effects of DNdamaging agets (Rajeshkumaet al,, 2011; Kausaet al, 2015) Of

note, the WEEZ1 inhibitor, adavosertib, is involved in active phase lfidallinials, as well as trigl

that are currently recruiting. Most of the trials are in combinatizwith chemotherapy agents or
radiotherapy but it is interesting to note a phase Il trimhich is recruiting to use adavosertib as a
monotherapy in advanaksolid tumours that have a mutation BETDZNCT03284385). It has been
shown that WEE1 selectiyekillsSETD2leficient cancers through deoxynucleoside triphosphate
starvation(Pfisteret al., 2015)

Also downstream of CHKare the polo and aurora kinases. It has been observed that CHK1
negatively regulates polbike kinase 1 (PLK1yhich is required for mitotic progressioand CHK1
contributes to the activation of aurora B at the spindle checkpoint in response to tetesiking
kinetochoreqTang, Erikson and Liu, 2006; Yu, 20@73 also important to notéhere isinteraction
betweenpolo 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 (egeaet al., 2010)

With their role in cell cycle progression AetG2/M boundary andithin 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 amtiitotic agents discussed early in this chapter (1.2.4)
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Polo kinases plaa crucial role in the progression of mitosis, and as such have several functions
including; activation of CDK1, bipolar spindle formation, regulation of anapbhaseoting
complex, centrosome maturation, chromosome segregation ana@wi@n of cytokines (Chopra

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

and therefore entry of cells into mitos{€hopraet al,, 2010) Inhibition of PLK1 prevents bipolar
spindle formaton, which resultsn cells arrest and with prolonged arrest, results in apoptosis
(Chopraet al, 2010) Several polo kinase inhibitors started clinical trials, such as volasertib and
BI12536, but these showed inhibitory drget effects, includinghe deathassociaté protein
kinases (DAPKSs), which counteracted the cell death induced by PLK inHiRaimioet al, 2014;
Abdelfatahet al, 2019) However, a phase | study with the PLK1 inhibitor, CYC140 is currently
recruiting (NCT03884829) and a phase | trial is underway foAGDBHS5, aPLK4 inhibitor
(NCTQ954316)XMoureauet al., 2016; Veitclet al.,, 2019)

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

order tocarry out critical mitotic processewhich includes; chromosome alignment, chromosome
segregation and cytokines{Bavetsias and Linardopoulos, 2013&)rther to this, aurora kinase A
provides an important link between the DDR and the cgtle (Figure 1.5). Oné#RR 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 phosphdigsdEL and PLK1
(Bavetsias and Linardopoulos, 2013a)portantly, tvo pathways converge to maintain inhibition

of CDK1 preventing cell cycle progression. During recovery from the DNA damage checkpoint, PLK:
becomes dominant and stimulates cell cycle progresgi®ewvetsias and Linardopoulos, 2015a)
During this late phase and during unperturbed cell cyBlerora kinase A is an upstream activator

of PLK1. Furthermore, Aurora A inhibits RAD51 recruitment to DNA DSBs, decreasing DSB repair
HRR(Bavetsias and Linardopoulos, 2015a)
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Aurora A
DSB inhibtor

Aurora A

EDEs /
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a»

DNA repair

Figure 15 Schematic representation of Aurora inhibitor targeting both DDR and cell cycle pathways
Aurora A is directly involved in DNA repair pathygand cell cycle pathways. Inhibition of Aurora A results in increases cellular sensitivity
to death. Figure adapteftom Bavetsias and Linardopoulos, 2015

[
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Several aurora kinase inhibitors have been through clinical trials imguokrasertib, alisertib,
tozasertib,danusertib, AT9283, RFI8814735, and AMG 90Which initially aimed to target solid
tumours, but were often terminated due to limited efficachserved in patient¢§Bavetsias and
Linardopoulos, 2015a, 2015b; Borisa and Bhatt,720dery few clinical trials are underway using
aurora kinase inhibitors at present, however there is a phase | study of a combination of MLN0128,
an mTOR inhibitor, and alisertib patients with advanced solid tumours and metastatic TNBC
recruiting (NC02719691).

In order for each of these drugs to be used successfully in the clinic, patients need to be identified
in subgroups of those that wibe likely to get the greatest benfit from treatment with these
inhibitors. As with the PARP inhibitor exalmppatients are selectedvhich have shown to have
either a BRCAJor BRCAZnutation. In this case, this is considered a predictive biomarker for
treatment with PARP inhibitors, aré such, more biomarkers are required to be found for patient

stratification fornew drug classes.
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1.5 Biomarkers of resistance

With the progression of avel drug classes as new therapeutic optspa method is required to
determine when drug resistand&as occurregwhich can be indicative of when a change of therapy

is required. One such method is through the identification of biomarkers, a portmanteau of
GoA2ft23FIA0FET YIFENJSNEZ 6KAOK gl a AYAGALFf fidie o N
that is objectively measured and evaluated as an indicator of norfm@bgical processes,

LI 6K23SYAO LINRPOSaasx 2N LKFNYI O2f 2 ghkiGsonstalg LI2 y 2
2001; Strimbu and Tavel, 2010)he US Food and Drug Administration (FDA) have called for the
investigation of fitfor-purpose validated lmarkers in order to evaluate patient responaad

stratificationto cance therapy and drug resistan¢&arnettet al., 2012)
1.5.1 Biomarker disovery

One of the most harnessed methodsidéntifyingbiomarkers and a classic paradigm in diagnostic
pathology,is immunohistochemistry (IHQChaeet al., 2017) Ths methodcan detect specific
antigens inistologic specimens through the use of targgecific antibodies witlcolorimetricor
fluorescent reagents, allowing for the identification of proteins or gitasproteinsin the sample
(Chaeet al,, 2017) This methal is commonly used to detect the progestae receptor(PR)and
oestrogen recepto(ERYor the diagnosis of breast cancgRonchiet al., 2020) Another common
method is the use of fluorescendae situhybridization (FISH). FISH uses fluorescently tagged DNA
probes which can anneal to target seqeengenes and be detected through fluorescence
microscopy, allowing for the detection of genetic aberrations in the DNA sai@pkeet al., 2017)
FISH is commoylused, alongside IH® evaluate the human epidermal growth factor recepfr
(HER?2) status toedermine if the receptor is overexpressed and/or amplifiad a diagnostic tool

of breast cance(Chaeet al., 2017)

The development of next generation sequang technigues, such as whole exome sequencing
(WES), has allowed for the identification of chamde the genomic landscape of cancer cells.
Measuring changes in DNA and RNA can identify mutatwinish may be driving cancer, or drug
resistance. These ntations can be identified in both prelinical models and patient tumour
samples and can be used stratify patients for treatment. One such method using WES in the
clinics is to monitor circulating tumour DNA (ctDNA) or circulating tumour cells (CTtBsg) in

LI G A Sy ((Cnén and Zhad,R2019)his liquid biopsy technology can be used to signal both
patient relapse and emergence (S A A a G+ yOS (2 GKS L(EhéraBd/Zh#a
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2019) Although initially, it was hard to detect the ctDNA with enougmmsstvity, recent
advancements in this technology can detect as low ad%D base pair of ctDNAagments,

AYONBFaAAYy3T GKS 0A2YIl N] SNMoRlieré SORokedfgld, 2045; Modli&e LI
et al, 2018)

Largescale efforts have led to the development of patient tumour databasdsch can be used
for the discovery of biomarkers. Large projects have accumulated patient genomjeutiéta has
been collected and stored and made publicly available for amsaly$ieCancer Genome Atlas
(TCGA) is one such publicly available database, and includes seqpatiead tumour samples,
along with gene expression data, and the response of these tumour samples to the treatment of a
panel of anticancer druggWeinstein, 2013)TheGenomics ofDrug Snsitivity inCancer (GDSC)
database includes cell lines from the Catalogue of Somatic Mutatin@ancer (COSMIC) database,
interrogated with a panel of anttancer druggYanget al., 2013; Forbest al.,, 2017) Also of note

is theBroad InstitutesCancerTherapeuticsResponsePortal (CTRRWhich screened 130 clinical and
preclinical drugs against a panélaancer cell linefGarndt et al., 2012) Comparison atancercell
lines response to antiancer agentsn a known genomic contextan identify biomarkers driving

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

With the vast armunt of public data now available, and the rapid changes in molecular technology,
studies identifying biomarkers are occurring at a high freaqy€Henry and Hayes, 2012 owever,

with the overabundance of binarker information, this is not necessarily translatable, or useful to
the clinic. The discovery of biomarketgdugh next generation sequencing techniques must be

experimentally validated and demonstrate clinical relevance (Figurd@abssenst al., 2015)
1.52 Experimental validation

Biomarkers identified through next generation sequencing techngunepreclinical models, need

to undergo experimental validation. Investigation of biomarkers associated to drug resistance are
often conducted in preclinical cancer cell models in which a cancer cell line with acquired drug
resistance is interrogated ast the paired drugensitive cell line. Gene knockdown studies in the
drugsensitive cell line, using siRNA, shRNA or CRISPR me#mitentify if the target gene is
involved in the resistant phenotype. Further evidence can complement this with tfadirction

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

any regain of drug sesitivity.
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1.5.3 Biomarkerclinicalrelevanceand validity

A biomarkers relevance is indicative of its ability to pdevelinically relevant information. Cancer
biomarkers can be broadly classified into three categories based on how they are usedstiiagn
prognostic and predictivéGoossenset al, 2015) Diagnostic biomarkers are used to identify
whether a patent has a specific cancer or disease. One example is elevated levels of
carcinoembryonic antigen in the tissue or the hormone calditon the serum as a diagnosis of a
thyroid medullary carcinoma patienDeLellis, Wolfe and RyI1987; Chatterjee and Zetter, 2005)
Prognostic biomarkers are not directly linked to or usedraketherapeutic 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 biomarksyafpatient prognosign cancers such as
glioblastoma, malignant melanoma, endometrial, prostate, breast, colorectal and
pancreaticcancer(Goossengt al., 2015; McCabe, Kennedy and Prise, 2016; Bazzichetb,

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 exaanplER2 positive patients have been
found to respond to the treatment of trastuzumab in breast cancehilst KRA&ctivating
mutations in colorectal cancer patients are found to be intrinsically resistant to EGFR inhibitors

(Slamoret al,, 2001; Romonet al., 2005; Van Cutsest al.,, 2009; Goosseret al., 2015)

The validity of a biomarker is the measure of its effeatiess or utility. In addition, the use of a
biomarker must be reproducible and done so with accur@yatterjee and Zetter, 20050ften,

cancer biomarkers lack specificity and sensitivity. For example, Alpha Fetoprotein (AFP) is
considered a gold standard diagnostic biomarkedifger cancer, however it is also known to occur

in patients with chronic hepatitis infectigi€oni et al,, 2015; Luceet al., 2018; Lt al,, 2019) Due

to the heterogenous nature of many cancers, some cancer biomatketsare reported are
consicered to have low sensitivity in which they are only found in a small subset of patients of a
much lager cancer group. These biomarkers are not useful for patient screening however, they
could be useful when detecting cancer recurrence within the subsgiatients in which this
biomarker is detected(Chatterjee and Zetter, 2005)One such example is the biomarker
carbohydrate atigen-125 (CAL25), which is found in a subset of ovarian cancers. Of that subset,
postsurgical elevation of G5 has been found to been indicative ahcer recurrencéChatterjee

and Zetter, 2005; Sharma, 20@9) CdzNI KSNY2NBE>X gKSyYy | 06A2YIFNJ] S
response to a drug, the biomark must strongly correlate with the resistance or sensitivity

accordingly.
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The majority of studietocus on biomarkersvhichare indicative of a patients response to a drug,
but not on biomarkers that indicate when a therapy has stopped worldifighaeliset al., 2020)
Identification ofpredictive biomarkers which can indicate the emergence of driggistanceand
therapy failure will be particularly useful in cancethat frequently metastasise and develop
resistance to the.J- (i A tBegtie@dtregime. One such cancer where biomarkers indicating early

therapy failure would be useflik the highly agressive m&astatic triple negative breast cancer.
1.6 Triple Negative Breast Cancer

The Global Cancer Observato8.OBOCAN), an interactive wihsed platform presenting global
cancer statistics, estimatetthe worldwideincidence ofnew breast cancein 2018as2,088,849
and was considered theighestincident tumour for womer{Brayet al,, 2018; da Silvat al., 2020)
Triple negative breast cancer (TNBC) accounts for approximatdl$%0of all breast cancers, and
has been found to frequently affect younger patientbQ<years) anés more prevalent in African
American women(ReisFilho and Tutt, 2008; Luret al., 2009) TNBC tumours are often larger and
less differentiated, and are approximately 2.5 fold more likely to metaztasithin five years of
initial diagnosiscompared to ¢ther breast cancer sutypes (Dentet al,, 2007; Lehmanet al.,
2011; Lee and Djamgoz, 2018)

TNBC is defined by the lack of the oestrogen péme progesterone receptor and human epidermal
growth receptor 2(Ryuet al,, 2011) Due to the lack of theskrgets, patients with TNBC do not
benefit from hormonalmanipulation which are commonlysed in the treatment of other breast
cancer subtypegWahba and EHadaad, 201p Previously, srgery remaimed the frontline
treatment option for TNBC, withreedmaret al., 2009showing that the local recurrence rate after
surgery is not high in TNB®mpared to other beast cancer sultypes (Wahba and BEHadaad,
2015) Radiotherapyis often applied following surgery, although there is controversy on this issue
(Wahba and EHadaad, 2015)However,despite adjuvant treatment, the risk of relapse remains
high in the first two year§Wahba and BHadaad, 2015More commonly now, clinicians adopt
neoadjuvant chemotherapy as the risk of systemic petais highandif pathological complete
response (pCR) is achieved it results in imprdead term outcomegCortazar and Geyer, 2015;
Caiet al., 2020)

Clinicians have frequently adopted an insive chemotherapeutic approach with sequential
anthracycline and taxane reges, which was determined after retrospective analyses of clinical

trials reported prior to 201QBergin and Loi, 2019Fribulin was FBDApproved in 2010which
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AaK2gSRZI GKNRddAK hd Beredgsaan wiprovertent ibfNakerall stirvivial by 4.7
months in patientswith metastatic TNBCand the use of platinum agentss a neoadjuvant
treatment have also shown an increase p€R(Cotes et al,, 2011; Von Minckwitet al, 2014,
Melindaet al,, 2016; Leand Djamgoz, 2018)nitially, TNBC lthbeen shown to be more sensitive

to the chemotherapy regime than hormone receptor positive breast cancer, but there is a high risk
of recurrencein patientsthat do not achieve a pCgareyet al., 2007). Currently, rechallenging

the recurrent or metastatic TNBC witthemotherapy, remains the predominant treatment
strategy, but this often results in a poor response, toxicity and raniig resistanceglee and
Djamgoz, 2018) New therapy approaches are under investigationhich target specific

characteristicshat define TNBCcompared to other breast cecer sibtypes.

Immunotherapyhas madestrong advancements in the last few yednaying nowbeen approved

by the Nationallnstitute for Health andCare Excellence NICE for the treatment of metastatic
TNBCImmune checkpoint inhibitors (ICIs) have befownto result in durable clinical remissions
in severalmetastatic cancergKeenan and Tolaney, 2028)etastaticTNBCas been identified as

a candidate cancer type to respond to immunotherapgotigh three keycharacteristics1) TNBC
has moretumour-infiltrating lymphocytes TIL$ than other breast cancer subtypes which have
been found to correlate with good respsa to ICIs, 2) TNBC has higher levelprmigrammed
deathligand 1 PDL1) expresion on both tumour and immune cells which is a direct target for ICls
and, 3) TNBC has a large number of honsynonymous mutatishieh result in tumour specific
neoantigens whichactivate neoantigerspecific T cells to mount an antitumour immune respen
strengthening the use of ICllKeenan and Tolaney, 2020f note are the ICls, pembrolizumab and
atezolizumab, which target programmed cell death protein 1 @pPand PEL1 respectively.
Pembrolizumab was investigated in the KEYNO/Hrial in combination with chemotherapy in a
neoadjuvant setting, whilst atezolizumab was approved after the Impassion1Biht@mbination
with nab-paclitaxel(Schmicet al,, 2018, 2020; Keenan and Tolaney, 20B@wever Impassion131
phase three trial, a continuation of investigationatezolizumab and Hapaclitaxel combiation,
showed the combination did not significantly reduce the riskTBfBCprogression and death
compared to a placebo and paclitaxiel a PBL1 positive population (FDA alerts health care
professionals and oncology clinical investigators about efficacy and potential safety concerns with

atezolizumakin combination with paclitaxel for treatment of breast cancer | F288/2020).

Inhibitors targeting the PI3K/AKT pathway, a regulator of cell growth and glucose metabolism, are
another therapeutic approach under investigation for theatment of TNE.Hormone receptor

positive(HR+) and HER2+ breast cancers are found cotynmharbour PI3KCA mutations, which
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are found less commonly (10%) in TNB@ntley ad Neel, 1999Koboldtet al., 2012) However,
TNBC has been shown to have pathologacévation of the PI3K/AKT pathw#yough either the

loss of PTEN activity, loss of INPP4B or amplification of PIB@#ermore, TNBC which gain PI3K
activation tirough the los of PTEN have also shown more growth inhibition from PI3K inhibitors
than with cells withPIK3CAnutations (StemkeHaleet al, 2008) The combination of thdighly
activated PI3K/AKT pathway, and the susceptibility to PI3K inhibition, through loss of PTEN activity,
makes treatment with PI3k/AKT inhibitors a candidéterapyfor TNBC @mpared to other breast
cancer subtypeéMassihniaet al., 2016; McCann, Hurvitz and McAndrew, 2019)e experimental
AKT inhibitor, ipatasertitunderwent the LOTUS phagkclinical trial, and whilst did not improve
patient survival compared tohe placebo, those witlPIK3SCAAKTIPTENMNalterations did show a
significant 4.idmonth increase in surviv@McCann, Hurvitz ahMcAndrew2019) Aphase Il clinical

trial is currently recruiting, which is investigting the combination of ipatasertib in witan ICI,
atezolizumab along with paclitaxel in patients with locally advanced or metastatic TNBC

(NCT04177108)

Cyclindependent kinas (CDK) inhibitors are also under investigatisa noveltreatment of a sib-

type of TNBCCDK 4/6 help tightly regulate the progression of the cell cycle at th& Ghase
transition(Lundberg and Weinber@999; McCann, Hurvitz and McAndrew, 20F)r the cell cycle

to continue,the retinoblastoma protein (Rb) is inactivated through hyperphosphorylation by CDK
4/6. CDK 4/6 inhibitors block the hyperphosphorylationRB, which result in the inhibition of
progression from G1/S phageundberg and Weinberg, 1999; Etyal., 2004) Cell line studies have
shown that luminal type, HRand HER2breast cancers are sensitive to growth restriction through
inhibition of a CDK4/6 inhibitoPalbociclib Finnet al., 2009) Luminal cancers have upregulation

of the Rb pathway, with dependence on the CDK4/cylifRb interaction(Matutino, Amaro and
Verma, 2018)TNBC cell lines of the lumirahdrogen (LAR) anahesenchymabtem like (MSL)
subsets were sensitivéeo CDK4/6 inhibitors, whilst those that demonstrated resistance had
elevated cyclirE1l mMRNA and protein levels, or are consideastiasatlike TNBGAsgharet al,,
2017; Matutino, Amaro and Verma, 2IB; Niu, Xu and Sun, 2019here are currently three
approved CDK inhibitors, palbociclib, ribociclib and abemaciclib for the treatment of HR+ anrd HER2
advanced or metastatic breast canc@Matutino, Amaro and Verma, 2018 linical trials are
underway investigating the use of Klnhibitors in corhination with an additional drug class for
the treatment of TNBC. Of natées the PAveMenT trial which is investigating the combination of

palbociclib andan ICIAvelumab, in metastatic AR+ TNBC (NCT04360941).
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Finally,as previouslynentioned (sectiori.4.2), DDR inhibitorare a new drug claswhichare also
being investigated as a new therapeutic option for the treatment of TNBGd alongside
chemotherapeutic agents, is the drug class of focus in this thESiIBC habeen shown to have
high chromosoral instability, and this has been attributed to defeit DNA repair pathways,
specifically HR (Meyeret al.,, 2020) Importantly, the percentage of TNBC patients vatBRCA1
mutant is 35%, whilst othediagnosed breast cancer patients have < 109BRCATr BRCA2
mutants (Peshkin, Alabek and Isaacs, 20T0js led to the OlympiAD study that compared the use
of olaparib versus standard single agent chemotherapy in BR@ated breast cancer patients,
including TNBC patien{Mehannaet al,, 2019; Robsoet al.,, 2019) Often TNBC tumours may not
have tre germline mutation iBRCADr BRCAZbut haveother defects in genes involved in the
HRRpathway which result in a similar phenotygey R 4§ KS&aS I NS O2yaiRSNE
(Turner, Tutt and Ashworth, 2004; Peshkin, Alabek and Isaacs, 2010; Meétaaha2019) For
exampledefects in genes such &M ATR CHK1CHK2RAD51NBSlandthe Fanconi anaemia
complementation groupKANGQ family of genes have all been reported to demonstrate cellular
sensitivity to PARP inhibitod.ord and Ashworth, 2016BRCAJand BRCAZ2nutants are now
considered a biomarker for treatment with PARP inhibitevih olaparib now approved for this
context in ovariarand breastcancers(Montemorano, Michelle and Bixel, 201%owever, given
the fraction of TNBC patienthat harbour theBRCA/I2 mutation, it is evident that more clinical
biomarkers for drug response need t@ ldetermined 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 thés

TNBC isn aggressivéreast cancer subype, in which patients often relapsas a result of the
development of acquired drug resistance. Given the poor outlook, therafsgctory TNBC is a
disease of unmet medical need. An appropriate second linerafhe is required after
chemoresistance has occurrediNBC has high chromosomaltaislity, which is attributed to
defects in the DNA repair mechanisms, specificallyHR tith many TNBC patients having mutant
BRCAR2 NJ RSY2y aid NI Ay 3 yde. Inhibitarg df HiSBDR é&re & Jiefuy @ads
now entering the clinicand invesigation 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 chentherapeutic agents are yet to be determined. Analysis of DDR inhibitors as a
secord line therapyoption after chemotherapeutic resistancmay provide a beneficial therapeutic
option. Furthermore, early identification of the emergence of chemoresistan€&BC is crucial in

identifying when a change of therapy is appropriate. Underditagn mechanisms of acquired
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resistance in TNB@nd identifying biomarkerof resistancethat will indicate when achange in
therapy is requiredcould potentially improve theoutcomes of TNBC patients that develop

chemoresistance.

Previous studies havéigwn that preclinical cell lines models can be useddentify cell response
to novel drugs, as well as determine candidhtemarkers of resistance. To this end, this poj
useschemo-naive MDAMB-468, HCC38 and HCC1806 TNBC cell lines, and -cksstant TNBC
sublinesacquiredfrom the Resistant Cancer Cell Line (RCCL) colleetieet of more than 1300
cancer cell lines that can be used to model acquired resistance in cévitgraelis, Wass and
Cinatl, 2019) These cell lines will be useddonsider infbitors of the DDR as an appropriate next
line therapy optiorafter chemeresistancenasoccurred andthe exome sequencing data of these

cell lines tadentify candidate biomarkeras an indication of chemotherapy failure.
Aims and objectives:

1 Characteisechemo-naiveand chemeresistant TNBC cell lines by:
o0 Examination of morphological differences betweehemo-naive and cheme
resistant cell lines
o0 Crossresistance profiling to other chemotherapeutic agents
1 Determine viableextline theragpy optionsby:
0 Crossresistance profiling thehemo-naive and chemeresistant TNBC cell lines
againstDDR inhibitors.
9 Identification of clinically relevant candidate biomarkerswechanisms afesistance by:
o Examination of exome variantséhemo-naiveand chemearesisant TNBCell lines

o Comparison ofdentified candidate ariants 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 TNBCetl lines were obtained from the Resistant Cancer Cell Line (RCCL) collgaton
were comprisel of chemonaive and chemeresistant cell lines (Table 2.1
https://research.kent.ac.uk/industriabiotechnologycentre/the-resistantcancercelkline-rcck
collection/; (Michaelis, Wass and Cinatl, 2018)r the purpose of this project, thliDA-MB-468,
HCC38 and HCC1806l imesare assumed to be chemmaiveashistoricalinformation (previous
treatment, year and country sample was takewas not availableThe chemeresistant cell line
nomenclature is as followshemanaive cell line its derived from, r (to indicate resista),
abbreviation of drug name, concentration of drug cell line is maintained in (ng/Bug
abbreviations are as follows; Cisplatin = CDDP, Doxorubicin = DOX, Eribulin = ERI, Gemcitabine
GEM, Paclitaxel = PCL an8l6orouracil = 4. For example, HGECDDP®indicates a cisplatin
resistant subine derived from HCC38 and maintained in 3000 ngdintisplatin.

Table 2.1 Panel afhemaonaiveand chemeresistant cell lines

Cell lines
Chemo-naive MDA-MB-468 HCC38 HCC1806
Cisplatin MDA-MB-468"CDDP1o0 HCC38rCDDP3000 HCC1806"CDDP>%
E Doxorubicin MDA-MB-468'DOX>° HCC38'DOX* HCC1806'DOX2>
% Eribulin MDA-MB-4687ERI? HCC38rERIY HCC1806"ERI*®
é Gemcitabine - HCC38'GEM? HCC1806'GEM?®
é Paclitaxel MDA-MB-468'PCL?® HCC38'PCL?> HCC1806"PCL®
5-Fluorouracil - - HCC1806'5-F%

2.1.2 Maintenance of cell lines

All cell lines were maintained in Iscq¥@ a2RAFASR 5dzZ 65002Qa 6La
containingL-Glutamine and25 mM HEPESupplenented with Fetal Bovine SerurkBS Sigma
Aldrich, Germany) and 1% Peniciitreptomycin Solution Liquid (Life Technologies, UK; complete
IMDM), at 37 °Gn a humidified 5% @incubator. The cells were passaged when the flask was
approximately 7680% cafluent. Cells in a T25 flask were washed witim2 phosphatebuffered

saline (PBS) preceding detachment witlmlL TrypsiFEDTA x10 solution (Sigmédrich, Germany).

The detached cells were resuspended in complete IMDM and split at an appropriate caticentr
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into a new flask. Chemresistant cell lines were maintained in the required chemotherapeutic
agent at cogentrations outlined in the cell nomenclature Table 2.1. Chemotherapeutic agents
used are outlined imMable 2.2. Prior to plating, eell sanple wastreated with trypan blue and

counted on a haemocytometer.

In order to prevent genetic deviation, cglbpulations were pasgyed continuously for no
longer than 5 months. Fresh stocks were made from the earliest passage possible from a
subpopulaton of each cell line. Cells were grown to approximately 80% in a T75 flask,
trypsinised and resuspended in corefd IMDM before being spun down at 270 x g for five
minutes at room temperature. Culture medium was aspirated and the cell pellet was
resuspendd in 3 nLof freezedown media(10% DMSQ10%FBS$50% complete IMDMbefore
beingaliquoted into three cryovial and cooled in a polystyrene sectioned box inthen ¢ /
overnight. Frozen cell stocks were transferred to a cryostat to increase longeuityevival,
freezeR26ya 6SNB (KIFI6SR & l[[dziO1feé a LI2&aairot
thawed, the ells in the freeze down media were transferred ton® of complete IMDM in a

T25 flask and incubated as per normal maintenance. Chasistant cell lines were re
introduced to the chemotherapeutic agent after twsuccessfulpassages, to maintain

resistane.

All cell lines have been tested to ensure thvegre free fromMycoplasmacontamination using

the VenorGeM® Mycoplasma PCR detection kit (Minerva Labs, UK).
2.1.3 Cell seeding density optimisation

Cells were seeded with five technicaplicates inseven 98 St t LI | 4§Sa Ay HnAan
atcelRSyaAiArsSa aLISOATASR® hyS LIXFGES 6+ra FTAESR
acid (TCA), stained and analysed as described for SRB growth assay (see sedjioR&Rv1.
absabances were used to generate growth curves in GraphPad Prism 6 (GraphPad Software Inc,
USA)The aubling time for each cell line was calculated using the following equation:

061 Gowddal 1T €
IT"Q@e0o 11 Q& Qb a

0¢ 6 ® oof!‘tcx@i
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2.1.4 Sulforhodamine growth assay

Sulforhodamine B dye (SRB; Sigihdrich, UK) is a useful tool for measuring proliferation of cells.

It has been shown that the dye binds to amino acids which provides an estiméatietiutar density
(Skeharet al., 1990) Cells were plated out per well as specified in 20p  OeeYIMIIM and
incubatedfothed G G SR GAYS® / Stta 6SNB FAESR 6AGK 711
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) 80 minues, and washed five times with 1% (v/v) acetic acid before
RNEAY3I 20SNYAIKEG d o1 c/ & . 2dzy R { w-Aldrigh; UK). & 2 €
Absorbance was read 490 nm wavelength in a Victor X4 Multilabel Plate reader (PerkibEmer
Saences, USAJhe halfmaximal growth inhibitory concentration (§) of the specified drug was
determined using GraphPad Prism 6 (GraphPad Software Inc, USA).

2.1.5 MTT assay

3-(4,5dimethylthiazot2-yl)-2,5-diphenyltetrazolium bromiddMTT; Uniersal Bologicals UK) is a
yellow tetrazole that is metabolically reduced to purple formazan only in living cellscarnise

used asa quantitative colorimetric assay which allows for the measurement of cytotoxicity and
proliferation(Mosmann, 1983)Cells were plated out per well as specifiedirr5p O2 Y LI SG S
When sreening forsensitivity to drugs, the desired agents were serially diluted and added to cells
Ay pn >[ O02YLX SGS Lab5a LISNI(@Sd2(2 antl Xablk 2.3ifdt Bt oD 2 v
drugs). After incubation of 120 hots Hp >[ 2 T asatided aidelisWérg ificubated
FT2NI n K2dNB® ¢KS OSffa ¢gSNB feéaSR gA0GK | RRAL
Scientific) and incubated overnight. Absorbance was @600 nm wavelength in a Victor X4
Multilabel Plate reader (PerkimerLife Seinces, USA). The hatfaximal growth inhibitory
concentration (Gb) of the specified drug was determined using GraphPad Prism 6 (GraphPad
Software Inc, USAgtructures of each of the chemotherapeutic agents and DalAadje response

and repai targeted irhibitors are foundn Appendix Al.

Table 2.2 List of chemotherapeutic agents

Drug Supplier Catalogue Number
Cisplatin Sigma-Aldrich P4394
Doxorubicin Selleckchem $1208
Eribulin Eisai N/A
Gemcitabine Selleckchem $1149
Paclitaxel Cayman Chemicals 10461
5-Fluorouracil Sigma-Aldrich F6627
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Table 2.3 List of DNA damage respors®l repairtargeted inhibitors

Drug Alternative names Targets Supplier Catalogue Number
Adavosertib MK-1775, AZD1775 Weel Adooq Bioscience A10599
Alisertib MLN8237 Aurora A Adooq Bioscience A10004
AZD0156 ATM/ATR Selleckchem S8375
B02 RADS51 Sigma-Aldrich SMLO0364
Berzosertib VE'S&‘E’ 6\;)3970' ATR Adooq Bioscience A13289
BI2536 Polo kinase 1/2/3 Selleckchem S1109
CCT241533 CHK2 :;‘:;'te“:fczf E::g:r: N/A
Ceralasertib AZD6738 ATR Adooq Bioscience A15794
MK-8776 CHK1 Adooq Bioscience A11167
Olaparib - PARP Adooq Bioscience A10111
Prexasertib LY2606368 CHK1/2 Adooqg Bioscience A13684
Rabusertib LY2603618 CHK1 Adooq Bioscience A11036
Rucaparib - PARP Adooq Bioscience A10045
SBE13 SBE 13 HCL PLK1 Adooq Bioscience A14426
SRA737 CCT245737 CHK1 g‘:g;“;fcﬂf Ej:g:r: N/A
Tozasertib VX-680, MK-0457 Pan-Aurora kinase Adooq Bioscience A10981

2.2 Biochemistry
2.2.1 Cell lysis

Cells were plated out inthOcm plates aspecified densities ahgrown for 48 hours, reaching 70%
confluency. The culture medium was removed prior to the cells being washed twice with ice cold
t.{® mnn >[ 2F fe@ara odzZFFSNI é6pn Ya |9t 9FA LI T
1 mM NAF, i Y aGlyterophosphat, 0.1 mM sodiumorth@l y I RF GS |y R /[ 2 YLJX
inhibitor cocktail (Roche, Switzerlandjvas added and the cells were scraped into cold
microcentrifuge tubes and incubated on ice for 30 minutes before centrifagai 13,000 rm 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)azren on dry ice anstored

at-80 °C.

2.2.2 Determination of proteinconcentration

Bicinchoninic acid (BA) is a sodium salt which is known to form an intense purple complex with
cuprous ion in an alkaline environmerRroteins can reduce Ctto CU?, resulting in a purple

colour formation by BCAhis allows for a colometric assaydr the determination ® the protein
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concentration from cell lysateiSmithet al,, 1985) Cell lysate (as obtained in section 2.4.1) was
diluted 20fold inddHh YR mn > [ dugidatd to BORRSIRE A ot I diltepl (OMn > |
M > =h) bdVine serum albumin (BSA) protein standards (Sigtdech, USA) and ddB blanks

were included on every plate. At a 1:50 dilution Copper (Il) sulfate solution (Sigiriah, USA)

was mixed ith BCA, and 20 >[ g & | ReR S&nplés2wers ked &n 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 standardverproducedrom

the protein stamards of known concentration, and sample protein concentration was determined.
2.2.3 SDAGE

In order to determine, in a senguantitative manner, the amount of specific proteins within the
cell lysates, the samplegere separatecby molecular weight uder denaturing conditions using
sodium dodecyl sulfatpolyacrylamide gel electrophoresis (SBSGE). Equal amounts of protein
sample (151 p weRediluted into lysis buffer and 3x loading buffer (187.5 mM-base 1 6.8,

6% (w/v) SDS, 30% glycerol:’d5 0 @#merdaptoethanol, 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 adfuiged at 14,00 xgfor 1 minute.
Sanples were loaded onto fixed concentrati®rgels as stated in textwith a concentration
dependent on the protein molecular weighRrecision Plus Protein Standards {B®&D, USA) were
loaded in a separate lane to allofor an estimation of the protein gie. Samplesinderwent

electrophoresighrough the gel in Triglycine running buffer at 150 V for ®D minutes.
2.2.4 Western blotting

The proteins separated [DSPAGHsection 2.2.3) wretransferred to methanchctivatedn ®H > Y
pore ImmobilonP PVDF membrane (Millipore, USA) at 100 V for 90 minutes in transfer buffer (25
mM TisBase, 190 mM glycine, 10% methanol) using theRgid Mini Transfer Traf@lot Transfer

Cell apparatus (BiRad, USA)After transfer, membranes we re-activated in methanol and
incubated in ponceau S solution (0.1% ponceau S in 5% aceti¢aadig®e minutes and rinsed in
ddH0 to determine the quality of transfer. Membranes were appropriately sliced to separate
proteins of interest for probingni primary antibodiesSubsequently the membranes were blocked

in TrisBuffered Saline Tween Buffer (TBST; 50 mM Tris pH8.0, 150 nM NacCl, 0.1%20\\ee))
containing 5% milkThe membranes were then incubated in primary antibody diluted into 5%

milk/TBS at 4 °C overnight (Table 2.4 for list of antibodies). Membranes were washed B&h T
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twice for ten minuteefore incubation in secondary horseradish peroxidesejugated goat, anti

rabbit or anttmouse antibody (BiRad, USA; primary antibody dependleat room temperature

for one hour. Membranes were washéaur times for five minutesn TBSbefore detection was
performed with Enhanced Chemiluminescence (ECL) Western Blotting Substrate (Pierce
Biotechnology, USA). Bands were visualised by exposur@ntersham Hyperfim ECL (GE
Healthcare, USA). The film was then scanned on an Epson Expression 1600 (Seiko Epson Inc., Jap

and labelled in Microsoft Powerpoint.

Table 2.4 List of antibodies used in western blotting analysis

Primary Antibody Species Dilution Supplier Catalogue Number
MDR1 Mouse 1:1000 Santa Cruz sc-55510
p21CPY/WARL Rabbit 1:500 Cell Signalling #29475
Technology
Cyclin E1 Mouse 1:2000 Santa Cruz sc-481
TOP2A Rabbit 1:1000 Cell Signalling 122865
Technology
GAPDH Mouse 1:1000 Merck Millipore MAB374
B- tubulin Rabbit 1:2000 Cell signalling #2146
Technology
f- actin Mouse 1:4000 Santa Crus, USA Sc-47778
Secondary Antibody Species Dilution Supplier Catalogue Number
Anti-mouse HRP Goat 1:10,000 Bio-Rad, USA 170-6516
conjugate
Anti-rabbit HRP Goat 1:10,000 Bio-Rad, USA 170-6515
conjugate

2.3 Molecular Biology

2.3.1 Reverse transcription quantitative polymerase chain reacti®iFqPCR)

Cells were plated out in 10 cm plates at specifieddingdensities and grown for 48 hours, reaching

70% confluency. The culture medium was removed prior to the cells being wagioedwith ice

cold PBS. RNA was extracted using the QIAGEN RNeasy Mini kit (QIAGEN, Germany) following tl
Y| ydzF I OG dzNB dIhe cohcgrirationbtdCRINA @ag determined using a NanoDrop 2000C
Spectrophotometer (ThermoFisher, USA).

In order to rewerse transcribe RNA into complementary DNA (cDNA), Go8sorgse transcriptase
(PROMEGA, USA) was uskdrified RNA was mixed witldligo(dT)ls primer (PROMEGA) and
incubated at 70C for fiveminutes. The reaction mixture was prepared as follaws; €dScript 5x
reaction buffer (PROMEGA), MCh(PROMEGA] > [PCR Nucleotide Mix (PROMEG23, [
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RNasin Ribonuclease inhibitor recombinant (PROMEGA),| GoScript reverse transcriptase
(PROMEGA)and 3> [nuclease free water The samples were inbated on the following
programme, 25C for five minutes, 42Cfor one hour, 70°C for 15 minutes and cool to°€ 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 chaireaction (PCR) was performed using the cDNA as a templateyanG&en Real

¢CAYS t/w al aG6SN) aAESat MBIKGNWV2YCAAIKS NA S ! dzidd
RAf dziSR O5b! s pethmYS {2/OoW) DINEBYNIwWSAESat T ndo >
primer. Primer sequences are shown in Table 2.5. The &¥€liRvg conditions were 9% for 10
YAydziSa F2ft26SR o0& nn 0O20ftSa 2F RSy Il°dfdzNs (A 2
seconds, and elongation at 7€ for 25 seconds. A melting curve was then produced by incubating

in the following cyd; 95°C for 15 seconds, 6 for one minute and 9%C for one second. Data

613 IyrfeaSR Ay vdd yia{GdRAZ2x 588A3y s ! ylLfasa

Table 2.5 PCR and sequencing primers

Forward primers Sequence (5'-3")
CDKN1A F1 TGG AGA CTC TCA GGG TCG AAA
CDKN1A_F2 CAT GTG GAC CTG TCA CTG TCT TGT A
GAPDH GTC ATC CAT GACAAC TTT GGTA
Reverse primers Sequence (5'-3")
CDKN1A _R1 GGC GTTTGG AGT GGTAGA AAT C
CDKN1A_R2 GAAGATCAGCCGGCGTITG
GAPDH GGATGATGT TCT GGAGAG C

2.3.2 Lipid mediated reverse transfection siRikAockdown

Transient knockdown of target gene expression was achieved usingmigaihted reverse
transfection of small interfering RNA (siRNA) oligonucleotides. Lipofectamine (Life Technologies,
USA) transfection reagent and siRNA oligonucleotides (NAGER) were used at final
concentrations as indicated in the text. Appropriate death and -tavgeting control
oligonucleotides were included to establish transfection efficiency and toxicity. The oligonucleotide

sequences used to deplete gene expressimnisted in Table 2.6.

Oligonucleotide and transfection reagent were complexed in OptiMEfe Technologies, USA) by

incubation at room temperature for 15 minutes. Meanwhile, cells were prepared by trypsinisation
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and cell counting. For 9%ell platesp n ofofigonucleotide/lipid complex was added to each well
0ST2NBE FTRRAGAZ2Y 27F OStfta | G DV dafafysds ofjpipleid SR
knockdown levels by western blot, cells were transfected +vefl plate format with 1.5 mL
oligonucledaide/lipid mixture and an equal volume of cells at a costated in the resultsAfter
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

siRNA Target Gene Target Sequence (5’-3’)
AllStars Negative Control Non-targeting Sequence validated by QIAGEN
AllStars Hs Cell Death Control Death Control Sequence validated by QIAGEN
CDKN1A_7 CDKN1A CTGGCATTAGAATTATTTAAA
CDKN1A_6 CDKN1A CAGTTTGTGTGTCTTAATTAT
CDKN1A_S CDKN1A AAGACCATGTGGACCTGTCAC
CDKN1A_9 CDKN1A AAGAAGGGCACCCTAGTTCTA
TOP2A_1 TOP2A GCTTTCCTTACCAATTGAT
TOP2A 2 TOP2A CTACTTGAGACGTCCGATT
TOP2A_3 TOP2A CCTCTTCTAATATGTACAT
TOP2A_4 TOP2A CCATTGAGGAACTTTCATT

2.3.3 Whole exome sequaring

Whole exome sequencing (WES) was performed on the TNBC cdilithesGenomic Core Facility,
PhilippsUniversity, Marburg, Germanwysing a transposaseased method utilising the lllumina
GbSEGSNI 9E2YS agoNdadgnknte shi agieh taggett DAwas amplified via

PCR protocol and sequencing indexes were added. The indexed libraries were pooled, denatured
to ssDNA before hybridisation to biotlabelled custom oligonucleotide capture probes, specific to
targeted regions. Addition dBtreptavidin 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 lllumina 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 Nextgeneration sequencing variant alignment and annotatiqipeline

2.41.1 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 p{hndrsws S, 2018)
Modular set of analyses allowed for identification of problems with per base sequence quetity, p
sequence quality scores, pease 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

Trimmomaticwas used for theamoval of sequencing adaptors frothe raw sequence data.
Parameters for this tool were used as follows: Nexter®PFHa:2:30:10 LEADING:3 TRAILING:3
SLIDING WINDOW: 4:15 MILENBSiger, Lohse and Usad2014)

2.4.1.3 Mapping rawFASTQ reads to reference genome

The BurrowsNheeler Alignment (v.0.77) 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 readroup nformation (Burrows and Wheeler, 1994; &i al.,

2009; Churctet al,, 2011) Paraneters were used at the tools daflt settings;-M -R. Here only

paired reads were used, and Samtools flagstat used to print statistics throughout each of the

subsequent steps.

2.4.14 Sorting SAM file and conversion to BAM file

In order to achieve a fast retrieval of alignments in daeping specified chromosomal regions, the
SAM files were inputted into Picard tools SortSan2.(%.10, where the read alignments were
sorted by coordinate and converted to a Binary Alignment MBAM) format output(Picard
Toolkit.2019. Broad InstituteGitHub Repositonyhttp://broadinstitute.github.io/picard/; Broad

Institute).

2.4.15 Marking duplicate PCR reads

In order to mitigate potential biases on variant calling algorithPisard TooldviarkDuplicates
(v2.17.10Wwasused to tag PCR duplicateghichwere subsequently remove¢Ricard Toolkit. 2019.
Broad Institute, GitHub Repositotyttp://broadinstitute.github.io/picard/; Broad Institute) The
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output consists of two files; a BAfMe containing SAM flags for each of the reads, and another

identifying the number of duplicates for the paired end reads.

2.4.16 Merging BAM files

As the sequencing was performed in two lanes for each cell line, it was required to merge the two
BAM fies together. The two BAM files were then run together througltafi Tools
MarkDuplicates, in order to remove any PCR duplicates after merging theviifethe output as

one merged BAM file.

2.4.17 Building BAM index

To ensure a faster search of data through the BAM diteindex of the BAM filevascreated and
sarted in coordinate ordelPicard Tools BuildBamIindéxX2.17.10)to output an indexed BAM file
(BAMI).

2.4.18 Sequence realignment

Single nucleotide variast(SNVs) may mistakenly be identified in the individual genome with
respect b the reference genomealue to poor local realignment. Insertion or deletion of bases
(INDELSs) increase the number of mismatching reads highlighting the requirement for theses regio
to be realigned.Both the BAM file and the GRCh37 reference genonmaewnput into
GenomeAnalysiTk3.7.0(GATK) with RealingerTargetCreatwocreate realignment targets. GATK
IndelRealinger was then used to execute the realignment of the listed ®(ly&tKennaet al,,
2010)

2.4.1.9 Build recalibration model

The sequencer which estimates the quality score of each base call can have systematic errors.
GenomeAnalysisT&K7.0 was used to perform base score recalibratioranalyses patterns of
covariation in the sequence datasets\d applies the recalibration to the sequence dé#icKenna

et al, 2010)

2.4.110Variant calling

SAMtools mpileup was used to generate Binary Variant Call Format (BCF) files fisAMHdes

in order to compute the genotype likelihoods for each read using the dgfanétmeterg(Li, 2011)

These were then input into BCFtools to call the SNVs and INDELS to generate a Variant Callin

Famat (VCF) file containing information about the variants position in the genome.
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2.4.1.11 Variant effect prediction

TheEnsembl Variant Effect Predictor (VEP) was used to annotate the called variants to determine
which genesand region of the gene, ¢hvariant is located ifi.e. coding, regulatory, necoding
regions etc), the prediction of consequence of a calledavéar(i.e. frameshift, stojgain, missense

etc) and if the variant is considered synonymous or-sgnonymous. VEpredictsprotein fundion

of the called variants by labelling with pathogenicity scores by program8i€3, Polyphen and
Clinvar(Ng and Henikoff, 2003; Landruet al, 2014; Adzhubei, Jordan and Sunyaev, 2015;
McLareret al., 2016)

2.4.2 Variant filtering

Variantscalled in the individual genome, were filtered to identify high confidence somatiantari
Called variants were checked for quality and coverage. Variants were remakiedifired quality
score is < 30 or the variarftgve less than 10 reads supporting the base call. If < 3 reads at the base
call did not support the variant, these wesebsequentlyremoved from the datasetnlorder to
remove common gerntike variants, variants found at a frequency»D.001% in the genue
aggregation database (gnomARgre removed Karczewslet al.,, 2019) However, if variants were
found to be ink3 samples iMhe CancerGenomeAtlas (TCGA), ok M & | Cdthltiggear Ay
SomaticMutationsIn Cancer (COSMIC), these wereadded to the called variants liamfordet

al., 2004; Weinstein, 2013; Gharstial., 2019) Variants were also removefthey were not found

in the protein sequence, such as upstream variants, as these arsidered outside of the

confident sequencing scope. This left only high confidence somatic varights\WCF file.

2.4.3 Computational analysis

2.4.3.1 Variant comprative studies

Comparative studies of the called variants in VCF files were condtiotmagh the use of scripts

made in the Python language and graphs and plots were made using GraphPad Prism 6 (GraphPa
Software Inc, USA). Density plots were made usireg online tool DensityPlotte(Spencer,
Yakymchuk and Ghaznavi, 201Rjutational patterns, kataegis and mutational signatingere

analysed using the online tool Mutaliflkee et al., 2018)
2.4.3.2 Gene Ontology

Two online tools were used to analyse gene ontology (GO). GO functional enrichment anakysis

conducted using G:profilefRaudvereet al, 2019) This tool maps genes to known functional
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information sources, such as Ensembl, andnidies statistically significant enriched terms
(McLarenet 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 KEG&#dapper

a collection of hierarchical classification systems which incorporatesdiffeypes of relations
including; genes and proteins, compounds and reactions, drugs, diseases and organisms and cell
(Kanehisa, 2000; Kanehisigal., 2019)

2.4.3.3 Variant effect predictions

Three variant effect predictors ave used to identify if a missense variant in a gene is to be
considered damagin the structure or function of the protein it encodeSIFT (Sorting intolerant
from tolerant), is a variant predictor which assess whether an amino acid substitutionsaffect
protein structure based on sequence homology and the physical properties obamiitis(Ng and
Henikoff, 2003) FolyPhen (Polymorphism Phenotyping) is a tool which predicts possible impact of
an amno acid substitution on the structure and function of a protein using both physical and
comparative considerations. These include analysis of protein secondary structurgjingc
surface area, and Plpisi dihedral angles, sequence alignment and phylogerand structural
information to characterise the variaffdzhubei, Jordan and Sunyaev, 20Mitational assessor
predicts the functionalmpact of amino acid substitutions in proteins through assessments based
on evoluionary conservation in protein homologs, and identifies if the variant is in binding domains
required for proteinprotein interaction, DNA/RNA or small molecule bind{Rgva, Antipin and

Sander, 2011)

2.4.3.4 Extraction of data fronsanger Genomics of Drug Sensitivity in Cancer (GDSC)

Pancancer data was extracted from the GDSC which®RHN1A&Xxpression data availabland a
response to treatment of the following drugs (measured as area under theekucisplatin,
AZD7762 (CHK1 inhibito§81640 WEEICHK1)inhibitor, QLVIIFS8 (ATR/MTOR inhibitor), and
KU55933, CP466722 (ATM inhibitof¥anget al,, 2013) CDKN1A&xpression data was divided into
high or low expression based on the mean expression. Box plots veaed of the distribution of
response to the drugs (measured by area under thev&yrvs 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 8DData portal and thBioconductor R packageCGAbiolinks

was used to obtain clinical dai@olapricoet al, 2016; Grossmaet al., 2016) Chromosomal
locations of patient variants were remapped from GRCh38 to GRCh37 using the NCBI Genome
Remayping service. Panancer gene expregon 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 wésdni¢pw.

Cox proportional hazardegression was used to calculate the hazard ratio for cohorts expressing
KAIK @a t2¢6 SELINBaAaAA2Y sur8@&i 132 R2yFi Qi KFSdzy DA 2y
survminerin R allowed for the identification of the tmal expression cuftf point to give the lowest

p-value for high vs low expression. The-offtselected was between the 2Gnd 8¢ percentiles

of gene expression values as previously describetfidgnet al, 2017.The céculations 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 describedNmet al., 2016 The calculations were performed

using the Rsurvminerand survival packagyes. From this Kaplavieier survival curves were
generated using the R packagegsurvplot Statistical analysis using the Wald test (or log rank
(MantelCox) testwas performed to obtain pvalue of significance for eadaplanMeier graph.

Hazard ratoswdXB | f 42 Ol f Odzf SR gKAOK NBFSNI G2 O ¢
each given gene, with values >1 indicative of increased hazard (a reduced overall survival) and

values < 1 are indicative of decreasingdrdzan increased overalurvival).
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Chapter 3

Characterisation ofchemoresistant Triple Negative
Breast Cancer cell lines
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3. Characterisation o€themo-resistant Triple Negative Breast Canassll lines
3.1 Introduction

Resistance to chemotherapy agents izadtleneckin the treatment of cancer leading to poor drug
responses and patient survivdften in breast cancerthis is due to genomic instability which
facilitates thetumour resistance ta@ytotoxic theapies(Kalimuthoet al., 2019) Understanding the
underlying mechanisms of botimtrinsic and acquiredresistanceexpeimentally, can aid in the
development of therapeutic strategies to overcome dimagistancein the clinic. Methods of
investigating drugesistance in patient samples are becoming increasingly popular, especially with
the development of liquid biopsiechnology which has the potential to both confirm mechanisms

of drugresistance or identify drugesistance emerging in a patient. By detecting circulating tumour
DNA (ctDNA) or circulating tumour cells (CTCs), samples can be measured for changes ir
heterogeneaty and can be used to identify emerging biomarkers of ehegjstance(Rolfoet al,

2014) Tanget al,, 2016showed that ctDNA could be used to monitor clonal evolution during
routine management of nosmallcell lung caner (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 reseéiqehid biopsycan provide, it is not
without technolodcal difficulties For example, the concentration of ctDNA and CTCs depends on
the localisation of the tumour tissuse, with primary or metdistérain lesions difficult to assess via
blood analysegHeidrichet 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
drugtreatment, or between primary and metastatic sites. However, the patient sample material is
often limited andretrospective, and the samples are commonly fixed in formalin and embedded in

paraffin which can reduce their usefulness in molecular ais(iierwiget al, 2011)

The useof cell line modelsis still a widely accepted method underpinning {otanical drug
resistanceresearch.Cell linemodelscan allow for an understanding of mechanisms driving €drug
resistance beforats emergence in the clinic, and to identify ways to overcome this resistance
phenotype. A number of methods and models haverbsuccessfullydeveloped which have

determinedimportantrresistance mediator§Garraway and Janne, 2012a)

A common way of addressing drugsistance is through larggcale screemg of cancer cell lines
with known genetic background, to identify biomarkersiofrinsic sensitivity or resistance to
panels of drugs. One study, whialsed part of the Cancer Cell Line Encyclopaedia (C@ias)

conducted byBarretinaet al, 2012where the gené&c 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 irBRAFand NRASas predictors of sensitivity to the treatment of the MEK
inhibitor; PD0325M1. Further to this, the study found elevatétHRgene expression was identified

as an additional predictor of sensitivity in cell lines with MRASnutation.

Another large-scale screen was conducted Garnettet al., 2012describing the responsef 600
cancer cell lines, with a known genetic background, to a panel of 130 inhibitors, which revealed
markers of resistance¢hat correlated with genetic mutations, or cancégype. One example
identified, 6 & 9 gAYy 3Qa al NO2 Y|l -FORéneé ttanskdatidimpBiczbliowed K
sensitivity toPARP inhibitors. A further study went on to combine the data from the studies by
Barretina and Garnett, conducted Bicholset al., 2014 which showed, through a head and neck
squamous cell cancer (HNSCC) specific study, RS cell lines harbouriRgK3CAnutations
conferredsensitiveto treatment with PI3K inhibitgrAZD6482. This supported the hypothesis that
PIK3CAan be used as a biomarkier treatment by PI3K inhibitors.

Large scale siRNA or shRNA screens have been useful to determine if knockdown of target gene
identify genes regulating sensitivity to drugs. An example is sdwm Campbelket al., 2016used

a series of siRNA screens that identified kinase genetic dependencies in 117 cancer cell lines.
Examples highlighted in the studyasan increased sensitivity fibroblast growth factor receptor
(FGFRinhibitors in osteosarcoma cell lines, and to mitotic inhibitorsSiMAD4mutant cells.
Recently, a genome editing approach is being more frequently adopted which uses the bacterial
CRIBERCas9 systenthus avoidng several pitfalls associated with siRNA screens. A large scale
CRISPRas9 screen was performed Bevet al, 2018on BRCAXIeficient breast canaecells

treated with PARPhibitors. Two previously uncharactsed proteins were identified; C200rf196

and FAM35A, whose inactivation correlated with PARRIbitor resistance.

Another wellfounded methodto study drugresistancen vitro, is to estabksh a resistant cell line
by exposing drugsensitive cells to the drug of interesthiscan resultin the generation of resistant
clones which can undergo extensive characterisatmmetermine the cause or mechanism of
resistance(Garraway and Janne, 2012ahis can be achieved through sht@tm pulsing of cells
with a high drug concentration, allowing for recovery in dftgg media, thereby mimicking the
cycling doses of an intravenously administeredgdimua clinical setting. However, resistance i thi
method is often low and transierfMcDermottet al., 2014) A preferred method of generating
resistant cell lines is loagrm chronic exposure to the drug. The cells canargd doseescalation

with high concentrations of aompound, or a single high concentration dose of the compound is
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administered until a resistant population emerges. These metl@il®e been shown to generate
higher levels of resistanceand a much more sble phenotype than the shoterm methods
(McDermottet al.,2014) Thein vitro models with acquired drug resistance has been shawioe
beneficial in understanding the mechanisms of resistance, as seen in the recent Wwhtichaelis

et al., Michaelis and colleaguelsave co-developed a large Resistant Cancer Cell Line (RCCL)
collection and shown that resistancertatlin, an MDM2 inhibitor, in neuroblastoma cell lines (UKF
NB-3) is due to the formation afle novop53 mutaions, which has now been confirmedadlinical

liposarcomausingliquid biopsymethods(Michaeliset al., 2011, 2012; Juref al.,, 2016)

Triple negative breast cancsefTNBC) are highly metastatic aggressive breast cancers which are
generally susceptible to chemotherapy ialty, however, the early complete response does not
correlate with overall patient survival. Often TNBC patients relapse within three to five gears

to resistance to the standard chemotherapy treatment being administered, and so there is an
urgent needfor second, or even third line treatmen{tehmannet al., 2011) Extensive stdies

have shown that once drugesistance has emerged, crassistance to several, structurally, and
functionally unrelated drugs can occ@i. Wanget al., 2017) This multidrugresistance (MDR)
phenotype may be developed through ndnug specific resistance mechanisms, such as the
expression of drug efflux pumps in the cell membrane tleatuce intracellular drug levels to less

than therapeutic concentration@Pluchinoet al,, 2012) This generates a difficult ongoing clinical
problem thatstill needs to be overcome. An alternative strategy proposeHialet al.,2009 was

to identifyl y &a! OKAff Sa KSSté Ay 6KAOK (4KS SYSNHSR
hypersensitivity to and€ SNJ RNXz3d ¢ KS GSNY aO02fflGSNIf aSy
coined to described this phenomengand the first full report of thisvas seen in the work of S O K 1t
Hansenet al., 1976, where the group used a ses of MDR sulines derived from the Chinese
Hamster Ovary (CHO) in increasing concentrations of colchicine to understandesistanceThis
phenomenon can be harnessed for patient treatment in the cliand by determining the patterns

of crossresigance or acquired vulnerability to clinically relevant drugs, this will help inform

clinicians on the next line of therapy in treating TNBC.

This chapter characterisa& panel of chemaesistant TNBC celh& models which have acquired
resistance to thehemotherapeutic agents; cisplatin, doxorubicin, eribulin, gemcitabine, paclitaxel
and 5Fluorouracil.The cell line models were obtained from the RCCL collection in which the
development of acquired drug ristance had been induced through chronic expesio the drug.

The chapter also sought to determine any crossistance or acquired vulnerability phenotypes to

the panel of chemotherapeutic agents.
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3.2 Results

3.2.1Growth characteristics oEhemo-naiveand chemaresistant TNBC cell lines

A panel ofchemo-naive and chemeresistant TNBC cell linegere selectedfrom the Resistant
Cancer Cell Line (RCChljection for analysis of chem@sistant mechanisms. TNBC is known to
be a heterogeneous cancer typbgrefore three chemo-naivecells lines werenitially selected to

reflect a range of tumour location, stage, grade and ethnicity as shown in Table 3.1.

Table3.1. Origin ofchemo-naive TNBC cell lines

MDA-MB-468

HCC38

HCC1806

Tumour
Location

Breast carcinoma

Breast, Ductal
carcinoma

Breast, Ductal,
squamous cell
carcinoma

Stage

Grade

Age

51

50

60

Gender

Female

Female

Female

Ethnicity

Black

Caucasian

Black

Cell line source

Metastasis

Primary

The chemeresistant cell linesvere previously developethrough longterm incubation of the
chemo-naivecells in increasing concentrations of the stated chemotherapeutic agermreviously
described byCinatlet al., 1999.The chemeresistant cell lines chosen for this project have been
developed to have a resistaphenotype to chemotherapy agents common historicalto the
treatment of TNBC. Alorgjde the threechemo-naive TNBC cell lines, a total of fifteehamo-

resistant suHines were selected for analysis (Table 3.2).

Table3.2. Chemenaiveand chemeresistant TNBC cell lineselected from the RCCL

MDA-MB-468 HCC38 HCC1806

Chemo-naive X X X
g Cisplatin X X X
% Doxorubicin X X X
% Eribulin X X X
:g Gemcitabine - X X
E Paclitaxel X X X
g 5-Fluorouracil - - X
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First, the morphology of each of thENBCcell lines was established. Microscopy was used to
determine differences in shape, structure and forand images were taken for each of the TNBC

cell lines (Figure 3.1)

The MDAMB-468 cell line consisted of small, round, convex cells, gl&pen stucture, which

often grewon top of each other forming chains away from the flask surfiti2A-MB-468 CDDF
looked similar to that of MDMB-468, except the formationfachains of cells were more apparent.
MDAMB-468DOX° were similar to theMDA-MB-468 in morphology.MDAMB-468ER1’ had a
mixture of cell morphology, with a sytopulationlikened to the morphology d#iDA-MB-468, and
another sib-population containing snh elongated, round cells. MDA-MB-468PCE° had a
morphology distinct from MDMB-468. The cellsvere observedto be elongated, spindly cells,
which could be considered to be mesenchymal in shape. Furthermore, the cells did not grow on top

of each, or fom chains, but would pack tightly together on the surface of the flask

HCC38 consistl of large, flat, thin cells, which were almost transparent on cenaicroscopic
planes. These were similar in shape to flat endothelial cells, and would often gatig tbgether
on the surface of the flask. There did not appear to be a notablerdiifee between HCC38 and
HCC3®OX’, HCC3%®CE® or HCC3%GEM?. BothHCC3®DDP°and HCC3®ERI showed to be
slightly smaller tha HCC38, and would pack into disereslandswhen growing.

HCC1806 consisted of small, polygonal, raised cells, similar to the shape of epithelial cells. These
cells grew in discreteslandson the flask surface, leaving areas of the flask empty. There was no
notable difference between #amorphology of HCC1806dthe HCC1806 derived chemesistant

cell lines, with the exception tCC180®CE°andHCC1806-F° wherethe cells would grow on

top of each other in layers.
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MDA-MB-468 HCC38 HCC1806

Chemo-naive

— Cisplatin

Doxorubicin

Eribulin

Paclitaxel

Chemo-resistant cell lines

Gemcitabine

—— 5-Fluorouracil

Figure3.1 Morphology ofchemo-naiveand chemaresistant TNBC celines
Morphology of each of thehemo-naiveand chemeresistant TNBC cell lines were analysed using microscopy. Cells were visualised at
40x magnificationandimages takenlmages are representative 83 independent experiments.
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Next, the growth chaacteristics of each of thehemo-naiveand chemeresistant TNBC cell lines
were establishedln order to determine the optimal conditions ftine 120-hour MTT assay, each

cell linewas platedat five diferent densities across seven-9&ll plates in 20Qul complete IMDM.

Every 24 hours, one plate was fixed and stained as described for the SRB growth assay (Sectiol
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. Thel idkedéing density is considered to be when

the cells remain in exponential growth during exposure todhagwithin the 120 hours of the MTT
experiment.Thisallows for consistency between the cell I later experimentsyhile having
optimal uptake ad 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 averag across at least three independent experimentsawtecell line, and

calculatedas described in th#aterials andMethods (section 2.1)3

Both MDA-MB-468DOX°and MDA-MB-468ER1° demonstrated an increase in doubling time from
MDAMB-468 with 48.49+ 0.87 and 42.69 = 7.05 hours respectivéiygure 3.2).MDA-MB-
468CDDP%showed a slightly faster doubling time compared to MEB-468 with 34.87+ 2.25
hours, whilsMDA-MB-468PCE°showed a much faster doubling time with 31.27 + 2.9 h@Eigure
3.2). For each of the cell lines, 12.8 XMas determined at the optimal plating densityjth the
exceptionof MDA-MB-468PCE° where a lower optimal cell density of 6.4 X1@lls perwell was

chosen.

HCC3® DD had a faster doubling time than HCOBRBh a time of 36.7 + 9.19 hourEigure
3.3). HCC3®OX°, HCC3®ERY, HCC3%GEM? and HCC3®CE? 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 regEived
3.3). TheHCC38 anHCC38 derived chenresistant cell lines optimal plating density was 12.8°x10
with the exception toHCC38DDP*°and HCC3®OX where it was chosen to plate at a higher
density of 19.2 x1Tcells per wel(Figure 3.3).

Both HCC180®0X*2° and HCC186'5-F°had a faster doubling time compared to HCC38 with a
time of 30.35+ 1.09 and 32.15 + 0.65 m@actively(Figure 3.4 HCC180€DDFP°, HCC180&RY’,
HCC1806&EM° and HCC180®CE° 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 respect{fdure 3.4)Each of this set were plated

at 12.8 x16 cells per well.
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Figure 3.2. Growth characterisation of MDMB-468 andchemo-naiveand chemeoresistant cell lines
Cells were seeded with fitechnical replicates in seven 8¢ell plates at the cell number indicated. One plate was fixed every 24 hours
and analysed by SRB ass@yowth curvesA) MDAMB-468 B)MDA-MB-468CDD, C)MDAMB-468DOX°, D) MDAMB-468ERI®,
E)MDAMB-468PCE° were generated using GraphPad Prism 6. Data points represent m8&nwhere graphs are a representation of
%0 Ay RSLISY RS yDottedliBeL 4 iNdreprSsygmiisedupoint of MTT assay. Variablaxjs between graphs. Rjableshows

calculatedmean+{ 5

R2dzoft Ay3d G4AYS FNRBY xo

A Y R S Ligayprtthy densi®/E LISNRA YSy i a

77

Iy R
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Figure 33. Growth characterisation oHCC3&nd chemo-naiveand chemoresistant cell lines

Cells were seeded with five technical replicates in sevewé&6plates at the cell number indicated. One plate was fixed every 24 hours

and analysed by SRB ass&rowth curvesA) HCC38B) HCC3&DDR, C)HCC8DOX?, D) HCC3&ERI’, E) HCC3&GEMY?, F)
HCC8'PCES, were generated using GraphPad Prism 6. Data points represent m¢ah ¢ K SNX 3INI LIK& F NB | NE
independentexperiments.Dotted line at t2o represents endpoint of MTT assay. Variablaxis between graphs. G) Table shows
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Figure 34. Growth characteriation of HCC180&nd chemo-naiveand chemeoresistant cell lines
Cells were seeded with five technical replicates in sevew@6plates at the cell number indicated. One plate was fixed every 24shour
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F)HCC180®CE° G) HCC1806-F5were generated using GraphPad Prism 6. Data points represent mean + SD where graphs are a
NBLINBAaSyiGlGA2y 27T xoDokedliReSatiSsepeSanis enSpnindBMITE a6&ay. Watiableaxis between graphsd)

Tableshowscalculatedmean+Ss R2dzof Ay3a GAYS FTNRY xo

AYRSLISYRSY

SELISNAYSyGa

79



3. Characterisation ofhemoresistant Triple Negative Breast Cancer cell lines

3.2.2 Confirmation of resistant phenotype in chemresistant cell lines

Havingdetermined the optimal plating densities for each of the TNBC cell lines, the respiothge o
chemoresistant cell lines to the chemotherapeutic agents they have been adapteddme
studied. Doseesponse curves were generated to a serial dilution oheammpound using a 120
hour MTT assay allowing for the calculation of the imadiximal gowth inhibitory caxcentration
(Gko) and a confirmation of the resistant phenotype. Th& Massays were conducted on both the
chemo-naive cell lines and the chemresistant cell lines to allow for the calculation of the
resistance factor (RF), a ratiotbe chemaresistant cell line G to the chemo-naivecell line Gl.
The RF is used to filee the level of resistance seen in the chenesistant cell lineswhereby aRF
%2 is indicative of a resistance phenotype, whilst antRFbis indicative of aensitive phenotype.
The RF is calculated jesr the following equation:

OMA E 1 Qi "QIQBENE W1t
OAHE & Q@i VOO

YQi Q NOHGEO

Analysis of the cisplatin resistant ditles confirmed a resistance phenotype is seen relative to the
chemo-naivecounterpart (Figure 3.5). MDKB-468demonstrated the most sensitivity to cisplatin
comparedto the two otherchemo-naivecell lines with a Gko value of 0.027 uMThe highest RF
was observed inMDAMB-468CDDF® with an RF of 319 whilst HCC3®DDP® and
HCC180€DDP°demonstrated a RF of 8.88 and 7.71 respectively.

Examinatiorof the doorubicin resistant cell lines confirmed a resistance phenotgseen relative
to the chemo-naive counterpart (Figure 3.6). The MEMB-468 cell line demonstrated the most
sensitivty to doxorubicin compared to the two other chermaive cell lines with &lso value of
0.00518 pMHCC180®0OX%?*°demonstrated the highest RF of 58.7, whDA-MB-468DOX° and
HCC3®DOX°had RR@f 31 and 12.9 respectively.

Each of the eribulin resistant cell lines demonstrated a resistance phenotype relativedogire-
naivecounterpart (Figure 3.7MDAMB-468 cell line demonstrated the most sensity to eribulin
compared to the two othechemaonaive cell lines with @&ko value of 0.000167 uM. It was noted
that each of the cell lines showedvhsensitivity to eribtih. HCC180&R1’ had the highest RF of
5920, whilstMDAMB-468ER1° andHCC3%ERY had RR &f 314 and 46.9 respectively.
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3. Characterisation ofhemoresistant Triple Negative Breast Cancer cell lines

Both of the gemcitabine resistant cell lines demonstrated a resistance phenotype compared to the
chemaonaive counterparts (Fuge 3.8). A similar sensitivity to gemcitabine was observed in HCC38
and HCC1806vith Gko values of 0.00197 uM and 0.00104 pM respectivélCC1806EM°

demonstrated the greatest fold resistance with an RF of 99.7, WHIE3%EM® had an Ref
44.3.

Analysis of the paclitaxel resistant cell lines confirmed a resistance phenotgperigelative to
the chemaonaivecounterpart (Figure 3.91HCC180 demonstrated the most sensitivity to paclitaxel
compared to the two other chemaoaive cell lines with aGlso value of 0.0000623 puM
HCC180@CE° demonstraed the highest R, with an RF of65, whilst MDA-MB-468PCE° and
HCC3%CE>demonstrated RE@f 100 and 5.51 respectively.

Only one cell lingvas selectedor the panel which is considered to be msint to 5Fluorouracil
Analysis oHCC1806-F*°confirmed a resistancphenotype is seen relative to HCC1806 (Figure

3.10). HCC1806 had a calculategh@llue of 2.94 uM whilstiCC1806-F*°°had a Ghvalue of 318
MM, which calculated to an RF 108.

A s MDA-MB-468 B 1501 Hce38
& & 125
£ £ 1001
E '.'; 751
2 2 sod
2 £ 0 . . : .
T 4 0001 001 01 1 10 100 T .25 0.1 1 10 100
e« 504 Cisplatin (uM) e« 50 Cisplatin (uM)
C 150+ HCC1806 D
E 125 Glgg+ SD (uM) RF
Z 100- MDA-MB-468 0.0270+ 0.00585
% 754 MDA-MB-468'CDDP1000 8.62+2.87 319
> 5o HCe3s 1.6+8.89
S HCC38'CDDP300 14.2+0.392 8.88
fa,’ 0 HCC1806 0.745+0.209
ﬁ -25- o HCC1806'CDDPS® 5.75+0.200 7.71
_sod Cisplatin (uM)

-8~ Chemo-naive —& Cisplatin resistant

Figure 3.5. Gbvalue determinations for cisplatin ithemo-naiveand cplatin-resistant TNBC cell lines

Response othemonaive and cisplatirresistant cell lines to cisplatin were determined by #8ur MTT assay and analysed using
GraphPadPrism 6. Dose response casvto A) MDAVIB-468 cell lines, B) HCC38 cell lines, CEH306 cell line®ata points represent

YStYy 5 {5 6KSNB 3INILKA NBE | NBLNXSaSyill (-masyndichi®s hajfoaxinmal/gro@thlSy R Sy
inhibition. D) Table summarigirthe mean + SD &Valueswhen cells were treated withisplatin andhe calculated RF.
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Figure 36. Gkovalue determinations fordoxorubicinin chemo-naive and doxorubicinresistant TNBC cell lines

Response othemo-naive and doxorubicinresistant cell lines taloxorubicinwere determined by 12thour MTT assay and analysed

using GraphPad Prism 6. Dassponse curves to A) MBMB-468 cell lines, B) HCC38 cell lines, C) HCC1806 celDataspoints

represent mean + SD whegraphs are NS LINB A Sy G GA 2y 2F xo A Y RSLISR Bdicites Baifla8riah Y Sy G :
growth inhibition. D) Table summarising the mean * Sv@lueswhen cells were treated with doxorubicand calculatedhe RF.
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Figure 37. Gkovalue deteminations foreribulin in chemo-naive and eribulin-resistant TNBC cell lines

Response othemo-naive and eribulinresistant cell lines teeribulin were determined by 12®our MTT assay and analysed using
GraphPad Prism 6. Dosesponse curves to A) MBMB-468 cell lines, B) HCC38 cell lines, C) HCC1806 celDiataoints represent

YSIYy 5 {5 6KSNB 3INI LKA | NB | peiBdnbliBrokeny ling dn-dasyhdicat®s hajfoaximay/gro®thlS y R Sy
inhibition. D) Table summarising the mean + Sfav@lueswhen cells were treated witeribulinandthe caculated RF.
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Figure 38. Gkovalue determinations forgemcitabinein chemo-naive and gemcitabineresistant TNBC cell lines

Response othemo-naive and gemcitabineresistant cell lines tgemcitabinewere determined by 12&our MTT assay and analysed
using GraphPad Prism 6. Dassponse curves to A) HCC38 cell liis-iCC&06 cell linesData points represent mean + SD where
INF LIKE& FNB | NBLNBaSyillGAZ2y 27F xexisinfitaiesIgdhaxissl grondhBnhibiteaCyTabfel & ¢
summarising the mean + SDs@alueswhen cells were treated witgencitabineandthe calculated RF.
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Figure 39. Gkovalue determinations forpaclitaxelin chemo-naive and paclitaxetresistant TNBC cell lines

The esponseof chemo-naiveandpaclitaxelresistant cell lines tpaclitaxelwere determinedby 12Ghour MTT assay and anaBd using
GraphPad Prism ®oseresponsecurves to A) MDAVIB-468 cell lines, B) HCC38 cell lines, C) HCC1806 celDiataoints represent

YSIYy 5 {5 ¢6KSNBE 3INI LKA | NB | NI LINBeb8kgriire briyaxs ingdichtesthalhakinfaRgold y R Sy i
inhibition. D) Table summarising the mean + Sfav@lueswhen cells were treated witpaclitaxelandthe calculated RF.
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Figure 310. Gkovalue determinations for5-Fluorouracilin chemo-naiveand 5Fluorouracitresistant TNBC cell lines

The esponseof chemo-naive and 5-Fluorouraciresistant cell line tdb-Fluorouracilwere determinedby 12Ghour MTT assay and
analysed using GraphPad PrisnD@seresponsecurves to A) HCC1806 cell linBsta points represent mean + SD where graphs are a
NBLINBAaSY Gl GA2Yy 27F xoThdbskeBinddryvaxsyhdicatSsthaiitakidaYogseyfhirilition. B) Table summarising
the mean + SD &lvalueswhen cells were treated witfor 5-Fluorourail andthe calculated RF.

3.2.3 Crossesistance profiling othemo-naiveand chemaresistant TNBC cell lines

Having confirmed the resistance phenotype in each of the chessistant cell lines, relative to the
respectivechemo-naivecounterpart eachof the chemeresistant cell linesvere checkedor cross
resistance, or acquired vulnerability, to the followindiemotherapeutic agents;cisplatin,
doxorubicin, eribulin, gemcitabine, paclitaxel and S-luorouracil Doseresponsecurves were
generated to aserial dilution of each compound using a 4#ur MTT assay allowing for the
calculation of the Gdand RE. &ossresistance is termed whereby a cell line which has developed
resistance to a given drug, demonstrates a resistance phenotype when treatied different
drug. Acquired vulnerability is termed wheretgell linewhich demonstratesesistance to a given
drug demonstrates a sensitiyghenotype when treated with a different drug compared to the
chemo-naivecounterpart. Herecrossresistancas defined when the calculated BB, and acquired
vulnerability when the calculatedA{.5,and both demonstrated statistical significance using the

& 0 dzR Stesii(0HD.05).Numerical data presented in Appendix A2.

As already seen, the three clafin-resistant cell lines show resistance to treatment with cisplatin
(Figure 3.11)MDA-MB-468PCE° demonstrates crossesistance to treatment with cisplatin with
an RFof 49.76, which is higher than the R&lculated forHCC3€DDF* and HCC180&DDP™.
HCC3%EM? also demonstrates croggsistance to treatment with cisplatin with an RF2.3
(Figure 3.11)The rest of the chemoeesistant cell lines show no statistically significant change when

treated with cisplatin relative to their respectivvhemo-naivecounteparts.
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3. Characterisation ofhemoresistant Triple Negative Breast Cancer cell lines

Thethree doxorubicirresistant cell lines show resistance to treatment with doxorub{Eilgure
3.12. Many cell lines demonstrated croesssistance to the treatment of doxorubicin, including;
MDA-MB-468CDDP°, MDAMB-468ERY’, MDAMB-468PCE’, HCC3®DDP®, HCC3ERI’,
HCC180&R1’, HCC1806EM’ HCC180€CE° with RFE) &f 5.96, 28.39, 2.45, 3.82, 7.88, 10.79,
and 23.85 respectivel{Figure 3.12 Two cell lines demonstrated acquired vulnerability to the
treatment of dokorubicin;HCC3&%GEM®and HCC3®CE>with R af 0.36and 0.382respectively
(Figure 3.12 The rest of the chemoeesistant cell lines show no statistically significant changerwh

treated withdoxorubicinrelative to their respectivehemo-naivecounterparts.

As already seen, the three eribuliasistant cell lines show resistance to treatment with eribulin
(Figure 3.8). It was interesting to note tha¥iDAMB-468PCE°and HCC180®CE°demonstrated
resistance upon treatment with eribulin with Rféf 2577.57 and 9280.23 respectively, which are
higher than the RBfar any of the eribulin resistant cell linddDA-MB-468 CDDF HCC3ERI°,
HCC180®0X*?° and HCC1806&EM?° also demonstrated cros®sistance to eribulin with RFaf
49.91, 7.36, 183 and 7.59 respectivelyAcquired vulnerability was observed to treatment with
eribulin iNnHCC3EDDP®and HCC3%EMP with RF &f 0.12 and 0.39 respectivelJhe rest of
the chemeresistant cell lines show no statistically significant change wheatéd with eribulin

relative to their respectivehemaonaivecounterparts.

Both ofthe two gemcitabineresistant cell linestow resistance to treatment with gemcitabine
(Figure 3.8). Interestingly HCC3®DDP®demonstrated crossesistance to gemtibine, with an

RF of 2.04HCC180&R1° demonstrated acquired vulnerability to the treatmenf gemcitabine
with an RF of 0.5The rest of the chemeesistant cell lines show no statistically significant change

when treated withgemcitabinerelative to heir respectivechemanaivecounterparts.

As already seen, the thrgmclitaxelresistant cell lines show resistance to treatment with paclitaxel
(Figure 3.5). The onlycell lines which were found to demonstrate crassistance to paclitaxel,
are the tiree eribulin resistant cell line®DA-MB-468ER1°, HCC3¥ERI°and HCC180&Ri° with
R af 95.91, 5.67 and 24.95 respectivelbhe rest of the chemoesistant cell ihes show no
statistically significant change when treated withclitaxelelative o their respectivehemaonaive

counterparts.

Many cell lines demonstrated crosesistance to the treatment of -Bluorouracil including
HCC3®TDDF%° HCC3PDOX’, HAC38GEM®, HCC3%CE> HCC180®0OX%5 HCC1806EMand
HCC180@CE° with R af 36.64, 75.86, 7.69, 6.04, 4.67, 2.87 and 4.83 respectfFayre 316).
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3. Characterisation ofhemoresistant Triple Negative Breast Cancer cell lines

Both MDAMB-468PCE° and HCC180EDDFP° demonstrated acquired vulnerability to the
treatment of 5Fluorouracil with RE@ 0.061 and 0.13 respectivelihe rest of the chemoesstant
cell lines show no statistically significant change when treated SvFtuorouracilelative to their

respectivechemo-naive counterparts.

Taken togetherpatterns of crossesistanceand acquired vulnerabilitywere observedNo fold
change was loserved in theMDAMB-468 chemearesistant cell linesto 5-Fluorouracil, with
exception toMDAMB-468PCE° which demonstrated acqred vulnerability, whilst each of the
HCC38 chemmesistant cell lines demonstrated cresssistance to luorouracilNo fdd change
was observed to gemcitabine in thdDA-MB-468 chemeresistant cell lineswith the exception of
MDA-MB-468ER1° which cemonstrated acquired vulnerability, and yet all demonstrated cross
resistance to doxorubicin. It was noted that each of thel d;nes which demonstrate
resistance/crossesistance to gemcitabingre crosgesistantto 5-FluorouracilEachof the eribulin
resistant cell lines demonstrated cresssistance to the treatment of paclitaxel, and each of the
paclitaxeiresistant cellines, wth the exception oHCC3%CE> demonstrated crossesistance to
eribulin. Unique to the datasetHCC1806-F°°° demonstrated no crossesistance or acquired

vulnerability to any of the other chemotherapeutic agents.
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Figure 311. Gkovaluedeterminations and resistance factorsor cisplatinin the TNBC cell lines

The esponseof TNBC cell lines to cisplatis determinedy 12Ghour MTT assay and analysed using GraphPad Prism 6. A) Determined
Gkoconcentrations upon treatment withisplain. Each dot represents a single biological repeatfiom A Yy RS LISy RS with S E LIS
horizontal line showing standard deviation awdrtical line; the mean. B$ensitivityof the chemeresistant cell lines relative to the
respectivechemo-naivecell line (RF)Dotted lineisattwefold. { G GA&GA OFf &AAAYATAOYDLH DI ff Otdzt XK (i8¢
W ndnmMI FFFFEI M XKomddmAnnmd [/ 2f 2dzNJ AYyRAOI GSa NBaradl yoS adl Gdza
OwC f 5 ®pwhite ¥ R chiange Nuimkrical datas presentedn AppendixA2.
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Figure 3.12. Gbvalue determinations and resistance factors for doxorubicin in the TNBC cell lines

The responsef TNBC cell lines to doxorubicivas determinedby 12-hour MTT assay and analysed using GraphPad Prism 6. A)
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Figure 314. Gkovalue determinationsand resistance factoror gemcitabinein the TNBC cell lines
The esponseof TNBC cell lines to gemcitabimeas determinedby 12Ghour MTT assay and analysed using GraphPad Prism 6. A)
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Figure 315. Gko value determinationsand resistance factor$or paclitaxelin the TNBC cell lines

The esponseof TNBC cell lines to paclitaxehs determinedby 12Ghour MTT assay and analysed using GraphPad Prism 6. A)
Determired Go concentrations upon treatment witpaclitaxel. Each dot represents a single biological repeat fijpmm A Y RS LISY R S
experimentswith horizontal line showing standard deviation and vertical line; the measeByitivityof the chemeresistant cell lines

relative to the respectivehemo-naivecell line (RF)Dotted line is at twefold. Statistical signific y OS O £ Odzt | (i Stést, tza A y 3
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Figure 316. Gkovalue determinationsand resistance factor$or 5-Fluorouracilin the TNBC cell lines

The esponseof TNBC cell lines to-Huorouracilwas determinedby 12Ghour MTT assay and analysed using GraphPad Frisi)
Determined Gb concentrations upon treatment witB-Fluorouracil. Each dot represents a single biological repeatfiam A Yy RSLISY RS
experimentswith horizontal line showing standard deviation and vertical line; the measeBjitivityof the chemaresistant cell lines

relative to the respectivehemo-naivecell line (RF)Dotted line is at twefold. Statistical signifiance calculated using (i dzR StgsfiQa

t X nodnpX FfF LI X ndnamI FrfF LI X ndnamE FFFF LI X n ®pblusnaeghired 2 £ 2 dz
@dzt Yy SNIF 6Af A G & ,whiteG ne chamgByumérigaRiatas preseritddn Appendx A2.

3.2.4 Investigation of multirug resistance protein in the TNBC cell lines

Multidrug resistance (MDR) is often a significant contribution to the failure of therapeutic drugs in
the clinic. As previously discussed, (secfidh2.1)the overexpression of active efflux transporters
pumps, such as the ATihding cassette (ABC) trsporters,contributes to resistance to multiple
drugs as the drugs are removed before targeted action has been rfaotesman, 2002; Turk,
Déra & Szakacs, 200HBCBlencodesfor the p-glycoprotein, or multidrugesistant protein 1
(MDR1), which isften upregulated in cells or pait samplesthat demonstrate amultidrug
resistan phenotype Upregulation of MDRIkads to increased drug exporgducing the available
intracellular drug, and resulting in a resistance phenotypéthe testedchemotherapeutic agents

in this chapter, dmorubicin, eribulin and paclitaxel have all been shown to be substrates of MDR1
(Cheret al,, 2016;0ba et al.2016) In order to determine if MDR1 is contributing to the observed
resistance phenotypdhe level of MDR1 protein in each cell line was determined through western
blot analysigFigure 3.7). Avincristine resistant neuroblastoma cell lingFNB-3'VCR®) from the
RCCL collection was used as a positive MDR1 cdktichaeliset al., 2009)

The western blot analysis identifiddDA-MB-468ERI®°, MDA-MB-468PCE°, HCC180&R1°and

HCC180@CE° to haveelevatedexpression of MDRdompared b the chemenaive counterparts
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As previously seen in this chapter, these cell lines @soonstrated resistancefossresistance
when treated with doxorubicin, eribuliand paclitaxel, all of which are known substrates of MDR1
(Chenet al., 2016;0ba et al.,2016) This suggests that the crosssistance ofhese cell lines to

MDR1 substrates ,iat least in partcaused by increased ABCB1 levels.
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Figure 317. Analysis of MDR1 @glycoprotein)protein levels in bothchemo-naiveand chemeresistant TNBC cell

Cell lysates were prepared and analysed by emsblotting to determine the expression levels of MDR1 in A) NIBM68, B) HCC38,

C) HCC180themo-naiveandchemaresistant TNBC céihes. UKFNB-3'VCR? from RCCL collectipwas usedas positive control. Blots

were probedwith antibody against MDR1with i -tubulin included as a loading control. Blots are representagv@ o Ay RSLISy
experiments

90



3. Characterisation ofhemoresistant Triple Negative Breast Cancer cell lines

3.3 Discussion

This chapter aimed to characterise a panel of cheraive and chemaesistant TNBC cell lines to
a panel of chemotherapeutic agents often uded the treatment of TNBC. To this end, eighteen
cell lines were selected from the RCCL collection which included; three en@ineTNBC cell lines

and fifteen chemeresistant sublines.

Using microscopy, the morphology of each of the cell lines wasieea, ashis can be a simple
technique to identify resistance mechanisms and phenotypes such as epitioeti@senchymal
transition (EMT), which has been implicated in drug resistéBeaufort et al., 2014; Du and Shim,
2016) Each of the chempaive TNBC cdlhes danonstrated different cell morphology which is
reflective of the heterogeneous nature of TNBC. A small number of observations were made when
comparing the chemmaive to the chemaesistant suktypes.MDA-MB-468PCE°was found to be
mesenchymal irshape conpared to MDAMB-468, and, when considering the growth rates, was
also found to grow fasteMDA-MB-468ERT°was found to have a mix population, with morphology
likened to MDAMB-468 and alséDA-MB-468PCE°. Cells which demonstrate an EMT moojigy

are similar to cancer stems cells (CSCs) which have been implicated in the development of drug
resistance, and also demonstrate enhanced invasive and migratory phenoffabest al., 2018)
Importantly, bothMDA-MB-468PCE° and MDA-MB-468ERT’had elevated MDR1 expression. CSCs
are known to express ABC transporters, including MDRIichwdids in the EMT cell progression,
drug efflux and drug resistané®loitra, 2015; Sugano et al., 201&)could be specated thatMDA
MB-468PCE°andMDA-MB-468ERT are displaying a CSCs phenotype, which is contributing to the

drug resistant phenotype.

MDR1 was also found to be upregulated HCC180&R1°, and HCC180®CE° although no
significant change in morphology growth rate, compared to HCC18®@&s observed. Each of the
four cell lines with increased expression of MDR1 also demonstrated resistanceafesistance to
doxorubicin, eribulin and paclitaxednown substrates of MDRChen et al., 2016; Oba, Izumi and

Ito, 2016) Whilst this suggests that the cresssistance in these cell lines to MDR1 substragest i

least in part caused by increased MDR1 Igviirther evidence would be required to confirm this.
One way in which this could be investigated further, is through combinational assays in which the
substrate of MDR1 is used in combination with zosuguida potent inhibitor of MDR1
(Nanayakkara et al., 2018) wasalsoobserved thaHCC180&R1° demonstrated bth an elevated
expression of MDR1 as well as an acquired vulnerability to gemcita®angman et al., 200Bas

previously shown that MDR1 overexpression can cause cellular stress, whrelswiim increased
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metabolism and sensitivity tgemcitabine, while treatment with verapamil reverses the sensitivity.
This suggests a direct relation between membrane efflux pumps and gemcitabine sensitivity. The
observation in theHCC180&RY° cell lire agrees with the data presented Bgrgman et al., 2003
although it is noted that acquired vulnerability is not seen in the three other MDR1 expressing cell

lines.

Although increased expression of MDR1 was not observed in the oth@metdnemeresistant cell
lines, it cannot be ruleaut that increased efflux of the chemotherapeutic agents by another
transporter is not occurring. For example, other mudltug resistant transporters include,
multidrug resistance associated protein (MPRBCC1) and the breast cancer resistance protein
(BCRP/ABCCG2) which could be driving the resistance phen@tgtarajan et al., 2012; Lu,
Pokharel and Bebawy, 2015)

A pattern of crossesistance was identified witkribulin and paclitaxel in the eribulin and pitéekel
resistant cell lines. Each of the eribulin resistant cell lines demonstrated-@sistance to
paclitaxel, and each of the paclitaxel resistant cell lines demonstrated-mzeistance to eribulin,

with the exception ofHCC3®CE>, which althoutp had a RF of 11.9, was not found to show
statistically significant difference compared to HCC38. Arguablygribésresistance patterrcould

be a result of increased expression of MDRL1 in four of thesgdsmvever, despite not showing
elevated expressin of MDR1,HCC3%ERY demonstrated cross resistance to paclitaxel. As
previouslydescribed (sectiord.2.4), whilst eribulin and paclitaxel are both tubuirinding agents

G I NB Stiibulyi,3he binding ges and the mechanism of actions differ. Howewe result of

both of the drugs actions commonly result in mitotic arrest, and if the damage cannot be resolved
leads toapoptosiso 2 S GSNE wHamnT hQ{KIdzAKySaalkdauldwe 1 f |
speculated that an additional common resistance mechanism exists for eribdljpeatitaxel, such

as dysegulation of mitotic arrest, however, none asyaft have been described in literature. Of the
four cell lines, which demonstrate increased levels of MDR1, it will be important to invesfigate i

there is still a level of resistance to eribulin and pagbian the presence of an MDR1 inhibitor.

It was also observed that both of the gemcitabine resistant cell lité€C3%EM® and
HCC1806&EM?°, demonstrated crossesistance to Fluorouracil. The only cell line to demonstrate
crossresistance to gemcitabine wa$CC3®DDP® which also demonstratecrossresistance to
5-Fluorouracil. Gemcitabine and-fluorouracil often still remain as firdine therapy for the
treatment of pancreatic cancer, and as such, many groups have researched cell lines resistant to

both of these drugs. In 2017, Ghadban ket showed that heat shock protein 90 (Hsp90) inhibition
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promotes cancer cell apoptosis in pagaatic cell lines that are resistant to both gemcitabine and 5
Fluorouracil. It has been established that Hsp90 stabilises proteins oPKBI¢AKT signalling
pathways, and therefore growth factor signalling may be reliant on functional HEpSI et al.,
2002) Further investigation into dysregulation of Hsp90 or PI3K/AKT pathways could show a

common drug resistance mechanigar gemcitabine and #-luorouraciin these cell lines.

Whilst crosgesistance was seen in the majority of the chemasistant cell lines, there was no
observed crossesistance or acquired vulnerability to any of the chemotherapeutic agents in
HCC1806-F>%, making this cell lindistinctto the dataset. Tis could suggest that the resistance

mechanism in this cell line is unique to the uptake or action-Bfusrouracil.

In summary, this chapter has addressed changes in morphology and growth Ipetieehemae
naive and chemaesistant cell lines, and canihed resistance to the chemotherapeutic agents in
the chemaresistant cell linednvestigation of expression of MDR1 identified increased expression
in four cell lines, and drug profiling idendifl patterns of crossesistance.The following chapter
aims to identify patterns of crosgesistance or acquired vulnerability to inhibitors which target the
DNA damage response and consider theseamgption for second line therapy after chemo

resistancehas emerged.
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Chapter4

Investigating the response of cherm@sistant TNBC
to inhibitors of the DNA damage response pathway
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4. Investigating the response of chem@sistant TNBC to inhibitors of the DNA
damage response patvay

4.1 Introduction

Cancer cellsanacquire resistance to chemotherapeutic agentsaftgring thebindingproperties

of drugs, detoxification odrug efflux orby altering the cell survival mechanisms such as cell cycle
arrest, apoptosis and DNA dansagesponse and repajpDRpathways(see section 1.3Cree and
Charlton, 2017)Many chemotherapy agents induce DNA damage which requires the activation of
the DDR. The DDR is a process by which DNA dama&giectively and accurately repaired to
maintain genomic stabilityand can be desdsed through several distinct components which
ultimately determine the outcome of the cdBee section 1.4Blackford and Jackson, 201These

DDR pathways are often adapted, either through changes of expression or mutatigenes
associatedwith these pathways, which ultimately result in dysregulation and cheesistance

(Housmaret al,, 2014)

One mechanism of acquired resistance to chemotherapy agents is to upregulate DDR thereby
increasing DNA repair. For example, cisplatkmisvn to induce interstrand crodiks (ICL) in the

DNA, whiclactivates the DDR to remove these bulky lesi@mharced capacity to remove cisplatin
induced ICLs have be@fservedin cisplatin resistant ovarian cancer cgMdynneet al., 2007)
Furthermore, increased expression of Aurorah@s been seen to promotepregulation of
ATM/CHKZ2nediated DNA repair in cisplatin exposed céllsis results in an increase in the rate of

cellproliferation and cisplatin resistangel. Suret al., 2014)

It has also been shown that mutations of genetha DDRcan lead to chemaoesistance. Many
studies have reported that cells deficient MMR components, particularly MLH1 and MSH2,
demonstrate resistace to 5-Fluorouracil in colon cancer. It is thoughtat induction of MMR
dependent recognition of &luorouracil DNA damage initiates apoptof@aretherst al, 1999; M.
Meyerset al., 2001; Meyert al., 2005)Therefore, redution of MMR activation to §-luorouracil
damage subsequently reduces apoptosis activation in the c®ifsilar observabns have been

made in respect to cisplatin resistan@@apouli, Cejka and Jiricny, 200

Literature showshat chemaresistant cells can be reliant on the dysregulation of DDR pathways as
a mechanism of resistance, makitigese patlways an attractive therapeutic targésee section
1.3.2.4)(Goldstein and Kastan, 201%) new class of drugs have been developed which target the

DDR pathways throughhmall moleale inhibition. Many clinical trials are underway to investigate
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these compounds both as monotherapies)d also as combinational therapi&andsmaet al.,
2017)

The DDR inhibitor monotherapies have been found to work particularly well with cancars th
already demonstrate a mutational defect in a DDR gene. Thesexpséng defects in the DDR can
make the cellgeliant on a secondary refrapathway, of whichtherapeutic inhibitionresults in
synthetic lethality(see sectiorl.4.2) One of the most recent successful monotherapy treatments
to be registered as an approved drugolaparib a PARMnhibitor, for the treatment of ovarian
cancer Inhibition of PARP in cell lines with a lkagsfunction germline mutation iBRCAbdr BRCA2
proteinsthat are critical for the repair of double strand DN@sDNA)reaks, result in a synthetic
lethal relationshigLord and Ashworth, 2014} is evident that more biomarkers of sensitivity need

to be identified for such monotherapies to be successful.

Researchinto combined useof DDR inhibitors and chemotherapeutic agefutsthe treatment of
cancerareunderway. The combinational therapy had been foundabdonly enhance and augment
the chemotherapeutic agents, but also overcome drug resistance. Dok examle, is the
combination of cisplatirwith inhibition of CHK1. A recent publicatiomshfound that the CHK1
inhibitors, Prexasertib and AZD6672, in combination with cisplatihancel cisplatin antitumor
activity and overcame cisplatin resistaricesmallcell lung cancer (SCLC) c@isuet al., 2019)
Another example, is the phase Il clinical study undenwagdvanced solid tumourswith the

combination of the CHKZ1 inhibitor, SRA737, with gemcitabine (NCT02797977)

Defects in genes associated to DDR pathwifigd may have arisemithe proess of acquiring drug
resistancemay result in a synthetic lethal mlonship whera second component on the same or
alternate DDR pathway is inhibitedith targeted drugs.This highlights the potential of DDR
inhibitors as a second line thempption.Screening of prelinical chemeresistant cell models with
inhibitorsof the DDR may identify patterns of cragsistance or acquired vulnerabiljtyhich can

be used to predict the use tiiese drugss asecond line therapy.

In Chapter 3, ta morpholay and crossesistance to chemotherapy agernits both the chemo
naiveand chemeresistant TNBC cell lines were investigated to identify patteresass resistance
and vulnerability. fis chapter aims to assess the option of DDR inhibitoessgzondine therapy,
in these chemeresistant settings. To achieve this, batle chemaonaiveand chemeresistant TNBC
cell lineswill be screened against a panel of DDR inhibitors to identify patterns of-@eistance

and acquired vulnerability.
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4.2 Results
4.2.1 Drugprofiling of DNA damage response inhibitors in TNBC celldine

In order to determine if any of thehemaoresistantTNBC cell lines demonstrated patterns of cross
resistance or acquired vulnerability to inhibitors of the DDR, each atehdines wastreated with

the inhibitorsin Table4.1. Dose responseurves were generated to a serial dilution of the inhibitors
using a 12éhour MTT assay, and thesgind the RF determined, as previously described in Chapter
3. As stated irChapter 3, crossresistance is defined when the calculated )RE, and acquired
vulnerability when the calculated RP#.5, and bothdemonstratedstatistical significance using
the sl dzR S yfedt (paKD.a6) Calculated Gh and RR fr each cell line and dgicombinatiorare

in AppendixA3. Cells were plated dheir optimal seéling density as established in Chapter 3.

Table4.1. Panel of inhibitors targeting the DNA damage response and repair pathways

Drug name Alternative names Drug target
MK-8776 SCH900776 CHK1
SRA37 CCT245737 CHK1
Rabusertib LY2603618 CHK1
Prexasertib LY2606368 CHK1/2
Ceralasertib AZD6738 ATR
Berzosertib VE-822,VX-970 ATR
AZDO156 - ATM
CCT241533 - CHK2
Adavosertib MK-1775,AZD1775 Weel
Olaparib A7ZD2281 PARP
Rucaparib - PARP
BO2 - RAD51
BI2536 - PLK1
SBE13 SBE 13 HCL PLK1/2
Alisertib MLN8237 AURKA
Tozasertib VX-680 AURK(pan)
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4.2.1.1Drug profiling of CHKlinhibitors; Rabusrtib, MK-8776, SRA737, Prexasertib

The response ofaxh of the TNBC cell lines was determined, when treated with the four structurally
different CHK1 inhibitors; rabusertib, MK/76, SRA737 and prexasertfigure 4.1)Each of the
CHKlinhibitors have émonstratedto be potent inhibitors ofCHK1and are # ATRcompetitive
(Montanoet al,, 2012; Kinget al,, 2014, 2015; Waltoet al.,, 2015) It was interesting to note that

the same patterns of croggsistance in the cell lines were not seen with each offthe CHK1
inhibitors. This could be a result differences in thedrugs specificity, effi@y, and drugnflux or

efflux.

It was noted that botrHCC38 and HCC1806 are sensitive to each a@Hi€linhibitors, with Gdo

values in the range of and 0.00883M ¢ 0.122 uM and 0.0043 pM 0.465 pM respectively,
compared tathe MDA-MB-468which demastratedhigher Gdpvalues in the range of 0.0233 pdvi
4.3 uM. This suggests intrinsic resistance to@¢KIinhibitors in the MDAVIB-468, compared to

the two other chemo-naivecell lines.

OnlyHCC3®DDF% and HCC18080OX?° demonstrateal crossresistance to all four of th€HK1
inhibitors with RRia the range of 8.42 15.34 and 2.1% 3.67 respectively. HCC8DDFP°had a
higher RF of 15.34 when treatedwith rabusertih compared to the other cell lines wlhic
demonstratedan RF < 4. MDMB-468PCE°demonstrated acquired vulnerability t@busertib (RF
= 0.5), but crossesistance to MK776 (RF = 3.84). Acquired vulnerability was also seen in MDA
MB-468CDDP® to prexasertib (RF = 0.23). Both MBWB-468DOX° and MDA-MB-468ERY°
demonstrated crossesistance to SRA737 (RF = 2.57, 2.32 respectively), but onlyMBDA
468ER1° demonstratedcrossresistance to prexasertib (RF = 8.99). HOGBB demonstraed
crossresistince to each of th€HKInhibitors exept Mk8776. HCC180BR’and HCC180BCE®,
demonstratedcrossresistanceto both rabusertib (RF = 3.4, 2.87 respectively) and3K6 (RF =
3.13, 4.62 respectively), but not to the other tw8HKZLinhibitors. HCC18GEM® and
HCC180@CF° also demonstted crossresistance to MK3776 (RF = 3.17, 4.62 respectiveR)e
rest of the chemeresistant cell lines showed no statistically significant fthdngeto the CHK1

inhibitors.
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Figure 41 Gko value determinationsand resistance factors upon tement with CHKIinhibitors in the TNBC cell lines

The esponseof TNBC cell lines to stat€HKIinhibitorswas determinedby 120hour MTT assay and analysed using GraphPad Prism 6.

A, C, E, G) Determad Gdo concentrations upon treatment witstated CHKL inhibitors. Dot represents a single biological repeat from

%0 AY RSLISY R S hdrizobtal lids swawy Sayidas dation and vertical line shows the mean. B, D, FGalpulated resistance

factor (RF) to state@HKinhibitors. Dotted line indicaes twofold RF Statistical significance calculated using®t@ y @& Gz §F t X
FF LI X nonmI FpX Adm nmavdn 32 f2pdgNg ALMRA OF 1Sa NBaAaadlyoS aidl idz
Jdzt Yy SNI 6 Af Al & ,whiteG na changeNumerigaRdatds presemt#n AppendixA3.
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4. Investigating the responsaf chemaresistant TNBC to inhibitors of the DNA damage response pathway

4.2.1.2Drug profiling ofATR inhibitorsCeralasertib, Berzosertib, and ATM inhibitor; AZD0156

The response of each of the TNBC cell lines was determined when treated with two structurally
different ATR inhibitorsgeralasertib, berzosertib, as wels the ATM inhibitor; AZD01%Bigure
4.2).ATR is found directly upstream @fHKland its activating phosphorylation on CHK1 occurs in
response to DNA damag€eralasertib is gulfoximine mopholinopyrimidine ATR inhibitpand
berzosertib is araminopyrazine ATR inhibitor Both areATRcompetitive and selective for ATR
inhibition (Vendettiet al,, 2015; Footeet al., 2018; Goreki et al., 2020) ATMis found directly
upstream ofCHK2but has also been found to be implicated in phosphorylation and activation of
CHK1AZD156 is a potentselective inhibitor of ATNPikeet al., 2018)

It was observed thatiCC38 and HCC1806 are more sensitive to both of the ATR inh{bitpuse
4.2 AD), with Gko values in the range of and 0.0631 M.216 uM and 0.0.888 uig 0.34 uM
respectivelycompared toMDA-MB-468, whichhashigher Gdpvaluesin the range of 0.1793 uid
0.651 pM.This pattern of sensitivity is the same as the response to CHK1 inh{jsitct®on 4.2.1.1
Each of thechemo-naivecell lines are more sensitiie berzosertib than toceralasertib. The cell
lines; HCC3®DDP®, HCC180®OX?5, HCC1806EM® and HCC180BCE® all show cross
resistance to botlceralasertib (RF = 7.32, 3.31, 3.70 and 6.96 respectivelybenzdsertib (RF =
4.56, 2.61, 2.43, 2.J8 MDAMB-468DOX°, HCC3&EM?®, HCC1806€DDP°, HCC180&R® all
demonstratecrossresistanceo ceralasertib (RF =2.17, 3.99, 1.99, and 2.91 respectively), but not
to berzosertib.It was noted thaHCC3TDDF°andHCC180®0X2®, which demonstragd cross
resistance to all four of theCHK1linhibitors, both demonstrated crossesistance to the ATR
inhibitors (section 4.2.1.1 The rest of the chemoesistant cell lines showed no statistically

significant fold change to the ATR inhibitors.

When theTNBC cells were treated with the ATM inhibitor; AZDOFigie 4.2 EF), MDAMB-468

and HCC1806 haddgValues of 1.6 uM and 0.637 uM respectively, whilst HCC38 demonstrated a
higher G value of 4.01 uM. MDAB-468 CDDF°, MDAMB-468 DOX°, MDAMB-468ER’and
HCC3® DD all showed acquired vulnerabilityto AZD0156 (RF = 0.40, 0.43, 0.18, 0.35
respectively). HCC18@mBOX?5 HCC180&R1°, HCC1806EM° and HCC180BCE° all showed
crossresistance to treatment with AZD0156 (RF = 3.66, 2.18, Z.90 respectively)The rest of

the chemaoresistant cellihes showed no statistically significant fold change to the ATM inhibitors.
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Figure 42 Gko value deteminations and resistance factors upon treatment with ATR/ATM inhibitoirsthe TNBCzell lines
The esponseof TNBC cell lines to stated ATR/AlfMibitors was determinedby 12Ghour MTT assay and analysed using GraphPad

Glsq (M)

MDAMB-468'CDDP'"™
MDA-MB-468"DOX*
MDAMB-468"ERI™
MDA-MB.-468"PCL%
HCC38'CDDP"
HCC38'DOX* ]
HCC38'ERIM
HCC38'GEM™
HCC38'PCL2®4
HCC1806"CDDP** 4
HCC1806"DOX 254
HCC1806'ERI® |
HCC1806"GEM?° 4
HCC1806'PCL |
HCC1806'5-F'*"

Ceralasertib

—1

—

1

]
I

1
—

|

: N
i

:
i
H

a*

D

MDA-MB-468'CDDP'"™
MDA-MB-468'DOX ™’
MDA-MB-468"ERI™
MDA-MB-468"PCL* <

<4
v
&

Resistance Factor

Berzosertib

HCc3g'cDDP™ 4

HCc38'DOX*
HCC38'ERI"
HCC38'GEM™
HCC38'PCL?*
HCC1806"CDDP™° 4
HCC1806'DOX 2% 4
HCC1806'ERI®
HCC1808"GEM? 4
HCC1806"PCL*
HCC1808'5-F'* |

)

F

MDA-MB-468'CDDP*"" {
MDA-MB-468'DOX™
MDA-MB-468"ERI™
MDA-MB-468"PCL*
HCC38'CDDP*™
HCC38'DOX Y
HCC38'ERI"
HCC38'GEM?’
Hceag'PCL?®
HCC1806'CDDP**
HCC1806'DOX'** 1
HCC1806'ERI* 4
HCC1808'GEM™ 4

Resistance Factor

AZDO156

HCC1806"PCL 4

HCC1806'5-F'*" 4

Q

Resistance Factor

Prism 6. A, C, E) Determinedd®bncentratons upon treatment withstated ATR/ATM inhibitors. Dot represents a smdiological

repeat fromx o

ti Said = Ffft

Lo, M pidp L dnnm

FFFF

LI XX ndnnnnm®d

I' I OljdzA NBR @dz y S NI ,avAite 4 rio éhargeM@nerical dattip prelseyitBdn Appendixddy

A Y RS LIS y R S yhorizofek [IntSsNawy stayidard deviation and vertical line shows the mean. B(a)dt)ated
resistance factor (RF) to stated ATR/ATM inhibitBrstted line indicates twdold RF Statistical significance calculated usingRt8 y (i Q &
/ 2t 2dz2NJ AYyRAOLI (84

101

NS



4. Investigating the responsaf chemaresistant TNBC to inhibitors of the DNA damage response pathway

4.2.1.3Drug profiling of WEElinhibitors; Adavosertib, andCHK2nhibitor; CCT241533

WEEIs a serine/threonine kinase known to be downstreanCéfK1with important roles in cell
cycle regulationsuch as its key role in inhibitory phosphoridgatof CDK{Russell and Nurse, 1987)
Adavosertib has been shown to be a potent ABkPpetitive selectivenhibitor of WEE{Guertin

et al,, 2013; Yuaret al,, 2018) Upon treatment with adavosertib, HCC38 and HCC1806 shosy Gl
values of 0.0489 uM and 0.0651 uM, whilst MBIB-468 hasa much higher &4 value of 0.207
MM, approximately3-4-fold greater Hgure4.3 AB). This pattern of sensitivity is the same as the
response to CHK1 inhibitosection 4.2.1.}, and the ATR inbitors (section4.2.1.3. MDA-MB-
468ERY°, HCC3® DD, HCC180®0OX?*> HCC180&R1° and HCC180®CE° all demonstrate
crossresistance upn treatment withadavosertib (RF = 5.40, 4.88, 2.16, 3.30, 2.92 respeg}ivel
MDA-MB-468CDDP? demonstratedacquired vulnerabilitfo adavosertib with an RF = 0.35. It
was noted thatlsoMDA-MB-468 CDDF*alsodemonstrated acquired vulnerability fwexasertib
and AZD0156, and showed no crossistance to any of thEHKDr ATR inhibitorésection 4.2.1.1,
4.2.1.2) HCC3EDDP®and HCC180®0X*25 which demonstrated cros®sistance to all four of
the CHKIinhibitors, and both ATR inhibitors, also demonstrated cressstance toAdavosertib
(section 4.2.1.1, 4.2.1.2)he rest of the chemoesistant cdllines showed no statistically significant

fold changeo adavosertib.

CHK2is a serine/threonine kinase known to be phosphorylated by ATM upsbNA damage.
CCT24153% an ATRcompetitive seledive inhibitor of CHK2 (Andersonet al, 2011b) Upon
treatment with CCT241538,was observed thathe chemo-naivecell lines; MDAVIB-468, HCC38,
HCC180&hadvery similarGkg values of1.39uM, 1.03 uM and 2.27 uM respectivéBigue 4.3 C
D). The chemeresistantcell linesdemonstratedno statisticallysignificantfold changein response
to CCT241533vith an exception of MDAVIB-468PCE°, which demonstrated crosgesistance (RF
= 2.42), and HCC1866*°%, which demonstrated acqred vulnerability (RF = 0.422).
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Figure 43 Gko value determinationsand resistance factors upon treatment witdWEELCHKZnhibitors in the TNBC cell lines

The esponseof TNBC cell lines to stat8lEE1CHKZnhibitorswas determinedby 120-hour MTT assay and analysed gst®raphPad

Prism 6. A, C, E, G) Determinegh @ncentrations upon treatment witBtated WEE1CHKZ2nhibitors. Dot represents a single biological
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Calculated resistance factor (RF) to staWW&E1CHKZnhibitors. Dotted line indicates twdold RF Statistical significance calculated
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4. Investigating the responsaf chemaresistant TNBC to inhibitors of the DNA damage response pathway

4.2.1.4Drug profiling ofRad51 inhibitor;B02 and PARP inhibitors; Olaparibu¢aparib

RAD3 is a key enzyme whigblays an important role in homologous strand excharaetucial
stepin HRR(section 1.4.1.2)B02 has been identified as a RAD51 specific inhjlitbibiting the
development of RD51 foci formation(Huang and Mazin, 2011; Huarg al., 2012) Upon
treatment with BO2, MDAVIB-468 and KLC1806 show a similar sensitivity witBg@alues of 4.5
MM and 5.56 pM respectivel\A higherGko was observed irHCC38with a value 0f11.5 pM,
approximately twefold greater than MDAVIB-468 and HCC180Bigure4.4A). Only HCC188CE°
demonstrated oossresistance to BO2 with an RF value of 2fégure4.4A, B. No otherstatistically

significantfold changes were ideified when thechemaoresistant cell linesvere treated with BO2.

PARP proteins are associatedhahe repair ofdsDNA breakandthe polymerised chainsan act
as a signal for other DNA repair proteifgection 1.4.1.2)Both PARP inhibitors targdte PARP
proteins but are structurally different, with olaparibhibiting PARP 1/2/3, whilst rucaphris more
promiscuous in its bindingp the PARP proteindfThomaset al., 2007;Wahlberget al, 2012) The
resporse of each of the TNBC cell lines was determined, when treated with the two structurally
different PARP inhibitors; aparib and rucaparitHgure 4.4€). MDA-MB-468 is the most sensitive
out of thechemao-naivecell line with a GJpvalue of1.02uM and 177 uM to olaparib and rucaparib
respectively. HigheGko values are seen in HCC38 and HCC1806 which demonstrateM .86d
3.7uM to olaparib respectively, and 5.3 and 5.36uM to rucaparib respectively. Each datie
that demonstrates crosgesistance to rucaparib NNDAMB-468CDDP% RF = 4.27MDAMB-
468ERY%; RF = 5.18MDAMB-468PCE’% RF = 7.9 CC3®DDF® RF = 3.14CC3®DOX’, RF =
4.10, HCC3®CES RF =257 HCC180€DDP® RF = 2.36HCC18000%*% RF =3.72,
HCC180&R’; RF =2.74HCC180®CFE°% RF = 4.40) alstemonstrates crossesistance to olaparib
(MDA-MB-468CDDP°% RF = 7.14\IDA-MB-468ERY’, RF = 21.4/\DA-MB-468PCE’% RF = 21.50,
HCC3®TDDF RF = 3.041CC3PDOX% RF = B12,HCC3%CES RF 8.7, HCC186 CDDP*%, RF
= 6.42, HCC180®OX*5 RF = 4.06,HCC180&R1’% RF = 3.51HCC180®CE% RF= 9.35).
HCC1806EM° and MDA-MB-468DOX°only demonstrate crosgesistance to olaparib and not to
rucaparib (RF = 2.11, £28espectively)HCC3IERI’, HCC3HGEM? and HCC1806-F°% show no
statisticaly significantchange to both of the PARP inhibitors.
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4. Investigating the responsaf chemaresistant TNBC to inhibitors of the DNA damage response pathway

4.2.1.5 Drug profiling of Polo kinase inhibitors; BI2536, SBE13 and Aurora Kinase inhibitors;

Alisertib, Tozasertib

The final four drugs analysed in thisug profiling, are secondgeneration mitotic drugstargeting
polo kinasegPLKpand auroe kinasegAURK)BothPLK andAURKnhave integral roles in cell cycle
progressionmitotic spindle assemblgnd ae activated during the DDRectionl.4.2). BI2536 is a
potent, selective PLK1 inhibitor, but has some Wwea activity against PLKZLK3 ard
bromodomain 4 (BRD4pteegmaieet al., 2007; Gohdat al., 2018) SBE1hibitsboth PLK1 and
PLK2, with weaker activity against Plakd@tyrosine-protein kinase BTKumar and Kim, 2015)

When treated with BI2536, MDAVIB-468, HCC38 and HCC1806 showi#te difference in
sensitivity wth Gko values of 2.01 nM, 3.2 nM and 1.16 nM . greater difference was seen when
treated with SBE3. MDAMB-468 wasmore sensitive, with a @4 value of 4.97 uM, compared to
HCC38 and HCC1806 which showed simitava&lies of 47.6 uM and 31.6 uM respigely. Overall,
the chemo-naive cell lines demonstrated more sensitivity to BI2536 compare&BE13Figure
4.5A, C) Crosgesistance was seen iMDAMB-468ERY, MDAMB-468PCE°, HCC3ERY,
HCC180®0*25 HCC186ER1’, HCC1806EM®andHCC180®CE° upon treatment with BI2536
(RF =13.68, 24.17, 9665.57, 3.24, 1.99, 15.03 respectivelyMOA-MB-468PCE° demonstrated
crossresistance to SBE13 (RF = 4.48), WG 3L DDP° and HCC1806-F>°°demonstratedan
acquired vulnerability to SBE 1BF = 0.366, 0.45 respectivefifjgure 4.5 B, DYhe rest of the

chemoresistant cell linestlowed no statistically significant fold change to BI2536 and SBE13.

Alisertib is a selectiy@otent inhibitor of AURKA, ans structurally different from taasertib which
inhibitsboth AURKA and AUR&bbingtoret al., 2009; Manfredet al., 2011) When treatedwith
alisertib both MDAMB-468 and HCC1806 shed/similar Gdy of 5.05 uM and 6.41 uM, whilst
HCC38 hda higher Gb of 10.9 uM(Figure 4.5E)This was noseen when thechemo-naive cell
lines were treated withtozasertib, as both MDMB-468 and HCC38 tia Gy values of 0.0139 uM
and 0.0329 uM, whilst HCC180#&da higher Gbvalue of 0.268 uMFigure 4.5G)Thechemo-naive
cell lines demonstrated a greatesensitivity to tozasertib thanalisertio. MDA-MB-468PCE°
demonstratedcrossresistant to bothalisertib andtozasertib (RF = 8.74 and 29.28 respectively).
HCC3ERY only demonstrated croseesistance to alisertib (RF = 3.56), and MBAB-
468CDDP° MDAMB-468DOX°, MDAMB-468ERI° and HCC180BOX?°>demonstrated cros
resistance only taozasertib (RF = 3.42, 2.64, 21.16, 49.83)as noted thatMDA-MB-468PCE°
had demonstrated a strong crosssistance to each of the secomg@neration mitotiodrugs tested
here(Figure 4.5 F, H)
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Figure 45 Gko value determinationsand resistance factors upon treatment with Polo/Aurora kinase inhibitdrsthe TNBC cell lines
The esponseof TNBC cell lines to stated Polo/Aurora kinase inhibiteas determned by 120hour MTT assay and anabd using
GraphPad i’sm 6. A, C, E, G) Determinedo@bncentrations upon treatment witBtated Polo/Aurora kinase inhibitors. Dot represents
a single biological repeat fromo A y R S LISy R S yhérizoBtal lidé shiwe Safdaid deviation and vertical line shows thexmea
B, D, F, HTalculated resistance factor (RF) to stafedlo/Aurora kinasdnhibitors. Dotted line indicates twdold RF.Statistical
significance calcbl i SR dzA Ay A SAG@REY i Q3K @ dnp I FF
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Appendix A3.
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4. Investigating the responsaf chemaresistant TNBC to inhibitors of the DNA damage response pathway

4.2.2 Intrinsic resistance and crosssistance patterns

TNBC is highly heterogenic, harbouring different genetic mutatiwhg;h can result in cell lines
demonstrating a different predisposition to certain drugfiechemaonaive cellihes in this panel
were selected to reflect this heterogenic nature (Tablg)3The measurement of crosgsistance

in the chemaresistant TNBC cell linegre relative to the respectivehemo-naive and does not
reflect an absolute measure of drug adiyviConsideration of patterns of intrinsic drug resistance
was conducted inhe chemo-naivecell lines, to understand if this had an outcome on the cross

resistance patterns seen in tltnemoresistant cell linegFigure4.6).

MDA-MB-468 showed intrinsicesistance to three of th€HKIinhibitors;rabusertib, SRA73RIK-
8776 Figure 4.%. It was noted that very few MDIMB-468chemaresistant cell linedemonstrated
crossresistance to these drugs, all be it, that thed@alues were higher than any of th#CC38 and
HCC180@&hemo-naive and chemaresistant cell linesHgure 41). HCC38 demonstrated intrinsic
resistance to both AZD0156 and B02 inhibitors, compared to MBA68 and HCC1806. MPBA
MB-468 showed acquired vulnerability to AZDOXsfnpared to theother chemaonaive cell lines
although the G values were sinfir to HCC1806hemaoresistantcell lines,which demonstrated
crossresistance(Figure 4.2)Nostatistically significant fold changes were seen viithibition of
B02, with an exception t¢HGC1806PCE°, which demonstrated cros®sistance. Finally, both
HCC38 and HCC1806 demonstidtdrinsic resistance to cisplatin and SBE13 compared to MDA
MB-468 (Figuret.6). HCC3E DD demonstrated acquired vulnerability to SBE13, althotlgh
Gkovalue was higher than the MBMB-468 cell lines, with mexception to MDAMB-468PCE°
(Figure 45). AlthoughMDA-MB-468PCPE°demonstrated crossesistanceto SBE13he Gk, value
was lower than the HCC38 and HCC1806 cell Ikigarg 45).
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Figure 46 Gkovalue determinationsof chemo-naivecell lines topanel of drugs

The esponseof chemo-naiveTNBC cell lines to stated drugs vaeserminedby 12Ghour MTT assay and analysed using GraphPad Prism
6.Each dt represents a single biological repdetm» o A Y RS LISy R S yhdrizoStal 1idé sawy Sayadil deviation and vertical

line shows the mean. Numerical datpresentedn AppendixAl, A2

Heatmaps were generated to visualise patterns of cressstance and acquired vulnerability in the
chemo-resistant cell linesin relation to thechemao-naivecounterpart(Figure 4.7. Chemoresistant
MDAMB-468 all demonstrated crossesistance todoxoruhicin, tozasertib, olaparib, and the
majority to eribulin and rucaparib. All showed either acquired vahability, or no change, in
response to AZD0156abusertib,berzosertib and B02, and most to CCT241533 ataVosertib
(Figure4.7A). Chemaresistant HGC38 cell lines showed almost all to be crossistant to 5
Fluorouracil, but no other significant ceresistant patterns. Aithemoresistant HCC3&ell lines
showed acquired vulnerability or no change to AZD0156, CCT241533, SBE13, and almost all t
BI12536, alisertib andtozasertib (Figuret.7B). Most of thechemoresistant HCC1806 cell lines
showed cros-resistance to Sluorouacil eribulin, doxorubicin,olaparib,rucaparib,alisertib, Mk
8776,rabusertib,ceralasertib and AZD01®hilst most showed acquired vulnerability or no change

to CCT241533, SRA78iBplatin, SBE13, BO2 atakasertib (Figurd.7C).

Taken together, thse data suggests that patterns of cresssistanceor acquired vulnerability seen
in the chemoresistant cdllinescan be a result of intrinsic resistanoevulnerability in thechemo-
naivecell line.Thiscould bedue to genetianutations present in the&ehemo-naivecell line which

can predispose the cell lines to certain drugs
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Figure 47 Heatmapshowing crosgesistance and acquired vulnerability after drug profiling analysishemoresistant TNBC cell lines

Crossresistance and acquired vulnerability were determined from the calculated resistance factam {(REghemoresistantcells lines
derived from A) MDAVIB-468, B)HCC38, C) HCC18®atistical significance andf@ld RF indicate resistance status wheretsg =

resistant (R H X

FyR X

F

L =

ofdzS T

cell line Numerical datds presentedn Appendix Al, A2.
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4. Investigating the responsaf chemaresistant TNBC to inhibitors of the DNA damage response pathway

4.2.3 Patterns of crossesistance in cell lineadaptedto the sane drug

Next, chemaoresistantTNBCcell lines adaptedto havechemoresistance to the same drugyere
compared toeach other, in order tadentify any similar patterns of crosssistanceor acquired
vulnerability. Volcano plots were generated to consitlex Gko fold change in relation to the p

value calculated using the studentgeist generatedearlier in this chapter.

All threecisplatin resistant cell lines showed cragsistant toolaparib andrucaparib, whilst all
showed no changer acquired vinerability topaclitaxel, AZD0156, CCT241533, B02, BI12536, SBE13
and alisertib Figure 4.8 It was noted that HCCZEDDF* showed crossesistance to alCHK1

ATR andVEEInhibitors, and this was seen atgaeaterRFthan to cisplatin itsé (Figure4.8). This
pattern of crossresistancewas not seen in the other two cisplatin resistant cell lirksth MDA
MB-468CDDP®° and HCC180€DDP° demonstrated crossresistance to eribulin, but
HCC3®DDFdemonstrated acquired vulnerabilitFigure 4.8

All three doxorubicin resistant cell lines showed crassistarce to olaparib, whilst all showed

either no change or acquired vulnerability to cisplatin, gemcitabine, paclitaxel, CCT241533, B02 and
SBE13CC180®0X%**showed crossesistance to alCHK1ATRWEE land ATM inhibitorsMDA:
MB-468DOX° demonstrated crossresistanceto only SRA737 anderalasertib and acquired
vulnerability to AZD0156, whil$tCC3®0OX° demonstrated no change to theHK1 ATRWEE1

and ATM inhibitors Figure 4.9.

Each of the eribulin resistant cell lines demonstrated crassistance to paclitaxel, doxorubicin and
BI12536, whilst all showed no change or acquired vulnerability 4elubrouracil, cisplatin,
berzosertib, CCT241533, B0213frigure 4.1) HCC3¥ERI° demonstrated a greateRRo BI2536,

than to eribulin itself.

All threepaclitaxel resistant cell lines demonstrated crossistance to olaparib and rucaparib, and
showed no change or acquired vulnerabilitygemcitabine and prexasertifiFigure 4.11)MDA-
MB-468PCE°and HCC180®CE°demonstrated crossesistance to eribulin, and with a greatBF
than to paclitaxel itself. Both of these cell lines alsghibited crossresistanceto BI2536 and
doxorubicin. Ths pattern of crossesistance to Bl253@&loxorubicinand eribulinwas not seen in
HCC3®CE>(Fgure 4.11)
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Both of the gemcitabine resistant cell lines only demonstrated crossistance to 8luorouracil,
and showed no change or acquired vulnerdlilio paclitaxel, adavosertib, CCT241533, B02
BI2536, SBE13pzasertib andrucaparib Figure 4.12 HCC3%EM® demonstrated acquired
vulnerability to doxorubicin and eribulin with an RF @f36 and 0.39respectively, whilst

HCC1806EM°demonstrated crossesistance to doxorubicin and eribulinttvian RF 010.79 and
7.59respectively.

There was only one-Bluaouracil resistant cell line in this data setCC1806-F°°. HCC1806-
F59did not demonstrate anyrossresistanceto any of the drugs in the panel (Figure 4.13).
However, other cedl lines had demonstrated croseesistance to S-luorouracil (Figures.16).

Acquired vulnerability was seen HCC1806-F>°to two drugs; CCT241533 (RB.42 and SBE13
(RF 0.45).
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Figure 48 Volcanoplot and heatmap of drug profiling analysisf@isplatin resistant TNBC cell lines

Analysis of croseesistance and acquired vulnerability in the cisplatin resistafitlines. Volcano plot shows calculated resistance factor
(RF) against calculated p walfrom student ttest. Each dot representsdiug from the panel tested against a cisplatin resistant cell line.

. £ dz8 R 2 (0 &foldkRF di&ck Hotssare #@d RF. Dotted line indicates * p < 0.05. Heat map shows ¢essstance and acquired
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Figure 49 Volcanoplot and heatmap of drug profiling analysis of doxorubicin resistant TNBC cell lines

Analysis of croseesistance andicquired vulnerability in the doxorubicin resistant cell lines. Volcano plot shows calculated resistance
factor (RF) against calculated p value from studeest. Each dot represents a drug from the panel tested against a doxorubicin resistant
cellline.. £ dz8 R 2 (i &foldRF @Bck Hots)gre df@ld RF. Dotted line indicates * p < 0.05. Heat mapwshcrossresistance and
acquired vulnerability in doxorubicin resistant cell lines. Statistical significance-toid RF indicate resistance statuhieveby; red =
NGaAalhlyld 6wC BHE FYR x F LWOSZ 6ftdzS ' | OljdzA NBR Jdzf ¢chevdomdaivd A (i &
Numerical datas presentedn Appendix Al, A2.

4
@ Alisertib
@ 34
= ] c."a"“b ERI
g Cordlasertip g 9756 lgERI L] RS
1 i K877 aparib
Q'o 2 zmoiss §'® ROx OFER
o 12
(= Y [ e 4 i
S o
3
®
0 L] ' L] L] L]

1512 9 6 -3 0 3 6 9 12 15
log, Resistance Factor

5-FU
CDDP

)
2l e
o |~
N
E
3| E
']
o

Prexasertib
Berzosertib
AZD0156
CCT241533

Alisertib
Tozasertib
Olaparib
Rucaparib

Ceralasertib
Adavosertib

MDA-MB-468"ERI™
HCC38'ERI™
HCC1806'ERI™
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Analysis of croseesistanceand acquired vulnerability in theribulinresistant cell lines. Volcano plot shows calculated resistance factor
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Figure 412 Volcanoplot and heatmap of drug profiling analysis of gemcitabine resistant TNBC cell lines
Analysis of croseesistance and acquired vulnerability in themcitabineresistant cell lines. Volcano plot shows calculated resistance
factor (RF) against calculatedvplue fromstudent ttest. Each dot represents a drug from the panel tested agairgeracitabine
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Figure 413 Volcano plotand heatmap of drug profiling analysis of-Buorouracil resistant TNBC cell line

Analysis of croseesistance and acquired vulnerability in tBeflurouracil resistant cell line. Volcano plot shows calculated resistance
factor (RF) against calculated p valuenfi student ttest. Each dot represents a drug from the panel tested agahest-flurouracil
NBaradlyd OStt f AfgldSRP, bladk diffs afe 2f@ld RFKDot#e8§ liné indigates * p < 0.05. Heat map shows cross
resistance and acquired \ngrability in5-flurouracil resistant cellihe. Statistical significance artdfold RF indicg resistance status
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chemo-naive Numerical datas presentedn Appendix Al, A2.

4.2 .40verall crosgesistance

Given the need to determine viab&econdline therapies after acquired drug resistance has occurred, it was
important to divide the drugs based on their response in the cell lindgchemoresistant cell linesvere
divided intotwo groups based on thealculatedRFfor eachdrug; 1.resistant crossresistant, 2.acquired

vulnerability no statistically significant change (Figure 4.14).

Out of the fifteen chemaoresistant cell linestwelve and tencell linesdemonstrated crossesistance to
olaparib and rucaparib respectivelfHeven demonstrated resistanferossresistance to doxorubicirOne
cell line showed crosesistance to CCT214533, B02 and SPBEitl3 the rest demonstrating either acquired
vulnerability/ no statistically significant changélso, only one cell line demonstrated cresssistance to
gemcitabine, with the other two counted having been generated to have acqalrethcresistance. Taken
together, these data suggestthat it is common to develop ossresistance to olaparibrucaparb and
doxorubicin in cell lines wittesistance to chemotherapy agentshilst it is uncommon fahese cell lineso
develop crossesistance t@emcitabineCCT241533, Bpalisertiband SBE13.
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Olaparib
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Figure 414 Summaryof crossresistanceand acquired vuherability of each drug across the drugesistant TNBC cell lines

Each of the fifteerchemoresistant cell linesvere considered for crosesistance or acquired vulnerability/no change to each drug
tested in the panel (as stated). Red indicates the nunifecell lines showing resistance/cresssistance to stated drug, and blue
indicates the number of cell linedewing acquired vulnerability/ no change to stated drug.

4.2.5k method to identify differential effects of drug activity profiles in TNBClidenes

Earlier in this chapter, patterns of cremssistance were defined in thehemaoresistant cell lines
which considers the development of crassistance relative to thenemo-naivecounterpart but
does not reflect an absolute measure of drugiwty in the cell lines. The next analysis aimed to
consider the drug activity profiles across the cell linegdaThek (delta) method was developed
by the National Cancer Institute (NGhd can be used in order to emphsesiifferential effects of
the panel of drugs against thehemo-naive and chemeresistant TNBC cell line@rachtet al.,
2006) The Gpvalues previously obtained in this chapter &thpter 3 were transformed teGho

values using the following equation:
kGko = log (average &lin drug over all cell lineg)log (individual Gin drug for each cellre)

Linear regression analysiskdBkoxversusk Gkoywhere X and Y represent two different drugs from

the panel, were performed. The Pearson correlation coefficignivas used to establish the level
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of significance in a two tailed test with-@) degees of freedom, where 0.05 was considered
significant. This analysis was performed on each combination of drugs from the drug panel. Table
4.2 shows the summary of thanalysis, whereby the value in the table are thevéluesand the

heatmap indicats the level obtatisticalsignificancep values)

Strong positive correlation between the activities of EIKinhibitors was found where= 0.8495
¢ 0.9423 p>X 0A0D. A strong positive correlation was also found between the two ATR inhibitors
wherer=0.9282L) XX nodénnnanm> YR 0SG¢6SSy r<0R&B3LDsX n dwit

Given that the drugs here target the same protein, this wasumatxpected.

A strong positive correlation was found between eribulin and paclitaxel, wher®.816, p )X
0.0001.Doxorubicinpositively correlate with eribulin ¢ =0.491L X n®npo0X | yR 02
and eribulin positively correlated withlisertb (r = 0.548 LJ >X 51 &r=p0.53031B X n dn
respectively) andozasertib(r = 0.7.374LJ XX 1 antiv=0.5732L) XX nodnp NBaLISOGA
only positively correlated with theéozasertib(r = 0.575 L3 XX JEdbnolip wad also found to
positively correlate with BI2536r€ 0.484L) X n®np 03X Ff GK2dzZAK GKA& ¢
Furthe to this, both eribulin and paclitaxel positively correlatih olaparih alisertib ¢ = 0.488p

X n ®rp0.9048R) XX respectipely)Doxorubicinwas also found to positively correlate with

both PARP inhibitors; olaparib and rucaparnb=(0.5%anm LJ XX rd ®ompdclnyfmn LI

respectively).

It was also interesting to note a positive correlation in the drug activitfilgs of eribulin and
paclitaxel to the CHK1 inhibitor; MB776 ¢ = 0.5057L) X 51 ®I0lB04UL RK ndnp ).NB a L
Figure 4.1D showthat HCC180&R1’, MDAMB-468 PCE° and HCC180®CE° each demonstrate
crossresistance to MKB776. The activity to other CHK1 inhibitors differaaereby these cell lines
showed no change in response to SRA737 and Prexasertib canjatke respectivechemo

naive and treatment with rabusertib showed acqged vulnerability inMDA-MB-468PCE° (RF =

0.50 and crossesistance ilHCC180&R1° and HCC180®CFE° (RF =3.4 and 2.87respectively)
(Figure 4.1)

A positive correlation waseen between the drug activity profiles GHK1 ATRWEEland CHK2
inhibitors, whilst all demonstrated a negative correlation with tR&K1/2 inhibitor SBEXB= -

0.4767 to- 0.8533LJ XX n @ n f).TheCHIKAnhibitdrs, pith the exception to Prexasib, all
demonstrated a negative correlation with ATM inhibitor; AZD0156-Q.5751 t0-0.6483LJ XX - n ®n
0.05) and SRA737 and Prexasertib demonstrated a negative correlation wiRB&1 inhibitor;
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BO2 (=-0bn cpoy LI d-mdmnypm | LysBaEttivalyp@ppositd B this pattern, cisplatin
demonstrated a negative correlation with tt@HK1inhibitors § =-0.4702 to-n dcoyy dJ X
0.01) but a positive correlation with ib BO2 and SBE18% 0.5292.) XX n®hpn®g&mH
0.05 respectiely) AZD0156 demonstratika positive correlation with both BO2 and SBE@L3 (
ndcnotr LIrK nodnphptyR X ndnnm NBRAIWNSS Gela@dSshi@is ¢
seen béween the drug activity o€H1, ATRWEE land CHKZnhibitors, to ciplatin, ATM, RAD51

and PLK1/2 inhibitors.
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Table4.2 Summary of Pearson correlation coefficients and tiiol A f SR S& (i method analy§iS R T NB Y K

Microtubule Chk1 Chk1/Chk2 ATR Weel ATM CHK2 RAD51 PLK1 PLK1,2 Aurora A |Aurora (pan) PARP
CDDP DOX GEM 5-FU ERI PCL Rabusertib MK-8776 SRA737 Prexasertib | Ceralasertib | Berzosertib | Adavosertib | AZDO0156 €CT241533 BO2 BI2536 SBE13 Alisertib Tozasertib Olaparib Rucaparib
CDDP 1 0.2163 0.4467 02803 01521 -0.1925 -0.3598 04702 -0.4803 -0.6388 -0.04013 -0.1964 -0.4130 0.3788 0.1229 05292 0.1183 0.5312 00758 -0.1047 0.2464 0.2409
DOX 1 -02533 0218 0.4911 04247 03333 0.367 0.2748 0.4056 04732 0.3907 0.1615 003466 03736 0.102 0.3238 0.0006027 0.548 07374 0.5101 0.6071
GEM 1 -0.1957 03474 -0.4456 -02164 -02231 02579 -0.3277 0.06139 0.004831 -0.3523 0.4624 -0.1891 0003953 -0.1257 0265 0.03104 0.334 -02629 -0.1892
5-FU 1 01574 -0.1287 02138 0.1163 0.1678 0.1923 01211 0.07552 0.0637 -0.4094 -0.03066 -0.3363 -0.2507 -0.2026 -0.2481 01578 001432 0.1692
ERI 1 02646 0.5057 0.2759 03515 04576 028 0.3736 009283 056255 03497 0.4849 0.003682 05302 05732 0.4877 0432
PCL 1 02828 0.5044 0.3011 04191 04632 0.3191 0.4968 0.0151 0.536 03396 0461 -004814 04678 05755 0.5048 0.4141
Rabusertib 1 07718 - 0.7768 -0.587 0.5798 0.383 0.02318 0.7504 0.2507 01571 -0.03476 0.02465
MK-8776 0725 0.7601 0.7748 -0.4483 07199 -0.4066 0.04952 06823 0.0808 02715 0.05423 0.1019
SRA737 06405 0.7653 0.7375 -0.6483 06167 -0.4938 -0.04883 - -0.1694 01244 -0.08551 -0.04682
Prexasertib 1 06641 0.5751 06338 0.481 0.006958 0.7168 -0.03754 025 0.04151 006158
Ceralasertib 1 0.1329 0.5623 0.02164 0.1873 -0.266 0.03747 04642 0.3707 0.4001
Berzosertib 1 -0.2974 0.4671 01797 0.1749 0.4767 -0.1419 03467 0.1682 01727
Adavosertib 1 0.4665 0.4403 -0.1911 0.02962 0.5047 0217 02699 0.1571 0.1153
AZID0156 1 -0.3187 06437 0.1868 0.7096 05452 01791 0.1962 0.1908
€CT241533 1 -0.1923 0.02043 £0.3443 02498 03135 0.2793 0.3418
BO2 1 0318 0.6656 03407 04032 0.4972 0.4147
BI2536 1 0.1033 0.413 04083 0.104 -0.01200
SBE13 1 0.3437 02763 0.4127 0.4117
Alisertib 1 05358 0.4058 0.4593
Tozasertib 1 0.6121 0.6714
Olaparib 1
Rucaparib 1

[P=010004 p <0.001] p<0.01 | p<0.05
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4.2.6 Validation of p2&P*WAFlasa mechanismof drug resistance imCC38DDE°

Whilst the drug activity profiles of cisplatin negatively correlated with the CHK1 inhibitors (section
4.2.5), crossesistance profiling identified that CC38DDP*° demonstrateda very strongross
resistanceto each of theCHK1inhibitors @.2.1.1), he ATR ihibitors @.2.1.2) and theWEE1
inhibitor (4.2.1.3). This contradiction between the drug activity profiles and cressstance

profiling warranted further investigation.

Briefly, ciplatin is known to induc&phase cell cycle arrest, whichrediant on the activation of

the DDR pathways through CHEhang et al,, 2008; Wagner and Karnitz, 2009; Beairal., 2017)
CHKZ1 activity leads to the inhibition of CDC25 and prevents activation of CDK1/2, required for the
cell to enter GZThompson and Eastman, 2018)was found that a subset of cancer cell linesre
sensitiveto CHK1 inhibitor, Mi8776, as a monotherapy due ©GHK1 requiremenfor CDK2
activation in S phase, and those that showed resistdrad increased activation of CDK2 in S phase
(Sakurikaet al., 2016) Further to this, it has also been seen tE21°"P*WAFinduction inhibited
endoreduplication through direct cjin E/CDK2and high p23P*WAjevels mediate G1 arrest via
CDK inhibition(Stewart andLeach, 1999)Here it was hypothesised that ipass of S52/M
checkpoint resulted in increased g21WAFl due to accmulation of DNA damage in S phase,
leading to inhibition of cyclin E[K2 in G1 to allow fasisplatin inducedNA repair. To this eh

p21°PYWAFex pression wamvestigatedas a potential biomarker of cisplatin/ CHK1 resistance.
4.2.6.1 Protein and gee expression of pF'PYWAFYCDKN1A irHCC3®€DDR®

In order tocompare the levebf p21°P1WAFrotein between HCC38 andCC3€ DD western
blot analysis was conducted. Heavily implicated in the cell cycle and growth arreStf#2thas
also been shown to be involved in cell contact inhibiti@artel, 2006) Cells were seded at
different stated densities and grown for 72 houpgfore lyste proteins obtained for western blot
analysisp21°'PYWAFIgrotein expression is elevated, and cyclin E1 is decrease€ @3 DDF®
compared to HCC3&igure 14B)rurther to thisno change was observedp21°'"*"WAFexpression
at different seedng dendiies which suggests in these cell lines that p24"A expression is not
affected by contact inhibitiofFigure 14MA).The seeding density ¢fvo million cellswasused for
the next experimentwhich aimed to determiné dosing withincreasingconcentration of cisplatin
induced p2§PYWAFlexpression.The highest dose of cisplati@0 pM) showed ap21°P/WAFL

inductionin HCC38, but a decrease was observad@C3E DD (Figure 4.15
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Figure 415 p21CP1WAFignd cyclin E1 protein leglsin HCC38 an#HCC38DDB cell lines

Cells were plated at 0.5, 1 or 2)¢ifi 10cm tissue culture dishes and incubated at normal growth conditions for 72 hu&ek were
visualsed at x40 magnification, and images tak&).Cell lysates were praped and analysed by western blotting to determine the
expression levels qf219PWAFLgnd cyclin B. C)Cells plated at2x1(® in 10cm tissue culture dishes and incubated at normaingno
conditions for24 hours before dosing with stated concentrationaiplatin and incubating for a further 48 hours. Cell lysates were
prepared andanalysedby western blotting to deermine the expression levelef p21CP1WAFE | ditn wasuised as a loading
control. All data are representative ®fo A Y RSLISY RSy SELISNAYSyGao

Asprotein expression of pZIPYWAF\was increased at basal levelsHEC3EDDP*compared to
HCC38, investigation into the levels GOKN1Agene expression was conducted in order to
determine if increased protein expression is the result of elevatede expressionBriefly, RNA
was extracte, and purified from both HCC38 anHCC3& D, and normalised to A equal
concentration Using theenzyme reverse transcriptase, cB\Was generatd through reverse
transcription.Qualitative polymerase chain reactiovas thenperformed withthe cDNAand two
sets of primerswhich havepreviouslydemonstratedsuccessfuamplification of CDKN1An past
publications(AFHaj, Blackshear and Khabar, 2012;atel., 2017) The primers are termed Primer
set 1 and Primer set 2, and their targareindicated on Figurel.16A Theamplification ofCDKN1A

was measured in eaatell line, and normalised to the housekeeping g&®PDHFrom this, the
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fold change inCDKN21Aamplification for the two primers can be calculated HCC38 DD
relative to HCC38 (Figure 4.16Both primer sets demonstratiincreasecamplification ofCDKN1A
in HCC3®TDDPversusHCC38, with a mean fold change of 34.62 and 2x.&8imer se 1 and
Primer set 2 respectivelyThis suggests that there is a higher expression GDKN1Ain
HCC3€ DD compared to HCC38, which could result in the highteservedp21°FYWAFevels
(Figure 4.1% Taken together, these dataiffare 4.15and kgure 4.1 show that both gene and
protein expression o€DKN1Ap21¢PYWAF e elevated inHCC3EDDPcompared to HCC38.

A Forward
Yy
Lo 1= e
| INNLE L LT DL AL L L L L LA DL
bp 0 200 400 /" 600 800 1000 1200 1400 1400 1600 1800 2000
Reverse == Primerset 1 == Primerset 2
B

50+

CDKN1A Fold change

Primer set

Figure 416 RFgPCR analysis @DKN1An HCC38 antHCC3&DDPcell lines

Analysis ofCDKN1Axpression conducted usimgverse transcription quantitative polymerase chain reactiggPCR)A) Schematic of
the regions of CDKN1A mRNA where the primers; Primer set 1 and Primetasge®,RNA extracted from HCC38 ad@C3& DDR0
and reverse transcribed to obtain cDNA. Normalised cbbiA HCC38 anHCC38&DDF% underwentRTFgPCRwith Primer set 1 and
Primer Set 2. GAPDH used as housekeeping gene. B) Calcaldtetldnge ofCIKN1Aamplification in HCC38DDPFcompared to
HCC38 when using each primer set. Data is of 3 biological independent experiments.

4.2.6.2 Investigation of elevated expression of CDKN1A aseghanismof resistance using RNA

interference

With HCC3EDD®® demonstrating both increased gene and protein expression of
CDKN1Ap21CPYWAFL and crosgesistance to CHK1 inhibitorsompared to HCC38it was
hypothesised thaknockdown of p24'"YWAFL through small interfering RNA (siRNA), will sensitise
the cells to both cisplatin and CHK1 inhibitdis.order for efficient protein knockdownylsiRNA,

the transfection conditions must be optimised for oligonucleotide delivery. Lipofectamine 2000, a
common cationic lipiebased transfection reagent, was selectatt] optimisation experimestas
conducted to determine the conditiona/hich enabledhe greatest transfection efficiency and the

lowest transfection reagent toxicitd CC38 DD cells were plated in a 9&ell plate and reverse
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transfected with 0.025 0.1 % Lipofectamine 2000, which was either combined with-taogeting
SsiRNA (NT, mspecific SIRNA to measure knockdown levels versus background) or death control
aAwb! 61 LR2ftSR aStSOGA2y 2F aAiwb! QaniakmthOK |
death siRNA was used at two different concentrations; 5 nM or 25 nM. A ratection control

was also used, which did not contain siRNA. Both the mock and NT transfections wereasss
transfection reagent toxicity, whilst the deatfiRNA was used to assess the transfection efficiency.
This was carried out over two sdieg densities of thedCC3& DD cells; 12800 19200 cells per
well. After reverse transfection, the cells were left to grow in standard growth conditions for four

days, after which cell viability was measured by SRB assay.

Both death controls (5 nM25 nM) reduced cell viability at both cell densities (12800, 19200), but
demonstrated a greater loss of cell viabilignd therefore transfection effciengyat 12,800
cdls/well (Figure 4.17)Both mock and NT controls showed a concentration dependeshiction

in cell viability, demonstrating transfection reagent toxi@tpoth cell densities. It was also noted
that a higher concentration of Lipofectamine 2000 was lieggli for efficient transfection in the
higher cell density (ure 4.17B. The greatest window of transfection efficiency anainimal

transfection regent toxicityvas observed witlthe conditions; 0.05% Lipofectamine 2000 at 12800

celldwell.
A B
12800 cells/well 19200 cells/well
150 150
= 100 100
2
3 50 50
©
>
3 0 r 7 = 0 r - 4 7
0025 0050 0075 0.100 0025 0050 0075 0.100
-50- Lipofectamine 2000 (%) -50- Lipofectamine 2000 (%)
-~ Mock NT -+ Death oligonucleotide (5 nM) -+ Death oligonucleotide (25 nM)

Figure4.17 Determination of optimal conditions for SiRNA knockdown studies HCC38DDPP®

HCC3&DDF%cells plated at A) 12800 or B) 19200 cells per well and reverse transfected with Lipofectamine 2000 at the concentrations
indicated, with RNAse free watémnock), 25 nM nodargeting Allstar negative control oligonucleotide (NT), or 3®nM Allstar positive

control oligonucleotide (Death). Incubated at normal growth conditions for 96 hours before cells were fixed and analygtdeuUSRB

cell viabilityassay. Data normalised to untreated cells and analysed using GraphPad Prism 6.

With the optimal siRNA transfection conditions identifigaR1°'"WAF1SiRNA knockdown was
performed inHCC3EDDFto investigate if the loss of p2TYWAFalone can snsitise the cells to
cisplatin and/oran inhibitor of CHK1 Fourp21°'"¥WAFltargeting oligonucleotides were tested for

their ability to knockdown p23"WAFjevels after 48 hours. The oligonucleotides from Dharmacon
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were 5, 6, 7, and 9 and targetedeetmRNA(Figure4.18A. The oligonucleotidesere selected as
successfl p21¢PYWAFISiIRNA knockdowmas previously observe(Di Stefancet al, 2011). The
optimised reverse transfection conditions were scaled upnfi@6 well, to 6 well plates in order to
obtain sufficient protein for western blottingVlock and NT did not reduce levels of pZ¥WAF!
which shows that Lipofectamine 2000 and transéelcNT does not reduce p2%*"WAFevels(Figure
4.18. Both 5 and® showed some reduction of p2tWAFjevels, although the effciency was not as

good as 7 and,&vhich both demonstrated the greatest reducti¢figure 4.18

A 5

oY J
| | | | emem] I I I | o | I I

F~Tr~r T T T T T 1T T 1T
bp 0 200 400 600 800 1000 1200 1400 1400 1600 1800 2000

B CDKN1A siRNA

M NT 7 6 5 9

- ”~
p21|_h" - ..
p-actin | DEPEP P> @D

Figure 418 Optimisation of p21°PWAFpigonucleotide knockdown

A) Schematic of theegions of p21 mRNA where the pZLWAFgligonucleotides5, 6, 7, and 9 targets. B) Western blot analysis
p21CPIWAFKnockdown with p2EPYWAFgligonucleotidesHCC38&DDPY®were reverse transfectesvith RNAse free water (mogiv),

25 nMnontargeting Allstar negative control oligonucleotide (Ndrf)10 nM of p21 oligonucleotides (5, 6, 7, 9). Reverse transfection was
performed using 0.05% Lipofectamine 2000 @l plates andincubated for 48 hours. Cells were lysed and analysed byewes
blotting. Lysate proteins were separated by SEXSGE, transferred to PVDF membranes and probed with antibodies (indicated) against
proteins and developed.-actin was used as a loading coritro

Todetermine if loss of pZAP*¥WAFexpression can buce sensitivity to cisplatin andZHK inhibitor
(rabusertib), a knockdown and dose response was perforriéC 38 DD demonstrated the
highest RF to Rabusertib, compared to the four CHHibitors, and was therefore selected for this
assay (Figure 4.1p21°"PYWAFknockdown was performed in 96 well plates wWHCC3® DD
cells, as per the optimal conditions preuly established, and treated with either cisplatin or
rabusertib, in adose response manner, and incubated for an additional 72 hours, before cell
viability was assessed with an SRB agBayure 4.18-C) SimultaneouslyHCC3®£DDPcells
were platedinto 6 well plateswithout drug treatment, in order to observe knockdavat several

time points throughout the assayifftre 4.19A.

NT transfectiorwas not observed toeduce p2£'""WAFjevels across all time points, and both the
mock and NT demonsited consistent p2§'"WAFevels compared ttiCC3EDDF®cells usd as
a positive control(Figure 4.19A) Successful knockdown of FFEWAFlwas observed with

transfection of 6 and 7 oligonucleotides across thl 96-hour period, demonstrating that
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knockdown occurred during the #®ur drug incubation periodFigure419A) Despite the
successful knockdown of p21*WAFL no significant change waobserved between the mock and
the transfected oligonucleotides when treated with either cisplatinrabusertib (Figure BED).
Knockdownof p2I¢P*WAFldid not induce sensitity in HCC3®DDP® to either cisplatin or
rabusertib.Thissuggestshat p21°'""WAFlalone is not a sufficient biomarker of resistance to either
cisplatin or theCHKIinhibitor rabusertib.
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Cisplatin 50 (LM) 45.73 47.26 44.28 55.5
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Figure 419 p21CP1WAFISiRN Aknockdown inHCC3&DDP® and response to Cisplatin or Rabusertib

HCC3&DDF%cells were reversé¢ransfected in 96 well plates with RNAse free water (mock; M), 25 nMa@eting Allstar negative
control oligonucleotide (NT), or ItM of p21¢P1WAFgligonucleotideg6; CDKILA_6, 7; CDKN1A) Using 0.05% Lipofectamine 203
hours after transfection, cells were treated with either a serial dilution of Cisplatin or Rabuseriic @3& DDF*®cells were reverse
transfected as above in-@ell dishes simultaneously with 98ell plate transfedon as knockdown effciency controls. Plates were
incubated for 24, 48, 96 hours as indicated. Cells were used and analysed by western blottingrigsinedr. 18 -actin was used as a
loading control. Dose response curves generated and-rhalimal growthinhibition concentrations (&) were calculated using
GraphPad Prism 6 for treatment with B) Cisplatin or C) Rabusertib. Growth curves were normalised tcedntcedtol, for each
transfection conditionDotted line indicates the Gl D) Summary of Glvalues for Cisplatin and Rabusertib transfedtd@iC38DDF°
cells. Data representative of two independent experiments. RF = resistance.factor
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4.2.6.3Clinical relevance of CDKN&&pressiorand drug response

Given the aim of this thesis is to identify biomarkers of resistance and potesg@indline
therapies, it wasimperative to obtain a clinical relevance when investigating these. A
computationalanalysis using data from the Sanger Genomics of Drug Sensitivity in Cancer (GDSC)
was run simultaneously alongside the wab validation 0p21°'"*WAFas a biomarker for cisplati
andCHKMrug resistance. The GDSC is a resource in which >1000 géypeti@racterised human
cancer cell lines were screened with acdincer therapeuticfYanget al, 2013). Sensitivitypatterns

of cell linesto drugscan be correlated with regards to genomic and expression data to identify

cancer biomarkers

CDKN1Axpressiordata was extractedrébm GDSC alongsidiee response to the drugs; cisplafin
AZD7762 @HK1linhibitor), 681640 WEEICHK1inhibitor), QLVIIF58 (ATR/MTOR inhibitor), and
KU55933, CP466722 (ATM inhibitor§he data extracted was pasancer cell lines, as restricting

the analysis to breast cancer cell lines result in a small data set which egultenattainable
statistical analysisThenumber of cell lines which had both drug data &dKN1A&xpression data
differed in the GDSC dataset. The same 88 cell lines were analysed upon treatment with cisplatin
and AZD77632. For the ATM inhibitors,-88933 and CP466722, 93 and 103 cekdimwere
analysed respectivelyand for the ATR inhibitor (¥11158), and theWEEICHKZ1inhibitor
(681640) 55 and 86 cell lines were analysed respectively. The response of the drugs was measured
as area under the cue, a method which takes into accoysgrcentage of cells killed, which is not
reflected in G values. Th&€ DKN1AXpression data was divided into two categories based on the
mean, whereby higher than the mean is considered high expression, and lowethhanean is
considered low expressio Box plots were created of the distribution of response to the drugs

high and low expression, and a studestest conducted Figure 4.2Q)

It was observed that theesponse of patients in this data set to cejph is not perturbed in relation
to CDKN1Aexpression (Figuré.20A. It also shows that the response of the patients to inhibition
of CHKIWEE1ATR or ATM is not divergent wheDKN1A&xpression is high or lowigure 4.20B
P). Taken together this datshows that no significant differenagas seen in the response to each

of the drugs considered wheBDKN1A&xpression was high or low.
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Figure 420 Drug response of patients with high or low CDKN1A expression using Genomics of drug sensitivity i&r ¢@12SC)

database

Pancancer patient data extracted from GDSC to identify correlation between high or low expression of CDKN1A and respoesde to stat

drugs. High and lol@ DKN1A&Xxpression determined by dividing the mearea under the curve determined lopseresponse to wted
drug, Box plots show area under thmurvewhen patient are treated with drug; A) Cisplatin, B) AZD7T&2Klinhibitor), C)681640
(WEEICHK?1 inhibitor), D) QEVIIF58 (ATR/mTOR inhibitor), E) 68933 ATM inhibitor), F) CP46672ATM inhibitor). Stdtistical
significance calculated using Studentgst. ns = not significant.
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4.3 Discussion

The primary aim of this chapter was itovestigate the effect of a set of DDR inhibitors on the cell
viability of a panel of feemo-naive and chemaesistant TNBC cell lines. The output of this study
would allow the identification of patterns afrossresistance or acquired vulnerability and ess

the options of the DDR inhibitors as a second line therapy. Identification oftarpaif cross
resistance to inhibitors of the ATBHKIWEEL axis in a cisplatin resistant cell line, warranted an
investigation of p2%P*"AFlas a mechanism of drugsistance, establishingsecondary aim of this

chapter.

4.3.1 Drug profiling to detemine crossresistance and acquired vulnerability patterns to DNA

damage response inhibitors

Drug profiling provided a broad overview of the variability in the respaiszach of the cell lines

to the panel of drugs, and identified patterns of craesistance and acquired vulnerability in the
chemaoresistant cell lines. It was observed that crossistance profiles differed between drugs
that target the same proteinThese differences in drug profiles could be a result of different drug

uptake mechanism activity of efflux transporters, or the specificity and efficacy of the drug.

For example, th& method identified a positive correlation between eribulin and paslél to Mk

8776 (Table 4.2). Crosssistance to MK3776 was observed iHCC180&R1°, MDA-MB-468PCE°
andHCC180®CE° which differed to the observed response to the other CHK bitdris, and each

of these cell lines demonstrated increased MDR1 expression (Figure 4.1D, Figlrdt has
previously been shown that M&776 can restore sensitivity afhemotherapeutics tht are
substrates of MDRL1 in cells overexpressing MRdet al., 2019) It does this by binding to high
expressing MDR1, stimulating the ATPase activity of the transporter, which has been hypothesised
to competitively limit the uptake of substrates of MDR&ding to the inhibition of efflux function
(Cuiet al,, 2019) Literaturealsoshows that substrates of MDRAnstimulate the ATPase activity

of MDRL1 transportertherefore, MK8776 could be predicted to be a substrate of MDRL1.

Alternatively, tariquidara third-generation MDRL1 inhibitor, has been found to stimultie MDR1
ATPase activityput not be transportedLooet al., 2012) Further investigation as to whether MK
8776 iseffluxedby MDR1 would need to be conducted to elucidakes role of MDR1in MK-8776
resistance.This can be investigated through a combinational assay o8®¥m6 and a MDR1

inhibitor, such as zosuquidar, to determine if the cells are sensitised t8 MBactivity, orthrough
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the use of a UIC2 shift ass@arket al, 2003) If sensitisation is observed, increased expression of
MDR1 could be a candidate biomarker #dK-8776 resistance. If true, this could explain the
difference in crossesigance patterns seen between MB776 and the other CHKL1 inhibitors

investigated here.

It was found that intrinsic resistance to DDR inhibitors in the cheaige cell lines had an impact

on whether the chemeaesistant cell lines was considered dggistat. For example, MDMB-

468 demonstrated intrinsic resistance the CHK1 inhibitors, and although theséValues
determined in the MDAVIB-468 chemeresistant cell lines to the CHK1 inhibitors, were higher than
the other cell lines in the panel, ése wee not classed as crosssistant(Figure 4.6, 4.1)These
differences can be explained as a result of the heterogenetic nature of TNBC, as certain genetic
phenotypes can result in different levels of intrinsic drug resistance. To address thadsibiee

drug activity profiles of the cell lines were investigated usingktmeethod (section 4.2.5). Within
context of the chemenaive cell lines they were derived from, these4gtimical models can be used

to determine the emergence of resistance tlugh consideration of changes of variants within the

cell populations, a methodddressed in chapter 5.

Consideration of the absolute drug activity profiles usingktimeethod, identified correlations that
could indicate whether a drug could be considessdan appropriate second line therapy. A strong
positive correlation was iddified between the drug activity profiles of eribulin and paclitaxel
(Table 4.2)Whilst crosgesistance was seen between the eribulin and paclitaxel resistant cell lines
to these drugs, the strong positive correlation indicates that this trend goes lokrmse cellines
(Figure 3.13, 3.15, Table 4.2). $héata suggest that as resistance in the cell lines increases to
treatment with eribulin, there is an observed increase@sistance to the treatment of paclitaxel,
and vice versa, indicating that the would not be an appropriate second line therapy following the

development of resistance to each other.

It must be noted that some significant positive correlations were sésm between the drugs that
are considered to be substrates of MDR1 whichudet; BI2536, eribulin, doxorubicin, olaparib,
paclitaxel, rucaparib and tozasertflVu, 213; Michaelist al., 2014; Vaidyanathaat al., 2016)
Whilst high expresion of MDR1 may be responsible for crossistance patterns seen in some of
the cell lines, this correlation may go beyond MDR1 efflux. For exam@Ig3%ERI° demonstrated
crossresistance to BI2536, with a higher RF thaneribulin itself, despite nbdemonstrating
increased expression of MDR1 compared to HCU88statistically significant positive correlations

identified, in combination with the cros®sistance patterns, show that as resistance increases to
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one, resistance increases to the othsuggesting that each of these would be poor choice as a

second line therapy after resistance has developed to the aforementioned.

Thek method analysis als@lentified an inverse relationship between the drug activity profiles of
CHK1 (rabusertib, M8776 SRA737, Prexasertib), ATR (ceralasertib, berzosertib), WEE1
(adavosertib) and CHK2 (CCT241533) inhibitors versus cisplatin and the ATM (AZD0156)
RAD51(B02ynd PLK1/2 (SBE13) inhibitoralle 4.2) It indicates that as resistance increases to
CHK1, ATRNVEE1 or CHK2 inhibitors, resistance also increases to each other, but decreases to
cisplatin, and the ATM, RAD51 and PLK1/2 inhibitors. These data suggester resistance has
occurred to either inhibitors of CHK1, ATR, WEE1 and CHK2, sequertiaietre with the
aforementioned would not be an appropriate second line therapy. However, after resistance has
developed to these inhibitors, it suggests thegatment with either cisplatin or the inhibitors of

ATM, RAD51 or PLK1/2 may prove to benefidtalvas odd to note that the activity of the CHK2
inhibitor negatively correlated with the activity of the ATM inhibitor, as ATM is known to directly
phosphaoylate CHK2, and is required for CHK2 activation. This polarity in drug activity could be

explaina through the differences in the known downstream targets of ATM and CHK2.

Additionally, it was noted that cisplatin demonstrated a positive correlatioh thi¢ activity profile

of RAD51 (B02) and PLK1/2 (SBE13) inhibitors, indicating that as resistancesd to one,
resistance was observed in the othdraple 4.2) This suggests that RAD51 and PLK1/2 inhibitors
would not be an appropriate second line tla@y following cisplatin resistance, and vice versa.
Furthermore, the data shows an inverse redatship between the drug activity profiles of cisplatin
and the CHKZ1 inhibitorsTéble 4.2) It is interesting to note thatisplatin resistance positively
correlates with resistance tthe RAD51 inhibitoand negatively correlates with CHK1 inhibitaks.
previously mentionedRAD51 is required for the repair of dsDNA breaks, specifically thitéRgh
whilst CHK1 igredominantlyrequired for the repair of ssDNbreaksand at stalled replication forks
(section 1.4). However, repair of dsDNA using ssDNAermlate, a method commonly used in
CRISPR/CasBediated gene editing, is RADBdependentGallagheet al., 2020) It could siggest

that resistant mechanisms induced during cisplatin resistacene make cell more reliant on
additional repair patways, other than those that repair dsDNA. Furthermore, cisplatin induces ICLs
which can trigger talling of replication in $hase. CHK1 is known to have a role at stalled
replication forks during-£hase, and can induce the DORIs data is consistentith literature in
which CHK1 inhibitors have been shown to enhance cisplatin antitumor actiaiypwercame

cisplatin resistance in SCLC preclinical mogitdset al., 2019)
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Cisplatin | CHK1i SBE13 B02
Cisplatin + - + +
CHK1i - + = =

Figure 421 Drug activity profiles of Cisplatin and CHK1 inhibitors (CHK1i)

t SENE2Y O2NNBf A2y 2F &Gl iA&aiA0rE AAIYATFAOLIyOS Olcdtedagsitivéi SR OA
correlation and minusq) indicates negative correlation between the drug activity profiles of stated drugsirledites poor choice;

green indicates good choice prediction of secding therapy following drug resistance to the drugs on the left of the table.

Some of the most interesting observations were made when considering the development ef cross
resistanceo the DDR inhibitors within context of the chemaive cell line the chemueesistant cell

lines were derived from. It was found that the majority of the cherasistant cell lines
demonstrated crossesistance to the PARP inhibitors; olaparib and rucépas well as to the
chemotherapeutic agent; doxorubicin (4.14). Whilst resistance to these three drugs have been
linked to high expression of MDR1, only four cell lines in the panel demonstrated an increased
expression oMDR1 (Figure 37} (Vaidyanatharet al., 2016) Furthermore, as mentioned, the

method identified a positive correlation between each of the drug activity profiles for doxorubicin,
olaparib and rucaparib (Table 4.2). Taken together, these data suggest that olaparib, rucaparib and
doxorubicin would be a poor choice as a sectind therayy either after the emergence of chermo
resistance, or sequentially following each other, regardless of the patients MDR1 status. This is an
important observation because, as previously mentioreathracycline such as doxorubicin are

still often routinelyused in the clinic as a first line treatment for TNB@ction 1.6)Bergin and Loi,

2019) Furthermore, with PARP inhibitors in clinical trials for the treatment of ThiBCapproved

for other cancer types (ovarian},is important to understand both how resistance occusdan
appropriate second line therapy to these age(itehannaet al,, 2019; Robsost al., 2019) Here

we have shown in prelinical cell line models thatoxorubicin, olaparib and rucaparib will not be

appropriate secondary therapies following the deo@hent of chemeresistance.

The majority of the chemoeesistant cell lines demonstrated either acquired vulnerability, or no
statistically significant fold change to the treatment witHK2 (CCT241533), RAD51 (B02) or a
PLK1/2 (SBE13lMowever, each offiese drugs are currently not in clinical trials. As previously
mentioned CCT241533 demonstrated a good selectively profile for CHK2, but required further
medicinal chemistry development to obtain a compound with appropriate pharmacological
properties (sedbn 1.4.2)(Andersoret al., 2011; Caldwebt al., 2011 Chk2 Inhibitor Programme |
Commercial Partnerships | Cancer Research20R0. Whilst BO2 has been shown to effectively
inhibit DSB induced HRR in human cells, and supogszing radiation induced RAD51 foci
formation, it has not progressed into clinical trigBudkeet al., 2016) Finally, SBE13 is still

considered to be in the preclinical development stage and has also not progressed to clinical trials
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(Keppneret al., 2009; Eckerdt, 2011Whilst these drugs are not in clinical trials, the inhibition of
these tagets could provide some therapeutic benefit as an appropriate setioedherapy after

chemoresistance has emerged.

Whilst the observations in this chter hypothesise as to whether a drug may be an appropriate
second line therapy after cher@sistancehas occurred, this has only been observed in a small set
of TNBC prelinical cell lines models. These must be validated if they are to become useful for
application in the clinic. One such method of validation is to obtain TNBC patient tumour samples
pre-and postrelapse after chemotherapy treatment. From this, the response to the drug in

guestion can be determined to assess if the drug is suitable asomd line therapy treatment.

4.3.2 Validation of p21¢'PYWAFlasa mechanism of drug resistance tdH&1 inhibitors and
cisplatin inHCC3%DDPA,

The cisplatin resistant cell linéJCC3&DDPY, had been found to demonstrate strong cress
resistancdo each of the CHK1 inhibitors (rabusertib, #8K76, SRA737 and prexasertib), as well as

to both the ATR inhibitors (ceralasertib and berzosertib), and the WEEL inhibitor (adavosertib), but
acquired wlnerability to the ATM inhibitor (AZD0156) (Figure 413). In contrast to this, the
Pearson correlations generated from thenethod, identified that cisplatin and CHK1, ATR, WEE1
inhibitors to have a negative correlation. Given this juxtapositionth&ur investigation was

warranted

Cisplatin is knownatinduce $hase cell cycle arrest, which is reliant on the activation of the DDR
pathways through CHKEhanget al., 2008; Wagner and Karnitz, 2009; Betrral., 2017) CHK1
activity leads to the inhibition of CDC25 and prevents activation of CDKiy@red for the cell to

enter G2(Thompson and Eastman, 2013) was found that a sules of cancer cell lines was
sensitive to CHK1 inhibitoiMK-8776, as a monotherapy due to CHK1 requirement for CDK2
activation in S phase, and those that showed resistance had increased activation of CDK2 in S phas
(Sakurikaet al, 2016) Furtrer to this, it has also been seen that p¥¥"WAFinduction inhibited
endoreduplication through direct cyclin E/CDK2, and hig§2¥ A evels mediate G1 arrest via
CDK inhibition(Stewart and Leach, 1999Here it was hypothesised that {pass of S52/M
checkpoint resultedri increased p23P*WAFl due to accumulation of DNA diege in S phase,
leading to inhibition of cyclin E/CDK2 in G1 to allow for cisplatin induced DNA repair. To this end,

p21CPYWAFaxpression was validated as a mechanism of cisplatin/ CHK1 resistance.
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Initial studies showed thaboth p21°P¥WAFlgrotein expression and amplification @f21¢PYWAFL
through western blot and RGPCR respectively, were seerHE8C38€DDF®compared to HCC38
(figure 4.15, 4.16). This suggestdrt increased transcription of th€DKN1Ayene resulted in
higher protein expresion found irHCC3®€DDP*°compared to HCC38. To validate the importance
of elevated expression of p2fWAFlas a resistance mechanism, &¥WAFactivity was reduced

in HCC3®DDP®via siRNA knockdown to determine if this reduced resistandbeadreatment

of cisplatin or a CHKZ1 inhibitor; rabusertib. Knockdown off2¥Ain HCC3®DDP® cells did

not reduce resistance to cisplatin or rabusertib (Figure9j.This may suggest that gF/WAFL
knockdown alone was not sufficieatoneto reduce resistance to cisplatin or to rabusertib, but
additional resistance drivers may also play a part in the mechanism of resistance. Genomic and
transcriptome characteraion of HCC3®DDP®through exome sequencing or RNA sequencing
(RNAseq) analgis; could identify additional resistance drivers and provide an insight which may be

context dependent and mukHiactorial.

There were several limitations to thexperiment which may have influenced the result.
Simultaneous siRNA knockdown in cells athb6 well and 96 well formats were conducted to
visualise if sufficient knockdown had occurred in the dose response. Scaling up the siRNA
knockdown into 6well plates was required in order to yield sufficient detectable protein. This may
have beerproblematic, as knockdown may not have necessarily occurred in Betlell and 96

well plates as per the assumption taken. One way in which this could be overcome wotdd be
develop a p2§P*WAFLgpecific cetbased enzymdinked immunosorbent assay (ELISAEdafirm
knockdown in a 96vell plate format. Further to this, the use of siRNA is only a dieon
knockdown of a target protein, and can be dependent on proteimaver. The turnover of the
protein may affect the duration and efficiency of the knockaowhe turnover of p2AP*WAFcould
have been measured using a cycloheximide chase assay in both the HCEESC8& DD cell
lines to 1) todetermine p2£'PYWAFstability in each of the cell lines andat)d compare differences

in the rate of praein degradation. @ble knockouts may have been a more appropriate method
for this experiment, either using short hairpin RNA (shRMHAR compleé knockout using the
clustered regularly interspaced short palindromic repeatassociated protein 9 (CREB£as9)

system.

To investigate clinical relevanagf increased p24°YWAFlexpression, the response of cancer
patients cell lines to cisplatinnd inhibitors of CHK1, ATR, WEE1, wB&KN1/Axpression was
high or low, was investigated using the pulyliaizailable data in the GDSC database. No significant

difference was seen with the response of the patient derived cell lines to any of the dregs wh
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CDKN1Axpression was high or low (Figure 4.20). Nevertheless, there were many limitations in the
analyss performed here. Firstly, what was considered high orG@KN1&xpression was arbitrary

and based only on the data available for cell lines whisl had drug response data. Further to
this, not every cancer cell line had a combination of LBDKN1A&xpression data and each of the
drugs, so linking the data of a cell line across each of the drugs was not possible. Additionally, the
cancercell Ines do not have acquired drug resistant®hilst somemay have demonstrated
intrinsic resistance to the dryghe window of response to the drug was small, and cannot be
likened to cell lines with acquired drug resistance. Lastly, the data set of callvitle CDKN1A
expression and a matching response to the drugs was too small to only cohsita@n breast
cancer cell lines, and the analysis was performed upagcancer patient derived cell lise This
analysis may ndtavebeen appropriate as cancetand tumour types differ in the development of

drug resistance, as this can be context specific.

In summay, the data presented in this chapter has addressed whether a panel of DDR inhibitors
are an appropriate second line therapy after acquired resistanas occurred to chemotherapy
agents in these cell line models. Both patterns of cressstance and absate drug activity profiles

were considered in this analysis. The chapter also validatecp2#t™ VA alone is not involved in

a mechanism of mig resistance to cisplatin or rabusertib. Rilinical models can be used to
determine genomic changes thatcur in the emergence of drug resistance. Chapter 5 will analyse
the exomic landscape of the chemnesistant cell lines to identify variants thaduld be driving drug

resistance.
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5. Identification of candidate drivers of drug resistance usinghole exome
sequencing

5.1 Introduction

Resistance to chemotherapy agents can occur through a number of mechanisms such as; change:
in drug taget or drug target levels, changes in drug metabolism, drug compartmentalisation,
increased drug efflux, decreasn drug uptake, increased resistance to apoptosis and increased
DNA damage repafsection 1.3)Often, these mechanisms are a result of gén@berrationssuch

as structural alterations of the genomer variants in genes which impatie encoded protein
sequence structure and functioft was therefore reasoned thadrug resistance in the chemo

resistant TNBC cell lines may be a resulhefihtroduction of variants in the cell line models.

Nextgenerdion sequencing techniquesuch as whole genome and whole exome sequencing
have allowed for the identification of changes in the genomic landscape of cancer cells, including
cancer cells daonstrating resistance to drugs. Whilst whole genome sequer®f@S)aptures

the full genome, a more cosffective approach lies with whole exome sequencing (WES). The
exons make up approximately 1% of the entire human genome, and WES captures thiege cod
sequences, which includes approximately 22,000 genes and fllagking regiongdMeyerson,
Gabriel and Getz, 2010; Suwinskial., 2019) Analysis of WES covers actionable areas of the
genome whereby variants can be identifjathich could be predicted to #dct protein function

and demonstrate a diseasmusing phenotype

WES has successfully been used to identify mediators of acquired resistance to cancer drugs in
patients. For example, WES was used to detect clonal selection and outgrowth of patient malano
tumour samples with acquired resistance to aptogrammed deth 1 (PD1l) blockade
immunotherapy(Zaretskyet al., 2016) This iéntified resistance associated loss of function variants

in the genes which encode fanterferon-receptorassociated Janus kinas€JAKJ) or Janus kinase

2 (JAK2)It was found that these truncating variants resulted in a lack of response to interferon
gamma, including an insensitivity to its antiproliferative effeots cancer cell§Zaretskyet al,,

2016) Clinical trials have alsmlopted WES as a technique to understand biological contextéor

use of a candidate drug. For example, in a phase 2 clinical trial, it was questioned in 50 patients with
metastatic, castratiofresistant prostate cancerif they would respond to the PARinhibitor
Olaparib (NCT01682772). Exome sequencing identifiatl gatients which had defects in DNA
repair genes led to a higher response rate to PARP inhil{iimnstein, 2013)WES has also been

used to further understand heterogeneity patienttumour samples and the conbrition this has
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to a drug resistant phenotype. For example, ag&ncell DNA exome sequencing of 20 TNBC
patients during neoadjuvant chemotherapy (NA@Jentified that resistant genotypes were pre

existing and adaptively selected for by N&@net al., 2018)

Moreover, WES has been used to identify resistance mechanisms in cell line models which have
been developed to have acquired drug resiseriBeauchampet al, 2014 used WES to analyse

645 genes in lung sgmous cell carcinoma models resistant to dasatinib. Here they identified that

a variant in thediscoidin domain coaining receptor2 (DDR2, as well as a loss of function splice

site variantin neurofibromin(NFJ) gene as drivers of a resistance mechiamnis dasatinib.

WES has also developed to become a powerful tool for identifying genomic changes, or unique
molecula signatures, termed biomarkers, which can be used to stratify patient populations and
inform therapeutic decisions regarding candidate gudortreatment (section1.5. WES analysis

can allow for molecular characterisation of cancer cells, prognostidsreonitoring(Johannessen

and Boehm, 2017)

Now routinely used in the clinic, biomarkers can be used in a diagnostigragdostic fashion as
well as predictive for response to drugs. For example, Osteopontin, an extracellular structural
protein, has been food to be overexpressed in tumours and serum of ovarian cancer patients and
acts as a diagnostic biomarker for the gression of ovarian cancérakoraet al., 2004; Songt

al., 2008) Recently, the dry Larotrectinib, was approved by the Food and Drug Administration
(FDA), as the first molecularly targeted therapewtirug based on the tumour biomarker of a
chromosomal translocation of thBTRKgenes. This is the first drug to be based on an array of
cancer types, not just the tumour origin in the bofBDA Approves First Targeted fpeutic Based

on Tumor Biomarker, Not Tumor OrigiAmerican Association for Cancer Research (AAZRN

et al,, 2018) Variants imphosphatase and tensin homol@@TEN, a tumour suppressor gene, are
routinely identified as a biomarker of poor patieprognosigMcCabe, Kennedy and Prise, 2016
There arealsomany drug predictive biomarkers such BRCA1/BRCA2 mutants as good indicators
of response to PARP inhibitors (Olapgrand ALK mutants as good indicators of response to ALK
targeted drugs (Crizotinib, Cetitinib, Alectinib and Biigjh) (Michelset al., 2014; Ahmadzadat

al.,, 2018)

Large scale effortstoaly@ S LI GASYy G Ot AYAOI f (dzy2dzNJ &l YLIX
RNA, protein and epigenetic levels have been curateghém-sourcedatabases. One of the first to

do so wereThe CancerGenomeAtlas (TCGA) parancer analysis project, whilst moreceatly in
combination with this projectand thenternational Cancer Genome Consortium (ICGCywasthe

Pan-CancerAnalysis oMWhole Genomes(PCWAG(Goup, 2010; Weinstein, 2013; Campbetlal,,
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2020) These databases can be used to evaluate drivers of cancer and also mediate the investigation
of drug resistancen patient tumour samplesUsing these databases, experimentally identified
biomarkers cabe considered in the context of known clinically obtained patient variants and gene
expression. Therefore, WES is a powerful tool for identifying resistance mechanisms and
biomarkers in both preclinical models and in patients which have developed adqditey

resistance

In the previous chapters, crosssistance to both chemotherapeutic agents and DDR inhibitors in
the chemoresistant cell lines have been discusséde aim of this chapter was to identify exomic
alterations in thechemaoresistant TNBC ddines which could be driving the resistant phenotype.
Hereg it was aimed to further characterise each chemesistant cell line in respect to thehemo
naive cell line it was derived from, but also to compare between cell lineichvhave been
developed to have resistance to the same chemotherapeutic agdaentified candidate
biomarkers were compared to the TCGA to identify those that have clinical relevidnsanalysis
using WES data led to the identification of clinicallgvant candidate resiahce biomarkersor
drivers of a drug resistance phenotypghich could be taken forward for furtheexperimental

validation.
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5.2 Results
5.2.1 Identification and characterisation of variants amemo-naiveand chemo

resistant TNBC cell las

5.2.1.1 Identification of variants using exome sequencing in themo-naiveand chem

resistant TNBC cell lines

To identify variants in genes which could be driving resistance in the chesigiantpopulation
each cell line in the panel underwefVES using the transposaskased method by lllumina.
Illumina HisSeq2000 was used with an input of nucleotide pairedsequences with an output of
nucleotide paired ends reads in FASTQ forriais step was performed ke Genomics Core
Facility, PhilipptJniversity, Marburg, Germanytach cell line was sequenced in two separate lanes,
and the data combined. The FASG@put from the sequencing is a FASTA file which includes the
sequence of bases, termed reads, for overlapping Isev@ll agjuality contol for the sequencing
performed. The total number of reads identified for each cell line is outlined in FagLfeumerical
data in Appendix A4Both MDAMB-468 and HCC18@Bemao-naiveand chemeresistant cell lines
had asimilar number of reads acroghe groups, whilst the HCC38 cell lines showed some
variability. BothrHCC3®DDFandHCC3®90X hada lower nunber of reads compared to both
HCC38 anthe MDAMB-468 and HCC1806 cell lines, whi#stC3%EM°hada higher number of

reads.
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Figure5.1 Number of reads identified from exome sequencing fdiemo-naiveand chemeresistant TNBC cell lines
Number of pairedend reads identified in FASTQ file after exome sequencing was performed on eachchémhenaiveand cheme
resistantcell lines A) MDAMB-468, B) HCC38, C) HCC18aénerical data in Appendix A4.
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An inhouse variant calling pipeline was partly written and designed by a previous PhD student;
Miguel Julia, a current PhD student; Magdalena Antczak, as well as atintrifrom the workin

this chapter. The steps for the calling of variants are outlined in Fig@rdriefly, the FASTQ files
were analysed using FASTQC for quality controlr8dmslength for each cell line ranged from-35

101 baseswith a percentage G content of 46-47% and none were flagged as poor quality
(Appendix A4)Thereads then underwent trimming to remove any present sequencing adaptors
using Trimmomatic before the reads weranapped andaligned to the genome reference
consortium human buil@7 (GRCh37@)sing the BurrowdVheeler Alignment Tool (v.0.7.12) and
Picard tools SortSam (v.1.1{Byurrows and Wheeler, 1994; ¢i al, 2009; Churclet al, 2011;
Bolger, Lohse and Usadel, 201R&ads that had identical chromosome start and end, termed PCR
duplicates were marked and removed to reduce biased variantlimglusing Reard Tools
MarkDuplicates The two files from the two separate lanes for each cell lines were then merged,
and PCR duplication removal repeated again. fBaelsthen underwent realignment and base
score recalibration to ensure insertions addletions (INDELS) were correctly positionetsing
Picard Tools BuildBaminderom this the single nucleotides variants (SNVs) and INDELs were
identified and annotated with a Variant Effect Predicf@ Ef(McLarenet al., 2016) Usingthe
coordinages of the variants and nucleotide changes, VEP was used to determine the genes and
transcripts affected, the location of the variant, the consequence of a variant, if the variant is
already known in databases, as well as a variant severigligiton scoe from programmes
includingSIFT and PolyPhe(Ng and Henikoff, 2003; Adzhubdordan and Swaev, 2015)The

final file contained the identified annotated variants in a Variant Calling Format (VCF) file.
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Initial quality control
FASTQC

Trimming
Trimmomatic

Mapping reads to reference
genome (GRCh37)
Burrows-Wheeler Alingment

Sorting SAM file and
conversion to BAM file
Picard tools SortSam

Marking duplicate PCR reads
Picard Tools MarkDuplicates

Merge files
Picard Tools MarkDuplicates

Figure 5.2 Variant calling pipeline

Marking duplicate PCR reads
Picard Tools MarkDuplicates

Building BAM index
Picard Tools BuildBamIndex

Sequence realignment
GATK RealingerTargetCreator,
IndelREalinger

Base score recalibration

SNVs & INDELs calling
SAMtools mpileup, BCFtools

SNVs & INDELS annotation
Ensembl Variant Effect Predictor

Steps in then-house built computational pipeline to call variantstire chemonaiveand chemeresistant TNBC cell lines. Input is the
FASTQ file containing reads from exome sequencing analysis, with the ofigaled variants with variant effect predictor annoi@i
in a VCF filéor each of thechemo-naiveand chemeresistant cell linesEach step is annotated with action performed and the tools

used.

The total number of variants for each cell line is shown in Figure 5.3 (numerical data in Appendix

A5). Alow number of variants are called HCC3EDDP®andHCC3HOX’, 192393 and 188481

respectively, compared to the other cell lines in the pameiich have variants in the range of
291386 398522 called. An exception was also seenHCC3%EM?, which had the highest

number of variants (630942 variants). Thdatpen of the number of variants calledas observed

to be the same as the number of reads available (Figure 5.1). Normalising the veailtedsagainst

the number of reads available showed that between 3.07% and 4.14% of the number of reads

resulted in elled variants. This suggests that the calling of variants is dependent on the number of

reads available.
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Figure5.3 Number of varants called in thechemo-naive and chemaresistant TNBC cell lines

Number of variants called after reads from exosgguencing are aligned against the reference genome (GRCaBd )percentage of
called variants normalised against the numberdetified readinin each of the chemmaive and chemaesistant cell lineA-B) MDA

MB-468,G D) HCC382F HCC1806espectiely.
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5.2.1.2 Filtering for high confidence variants in tishemo-naive and chemeresistant TNBC cell

lines

Having called tl variants in each of thehemo-naiveand chemeresistant TNBC cell lines, the
variants next underwent a filtering process irder toidentify highconfidencesomatic variantsas
explained below An irhouse variant filtering pipeline was written and partly designed by PhD
student Magdalena Antczak, as well as contribution from the work in this chapter. The steps for the

filtering of variants are outlined in Figuse4.

First,each of the calld variants(SNVs and INDElssk checked for quality or coverage. Stape
removed variants with a base call accuracy below 99.9 %, corresponding to a Phred quality score of
30.The Phredjuality score is assigned to a given variant during the sequencing$s, which is a
probability estimate of that base call being a true nucleotide. The likelihood of the accuracy of the
base call is then reflected in the Phred Scéwather to this, ariants which have less than 10 reads
supporting the base call weremoved, andf those remaining, variants which have less thaee

reads supporting the variant call were removed. Sigp removed common, gerdike variants in

order to obtain somaticariants in the cell lines. This was done by removing variants presen
frequencyx0.001% in the genome aggregation database (gnomAD), a variant datals, af48
exome sequences, and 15,708 whglenome sequenced unrelated individual§Karczewslet al.,

2019) Often, variants which are considered commonha human populabn, may have a role in
cancer. Following the work of Ghandi et al 2019, if any variant which was identified to a frequency
of %0.001%andwere seen in either ajhe CancerGenomeAtlas (TCGA) database in at least three
samples or b) the&Catalogue Of Somatic Mutations In Cancer (COSMIC) database in at least ten
samples, these were added back to the list of variants called ipetelinegBamfordet al., 2004;
Weinstein, 2013; Ghandit al., 2019) Fnally, stepthree removed variants which were not found

in the protein sequence, such as upstream variants, as these are outside of the confident
sequencing scopé&his identified the higltonfidencesomatic variants which were taken forward

for analysis.
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Filter low quality and low
coverage SNVs & INDELs

Filter common germline-like
SNVs & INDELs

Filter consequences

Evaluate call set

Figureb.4 Variant filtering pipeline

Steps in the irhouse built computational pipeline to filter variants in theemo-naiveand chemeresistant TNBC cell lines. Input is the
called variants with variant effect predictor annotation and the output aighttonfidence somaticariantsfor each of thechemo-naive
and chemeresistant cell linesn VCF files.

The removal of the variants as they were processed through the variant filtering is shown in Figure
5.5 (numerical data in Appendix ASheremovalof variants is uniform between MDMB-468 and
HCC1806hemo-naiveand chemeresistant cell lines. The HCGB&mo-naiveand chemeresistant

cell linesshow a less uniformed filtering, witHCC3®DDP°andHCC3®0OX°showing a steeper
decrease in varian lost during removal for stepne; poor quality and stepwo; base and variant

coverage (Figurb.5B).
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Figure5.5 Number of variants called at each step of the variant filtering pipeline flvemo-naiveand chemeoresistant TNBC cell lines
Numbe of variants called at each stey the variant filtering pipeline. Step 0 indicates called variant input, step 1; after filtering low
quality and low coverage variants, step 2; after filtering out germline variants, step 3; after filtering out consesjumenavithin the
sequencing renti Variants called in step 3 are considered to be highfidencesomatic variants. A) MBDMB-468 cell lines B) HCC38
cell lines C) HCC1806 cell lines, whereby colours indicate if cell ¢imeni®-naiveor chemotherapeutt agentq R indicates resistare

to stated chemotherapeutic agenNumerical data in Appendix A5.

146



5. Identification of candidate drivers of drug resistance using whole exome sequencing

Having applied the filtering steps to tlvalledvariants,highconfidencesomatic variants in each of

the chemo-naiveand chemeresistant cell lines had beeastablishedAppendix A& A23).Variants

in which a base change results in an amino acid substitution are termegyr@nymous, whilst
variants in which a base change does not result in an amino acid substitution are termed
synonymous. It was noted thabn-synonymois variants were more prevalent in each of the cell

lines compared to synonymous variants.

Considering the MDMB-468 derived cell lines, MDMB-468 andVIDA-MB-468 CDDFhad the
most variants called with 525 and 588 respectivél\DA-MB-468DOX° and MDA-MB-468ERT°
had a similar number of variants called with 433 and 435 respectivViEWt-MB-468PCE°only had
402 variants called (Figube6A, Appendix Ap Consideringte HCC1806 derived cell linekCC1806
and HCC180®CE® had a simiér number of variants called with 414 and 413 respectively.
HCC180€DDP®, HCC180®0*%° HCC180&RTY, HCC1806EM°andHCC1806-F>all had a
similar number of variants calleditiv 539, 505, 523, 452 and 503 respectivéigure5.6A,
Appendix A). The HCC38 derived cell lines, HCEBBC3ERY and HCC3®CE°had a similar
number of variants called with 495, 528 and 436 respectively. Very few variants were called in
HCC3® DD and HCC3®OXC, 247 and 186 respectively, whilst 742 variamsre called in
HCC3%EM?° (Figure 5.6A, Appendix Ah This pattern b low number of variants called in
HCC3® DD and HCC3®OX®, and high number of variants called HCC3%EM®was also
seen before the variant filtering step, as well as in thenber ofreadsinput before alignment to
the reference genome (FigukelB,5.3Band 5.8). This suggests thite quality of the sequencing
was lowerfor both HCC3®DDF®and HCC3®OX?, whilst higher depth coverage was achieved

when sequencingd CC3%EM compared to any of the other cell lines in the panel.

Next, using the established higlinfidencesomatic variants, the cell line mutation burden could

be calculated. This is defined by the number of somatic mutations (including both SNVs and INDELs
in the coding region per mega base. As to be expedteelpattern of cell line mutation burden for

both synonymous and nesynonymous variants in the cell lines reflected that of the number of
variants called (Figurg.6B, Appendix 5A Finally, the nurber of genes which contain the called
variants were identifid; termed mutated genes (FiguBe6C, Appendix 54 It was noted that each

of the cell lines showed an unequal number of mutated genes to the number of variants called. This
shows that multiple ariants were identified within the same genes. Of nd#h)AMB-468PCE°

had 402 variants called but these were found to only be present in 246 different genes, and

HCC3%CE>had 436 variants called and these were found to only be in 258 different genes
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Figure5.6 Characterisation of higltonfidencesomatic variants irchemo-naive and chemaresistant cell lines

Basic characterisation of higlonfidencesomatic variants ikhemo-naiveand chemeresistant cell lines. A)Jumber of synonymous and
non-synonymous variantsalled in each TNBC cell line. B) Calculated cell line mutation burden (Mutations / Mb) for synonymous and
non-synonymous variants in each TNBC cell line. C) Number of genes which contain either synormyiaotsar both synonymous

and nonsynonymous vdants (mutated genes) in each TNBC cell INemerical data in Appendix A5.
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5.2.1.3 Characterisation of variants in trehemo-naive and chemeresistant TNBC cell lines

Having established the high confiden somatic variants in each of the cell lindsg tvariants
underwent basic characterisatioithe number of different variant consequences for each of the
cell lines in the panel was calculated (Figure 5.7, Appeng@#. Ahe most common type of
consequene in each of the cell lines was missensgiants, followed by synonymous variants.
Missense variants are considered under the umbrella ofsymonymous variants, whereby a base
change results in the single suibstion of an amino acid. The next most coran consequences
seen in each of the cdiihes were INDELs and frameshiftdDELS describe variants which have
either the addition or removal of bases in the multiples of three, which results in the insertion or
deletion of amino acids within the readirfpame. Frameshiftddescribe variants wibh havean
addition or removal of bases, not as a multiple of three, resulting in a change of the reading frame.
Frameshifts are considered more damaging than INDELS, as a shift in the reading frame can resul
in analtered proteincoding sequence downstaen. The consequences; splice acceptor variant or
splice donor variantsvere found infewer frequency in the cell lines. These variants are found at
the boundary of an exon and intron site, termed the splice siteesé can disrupt RNA splicing,
resulting in the loss of exons or the inclusion of introrikereby altering the proteircoding
sequence, and consequentire considered to be very damaging. The two consequences seen the
least, are arguably two of the mosevere. Very few stepgain variants werédentified in the cell

lines, in a range of 816 stopgain variants. Stogain variants result from a change in a base which
introduces a premature stop codon, consequently terminating the preteiding sequencearly,
leading to a truncated proteint inust be noted that frameshift variants often result in subsequent
stop-gain variants. Finally, stdpst variants were seen the least in the cell line panel, with none
being identified in the MDAMB-468 and MDAVIB-468 derived chemgesistant cell linesand
HCC3® DD and the rest of the cell linagere found to havel-2 variants of this consequence.
Stoplost variants are a result of a base change within a stop codon, which leads to elongation of

the protein-coding sequence.
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Figure5.7 Consequence of higtonfidencesomatic variants called ithemo-naiveand chemeoresistant TNBC cell lines

Number of variants considered to be the consequences; missense, synonymous, frameshift, inframe irieédioe, deletion, stop
gain, splice acceptor or splice donor in the A) MDB-468, B) HCC38, C) HCC1&8&mo-naiveand chemeresistant TNBC cell lines.
Numerical data in Appendix2A.
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Next the variants called in the chernesistant cell lines were comped to the variants cadld in
the respectivechemo-naivecell lines (Figur&.8, numericaldata in Appendix25). To do this, the
first VCF fileswhich includedall called variants prior to filtering, were consideralbngside the

final VCF files containirfggh confidence somatic variants.

De novovariants are variantgvhich arecalled inhigh confidence ithe chemaresistant cell line,
but are nevercalled, even in low confidencé the respectivechemo-naive cel line. MDA-MB-
468CDDF° MDAMB-468PCE° and HCC3®&GEMPall showed to have the highest number aé
novovariants called with 213, 225 and 203 respectiyElgure 5.A)Even giving the low number of
total variants called itHCC3®DDP*°and HCC3®OX?, 98 and 31 variants were found be de
novo(Figure5.8A).

Variants which were called high confidence ithe chemaoresistant cell lineand evidence of the
variant exists at low confidence in the respective chemadve cell line are considereghined
variants MDA-MB-468 CDDF%®, MDA-MB-468PCE° and HCC3%EM?, have the highest number
of gainedvariants called with 286, 276 and 3@igure 5.8B). Only 223jainedvariants were called
in HCC3®HOXC (Figure5.8B).

Next variants which were called ihigh confidence irthe chemo-naive cell lines, but are never
called, even in low confidenci® the respective chemoesistant cell line wes termed asot called
variants. MDA-MB-468PCE°showed the highest number, 345, o6t calledvariants(Figure5.8C).
The second highest number afot called variants were seen in bottHCC3€ DD and
HCC3®DOX with 162not calledvariants eaclfFigure5.8C)

Lostvariants are called in the chemmaive cell line, but evidence is found of the variant in low
confidence in the respective chenresistant cell line. Aigh number of variants called &sstwere
seen inMDAMB-468PCE°, HCC3EDDF® and HCC3®OX° with 398, 362 and 355 variants
respectivelyFigure5.8D). It was also noted that out of the 12@stvariants calledn HCC3%EM®,

onlyfour were synonymougFigure5.8D).

Finally, the remaining variants to be considered are the number of variants thaharedbetween
the chemao-naiveand chemeresistant cell linesSharedvariants are variants that are calledhigh
confidence inboth the chemao-naiveand chemeresistantcell lines HCC338 GEMadthe highest
number of shared variants with HCC38(368 varians; Figure 5.8E) MDAMB-468PCE°,
HCC3®DDFP®andHCC3®0OX eachhad theleast shared variants 128, 135 and 142 respetyi
(Figureb.8E)
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Figure5.8 Comparison of chemaesistant cell lines to respectivehemo-naivecell lines

Number of synonymous and nesynonymous variants found to be @@ novg B)gained C)not calledandD) lost in the chemoesistant
cell linescompared to respectivehemo-naiwe cell line. E) Number of synonymous and reymonymous variants found to tshared
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Analysis of the proportion of variant readsut of the total number of reads & given locus, can
allow for the calculation of the variant allele frequency (VARe VAF gives an indication of the
prevalence of a&alledvariant withinthe cell population For example, a VAF equal to 0 or 1 would
be indicative of homozygous to refemee or variant respectively, whereas a VAF equal of 0.5 would
be indicative of a heterozygous variant in the cell populat®iven the heterogeneous population

of these cell lines, the latter could indicagéther a) eactcell in the population are heterygous

for the variant, or b) half the cell population are homozygous for the variant (VAF equal to 1), whilst

the other half of the cell population do not have the variahall (VAF equal to 0).

In order to see a shifti the heterogeneity of the ceflopulation, the VAF of variants shown to be
shared between a chemiesistant cell line with the respectivdhemo-naivecell line were used to
calculate a fold shift. A fold shift is the ratio of chemesistant cell line XF to the respective
chemo-naivecell line VAF. The log of the VAF fold shifid the frequency could be plotteth a
density plot to visualise/AF shifts(Figure 5.9-5.12). Plots were made using the online tool
DensityPlotter(Spencer, Yakymchuk and Ghaznavi, 20A7log(VAF fold shift) equéd one is
indicative of an twefold increase of VAF in the chemesistant cell line compared to the respective
chemo-naivecell line, whilst a log(VAF fold shift) equal to negative one is indicative of-fotdo

decrease of VAF in the chemesistant cdl line compared to the respectwchemo-naivecell line.

MDAMB-468DOX° and MDAMB-468PCE° both had a normal distribution of variants that
demonstrated an increase or decrease in VAF (Fig@yeGven that not many variants were found

to be de now or gained(compared to other cell lines in the panel) MDAMB-468DOX% A (i Q &
interesting to note that gnificant shifts in VAF were not seéMDA-MB-468ER1°distribution was
skewed towards a higher number of varianigiich demonstrated an increase VAFE whilstMDA
MB-468CDDP distribution was skewed towardsariants thathad a decrease in VAF. Ehi
suggests that of the variants shared with MB¥B-468, the frequency was decreased in the
heterogenous population iMDAMB-468CDDP. This isriteresting to note, as earlier in this
chapter, MDA-MB-468 CDDPwas one of the cell lines to demonstratee highest number ofle
novoand gainedvariants. HCC3®£DDP°had an almost normal distribution with the number of
variants with an increase afecrease in VAF (Figure 8)1IHCC3®0X° whichhad few variants
sharedwith HCC38had variants with an increase in VARe distribution of bottHCC3%GEMand
HCC3®CE® are both skewed towards a higher number of variants which demonstrated an
increase in VAF. The distribution fBICC3®ERI°shows a slight increase in variants whitave a
decrease in VAfFigure 5.0). There was no notably significant shift in the VAF of variants between

HCC1806 and the respective chemegistant cell lines (Fige 5.11).
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Figure5.9 Shift in variant allele frequency of variants shardbtween MDAMB-468 and MDAMB-468 derived chemeresistant cell

lines
The variant allele frequency (VAF) was calculated for each variant as the frequency of alternativagaiads total reads for each
variant Shift in VAF in variants shared between MBB-468 and MDAVIB-468 derived chemaesistant cell lines were then calculated

by determining fold change in VAF. Density plots created of VAF fold shiff #tiDA-MB-468CDP.°°°B) MDAMB-468DOX°C) MDA
MB-468ER}°D) MDAMB-468PCE°
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Figure5.10 Shift in variant allele frequency of variants shared between HCC38 and HCC38 derived glesistant cell lines

The variant allele frequency (VAF) was calculatgdefich variant as the frequency of alternative reads against total reads for eac
variant. Shift in VAF in variants shared between HCC38 and HCC38 derived ebstaot cell lines were then calculated by determining
fold change in VAF. Density plots aied of VAF foldshift for A HCC38DDF°B) HCC3BOXC) HCC3BRI°D) HCC8GEMC°E)

HCC3®CEe>
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Figure5.11 Shift in variant allele frequency of variants shared between HCC1806 and HCC1806 derived-cksistant cell lines

The variant adlle frequency (VAF) was calculated for each variant as the frequency of alternative reads against total reads for each
variant. Shift in VAF in variants shared between B85 and HCQ806 derived chemeresistant cell lines were then calculated by
determining fold change in VAF. Density plots created of VAF fold shift t8€&)180€ DDF°B)HCC180®0OX2>C)HCC180&RI°D)

HCC1806EMC°E)HCC180® CE°F)HCC1806-F5°
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5.2.1.4 Mutational patterns and signatures

Somatic variants in cancer genosean leave mutationaprofiles. These profiles are mutation
patterns which can then be associated to a mutational signature. There are six substitution
subtypes; C>A,C>G,C>T,T>A, T>C anBach & these can also be examined on sequence
context by incorporatid G KS ol aSad AYYSRAFGStEE G p LINRYS
base generating 96 different possible mutation gypes, whereby; six types of substitution * four
GellSa 2F pQ ol asS f§F F2dzNJ (ithdbise charedigtronfiderniteS ® L
somatic variants were submitted to the online tdduutaliskin aVCHLeeet al., 2018) Mutalisk
allowed for the analysis of the identified variants in context of the GRCh37 reference build to

identify mutational patterns as a rative proportion of olserved trinucleotide frequency.

Across each of th#IDAMB-468 chemenaive and chemgesistantcell lines C > T base changes
are the most common, with the least common observed as either T > A or T > G base (Fignges
5.12). MDA-MB-468CDDP’hasan increase in variantsith the base changg Q, C>T,€,® Q,
C>T,©,@andp Q, C> A, € dmgared to MDAVIB-468. MDA-MB-468DOX°had anincrease in
variantswith the base changp G, C>A, A @ompared to MDAVIB-468. MDA-MB-468PCE°had
an increase in variants which hape®, C > T, @ éndp Q, C > T, 6 base changes capared to
MDA-MB-468. No significant changes were seen in MBAMB-468ER1 cell line compared to
MDA-MB-468.

Across each of thelCC38 chemnaive and chemaesistantcell lines C > T base changes are the
most common, whilst T > A are the least comn{Bigure5.13). A small increase in variantgth

the base change Q, C > T, d ®as seen in bottCC3ERFandHCC3PCE>cell lines compred

to HCC38MDA-MB-468ER1°had less variants with the base chang®, T > C, € €ompared to
HCC38. Géan the low number of variants called HICC3®DDF®and HCC3®OX?, it was not
surprising to see that in each case there were often no visiealled for an observed conteven
though a disparity in the number of variants called HCC3®EDDP® HCC3I®HOX° and
HCC3%EM® the high percentage of > Tand lowest percentage 6f > AT > G base changes
remained the sameBoth HCC3EDDF® and HCC3®DOX° demonstrated ehigherpercentage of
variants called which were related to bases changes C 195% and 15.1%espectively)

compared to the other HCC2#d HCC8derivedchemaoresistant cell lines.

Acrosghe HCC1806 chemmaive and cemo-resistantcell linesC > T and T € base changes are
the most common, with T > A thedst common(Figure 5.4). HCC180€DDP had an increase in
variants with the base changgs;®, C>A, 6,9 G, C> A, €,@ndp Q, T > C, € tompared b
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HCC1806HCC180®0X%2° had anincrease in variants with the base change, T > C, © Q
compared to HCC180BICC180&R1°had anincrease in variants with the base changes], C >
A, Ao &dp Q, T> C, 6 €bmpared to HCC1808.CC180®CFalso demonstrated an increase in
variants with a base changeQ, T>C, 6,9 Q, C > T,d €bmpared to HCC180BCC1806GEM°
andHCC1806-F*®hoth hadan increase in variants with the base change®, C > G, 4,9 8,
T>C,® eandp Q, T> C, @ €bmpared to HCC1806.

Taken together this data show that C > T base changes are the most common across each of the
chemanaiveand chemeresistant cell linesNhen considering mutation patterns between cell lines
which were developed to have sistance ¢ the same chemotherapeutic agent, no similarity was

seen.

A C>A C=G c-T T=A T=C T=G

S ST
il .I.iLH
Lol
sallilh

c-AMc-c M e :¢?(=g{q:i:;=ga; 5385388588 T
T=A | T>C T=G FIAGHOBRERER AR JYQEEEE s;' : 8

w

o

[ea]
ra
2|
&
)
=
Observed spectrum (%)

@

wn

Es
-

s
2
~ ‘q =
B
:
Observed spectrum (%)

Observed spectrum (%)

Observed spectrum (%)

E (96 %)

@@; %

[225%

[6.8%
[34.9%

l'-
I'_
=
= -
4 ==
3 —=

Figure5.12 Mutational patterns in MDAMB-468 and MDAMB-468 derived chemeresistant cell lines

Frequency of variant base changes and the trinucleotide context based on alignmamntmtgenone reference build GRCA3or A)
MDAMB-468 B MDAMB-468CDDF% C) MDAMB-468DOX° D) MDAMB-468ERY® Ej MDAMB-468PCE°. Mutational patterns
calculated usingvutalisktool.
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Frequency of variant base changes and the trinucleotide context based on alignment to human genome reference buildd@REh3
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Figure5.14 Mutational patterns in HC@C806and HC@806derived chemeresistant cell lines

Frequency of variant base changes and the trinucleotide cortagzéd on alignment to human genome reference build GR®r A)
HC@806B) HCC180€DDP*C) HCC180®0OX?°D) HCC180&ERiI°’E) HCC1806EMF) HCC180BCE°G) HCC1806-F5%. Mutational
patterns calculated usinilutalisktool.
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Havingestablished the mutational patterns in each of the cell linesatdgis analysis can be
performed. Kataegis describes the phenomenon in which a large number of-paftdyned base

pair variants occur in a small region of DNA. This analysis was &stbysthe Wellcome Trust
Sanger institute in order to describe tlubservations of breast cancer cells by mapping variant
clusters across the genome through a rainfall plot to identify clustering patterns aéges{Nik-
Zainalet al, 2012) It is expected that variants should be evenly dispersed throughout a genome,
and so most variants shalihave approximately onmegabasedistance betweerthem. In order

to perform this analysis, the high confidence somatic variants called in each celivene
submitted to the online toolMutalisk in a VCFE This tool producesa rainfall plot in which
intermutation distance,i.e., the distance between each somatic varia and the variant
immediately before itis plotted for each variantThisl t f 264 GKS ARSYGATAC
& K 2 ¢ SvNigh ére the base chang#ésat show to have shorter distancéBigure 5.5).

Kataegis is observed ithe MDAMB-468 chemanaive and chemaresistant cell lines in
chromosomes 3, and 11. MEMB-468 also demonstrated kataegis at chromosome 7, 13 and 14.
MDA-MB-468CDDP° demonstratedkataegis at chromosome 7 and,like MDAMB-468, but

also at chromosome 9, 12 in additiddDA-MB-468DOX°demonstrated kataegis at chromosome
7, 13 and 14like MDAMB-468, but also at chromosome 84DAMB-468ER1® demonstrated
kataegis at chromosome3] like MDAMB-468. MDAMB-468PCE° did not have any further
observed kataegis than already statéthtaegis is observedtime HCC3&hemaonaive and chemo
resistant cell lines in chromosome 3, 11 and 12. HCC38 HAC3IERY, HCC3HBEM® and
HCC3%CE>also all demonstrated kataegis at chromosome 7. In addition, kataegis is observed at
in chromosone 8 in HCC3ERI®, chromosome 17 iHCC3%EM®° and in chromosomel8 in
HCC3%CE?. Inthe HCC180@&hemonaive and chemaesistant cell lineskataegis is observed in
chromosome 3 and 11. In additiddCC180€ DDP°demonstratedkataegis in chromosont and
both HCC180€DDP andHCC1806-F*°demonstrated kataeig in chromosome 7. Kataegis was
demonstrated in chromosome 12 HCC180®0X?°*and HCC180&RY, andHCC180&R1 also
demonstrated kataegis in chromosome 13. Observed kataegis waseds in chromosome 13 in
HCC1806EM°andHCC180@CE°.

Takng this data together, it can be seen kataegis was observed at both chromosome 3 and 11 in
each of thechemonaive and chemeresistant TNBC cell lines, suggesting that this may be
associatedo TNBCrather than driving drugesistanceWhen considerig the cell lines which have
been developed to have resistant to the same chemotherapeutic agent, no pattern of kataegis was

observed.
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Figureb.15 Kataegis of eaclshemo-naiveand chemoresistant TNBC cell line.

Continued on next page
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Figureb.15 Kataegis of eaclshemo-naiveand chemearesistant TNBC cell line.
Continued on next page

163



