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Abstract

Metastatic colorectal cancers are commonly treated with irinotecan, a topoisomerase
1 (TOP1) inhibitor. TOP1 inhibition results in the formation of TOP1-DNA cleavage
complexes, which induce replication stress, and lead to activation of the Ataxia
Telangiectasia and Rad-3 related (ATR) signalling pathway. Activation of ATR leads

to cell cycle arrest and DNA repair, reducing the cytotoxicity of TOP1 inhibition.

Using a panel of colorectal cancer (CRC) cell lines and patient derived organoids
(PDOs), a synergistic interaction was identified between SN38 (active irinotecan
metabolite) and VX-970 (ATR inhibitor). Treating CRC cell lines and PDOs with a
combination of TOP1 and ATR inhibition resulted in increased YH2AX accumulation
and the activation of double strand break (DSB) repair kinases, DNA-PK and ATM.
Increased DNA DSBs and the formation of micronuclei in combination treated cells,
further demonstrated the elevated levels of DNA damage. Colocalisation of cGAS with
micronuclei was detected in combination treated cells, suggesting increased DNA

damage may result in immune activation.

Trastuzumab deruxtecan (DS-820l1a) is a novel HER2 targeting antibody drug
conjugate (ADC), carrying a potent TOP1 inhibitor (Dxd) warhead. Previous studies
have reported minimal sensitivity of HER2-low expressing CRCs to DS-8201a
therapy. In this study, several HER2-low CRC cell lines and PDOs were sensitised to
DS-8201a by ATR inhibition (VX-970 and AZD6738). Loss of replication arrest and

increased DNA-damage were identified as the mechanisms for the synergy observed.

ATR inhibition was also explored as a possible mechanism to overcome irinotecan
resistance. However, neither ATR inhibition combined with SN38, or ATR inhibition
combined with DS-8201a was effective at reducing survival in two SN38 resistant cell
lines. Understanding the interaction between TOP1 and ATR inhibition will better

inform the treatment of CRC.



Impact statement

Cancer is the leading cause of death worldwide, with nearly 10 million cancer related
deaths reported in 2020. Colorectal cancer is the third most common cancer, with
1.93 million new cases diagnosed in 2020 (WHO 2021). The incidence rate of CRC
has been rising globally since the early 1990s, with the prevalence highest in
developed countries (Siegel et al. 2019; Arnold et al. 2017). Approximately 20% of
CRC patients present with metastatic disease (Argilés et al. 2020). The prognosis for
these patients is poor, with 44% of patients surviving 1 year, and just 10% surviving
5 years in the UK (CRUK 2020). New therapeutic options are required for metastatic

CRC (mCRCQ), to increase patient response rates and prolong survival.

Improved therapeutic outcomes can be achieved by either optimising the use of
currently approved drugs or by the development of novel agents. Irinotecan, a TOP1
inhibitor is widely used for the treatment of MCRC, however responses are often short
lived and disease progression or recurrence is common (Douillard et al. 2000). In this
thesis, it has been demonstrated that inhibiting the DNA damage response kinase,
ATR, alongside irinotecan-based therapy, reduces the survival of CRC models.
Efficacy of this therapeutic combination is due to be explored by AstraZeneca in an

upcoming mCRC clinical trial.

Trastuzumab deruxtecan (DS-8201a), a novel ADC has shown efficacy in HER2+
MCRC patients in a phase | clinical trial (Siena et al. 2021). However, no efficacy has
been reported in CRCs with low HER2 expression, which makes this an unlikely
therapeutic for more than 95% of mCRC patients (Siena et al. 2018). In this thesis, it
has been demonstrated for the first time that ATR inhibition can sensitise HER2-low
expressing CRC models to DS-8201a, with a very dramatic loss in cancer viability.
This project was carried out in collaboration with Daiichi Sankyo and AstraZeneca.

The findings in this study have contributed to the preclinical evidence for the combined



use of ATR inhibition and DS-8201a. A phase | clinical trial is now exploring the
tolerability and potential efficacy of this novel combination in cancer patients. If the

findings of this trial are positive, efficacy in the mCRC setting will then be investigated.
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1 Introduction

1.1 Colorectal cancer

1.1.1 Colorectal cancer epidemiology

Colorectal cancer (CRC) is the third most common cancer worldwide, with 1.93 million
new cases diagnosed in 2020 (WHO 2021). CRC accounts for 11.4% of male cancer
cases, and 9.7% of female cancer cases worldwide (WCRF 2018). The incidence rate
of CRC has been rising globally since the early 1990s. The prevalence of CRC is
highest in developed countries, such as the UK (Siegel et al. 2019; Arnold et al. 2017).
In the UK alone, more than 42,000 new cases of CRC were diagnosed in 2018,
making up 12% of all cancer diagnoses. The lifetime risk for developing CRC in the

UK is approximately 6% for females and 7% for males (CRUK 2020).

It is approximated that 54% of CRC cases are preventable, with several lifestyle
factors playing a role including, lack of dietary fibre (28%), excessive consumption of
red meat (13%), obesity (11%), smoking (7%), alcohol (6%) and lack of physical
activity (5%) (Bagnardi et al. 2015; Brown et al. 2018; CRUK 2020; Huxley et al. 2009;
Kyrgiou et al. 2017). The overall 5-year survival rate for CRC is approximately 64%.
However, the 5 year survival rate is largely dependent on disease stage at diagnosis,
for early stage CRC it is approximately 90%, however this falls to 70% for locally
advanced cases and 14% for metastatic cases (NIH 2020). The majority of CRC
cases are caused by sequential somatic mutations, with only 5% of cases being as a

result of heritable germ-line mutations (Burn, Mathers, and Bishop 2013).

1.1.2 Molecular pathogenesis of CRC and molecular subtypes

CRC develops from the mucosa of the colon or rectum, with growth into the bowel
lumen and wall (Argilés et al. 2020). The classical model for CRC development is

through an accumulation of genetic and epigenetic aberrations, with loss of tumour
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suppressors and increased oncogene activity resulting in the sequential
transformation of normal colon mucosa to adenoma, then to carcinoma (Figure 1.1)
(Vogelstein et al. 2013). However, in recent years genomic studies have identified
that tumour development is not a linear pathway, but a highly heterogenous process,
with cancers evolving from multiple tumour sub-colonies, each with a unique
mutational profile (Bailey et al. 2021). A small number (3.6%) of CRC patients present
with multiple or synchronous lesions, with tumours sometime displaying unique
histological profiles (Lam et al. 2011). Genomic instability in CRC occurs via three
molecular processes, including chromosomal instability (CIN), microsatellite instability
(MSI) and CpG island methylator phenotype (CIMP). The genomic instability may
occur via a single molecular process, or a combination of processes at different stages

of disease progression (Manne et al. 2010).

PIK3CA

PTEN

TP53

MSI CIN BAX
APC K-RAS SMAD4
B-Catenin B-RAF TGFBR2

l

Small adenoma Large adenoma  Carcinoma o

Figure 1.1. Classical model of genetic mutations driving CRC progression.

Schematic representation of CRC progression from a small adenoma to carcinoma. This
process is highly heterogenous, and genetic alterations driving the progression (shown above
image) vary within patients and between patients. Mutations may occur at different stages than

indicated. Redrawn from (Markowitz and Bertagnolli 2009). Created with Biorender.
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CIN is the most frequent cause of genomic instability in CRC, occurring in 80-85% of
sporadic cases. CIN alters both chromosome number and structure, with tumour
suppressor inactivation resulting from aneuploidy and loss of heterozygosity.
Frequently lost tumour suppressors in sporadic cancers include APC, PTEN p53,
BAX, SMAD4 and TGFBR2. Oncogenes activated in CIN sporadic tumours typically
include K-Ras, B-Raf, PIK3CA and B-Catenin (Markowitz and Bertagnolli 2009; Smith
et al. 2002). CIN tumours also occur in Familial Adenomatous Polyposis (FAP) cases,

which arise as a result of loss of function APC germline mutations (Fearon 2011).

1.2 CRC treatment

1.2.1 CRC treatment overview

As with all forms of malignancy, the treatment of CRC depends on disease stage at
diagnosis. On CRC diagnosis, pathological staging is performed using the TNM
classification system. The T stage includes the tumour size and site, the occurrence
of macroscopic tumour invasion, the histological grade, and the extent of invasion into
the bowel wall and adjacent organs. The N stage describes the extent of regional
lymph node involvement. The M stage classifies the metastatic status of the disease.
The TNM system is then used to give an overall cancer anatomic stage (Labianca et
al. 2013). Approximately 20% of CRC patients present with metastatic disease, with

the liver being the most frequently involved organ (van der Geest et al. 2015).

Surgical resection of the tumour and surrounding lymph nodes is the main therapeutic
option for patients with early stage or locally advanced cancer (stages I-1ll). Patients
with stage O-l or low risk stage Il disease, do not routinely receive any adjuvant
therapy. Treatment for stage Il disease is dependent on risk classification, with some
patients with intermediate risk (high grade tumours with lymphatic, vascular or
perineural invasion) receiving adjuvant fluorouracil (5-FU) or capecitabine treatment.

For stage Il or high-risk stage Il disease (high grade tumours and lymphatic, vascular
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or perineural invasion or T4 disease), patients will typically receive adjuvant
chemotherapy to eliminate microscopic disease and reduce the risk of reoccurrence.
Chemotherapy is usually a combination of folinic acid, 5-FU, and oxaliplatin

(FOLFOX) or capecitabine and oxaliplatin (CAPOX) (Argilés et al. 2020; NICE 2020).

For stage IV disease, surgery may be curative in a small proportion of patients with
resectable metastases. Unresectable liver lesions may be managed using
transarterial chemo-embolisation or radiofrequency ablation.  Additionally, if
chemotherapy results in significant tumour regression, curative surgery should be
considered if the primary tumour and metastasis become resectable. For the majority
of stage |V patients, surgery is palliative, to prevent bowel obstruction. Patients with
metastatic disease are generally treated with combination therapy, including
chemotherapies and vascular endothelial growth factor (VEGF) or epidermal growth
factor receptor (EGFR) targeted agents (Table 1.1). Chemotherapy regimens include
one of the following drug combinations, FOLFOX, CAPOX or FOLFIRI (folinic acid
(Leucovorin), 5-FU, and irinotecan) (NICE 2020; Van Cutsem et al. 2014). Recent
clinical trial results have also shown pembrolizumab (anti-programmed cell death
protein 1 (PD-1) antibody therapy) to dramatically enhance progression free survival
(PFS) for approximately 60% of patients with MSI(H)/mismatch repair deficient

(MMRd) cancers, and therefore should be the preferred therapy over combination

chemotherapy for this subset of patients (Andre et al. 2020).

Table 1.1. Therapeutic agents used in the treatment of CRC

(5-FU,
Capecitabine)

Chemotherapy EGFR targeted VEGF targeted Immunotherapies
therapies therapies MSI(H) / MMRd
patients
Fluoropyrimidines Cetuximab Bevacizumab Pembrolizumab

(Trifluridine/Tipiracil)

Oxaliplatin Panitumumab Aflibercept
Irinotecan Regorafenib
TAS-102 Ramucirumab
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1.2.2 Chemotherapy backbone

First line treatment for advanced CRC typically includes a fluoropyrimidine (5-FU or
capecitabine) in combination with either irinotecan or oxaliplatin. FOLFIRI and
FOLFOX have been shown to have comparable clinical outcomes in the GERCOR
and GOIM trials, but different toxicity profiles and interactions with biologicals (Colucci
et al. 2005; Tournigand et al. 2004). The initial choice of chemotherapy is dependent
on the preferred toxicity profile, with alopecia and diarrhoea being more severe with
irinotecan and, neuropathy occurring with oxaliplatin (Grothey et al. 2004; Tournigand
et al. 2004; Van Cutsem et al. 2014). CAPOX can be used as an alternative to
FOLFOX, with very similar mechanisms and toxicity profiles (Van Cutsem et al. 2014).
The efficacy of a triple combination chemotherapy regimen, including 5-FU, oxaliplatin
and irinotecan (FOLFOXIRI) is disputed, with superior efficacy to FOLFIRI
demonstrated in an Italian study, but not in a Greek study (Falcone et al. 2007;

Souglakos et al. 2006).

Second-line chemotherapy is an option for patients with good performance status and
organ function at the time of disease progression. Data suggests that exposure to 5-
FU, oxaliplatin and irinotecan over the course of treatment, results in an increase in
overall survival (OS) by 3.5 months (Grothey et al. 2004). Therefore, patients who
progress on an oxaliplatin-based regimen should be treated with second line

irinotecan-based therapy, and vice versa.

1.2.2.1 Fluoropyrimidines

Antimetabolites work by inhibiting key biosynthetic processes, or via incorporation into
cellular macromolecules such as DNA and RNA. The mechanism of action of 5-FU
involves inhibition of a key nucleotide synthase enzyme, thymidylate synthase (TS)
and incorporation into RNA. 5-FU is a uracil analogue, with the hydrogen atom at the

C5 position of uracil replaced with a fluorine atom (Figure 1.2). 5-FU is converted into
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three active metabolites, fluorodeoxyuridine monophosphate (FAUMP),
fluorodeoxyuridine triphosphate (FAUTP) and fluorouridine triphosphate (FUTP)
(Longley, Harkin, and Johnston 2003). FAUMP binds to the dUMP binding site of TS,
and thereby inhibits the reduction of dUMP to dTMP. TS activity is the only de novo
source of thymidylate, which is essential for DNA replication and repair. Depletion in
dTTP levels results in a reduction in other deoxynucleotide (dNTP) levels, due to
generalised disruption of feedback pathways (Longley, Harkin, and Johnston 2003;
Santi, McHenry, and Sommer 1974; Sommer and Santi 1974). Altered dNTP levels
and relative abundances have also been found to disrupt DNA synthesis and repair
(Houghton, Tillman, and Harwood 1995; Yoshioka et al. 1987). FUTP is extensively
incorporated into RNA, widely disrupting RNA processing and function, including that

of mMRNA, rRNA, tRNA and snRNA (Longley, Harkin, and Johnston 2003) .

High levels of intracellular folate are required for binding of FAUMP to TS. 5-FU is
given in combination with folinic acid (Leucovorin), to increase intracellular folate
levels, maximising FAUMP binding to TS and the stability of the FAUMP-TS complex.
The addition of folinic acid to 5-FU improves patient outcome (Longley, Harkin, and

Johnston 2003; Thirion et al. 2004).
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Figure 1.2. 5-FU chemical structure and mechanism of action.

5-FU (chemical structure shown) is converted into 3 active metabolites FAUMP, FUTP and
FAUTP. Ortate phosphoribosylytransferase (OPRT) together with cofactor phosporibosyl
pyrosphosphate (PRPP) converts 5-FU into FUMP. Uridine phosphorylase (UP) together with
uridine kinase (UK) also convert 5-FU into FUMP. Ribonucleotide reductase (RNR) converts
FUDP to FAUDP. 5-FU can also be converted into fluorodeoxyuridine (FUDR), which is then
converted into FAUMP via thymidine kinase (TK). Dihydropyrimidine dehydrogenase (DPD)
catabolises 5-FU into dihydrofluorouracil (DHFU). Redrawn from (Longley, Harkin, and
Johnston 2003). Created with Biorender.

Capecitabine is absorbed through the intestinal mucosa and is sequentially
metabolised to 5'-deoxy-5-fluorocytidine (5'-DFCR), 5'-deoxy-5-fluorouridine (5'-
DFUR) and 5-FU by the liver and tumour tissues (Pentheroudakis and Twelves 2002).
The advantage of Capecitabine is its oral bioavailability, however as many patients
require a IV infusion of oxaliplatin or irinotecan this often has very little impact

(Pentheroudakis and Twelves 2002).
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1.2.2.2 Irinotecan

Irinotecan is a topoisomerase | (TOP1) inhibitor widely used in the treatment of
metastatic CRC (MCRC) as part of the FOLFIRI regimen. The addition of irinotecan
to 5-FU chemotherapy, increases OS by approximately 3 months (Douillard et al.
2000; Saltz et al. 2001). Dose limiting toxicities include myelosuppression and
diarrhoea (Van Cutsem et al. 2014). The mechanism of action of irinotecan is covered

in depth in section 1.3.

1.2.2.3 Oxaliplatin

Oxaliplatin is a platinum derivative containing a 1,2-diaminocyclohexane (DACH)
carrier. On entry into the cell, oxaliplatin becomes aquated, loosing oxalate ions, and
gaining two water molecules (Rabik and Dolan 2007). Once aquated, the oxaliplatin
metabolite has a positive charge and therefore interacts with nucleophilic molecules
within the cell, including DNA, RNA, and proteins. The N7 atoms of the imidazole rings
of guanosine and adenosine in DNA is the most preferred and most frequent cytotoxic
target of aquated oxaliplatin. Binding of oxaliplatin to purines can result in the
formation of intrastrand crosslinks, interstrand crosslinks (ICLs) and DNA-protein
crosslinks (Figure 1.3) (Misset et al. 2000; Rabik and Dolan 2007; Raymond et al.

2002).

Intrastrand crosslinks are the most abundant DNA adducts formed following platinum
therapy, with crosslinks forming between two adjacent guanine bases d(GpG) or two
adjacent guanine—adenine bases d(GpA) (Misset et al. 2000). The DACH-platinum
DNA adducts are highly bulky and hydrophobic, causing greater distortion of the DNA
than other platinum agents, thereby inhibiting both DNA and RNA polymerases
(Misset et al. 2000; Rabik and Dolan 2007; Raymond et al. 2002). Additionally, the
steric interference caused by DACH-platinum DNA adducts prevents the binding of

DNA repair complexes, such as the mismatch repair (MMR) machinery, preventing
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resolution of the DNA lesions (Chaney et al. 2005; Misset et al. 2000). Both primary
and secondary DNA lesions following oxaliplatin treatment contribute to genomic

instability and apoptosis (Misset et al. 2000).

Monoadduct
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Figure 1.3. Oxaliplatin is a DNA crosslinking agent.
Oxaliplatin (chemical structure shown) is metabolised to form a positively charged derivative
which interacts with the DNA. DNA adducts include interstrand crosslinks, intrastrand

crosslinks, DNA-protein crosslinks and monoadducts. Created with Biorender.

For the treatment of CRC, oxaliplatin treatment is combined with a fluoropyrimidine
(5-FU or capecitabine). The combination of oxaliplatin with a fluoropyrimidine is highly
synergistic, with oxaliplatin induced downregulation of TS expression believed to
contribute to the observed synergy (Fischel et al. 2002; Raymond et al. 2002).
Oxaliplatin monotherapy has shown minimal efficacy, but the addition of oxaliplatin to

5-FU increases PFS and best response rates in patients (de Gramont et al. 2000).
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1.2.3 Biological targeted therapeutics

Monoclonal antibodies (mAbs) (cetuximab and panitumumab) against EGFR, and
mAbs (bevacizumab) or proteins (aflibercept) against VEGF when combined with
chemotherapy improve the outcome for mCRC patients. Median OS of >24 months is
only consistently achieved in patients who receive a combination of cytotoxic and

biological therapeutics (Van Cutsem et al. 2014).

Recent evidence from meta-analyses suggested mCRC patients with left sided, RAS
wildtype tumours may experience improved survival outcomes when chemotherapy
is combined with anti-EGFR (cetuximab) compared to anti-VEGF (bevacizumab) in
the first-line setting (Arnold et al. 2017; Holch et al. 2017). Patients with right sided,
RAS wildtype tumours have a poorer prognosis than those with left sided tumours,
and may have an improved response when chemotherapy is combined with anti-

VEGF (bevacizumab) in the first line setting (Holch et al. 2017).

1.2.3.1 Anti-VEGF biological therapeutics

Antiangiogenic therapies have become standard of care for the treatment of mCRC.
Interruption of VEGF and VEGF receptor interaction blocks a key angiogenesis
pathway, and has been found to restrict tumour growth and increase patient survival

(Tabernero et al. 2015).

Bevacizumab is an anti-VEGF-A mAb, which binds to VEGF-A, and prevents binding
of the ligand to VEGF receptors. When combined with cytotoxic agents, bevacizumab
has been found to significantly improve patient outcome. The addition of
bevacizumab to fluoropyrimidine treatment in patients who are not suitable candidates
for oxaliplatin or irinotecan-based therapies, has been shown to increase median OS
and PFS (Cunningham et al. 2013; Kabbinavar et al. 2008; Tebbutt et al. 2010).
Combining bevacizumab with FOLFIRI, was found to increase OS by approximately

5 months (Hurwitz et al. 2004; Kabbinavar et al. 2008). As both a first line and second
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line treatment, the combination of bevacizumab and FOLFOX has been found to
increase median OS and PFS compared to FOLFOX alone (Giantonio et al. 2007,
Saltz et al. 2008). Continuation of bevacizumab while changing the chemotherapy
backbone following disease progression with first-line treatment, has been shown to

increase OS and PFS (Bennouna et al. 2013).

1.2.3.2 Anti-EGFR biological therapies

EGFR was the first receptor tyrosine kinase (RTK) linked to human cancers, and has
been found to be an important oncogene in CRC (Hynes and Lane 2005). EGFR
signalling drives cell cycle progression, cell growth, proliferation, protein synthesis,
endothelial to mesenchymal transition and survival. EGFR has become a therapeutic
target for some cancer types including CRC (Yarden and Sliwkowski 2001). Anti-
EGFR antibody therapy has been shown to improve patient outcome as a
monotherapy and in combination therapy, in all lines of treatment. The efficacy of anti-
EGFR therapy is limited to patients with RAS-wildtype tumours, and therefore patients
with RAS mutant tumours should not receive anti-EGFR therapy at any treatment
stage (Amado et al. 2008; Ciardiello et al. 2014; Karapetis et al. 2008; Price et al.

2014; Tejpar et al. 2014; Van Cutsem et al. 2009; Van Cutsem et al. 2011).

Cetuximab is a human-mouse chimeric mAb that binds to the extracellular domain of
EGFR, blocking ligand binding and causing down regulation of EGFR (Li et al. 2005;
Vincenzi et al. 2008; Wong 2005). Cetuximab has also shown anti-tumour activity in
vivo, by modulating the anti-tumour immune response via antibody dependent cellular
cytotoxicity (ADCC) and complement dependent cytotoxicity (CDC) (Correale et al.

2010).

Cetuximab monotherapy has been shown to increase OS and PFS in patients who
have exhausted oxaliplatin, irinotecan and fluoropyrimidine therapies (Jonker et al.

2007; Karapetis et al. 2008). The addition of cetuximab to FOLFIRI in first line and
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second line treatment increases PFS and OS in RAS wildtype patients (Ciardiello et
al. 2014; Van Cutsem et al. 2014; Van Cutsem et al. 2009; Van Cutsem et al. 2011).
There have been conflicting reports as to whether there is any clinical benefit in the
addition of cetuximab to oxaliplatin based regimens. In the OPUS study, the addition
of cetuximab to FOLFOX, for first line treatment improved PFS and OS (Tejpar et al.
2014). However, Bokemeyer et al., found no statistical change in the PFS with the
addition of cetuximab to FOLFOX (Bokemeyer et al. 2009). The COIN study and the
NORDIC VI study found there to be no clinical benefit to the addition of cetuximab to
FLOX (oxaliplatin and bolus 5-FU / folinic acid) regimens in first line therapy for mCRC

(Maughan et al. 2011; Tveit et al. 2012).

Panitumumab is a fully humanized mAb to EGFR. Panitumumab binds to EGFR,
causing receptor internalisation thus inhibiting ligand binding in a competitive manner.
Binding of panitumumab to EGFR has been shown to inhibit EGF induced
proliferation, pro-inflammatory cytokine release and VEGF secretion, as well as

increasing autophagy (Keating 2010).

Like cetuximab, panitumumab monotherapy increases PFS in patients with chemo
refractory mCRC compared to best supportive care (BSC) (Amado et al. 2008; Van
Cutsem et al. 2007). A head-to-head study evaluating cetuximab and panitumumab
monotherapies for the treatment of chemo refractory mCRC, found the two anti-EGFR
antibodies to have comparable clinical activity (Price et al. 2014). As a second line
treatment for mCRC, panitumumab in combination with irinotecan results in a longer
PFES than irinotecan alone (Peeters et al. 2010; Seymour et al. 2013). In first line
treatment, the addition of panitumumab to oxaliplatin based regimens has been found

to extend PFS and OS (Douillard et al. 2013; Douillard et al. 2010).
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1.3 Topoisomerase |

1.3.1 Topoisomerase enzymes resolve DNA torsional stress

DNA is highly coiled and supercoiled to enable compaction of the ~2m long
polynucleotide in a cell nucleus with a diameter of ~6um. Furthermore, the genome
is organised in loops, which play a role in both DNA compaction and transcriptional
regulation. DNA topoisomerases are vital enzymes that resolve DNA torsional stress
arising from strand separation during DNA replication and transcription (Pommier et
al. 2016; Wang 2002; Watson and Crick 1953). Topoisomerases release topological
stress by introducing transient DNA breaks using a transesterification mechanism,
minimising the genomic instability that would result from topologically induced strand

breaks (Vos et al. 2011).

The human genome encodes six topoisomerases, TOP1, TOP1mt (mitochondrial),
topoisomerase lla (TOP2a), topoisomerase I (TOP2pB), topoisomerase llla (TOP3a)
and topoisomerase IlIB (TOP3pB), with each topoisomerase having both specialised
and shared roles (Table 1.2) (Pommier et al. 2016). TOP1 (nuclear) and TOP1mt
relax negative and positive DNA supercoils, nicking one DNA strand and facilitating
rotation of the broken strand around the intact strand (Stewart et al. 1998). TOP2a
and TOP2B enzymes relax negative and positive DNA supercoils, and resolve DNA
catenanes and DNA knots, making TOP2 enzymes essential for cell division. TOP2
enzymes cleave both DNA strands, facilitating the passage of one DNA duplex
through another duplex (Nitiss 2009b, 2009a). TOP3a relaxes and resolves negatively
supercoiled DNA, DNA hemicatenanes, DNA double holiday junctions and DNA
loops. TOP3p relaxes hyper negative supercoiling, as well as resolving RNA knots

and loops (Pommier et al. 2016; Vos et al. 2011).

45



Table 1.2. Overview of eukaryotic topoisomerases

TOP1 + TOP1mt TOP2a + TOP23 TOP3a + TOP3p
Substrates DNA Sc- DNA Sc TOP3a:
DNA Sc* DNA Sc* DNA Sc
DNA knots Hemicatenanes
DNA catenanes Doub_le holiday
junctions
D-loops
TOP3g:
DNA HSc
RNA knots
R loops
Cofactors None Mg2* and ATP Mg2*
Mouse knockout TOP1: embryonic TOP2a: embryonic | TOP3a: embryonic
phenotype lethal lethal lethal
TOP1mt: viable TOP2: death at TOP3p: death at
birth birth
Classification Type 1B Type 2A Type 1A

Sc, negative supercoiling; Sc*, positive supercoiling; HSc", hypernegative supercoiling

(Pommier et al. 2016)

1.3.2 TOP1 relieves torsional stress during replication and transcription

The two strands of the DNA complex must be separated for them to act as templates
for replication, recombination, repair, and transcription. There is very limited free
rotation of DNA regions flanking transcription and replication complexes, causing
supercoiling ahead of replication and transcription forks. TOP1 relaxes the DNA
supercoiling, by binding to the DNA duplex and nicking a single DNA strand (Figure
1.4) (Gilbert, Chalmers, and El-Khamisy 2012; Koster et al. 2005; Stewart et al. 1998).
Knockdown of TOP1 leads to genomic instability, with an accumulation of stalled
replication forks and DNA double strand breaks (DSBs) (Tuduri et al. 2009). Loss of
TOP1 activity in transcription leads to the accumulation of R-loops, (tracts of DNA-

RNA hybrids), preventing the progression of the elongation polymerase and resulting

in the formation of DNA DSBs.

46




X

T

:I,'l'(::}] (

Q o’
-

“._Relaxed DNA

TOP1 cleavage
complex TOP1cc

Nicking Controlled Rotation Religation

Figure 1.4. Relaxation of supercoiling by TOP1-mediated DNA cleavage complexes.

The introduction of DNA single-strand breaks by TOP1 enables rotation of the intact DNA
strand around the nicked strand, facilitating DNA relaxation. The first step (left) is when the
catalytic tyrosine (Y) becomes linked to the 3' DNA end, nicking DNA. In the second step
(middle), the torsional strain drives the rotation of the 5’ end of the nicked DNA strand around
the intact strand. In the last step, the 5’ end of the nicked DNA is realigned with the 3’ end,

enabling DNA religation. Redrawn from (Pommier 2006).

TOP1 binds to the DNA by the formation of a covalent bond between the catalytic
tyrosine (723) residue and 3' DNA terminus created by the cleavage. This facilitates
the rotation of the cleaved strand around the TOP1 bound DNA. Once the supercoiled
DNA has been relaxed, TOP1 religates the DNA by aligning the tyrosile-DNA
phosphodiester bond with the 5’ end of the cleaved DNA. Reversal of the covalent
linkage between the TOP1 tyrosine and 3’ end of cleaved DNA results in the
reformation of the phosphodiester bond between the exposed DNA ends. The TOP1-
DNA cleavage complex (TOP1cc) is transient, and religation of the DNA is favoured

over cleavage (Koster et al. 2005; Pommier 2006; Stewart et al. 1998).
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1.3.3 TOPI1 recruitment to chromatin is tightly regulated

The interaction of TOP1 with the chromatin is highly dynamic and is controlled by
several mechanisms, of which some are discussed in this section. Nucleosomes have
been found to shield DNA from TOP1 activity, and restrict TOP1l-indcued DNA
cleavage (Salceda, Fernandez, and Roca 2006). The switch/sucrose non-fermentable
(SWI/SNF) complexes are nucleosome remodellers that control nucleosome
deposition and histone methylation via recruitment of histone methyltransferases
(Hohmann and Vakoc 2014). Apart from modulating access of TOP1 to the DNA, the
SMARCA4 component of the SWI/SNF complex directly interacts with TOP1,

recruiting TOP1 to the DNA (Husain et al. 2016).

TOPL1 is also recruited to transcriptionally active chromatin (marked by H3k4me3), by
binding to the facilitates chromatin transcription (FACT) complex, which is a histone
chaperone and elongation factor (Husain et al. 2016). Nucleolin, a large T-antigen
replication helicase and Werner syndrome ATP-dependent helicase (WRN) also bind
and recruit TOP1 to the chromatin (Laine et al. 2003; Seinsoth, Uhimann-Schiffler,
and Stahl 2003). The androgen specific transcription factor NKX3.1, binds directly to
TOP1 and increases its catalytic activity (Bowen et al. 2007). Basal transcription
factors have also been implicated in the recruitment and modulation of TOP1 in the
context of transcription initiation and elongation (Kretzschmar, Meisterernst, and
Roeder 1993; Merino et al. 1993; Shykind et al. 1997). One study has demonstrated
that TOP1 is kept inactive at transcription initiation start sites to maintain the negative
supercoiling required for the promotion of duplex melting, with activation of TOP1 on
transcription initiation requiring the Pol 1| mediated activity of bromodomain-containing

protein 4 (BRD4) (Baranello et al. 2016).
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1.3.4 TOPLI1 inhibitors trap DNA in TOP1lccs

Camptothecin (CPT), the first TOP1 inhibitor, was isolated from the bark of a Chinese
tree, Camptotheca acuminata. Camptothecin carboxylate was tested as an anticancer
agent in the 1970s, but was discontinued because of toxicity, despite clinical efficacy.
The target of CPT was later identified to be TOP1, leading to the successful
development of the water-soluble CPT derivatives, topotecan and irinotecan (Figure

1.5).

Figure 1.5. Molecular structure of TOP1 inhibitors.

A. Camptothecin B. Topotecan C. Irinotecan D. SN38, the active metabolite of irinotecan.

Irinotecan, which is used to treat CRC, is a pro-drug and is converted into its active
metabolite SN38 by carboxylesterases (CES) (Hsiang et al. 1985; Wall and Wani

1995). The metabolic pathway of irinotecan is shown in Figure 1.6.
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Figure 1.6. Metabolism of irinotecan.

Irinotecan is metabolized by cytochrome P450 (CYP) isoforms, human UDP
glucuronosyltransferase isoforms (UGT1) and carboxylesterases (CES). Irinotecan and its
metabolites are pumped across cell membranes by members of the ABC-binding cassette
transporter family. SN38, SN38G, M4, APC and NPC are all irinotecan metabolites. Redrawn
from (Scripture and Figg 2006). Created with Biorender.

CPT and its derivatives bind to the TOP1cc, trapping the DNA in the cleavage
complex, thereby preventing DNA religation. Binding of CPT occurs via a network of
H-bonds forming between the drug and residues Asn722, Arg364 and Asp533 of
TOP1 (Thomas and Pommier 2019). Furthermore the polycyclic ring of CPT and its
derivative can stack with the base pairs flanking the cleavage site (Jaxel et al. 1991).
CPT rapidly penetrates cells and binds to TOP1 within a few minutes of exposure.
The binding of CPT to TOP1ccs is reversible, and religation of the DNA occurs within
minutes of CPT removal (Pommier 2006). Importantly, TOP1 is the only target of CPT
and its derivatives, with loss of TOP1 in yeast cells, causing complete CPT resistance

(Eng et al. 1988; Nitiss and Wang 1988).
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The trapping of TOP1ccs alone is not toxic to cells, but rather the collision between
TOP1ccs and the replication fork, which leads to replication run off, and the formation
of irreversible TOP1-DNA complexes and DNA DSBs. As such, quiescent cells are
resistant to TOP1 inhibitors, while highly replicative cells are the most sensitive
(Horwitz and Horwitz 1973; Hsiang, Lihou, and Liu 1989). The formation of DSBs in
response to TOP1 inhibition leads to rapid phosphorylation of histone variant H2AX
to form YH2AX. The DNA repair factors involved in the repair of DNA DSBs are

covered in section 1.4.

1.3.5 TOPIlccs are resolved by proteasomal degradation and DNA-repair

factors

Several cellular mechanisms exist to resolve trapped TOP1ccs prior to replication fork
collision. Trapped TOP1ccs are rapidly SUMOylated, ubiquitylated and digested by
the 26s proteosome (Desai et al. 1997; Desai et al. 2003; Mao et al. 2000).
Transcription and replication fork stalling in response to TOP1ccs has been shown to
trigger TOP1cc ubiquitin dependant proteasomal degradation of TOP1ccs (Desai et
al. 2003; Lin et al. 2009). The ubiquitination is mediated by the ubiquitin-activating
enzyme (E1) and a CUL-3-based ubiquitin ligase (E3), which form Lys-48-linked
polyubiquitin chains on TOP1 (Lin et al. 2009). Recently, the activity of SPRTN, a
specialised DNA-dependent and DNA replication-coupled metalloprotease has been
identified as a proteasomal independent pathway for TOP1cc degradation (Maskey
et al. 2017; Vaz et al. 2016). Proteolytic digestions of TOP1 by either SPRTN or the
proteosome is unable to fully resolve the TOP1cc due to the unproteolysable nature
of the protein-DNA phosphortyrosyl bond (Sun, Saha, et al. 2020). A successive
nuclease pathway is required to resolve the TOP1-DNA interaction and generate free
single stranded DNA (ssDNA) for DNA repair. The large size of TOP1 and the

positioning of the TOP1-DNA crosslink prevents access to DNA repair factors, making
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this TOP1cc debulking an essential first stage in the resolution of TOP1ccs (Sun,

Saha, et al. 2020).

Tyrosyl DNA phosphodiesterase 1 (TDP1) was the first eukaryotic enzyme discovered
to catalyse the removal of TOP1 from TOP1ccs. TDP1 hydrolyses the tyrosyl-DNA
phosphodiester bond by forming an intermediary TDP1cc, releasing TOP1 from the
cleavage complex. TDP1 is recruited to the TOPlcc in a poly (ADP ribose)
polymerase 1 (PARP1) dependent manner. PARP binds to single stranded DNA and
catalyses poly ADP ribosylation of itself and other effector proteins including TDP1,
stimulating TDP1 activity (Das et al. 2014; Dexheimer et al. 2008). Phosphorylation
of TDP1 on residue Ser81 by DNA-dependent protein kinase (DNA-PK) or A-T
mutated (ATM) kinase has been found to increase recruitment of TDP1 to CPT-
induced TOP1ccs (Das et al. 2009). Additionally, SUMOylation of Lys111 has been
implicated in the recruitment of TDP1, with SUMOylation deficient mutant cells
displaying impaired resolution of TOPlccs (Hudson et al. 2012). Methylation of
Arg361 and Arg586 by methyltransferase PRMT5 has been found to enhance the
repair of TOP1cc, with loss of methylation reducing DNA repair and survival (Rehman
et al. 2018). Arginine methylation and poly ADP ribosylation of TDP1 facilitate the
recruitment of XRCC1, a key scaffold protein in DNA single strand break (SSB) repair

(Das et al. 2014; Rehman et al. 2018).

TOP1ccs can also be resolved by nucleases which cleave and resect the DNA around
the TOP1-DNA linkage. The MRE11 endonuclease has been shown to cleave the
covalent 3'-phosphotyrosyl-DNA bonds that attach TOP1 to the DNA (Sacho and
Maizels 2011). It has also been found that the XPF-ERCC1 nuclease is able to cleave
DNA and resolve TOP1ccs, with one study finding the recruitment of XPF-ERCCL1 to
be PARP and TDP1 dependent (Das et al. 2014; Zhang et al. 2011). Nuclease
complexes, MUS81-SLX4 and SLX1-SLX4 have also been implicated in the repair of

TOP1ccs (Kim et al. 2013). Once DNA ends have been freed by nuclease activity,
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polynucleotide kinase-phosphatase (PNKP) phosphorylates the 5' hydroxyl end, and
hydrolyses the 3' phosphate end, readying the DNA ends for polymerase mediated

repair (Mei et al. 2020).

Repair of the DNA SSBs can occur via short patch or long patch DNA repair. Short
patch repair involves the insertion of a single nucleotide by DNA polymerase {3, with
religation catalysed by DNA ligase Ill. Long patch repair which involves the insertion
of 2-10 nucleotides can be mediated by polymerases B, € or 6. Flap endonuclease 1
(FEN1) removes the extraneous DNA flap, and religation is catalysed by proliferating

cell nuclear antigen (PCNA) bound DNA ligase | (Caldecott 2008; Mei et al. 2020).

ssDNA generated at trapped TOP1ccs is rapidly bound by replication protein A (RPA)
leading to activation of the Ataxia Telangiectasia and Rad-3 related (ATR) signalling.
Activation of ATR leads to replication fork arrest, limiting collisions between replication
machinery and TOP1lccs (Josse et al. 2014; Thomas et al. 2021). The role of ATR
signalling in replication arrest and DNA damage is covered in depth in section 1.5. In
the absence of ATR signalling, replication run off occurs, forming DSBs which trigger
ATM and DNA-PK mediated repair via homologous recombination (HR) or non-

homologous end joining (NHEJ) (section 1.4).

1.4 DNA Damage repair

1.4.1 DNA damage is a continuous process in cells

Endogenous and exogenous factors result in continued damage of nuclear DNA.
Spontaneous DNA alterations arise from introduction of base mismatches during
replication, interconversion between DNA bases as a result of deamination, loss of
DNA bases by depurination, and the modification of bases by alkylation and
methylation. Reactive oxygen species (ROS) produced during cellular metabolism

cause base oxidation and the induction of DNA strand breaks. SSBs and DSBs can
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also occur as a result of abortive topoisomerase activity (Blackford and Jackson 2017;
Ciccia and Elledge 2010; Roos, Thomas, and Kaina 2016). It is estimated that each
human cell could accumulate as many as 10° spontaneous mutations a day
(Hoeijmakers 2009). In addition, chemical reactions, exposure to UV, ionizing
radiation and exogenous chemicals can cause the formation of DNA base adducts,

DNA cross-links, SSBs and DSBs (Roos, Thomas, and Kaina 2016).

1.4.2 Phosphoinositide 3-kinase related kinases (PIKKs) drive DNA damage

repair pathways

As maintenance of the genome is essential at the cellular and organismal level, all
organisms have evolved DNA-damage response (DDR) pathways. The cellular DDR
involves lesion recognition, stalling of the cell cycle and DNA repair. The DDR may
result in apoptosis or cellular senescence for unrepairable lesions, preventing the
propagation of mutant cells (Blackford and Jackson 2017). Like many other cellular
processes, the DDR is mediated by intracellular signalling cascades driven by protein
phosphorylation. The human genome encodes a protein Ser/Thr kinases family
known as the phosphoinositide 3-kinase related kinases (PIKKs) which master
regulate the DDR. The 3 key DDR PIKKs are, DNA-PK, ATM and ATR (Ciccia and
Elledge 2010). DNA-PK, ATM and ATR are all very large polypeptides (4128, 3056
and 2644 amino acids respectively) with similar domain and structural features
(Figure 1.7) (Bosaotti, Isacchi, and Sonnhammer 2000; Mordes et al. 2008; Perry and

Kleckner 2003). ATR and ATR signalling are covered in depth in section 1.5.
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Figure 1.7. Shared domain features of the 3 DDR PIKKs.

All 3 proteins have a huntingtin, elongation factor 3, A subunit protein phosphatase 2A, TOR1
(HEAT) repeat domain, a FRAP-ATM-TRAAP (FAT) domain, a kinase domain, a PIKK
regulatory (PRD) domain, and a FAT-C terminal (FATC) domain. Redrawn from (Blackford
and Jackson 2017).

1.4.3 DNA-PK promotes NHEJ repair of DNA DSBs

The catalytic subunit of DNA-PK, known as DNA-PKcs is recruited specifically to
DSBs, where it promotes DNA repair via the NHEJ pathway (Jette and Lees-Miller
2015). The majority of DSBs in mammalian cells are repaired via the NHEJ pathway,
with HR preferentially occurring only when the DSB is detected at a replication fork
(Beucher et al. 2009; Karanam et al. 2012). NHEJ, involves the religation of the two
broken DNA ends without the need for a DNA template, and involves only minimal
end resection (3-5bp). In contrast, HR involves significant end resection of the DNA
ends, and invasion of the single stranded DNA into another DNA molecule, which is
used as a template for DNA repair. Although more error prone than HR, NHEJ is

highly efficient and mostly accurate (Bétermier, Bertrand, and Lopez 2014).

Recruitment and activation of DNA-PKcs in response to DSBs requires binding of the
Ku heterodimer, comprised of Ku70 and Ku80 (Gell and Jackson 1999; Singleton et
al. 1999). There are multiple autophosphorylation sites on DNA-PKcs, with Ser2056

and Thr2609 marking DNA-PK activation (Chan et al. 2002; Chen et al. 2005). Binding
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of DNA-PK to the site of DSBs leads to the recruitment of further NHEJ factors
including XRCC4, XLF, DNA ligase IV, which align and ligate the DNA (Ahnesorg,
Smith, and Jackson 2006; Grawunder et al. 1997; Li et al. 1995). The endonuclease
Artemis is also recruited in a DNA-PKcs dependent manner and plays an important
role in DNA-end processing (Moshous et al. 2001). The NHEJ machinery and DNA-
PKcs are stabilised on the damaged chromatin by PAXX (Ochi et al. 2015). Following
DNA-end ligation, disassembly of DNA-PK and the NHEJ machinery occurs (Figure

1.8).
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Figure 1.8. The role of DNA-PK in NHEJ.
1. DNA DSB formation. 2. The Ku heterodimer binds to the DNA ends. 3. DNA-PKcs is
recruited to the DSB. 4. Recruitment of the NHEJ core factors. 5. DNA end ligation and NHEJ

complex disassembly. Redrawn from (Blackford and Jackson 2017). Created with Biorender.
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1.4.4 ATM orchestrates the cellular response to DNA DSBs

ATM is described as the apical kinase responsible for an orchestrated cellular
response to DSBs. ATM and downstream kinases phosphorylate hundreds of
substrates in response to DNA damage, influencing a wide range of cellular processes
including, checkpoint activation, DNA repair, senescence, apoptosis, chromatin
remodelling and transcription (Figure 1.9) (Phan and Rezaeian 2021). A few of the

key elements of ATM signalling are discussed in this section.
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Figure 1.9. ATM signalling in response to DNA DSBs.

ATM cell signalling leads to cell cycle arrest, DNA repair, senescence, and apoptosis. Some
of the key proteins involved in ATM signalling are shown. Redrawn from (Blackford and
Jackson 2017). Created with Biorender.
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ATM recruitment and activation in response to DSBs requires the MRE11-RAD50-
NBS1 (MRN) complex, with ATM binding to the C-terminus of NBS1 (Chaney et al.
2005; Falck, Coates, and Jackson 2005). Following DSBs, exposed nucleosomes
with the H3K9me3 histone mark are recognised by the TIP60 acetyltransferase, which
acetylates residue Lys3016 of ATM, stimulating ATM activity (Barlow et al. 1996; Sun
et al. 2005; Sun et al. 2009; Sun et al. 2007). On activation, ATM goes from a resting
heterodimer to an active monomer (Bakkenist and Kastan 2003). Following activation,
ATM auto-phosphorylates on residue Ser1981, however this phosphorylation is not
required for kinase activity, with its exact function not currently understood (Blackford

and Jackson 2017; Daniel et al. 2008; Pellegrini et al. 2006).

DSBs trigger rapid phosphorylation of Ser139 in the C-terminal histone variant H2AX,
a modification termed YH2AX (Rogakou et al. 1998). This histone madification is
largely mediated via ATM (Burma et al. 2001). MDC1 specifically binds to YH2AX at
DSB sites, and is phosphorylated by ATM, leading to MDC1 dimerization (Jungmichel
et al. 2012; Liu et al. 2012). pMDC1 interacts with NBS1 of the MRN complex, leading
to further recruitment of ATM and phosphorylation of H2AX, thereby amplifying the
DNA damage signal (Chapman and Jackson 2008). Furthermore, phosphorylation of
MDC1 by ATM leads to the recruitment and retention of RNF8 (a ubiquitin ligase),
which together with UBC13 (a ubiquitin conjugating enzyme) stimulates the
ubiquitination of linker H1 (Thorslund et al. 2015). This ubiquitin modification in turn
leads to the recruitment of an additional ubiquitin ligase, RNF168, which ubiquitylates
Lys15 of H2A histones (Mattiroli et al. 2012). 53BP1, a major scaffold protein in the
NHEJ pathway is recruited to the ubiquitylated H2A histones, and is phosphorylated
by ATM, leading to the recruitment of NHEJ factors (Fradet-Turcotte et al. 2013).
Importantly, ATM signalling at DSBs renders the site transcriptionally inactive,
preventing any collision between the DNA-repair and transcription machinery

(Shanbhag et al. 2010) .
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ATM can also promote HR by phosphorylating CtIP, which is a key factor required for
DNA end resection. DNA end resection produces tracts of ssDNA that can be bound
by the RAD51 recombinase, which enables strand invasion of another DNA molecule
(Sartori et al. 2007; Wang et al. 2013). ATM also phosphorylates BRCA1 on multiple
residues in response to DSBs, with BRCAL activity required for the unloading of

53BP1 and the recruitment of RAD51 (Ahlskog et al. 2016; Cortez et al. 1999).

One of the most well studied targets of ATM signalling is checkpoint kinase 2 (Chk2).
Following DNA damage Chk2 is phosphorylated on residue Thr68 by ATM, resulting
in Chk2 activation (Ahn et al. 2002; Xu, Tsvetkov, and Stern 2002). Chk2 kinase
activity regulates cell cycle arrest, DNA damage repair, senescence and apoptosis.
Multiple phosphorylation targets are common to both Chk2 and ATM (Zannini, Delia,
and Buscemi 2014). Chk2 stalls the cell cycle in response to DNA damage, one
mechanism involves the phosphorylation of the CDC25A phosphatase, leading to its
proteasomal degradation. This prevents the dephosphorylation and activation of
cyclin-dependent kinase-2 (Cdk2) required for G1/S transition and S-phase
progression (Falck et al. 2001). In addition, Chk2 phosphorylation of CDC25C
prevents dephosphorylation of the cyclinBl/cyclin dependent kinase 1 (Cdkl)
complex and prevents G2/M transition (Matsuoka, Huang, and Elledge 1998;
Takizawa and Morgan 2000). Like ATM, pChk2 can also promote HR following DSB
formation. Chk2 phosphorylates BRCA1 and BRCAZ2, leading to RAD51 recruitment
and stabilisation at DSBs, favouring repair via HR over NHEJ (Bahassi et al. 2008;

Lee et al. 2000).

Another well studied target of ATM is p53. The tumour suppressor p53 is activated in
response to DNA damage, leading to the transcription of genes involved in cell cycle
arrest, senescence, or apoptosis (Shiloh and Ziv 2013). ATM phosphorylates p53 on
multiple sites, with phosphorylation of residue Serl5 essential for p53 stabilization

(Banin et al. 1998; Canman et al. 1998). Serl5 phosphorylation of p53 disrupts the
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interaction between p53 and the ubiquitin ligase MDM2, preventing ubiquitin mediated
degradation of p53 (Shieh et al. 1997). ATM-dependent phosphorylation of MDM2,

further inhibits p53 degradation (Cheng and Chen 2010).

1.5 ATR

1.5.1 Discovery and structure of ATR

ATR was first identified in 1996 as the mammalian orthologue of the budding yeast
protein, mitosis entry checkpoint protein (Mecl) and the fission yeast protein, Rad3
(Cimprich et al. 1996; Bentley et al. 1996). The Mec1/Rad3 kinase acts as the master
regulator of DNA damage checkpoints in yeast (Cimprich et al. 1996; Bentley et al.

1996).

ATR is a very large polypeptide of ~300kDa, and shares much of its domain
organisation with the other members of the PIKK family. The kinase domain is close
to the C-terminus of the protein, with the FAT domain directly upstream, followed by
a helical solenoid HEAT repeat region and the ATRIP binding domain, which is at the
N-terminus. The PRD and FAT C-terminal motif are downstream of the kinase domain

(Figure 1.10) (Mordes et al. 2008).

T1989CIF
[ ATRIP | HEAT REPEATS | FaT | KINASE

Figure 1.10. Protein domains of ATR.
ATR contains a HEAT repeat domain, a FRAP-FAT domain, a PRD domain, a FATC domain
and an ATRIP binding domain.

The HEAT repeat domain of the protein is believed to be important in ATR protein-
protein interactions. The C-terminus of HEAT repeats, contains an ATRIP binding

domain, and loss of this domain prevents ATRIP binding and inhibits ATR function
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(Blackford and Jackson 2017; Chen et al. 2007; Perry and Kleckner 2003). The PRD
domain has been demonstrated to play an important role in regulating the kinase
activity of ATR, although loss of this domain does not impair kinase function. It has
been shown that the PRD domain is critical for the activation of ATR via
topoisomerase Il binding protein 1 (TopBP1) (Mordes et al. 2008). While the FATC
domains in ATM and DNA-PKcs are essential for the binding of Tip60 and the
subsequent activation of the kinases, this is not thought to be the case for ATR, which
is not known to interact with Tip60 (Jiang et al. 2006). However, the FATC region of
ATR is essential to the kinase function of ATR, with all kinase activity lost on mutation
of the FATC domain. It is proposed that the FATC domain is essential for the correct
folding of the kinase domain in ATR (Mordes et al. 2008). The function of the FAT
domain is poorly understood, but like the FATC domain, it is believed to be important

for kinase regulation (Weber and Ryan 2015).

1.5.2 Activation of ATR is a multistep process

The recruitment and activation of ATR is a multi-stage process (Figure 1.11). ATR is
activated by extended tracts of ssDNA (minimum 50-75 nucleotides), coated with
RPA. Activation of ATR primarily occurs at junctions between double stranded DNA
(dsDNA) and ssDNA (Zou and Elledge 2003). ssDNA and dsDNA junctions largely
occur due to uncoupling of the helicase-polymerase complex at the site of stalled
replication forks. The presence of sSDNA and dsDNA junctions can also occur due to
nucleolytic processing of a wide range of DNA aberrations, such as during nucleotide
excision repair (NER), base excision repair (BER) and DNA end resection following
DSBs (Bradbury et al. 2020). Coating of ssDNA with RPA prevents nucleolytic
degradation of damaged DNA, and marks DNA aberrations, initiating the repair

process (Maréchal and Zou 2015).

61



Figure 1.11 ATR activation.
Recruitment of ATR to RPA-coated ssDNA requires either TopBP1 or ETAAL. Created with

Biorender.

In mammalian cells, ATR is constitutively bound to ATRIP, via an ATRIP binding site
at the N-terminus of ATR. ATRIP contains an ATR binding site at its C-terminus, and
an RPA binding site at its N-terminus (Ball et al. 2007; Ball, Myers, and Cortez 2005;
Cortez et al. 2001; Zou and Elledge 2003). Binding to ATRIP is essential for the
function of ATR, with loss of ATRIP being phenotypically identical to loss of ATR,
resulting in embryonic lethality and loss of cell viability. Recruitment of ATR to RPA-
coated ssDNA occurs via its binding partner ATRIP (Ball et al. 2007; Cortez et al.

2001; Zou and Elledge 2003).

Binding of the ATR-ATRIP complex to RPA-coated ssDNA is insufficient to activate
ATR. Kinase activity of ATR requires the presence of an activator protein, of which
two have been identified, TopBP1 and Ewing tumour-associated antigen 1 (ETAA1L)
(Bass et al. 2016; Feng et al. 2016; Haahr et al. 2016; Kumagai et al. 2006; Lee et al.
2016; Mordes et al. 2008). TopBP1 binds and activates ATR in an ATRIP dependant
manner, with binding surfaces on both ATR and ATRIP required (Kumagai et al. 2006;
Mordes et al. 2008). TopBP1 is believed to cause a conformational change in the
ATR-ATRIP complex, which enables ATR kinase activity (Kumagai et al. 2006). Loss
of the PRD domain on ATR, which abolishes binding of TopBP1 to ATR, results in
complete loss of ATR function (Mordes et al. 2008). As is the case with ATR and

ATRIP, loss of TopBP1 is embryonic lethal in mice (Jeon et al. 2011). The embryonic
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lethality of TopBP1 loss is due to loss of ATR function, as mutation of the ATR
activation domain (AAD) of TopBP1 is phenotypically the same as total loss of

TopBP1 (Zhou et al. 2013).

The recruitment of TopBP1 to the site of DNA damage occurs via the RAD9-RAD1-
HUS1 (9-1-1) complex, which has a heterotrimeric ring structure, and the RAD17-
RFC complex (Delacroix et al. 2007; Ellison and Stillman 2003; Lee, Kumagai, and
Dunphy 2007; Zou, Cortez, and Elledge 2002; Zou, Liu, and Elledge 2003). The
RAD17-RFC complex, which is comprised of RAD17, Rfc2, Rfc3, Rfc4 and Rfc5 is
constitutively bound to DNA (Ellison and Stillman 2003). When the DNA adopts a
conformation that is associated with DNA damage, such as ssDNA-dsDNA junctions
or DNA gaps, the RAD17-RFC complex, which binds strongly to RPA coated DNA,
recruits the 9-1-1 complex (Zou, Liu, and Elledge 2003). The N-terminus of TopBP1
binds with c-terminal tail of the RAD9 component of the 9-1-1 complex, facilitating
ATR activation (Delacroix et al. 2007; Lee, Kumagai, and Dunphy 2007). The MRN
complex has also been implicated in the recruitment of TopBP1 to RPA-coated DNA,
with MRE11, being the critical subunit for TopBP1 interaction (Duursma et al. 2013;
Lee and Dunphy 2013). The RHINO protein has also been identified to play a role in
the recruitment and activity of TopBP1, although the mechanism by which this occurs

remains unknown (Cotta-Ramusino et al. 2011; Lindsey-Boltz et al. 2015).

A second ATR kinase activator, ETAA1 was identified in 2016. ETAA1 contains two
RPA binding sites (one at the C-terminus and another at the centre of the
polypeptide), and binds directly to RPA-coated ssDNA. ETAAL contains an ATR
activating domain, and binding of ETAAL to ATR, stimulates ATR kinase activity (Bass
et al. 2016; Feng et al. 2016; Haahr et al. 2016; Lee et al. 2016). ETAAL and TopBP1
work in parallel, and the activity of each ATR activator is independent of the other,
with TopBP1 being fully functional with loss of ETAAL and vice versa (Haahr et al.

2016). While TopBP1 and ETAAL are both activators of ATR, they appear to play
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differential roles, with ETAAL being the principal activator of ATR during mitosis of
unperturbed cells and TopBPL1 being the primary activator in response to replication
stress (Bass and Cortez 2019; Saldivar et al. 2018). Indeed, the phosphorylation
targets of ATR are dependent on the associated ATR activator. TopBP1 activation of
ATR results in phosphorylation of targets involved in the replication stress response,
while ETAAL activation results in ATR phosphorylating effectors in mitosis (Bass and
Cortez 2019). Unlike TopBP1, loss of ETAAL in mice is part embryonic lethal, with a
reduced number of embryos surviving. Adult mice with loss of ETAAL appear healthy

but display deficient T-cell expansion (Saldivar et al. 2018).

Phosphorylation analysis of activated ATR, identified a phospho-site on residue
Thr1989, located within the FAT domain of ATR. Phosphorylation of threonine 1989,
has been identified as autophosphorylation, with ATR kinase activity required for the
protein modification (Liu et al. 2011; Nam et al. 2011). Consensus has not been
achieved on the role of this phospho-site, with conflicting data reported. Liu et al.,
have reported autophosphorylation to occur on recruitment of the ATR-ATRIP
complex to RPA, with phosphorylation being important for the binding of TopBP1 (Liu
et al. 2011). Nam et al., have published that loss of the PRD domain on ATR, which
prevents binding of TopBP1, results in loss of Thr1989 autophosphorylation. In
addition, they found loss of Thr1989 to have no impact on TopBP1 recruitment (Nam
et al. 2011). Thr1989 phosphorylation has been identified by some as non-essential
for ATR kinase activity, with mutant ATR-T1989A, having very little impact on kinase
activity or cell viability, while others report a reduction in ATR signalling (Liu et al.

2011; Nam et al. 2011).
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1.5.3 ATR arrests the cell cycle in response to replication stress

The central role of ATR is in initiating the replication stress response (RSR), which
prevents breakage and collapse of stalled replication forks. Much of ATR signalling in
response to replication stress, occurs via the downstream kinase, checkpoint kinase
1 (Chk1). Indeed, loss of Chk1 results in pre-implantation embryonic lethality in mice,
with cells being phenotypically similar to those with ATR loss (Liu et al. 2000). Chkl
is constitutively associated with chromatin, and on ATR activation is recruited to sites
of DNA damage via the adapter protein Claspin (Chini and Chen 2006; Jeong et al.
2003; Kumagai and Dunphy 2003; Smits, Reaper, and Jackson 2006). In the
presence of DNA damage, residues Ser864 and Ser895 in the Chk1 binding domain
(CKBD) of claspin become phosphorylated, and enable binding to the N-terminal
kinase domain of Chkl (Jeong et al. 2003; Kumagai and Dunphy 2003). On
recruitment to the DNA-damage complex, Chkl is phosphorylated on residues
Ser317 and Ser345 by ATR (Guo et al. 2000; Hekmat-Nejad et al. 2000; Liu et al.
2000; Zhao and Piwnica-Worms 2001). Chk1 phosphorylation results in Chk1 kinase
activation and causes dissociation from claspin, facilitating the interaction of Chkl

with downstream targets (Jeong et al. 2003; Smits, Reaper, and Jackson 2006).

Once activated, Chkl1 phosphorylates a multitude of downstream targets inducing S
phase and G2 cell cycle checkpoints, facilitating DNA repair and preventing cell cycle
progression (Figure 1.12). Chkl phosphorylates the phosphatase CDC25A on
residues Serl23, Serl78, Ser278 and Ser292, which results in CDC25A
ubiquitination by the multi-subunit E3 ligase, Skpl, Cull and F-box (SCF) complex.
Once ubiquitinated CDC25A undergoes proteasomal degradation (Dai and Grant
2010; Sgrensen et al. 2003; Zhao and Piwnica-Worms 2001). CDC25A removes an
inhibitory phosphate from Tyrl5 of Cdk2. In the absence of active Cdk2-cyclin E/A
complexes, the cell cannot progress into S phase. Loss of Cdk2 activity also prevents

S phase progression with replication fork firing inhibited and the intra-S phase DNA
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damage checkpoint activated (Dai and Grant 2010; Smits and Gillespie 2015). Chk1l
also phosphorylates CDC25C on residue Ser216, this results in binding of CDC25C
to the 14-3-3 protein, which promotes nuclear export of CDC25C (Peng et al. 1997;
Sanchez et al. 1997; Zeng et al. 1998). CDC25C removes the inhibitory phosphate
from Tyrl5 of Cdk1. Loss of nuclear CDC25C, results in high levels of phosphorylated
Cdk1. Without active Cdk1/Cyclin B complexes, cells cannot progress from G2 into
mitosis (Dai and Grant 2010; Smits and Gillespie 2015). It has also been reported that
Chk1 phosphorylates Weel on Ser549, leading to binding of Weel to 14-3-3. Binding
of Weel to 14-3-3 results in nuclear retention of Weel and increased kinase activity.
Weel phosphorylates Cdk1/2 on residue Tyrl5, resulting in inhibition of Cdk/cyclin

complexes and stalling of the cell cycle (Lee, Kumagai, and Dunphy 2001).

Inhibiton of DNA- replication
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Figure 1.12. ATR activation causes cell cycle arrest.
Upon activation, ATR phosphorylates downstream kinase Chk1, which leads to cell cycle

arrest. Created with Biorender.
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For DNA replication to occur during S-phase, loading of Cdc45 and GINS onto the
chromatin must occur. Cdc45 and GINS, complex with minichromosome maintenance
(MCM) to from the Cdc45-MCM-GINS (CMG) complex, which is the fully functional
helicase required for replication origin firing (Tanaka and Araki 2013). Loading of
Cdc45 and GINS is mediated by the TopBP1-Treslin complex (Kumagai et al. 2010;
Sansam et al. 2010). The S-phase Cdk2 phosphorylates Treslin on residues T969
and S1001 and this causes binding of TopBP1 to the N-terminus of Treslin (Kumagai
et al. 2011). Activation of Chkl due to replication stress results in reduced Cdk2
activity and therefore inhibits the binding of TopBP1 to Treslin, preventing replication
origin firing (Boos et al. 2011). Furthermore, Chk1 binds directly to the C-terminus of
Treslin and phosphorylates residues Ser1893 and Thr1897 in the Treslin C-terminal
domain (TCRT). Phosphorylation of the TCRT domain inhibits Treslin activity and

thereby inhibits the initiation of DNA replication (Guo, Kumagai, et al. 2015).

1.5.4 ATR prevents replication fork collapse

ATR signalling acts to stabilize stalled DNA replication forks, promote DNA repair and
stimulate replication initiation (Figure 1.13). Replication fork collapse can result in
incomplete DNA replication. While collapsed replication forks can be restored through
DNA recombination and activation of DNA damage repair pathways, this increases
genetic instability due to nucleotide deletion, chromosomal translocations, and low
fidelity replication. Replication fork collapse can occur as a result of RPA exhaustion,
replisome disassembly or aberrant activity of fork processing enzymes such as

nucleases (Cortez 2015).
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Figure 1.13. ATR signalling prevents replication fork collapse.
ATR activation leads to cell cycle arrest, inhibition of origin firing, stalled fork relaxation and

reinitiation, and inhibition of fork degradation. Created with Biorender.

RPA exhaustion occurs when origins of replication are initiated, despite the presence
of other stalled replication forks and DNA damage. ssDNA which occurs at stalled
replication forks cannot be bound by RPA if the cell is in an RPA exhausted state,
leaving the ssDNA exposed. Without RPA, the ssDNA is rapidly degraded, and
signalling to the ATR pathway is not initiated. With lack of ATR signalling, the
replication fork undergoes a permanent replication block and cannot be reinitiated,
even when RPA supplies are replenished (Toledo et al. 2013). ATR signalling acts to
protect cells from RPA depletion by inhibiting firing of new replication forks, while the
cell is undergoing replication stress. ATR inhibits origin firing via Chkl
phosphorylation of CDC25A and WEE1, which results in Cdk2 inhibition and

inactivation of Treslin. In addition, Chk1 directly inhibits Treslin, all which has been
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described in section 1.5.3 (Boos et al. 2011; Guo, Kumagai, et al. 2015; Kumagai et

al. 2011).

There is much debate as to whether ATR influences replisome unloading at stalled
replication forks in mammalian cells (Cortez 2015). Early reports showed a reduction
in replisome components associated with chromatin in the presence of stalled
replication forks (Dimitrova and Gilbert 2000). Ragland et al., identified this unloading
to be ATR dependant. In the presence of ATR, the E3 Ubiquitin ligase RNF4 and the
PLK1-AURKA complex were inhibited and this prevented replisome disassembly,
allowing for replication fork recovery (Ragland et al. 2013). However, more recent
reports using more sophisticated techniques have argued against replisome
unloading being the cause of replication fork collapse in human cells (Cortez 2015;

De Piccoli et al. 2012; Dungrawala et al. 2015; Sirbu et al. 2011).

SMARCALL1 is a DNA translocase that can anneal to RPA-coated DNA at stalled
replication forks via its N-terminus. Among other enzymatic activities, SMARCAL1
catalyses replication fork regression. Controlled SMARCAL1 activity promotes
efficient DNA replication, with fork regression putting the replisome back at dsDNA,
where excision repair can act to remove DNA lesions. Fork regression also facilitates
lesion bypass via template switching and replication fork restart (Bansbach et al.
2009; Bétous et al. 2012; Cortez 2015; Couch et al. 2013). However, in the absence
of tight regulation, SMARCAL1 catalyses excessive fork regression, which results in
DNA degradation by nucleases and replication fork collapse. ATR phosphorylates
SMARCALL1 on residue Ser652, this reduces SMARCAL1’s catalytic activity and fork
regression. In the absence of ATR, the DNA products of SMARCALL activity are
recognised by SLX4 dependant nucleases, leading to DNA degradation, preventing
fork restoration (Couch et al. 2013). SLX4 is a scaffold protein for the XPF-ERCC1,

MUS81-EME1 and SLX1 nucleases (Fekairi et al. 2009; Svendsen et al. 2009).
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Indeed, in the absence of ATR, MUS81 activity is increased, resulting in collapsed

replication forks and DSBs (Forment et al. 2011).

ATR has been found to colocalise with the Bloom syndrome protein (BLM) helicase
at the sites of replication stress, with ATR phosphorylating BLM on residues Thr99
and Thr122 (Davies et al. 2004; Davies, North, and Hickson 2007; Franchitto and
Pichierri 2002; Tripathi, Kaur, and Sengupta 2008; Wang et al. 2018).
Phosphorylation of BLM results in successful unwinding of complex DNA secondary
structures at stalled forks, enabling fork restart (Wang et al. 2018). It has also been
reported that BLM activity facilitates efficient HR dependant fork restart (Davies et al.
2004). Phosphorylation of BLM also prevents firing of new replication forks, prioritising
repair and restart of stalled forks (Davies, North, and Hickson 2007). BLM also recruits
the MRN complex to abnormal DNA structures (Franchitto and Pichierri 2002; Trenz
et al. 2006; Tripathi, Kaur, and Sengupta 2008). MRE11 shows exonuclease and
endonuclease activity when recruited to stalled forks by BLM, playing a role in stalled

fork restart (Franchitto and Pichierri 2002).

ATR has also been shown to modulate the activity of the WRN helicase, enabling
increased fork stability and stalled fork restart (Ammazzalorso et al. 2010; Pichierri,
Rosselli, and Franchitto 2003). In response to replication stress, ATR phosphorylates
the C-terminal fragment of WRN on residues Ser991, Thrll52 and Serl256.
Phosphorylation of WRN increases efficiency of WRN recruitment to stalled
replication forks and maintains the helicase at the site of replication fork damage.
Mutation of the phosphorylation sites on WRN results in deficient replication fork
restart, DSB formation and reduced ability to re-enter the cell cycle after S-phase

arrest (Ammazzalorso et al. 2010).

The MCM complex is the catalytic core of the DNA replication helicase, with its activity

being critical for replication fork initiation and elongation. The MCM complex is
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hexameric, with the subunits being MCM 2-7 (Labib, Tercero, and Diffley 2000). Due
to the central nature of the MCM complex to DNA replication, interaction between the
ATR complex and the MCM subunits has been explored. ATR has been identified to
phosphorylate MCM2 on Ser108, and MCM3 on Ser535 (Cortez, Glick, and Elledge
2004; Yoo et al. 2004). In addition, ATRIP binds to the C-terminus of MCM7 (Cortez,
Glick, and Elledge 2004). While the function of these phosphorylation sites /
interactions remains unclear, it is apparent that the MCM complex is a target of ATR
signalling. Constitutive inhibitory phosphorylation of MCM3 by Chk1 in the absence of
replication stress has also been reported. As a result of DNA damage, Chkl is
released from the chromatin, resulting in a reduction in MCM3 inhibitory
phosphorylation, and increased helicase activity to allow fork reinitiation (Han et al.

2015).

1.5.5 ATR promotes deoxynucleotide synthesis and salvage preventing

further replication stress

ATR activation also reduces the impact of replication stress on genomic stability by
ensuring sufficient ANTP availability for replication fork restart, global DNA replication
and DNA repair. De novo nucleotide synthesis involves the ribonucleotide reductase
(RNR) enzyme complex, which catalysis the reduction of newly formed ribonucleoside

diphosphates to deoxyribonucleoside diphosphates.

The RNR complex is a heterodimeric tetramer, with the large subunit comprised of
two ribonucleotide reductase family member 1 (Rrm1) proteins, and the small subunit
comprised of two ribonucleotide reductase family member 2 (Rrm2) proteins (Zhang
et al. 2009). Increased expression of Rrm1 and Rrm2 was identified to occur in an
ATR dependant manner following treatment with CPT (Zhang et al. 2009). Increasing
cellular dNTP levels was found to reduce replication stress in cells with reduced ATR

function. Indeed, overexpression of the RRM2 gene protects against replication stress
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and chromosomal breakage in the presence of ATR inhibition or DNA damaging
agents. Mice deficient in ATR (ATR-Seckel Mice) have a two-fold increase in lifespan

on overexpression of the RRM2 gene (Lopez-Contreras et al. 2015).
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Figure 1.14. ATR signalling promotes deoxynucleotide salvage and biosynthesis.
ATR signalling stabilises and increases the expression of the RNR complex leading to
deoxynucleotide biosynthesis. Phosphorylation of deoxycytidine kinase (dCK) increases

deoxynucleotide salvage. Created with Biorender.

The RRM1 and RRM2 genes are both transcriptional targets of the replication and
stress associated transcription factor E2F1. Inhibition of Chk1 results in reduced E2F1
expression and a reduction in Rrm2 levels. Indeed, E2F1 deletion prevents DNA-
damage dependant upregulation of Rrm2 (Zhang et al. 2009). In addition to
modulating RNR activity at the transcription level, ATR signalling also prevents
degradation of Rrm2. The cellular level of the RNR complex is dependent on Rrm2

expression and stability, as Rrml expression is always in excess of Rrm2.
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Degradation of Rrm2 is mediated by the multi subunit E3 ubiquitin ligase, SCF. The
F-box subunit of the SCF complex targets different substrates for ubiquitination.
Cyclin F is a member of the F-box protein family, and binds Rrm2, resulting in Rrm2

ubiquitination and proteasomal degradation.

Phosphorylation of Rrm2 on residue Thr33 by the Cdk1/Cyclin B complex is required
for binding of Cyclin F (D'Angiolella et al. 2012). Chk1 kinase activity results in a
reduction of Cdkl activity, via inhibition of CDC25C and activation of Weel. A
reduction in Cdkl activity prevents Cyclin F dependant degradation of Rrm2
(Ammazzalorso et al. 2010; Buisson et al. 2015; D'Angiolella et al. 2012; Pfister et al.
2015). Furthermore, Cyclin F is directly regulated by ATR. Cyclin F contains a
consensus sequence for ATR kinase activity, which becomes phosphorylated in
response to replication stress. Phosphorylation of Cyclin F, results in Cyclin F

degradation and increased RNR activity (D'Angiolella et al. 2012).

In addition to upregulating de novo synthesis of dNTPs, ATR also upregulates the
nucleotide salvage pathway (Le et al. 2017). The nucleotide salvage pathway uses
salvage kinases and phosphoribosyltransferases to convert preformed nucleobases,
ribonucleosides, and deoxyribonucleosides into nucleotides. Among the nucleoside
salvage kinases, deoxycytidine kinase (dCK) has the broadest kinase activity and is
able to salvage both purines and pyrimidines (Sabini et al. 2008). ATR directly
phosphorylates dCK on residue Ser74, which enhances dCK kinase activity. ATR
inhibition results in a loss of dCK phosphorylation, and an approximately 30%

reduction in dNTP pools (Le et al. 2017).

1.5.6 ATR plays a central role in the repair of DNA ICLs

DNA ICLs involve a covalent bond between the two strands of the DNA helix. ICLs
are highly toxic DNA lesions as they prevent separation of the DNA strands, a

requirement for both transcription and replication. Persistent ICLs result in DNA

73



breakage and chromosomal rearrangements. Repair of ICLs, requires activation of
the Fanconi Anaemia (FA) pathway, which coordinates the involvement of the NER,
HR proteins and translesion DNA synthesis polymerases. ATR plays a central role in
the repair of ICLs by activating key components of the FA pathway, as well as other
DNA repair effectors (Figure 1.15) (Blackford and Jackson 2017; Ceccaldi, Sarangi,

and D'Andrea 2016).

Recognition of ICLs by the FA pathway occurs via binding of FANCM complex
(FANCM-FAAP24-MHF1-MHF2) to the DNA lesion. Phosphorylation of FANCM on
residue Ser1045, is required for recruitment of the FANCM complex to the ICL site.
The phosphorylation of FANCM, is ATR dependant, and loss of ATR prevents
recognition of ICLs by the FA pathways (Singh et al. 2013). Once bound to the DNA,
FANCM acts as a landing platform for the ubiquitin ligase FA core complex, which is
comprised of FANCA, FANCB, FANCC, FANCE, FANCF, FANCG, FANCL, FANCM,
FANCT, FAAP100, MHF1, MHF2, FAAP20 and FAAP24 (Ceccaldi, Sarangi, and
D'Andrea 2016). FA core complex Ubiquitin ligase activity has been shown to be ATR
dependant, in the presence of DNA damage (Collins et al. 2009; Wilson et al. 2008).
In response to ICLs, FANCA, is phosphorylated in an ATR (but not Chk1l) dependant
manner on residue Serl449. ATR is suspected to directly phosphorylate FANCA, with
FANCA phosphorylation by ATR occurring in vitro (Collins et al. 2009). Another
component of the FA core complex, FANCG becomes phosphorylated on residue

Ser7 in an ATR dependant manner in the presence of ICLs (Wilson et al. 2008).
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Figure 1.15. ATR activates the Fanconi Anaemia pathway in response to ICLs.
ATR activity is critical for the phosphorylation and activation of multiple components of the FA

pathway, leading to ICL repair. Created with Biorender.

The FA core complex acts as a ubiquitin ligase for FANCD2 and FANCI, which bind
together to form the ID complex (Andreassen, D'Andrea, and Taniguchi 2004; Ishiai
et al. 2008; Shigechi et al. 2012). Activity of the ID complex is dependent on multiple
post-translational modifications, FANCD2 and FANCI phosphorylation and
monoubiquitylation. Phosphorylation of FANCD2 and FANCI is required for
monoubiquitinating of the ID complex (Chen et al. 2015; Ho et al. 2006; Ishiai et al.
2008). ATR and ATM can both catalyse the phosphorylation of FANCD2 on residues
Thr691 and Ser717 (Ho et al. 2006). FANCI phosphorylation on Ser556, Ser559,
Ser565, Ser596 and Ser617 occurs in ATR dependant manner, although it has not
been demonstrated to date whether this phosphorylation is catalysed directly by ATR,
or a kinase downstream of ATR (Chen et al. 2015; Ishiai et al. 2008). Following ID
complex phosphorylation, the FA complex monoubiquitinates FANCD2 on Lys561,
and FANCI on Lys523 (Andreassen, D'Andrea, and Taniguchi 2004; Ishiai et al. 2008;

Shigechi et al. 2012; Smogorzewska et al. 2007). Monoubiquitylation of the ID
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complex acts a chromatin localisation tag and is required for binding to the ICL site
(Ishiai et al. 2008). Once bound, the ID complex mediates the recruitment of NER
factors, translesion synthesis polymerases and the homologous repair proteins to

repair the ICL (Ceccaldi, Sarangi, and D'Andrea 2016; Shigechi et al. 2012).

1.5.7 ATR can activate the NER pathway

ATR also plays a key role in the NER pathway, facilitating the removal of helix
distorting DNA adducts following UV exposure. Following UV exposure, ATR was
found to colocalise with Xeroderma pigmentosum group A (XPA), an indispensable
component of the NER machinery (Lee et al. 2014; Wu et al. 2006). XPA binds to
DNA lesions and facilitates recruitment and loading of NER machinery on to the
chromatin (Ammazzalorso et al. 2010; Lee et al. 2014). In response to UV exposure,
ATR directly phosphorylates XPA on residue Ser196 (Ammazzalorso et al. 2010; Wu
et al. 2006). Nuclear translocation of XPA in response to UV exposure was also
identified to be ATR dependant, although the exact mechanism of this translocation
is not understood (Wu et al. 2007). XPA is targeted for proteasomal degradation by
the HERC2 ES3 ubiquitin ligase. Phosphorylation of XPA by ATR causes dissociation
of HERC2 from XPA, protecting XPA from ubiquitination and subsequent degradation

(Lee et al. 2016).

1.5.8 ATR plays a key role in homologous recombination

The initial stage of HR involves DNA end resection, catalysed by helicases such as
BLM, and nucleases such as MRE11. ATR regulates the activity of BLM and MRE11
in the context of replication stress (section 1.5.4) (Bradbury et al. 2020; Davies et al.
2004; Franchitto and Pichierri 2002). Following DNA end resection, RPA-coating of
ssDNA must be replaced with RAD51, to form a RAD51 nucleofilament. RAD51
loading mediates the homology search and strand invasion of the sister chromatid,

that is required for HR (Ahlskog et al. 2016). Exchange of RPA for RAD51 is
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performed by the BRCA2-PALB2 complex, which in turn is recruited to the DNA lesion
by BRCAL (Ahlskog et al. 2016; Buisson, Niraj, et al. 2017; Guo, Feng, et al. 2015).
BRCAL, BRCA2, PALB2 and RAD51 are all phosphorylated in an ATR dependant

manner, with each posttranslational modification being essential for efficient HR.

Following replication stress, ATR colocalises with BRCA1, and phosphorylates
BRCAL on residue Ser143 (Tibbetts et al. 2000). The N-terminus of PALB2 interacts
with BRCAL, with this interaction requiring direct phosphorylation of PALB2 on Ser59
by ATR (Ahlskog et al. 2016; Buisson et al. 2015; Guo, Feng, et al. 2015). Optimal
recruitment of PALB2 to BRCA1l foci at the site of DNA damage, requires
phosphorylation of Ser59 and hypophosphorylation of Ser64. While phosphorylation
of Ser59 is directly catalysed by ATR, the phosphorylation of Ser64 is catalysed by
Cdks. In response to ATR activation, Cdks undergo inhibitory phosphorylation on
Tyrl5 (section 1.5.3). As such, activation of ATR causes phosphorylation of Ser59
and hypophosphorylation of Ser64, facilitating efficient recruitment of PALB2 to the
site of DNA damage (Buisson, Niraj, et al. 2017). Phosphorylation of PALB2 has also
been found to be essential for binding of RAD51 to the PALB2-BRCA2 complex
(Ahlskog et al. 2016). Phosphorylation of Ser3291 on BRCA2 blocks the interaction
between BRCA2 and RADS51, and prevents RAD51 loading. Phosphorylation of
BRCAZ2 is catalysed by Cdks, and therefore inhibition of Cdks via ATR signalling
promotes interaction between BRCA2 and RAD51 (Esashi et al. 2005).
Phosphorylation of RAD51 is required for the formation of RAD51 foci. On activation,
Chk1 binds to RAD51 and RAD51 becomes phosphorylated in a Chkl dependant

manner (Sgrensen et al. 2005).
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1.5.9 Genetic models show ATR signalling to be essential for tumour

development

ATM and Chk2 have been identified as tumour suppressor genes, with loss of
expression or loss of function mutations driving tumourigenesis (Barlow et al. 1996;
Cremona and Behrens 2014; Lecona and Fernandez-Capetillo 2018; Stolz, Ertych,
and Bastians 2011; Halazonetis, Gorgoulis, and Bartek 2008). Due to the homology
between ATR / Chkl and ATM / Chk2, it was speculated that ATR and Chk1 would
also play tumour suppressive roles, however, this is not the case (Lecona and
Fernandez-Capetillo 2018). Complete loss of ATR and Chk1 is embryonic lethal, and
as such this phenotype cannot be studied in a complete organism. In mice, embryonic
lethality occurs before E6.5, in both ATR-/- and Chk1-/- genotypes (Brown and
Baltimore 2000; de Klein et al. 2000; Liu et al. 2000; Takai et al. 2000). Cells from
ATR-/- and Chkl-/- early blastocysts display defective cell cycle checkpoints,
defective cell cycle arrest, fragmented chromatin and abundant micronuclei (Brown

and Baltimore 2000; Liu et al. 2000; Takai et al. 2000).

Seckel syndrome is a rare human disorder, in which a hypomorphic ATR mutation
arises due to incorrect splicing of the ATR transcript. Impaired ATR function results
in intrauterine growth retardation, dwarfism, microcephaly, and cognitive impairment
of affected individuals. There is no increase in cancer incidence for individuals with
Seckel syndrome, indicative of ATR not having a tumour suppressive role (O'Driscoll
et al. 2003). Mouse models of Seckel syndrome display similar characteristics
including severe dwarfism, micrognathia, microcephaly, ageing and death. On the
cellular level, cells display pan-YH2AX staining, chromosomal breakage, p53
phosphorylation and pan-caspase 3 activation. Seckel mice do not display increased
tumour incidence, even with co-deletion of p53 (Murga et al. 2009). In ATR-Seckel
mice, MYC driven lymphomas and pancreatic tumours fail to develop. In addition, Ras

driven tumours, which are deficient in p53 also fail to develop in Seckel mice. Addition
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of a Chkl allele to Seckel mice promotes malignant transformation, further
demonstrating the dependence of tumourigenesis on ATR-Chk1 signalling (Lépez-

Contreras et al. 2012).

Data from many genetic studies show that some ATR-Chk1 signalling is required for
tumour formation. Chkl1 deficiency has been shown to prevent mammary tumour
formation in p53 null mice and mice carrying a heterozygous deletion of p53 (Fishler
et al. 2010). Deletion of Chk1 in the epidermis, supresses papilloma formation and is
incompatible with epithelial tumourigenesis in mouse models (Tho et al. 2012). In
addition, deletion of ATR in skin cells also prevents tumour formation on exposure to
UV irradiation in mice (Kawasumi et al. 2011). Furthermore ATR-Chk1 signalling is
often upregulated to support malignant transformation and to sustain tumour
development. In mouse models, MYC driven B-cell lymphomas display increased
Chk1 expression, with reduction to basal levels slowing tumour progression (Hoglund
et al. 2011). In addition, overexpression of Chkl in osteocytes causes malignant
transformation (Schulze et al. 2014). Tumour samples from patients with triple
negative breast cancer (TNBC) display very high levels of Chk1 expression (Verlinden
et al. 2007). More than 50% of diffuse large B-cell lymphoma (DLBCL) patient
samples display increased Chkl expression and phosphorylation (Derenzini et al.
2015). Chk1l is also overexpressed and hyperactivated in human T-cell lymphoblastic

leukaemia (Sarmento et al. 2015).

While a significant loss of ATR / Chk1 signalling prevents tumour formation, a modest
loss in function has been demonstrated to marginally enhance tumourigenesis. Mice
with heterozygous loss of ATR show a small increase in tumour incidence (Brown and
Baltimore 2000). There is a modest increase in tumour formation with Chk1l
heterozygous deletion in WNT-1 transgenic mouse (Liu et al. 2000). Ras induced

tumourigenesis is also promoted by haploinsufficient ATR expression (Gilad et al.
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2010). Partial loss of Chk1 expression has also been found to accelerate epidermal

benign-malignant progression in mouse models (Tho et al. 2012).

Due to reliance of tumours on ATR and Chkl, complete loss of these kinases has
never been reported in cancers. Loss of function ATR mutations have only been
reported in a small proportion (6%) of human melanomas, with this accelerating
tumour progression (Chen et al. 2017). An extremally rare familial disorder in which
individuals have a heterozygous loss of function ATR mutation, has been shown to

increase the incidence of oropharyngeal cancer formation (Tanaka et al. 2012).

While genomic instability can be source of mutations that drive tumourigenesis,
catastrophic DNA damage is intrinsically toxic and not compatible with cell viability.
Tumour cells require an efficient replication stress recovery pathway to support
growth and development, making the ATR-Chkl signalling pathway an attractive

target in cancer therapy.

1.6 ATR Inhibition

1.6.1 ATR is a promising therapeutic target for cancer treatment

The overarching principle behind ATR inhibition for the treatment of cancer is to
exacerbate replication stress and genomic instability, resulting in catastrophic DNA
damage that is not compatible with cell viability. Genomic instability was recognised
as one of the hallmarks of cancer by Hanahan and Weinberg. It is often deregulation
of DDR genes that contribute to this genomic instability (Bradbury et al. 2020;
Hanahan and Weinberg 2011). An increased replication rate, a further cancer
hallmark leads to amplification of DNA damage and an increase in replication errors
(Sundar et al. 2017; Hanahan and Weinberg 2011; Macheret and Halazonetis 2015).
Up to 70% of cancers display high levels of replication stress due to loss of tumour

suppressor ATM or its downstream target p53. While loss of ATM or p53 drives

80



tumourigenesis due to loss of cell cycle checkpoints and accelerated mutagenesis, it
also results in heavy reliance on ATR to resolve replication stress (Bolt et al. 2005;
Ding et al. 2008; Gurpinar and Vousden 2015; Reaper et al. 2011; Jin and Oh 2019).
Dysregulation of cell signalling pathways by oncogenes such as Ras, MYC and cyclin
E, have been shown to cause loss of cell cycle checkpoints and increased replication
stress, with increased reliance on ATR signalling (Gilad et al. 2010; Hoglund et al.

2011; Karnitz and Zou 2015; Murga et al. 2011; Toledo et al. 2011).

Many studies have identified tumour dependence on ATR signalling, making ATR
inhibition an attractive therapeutic option. In a study of 1650 human breast cancers
with loss of tumour suppressor PTEN, upregulation of ATR was linked to higher grade
malignancies, larger tumour size and poor survival, demonstrating reliance of tumours
on ATR (Al-Subhi et al. 2018). High ATR expression and phosphorylation has also
been associated with poor prognosis in bladder cancers, demonstrating the role of a
functional replication stress response in tumour progression (Li et al. 2016). A link
between patient survival following cisplatin therapy for the treatment of oesophageal
cancer and ATR expression has been identified, with higher ATR expression driving
tumour survival (Shi et al. 2018). In addition, tumour samples from TNBC patients
show very high levels of Chk1 expression (Verlinden et al. 2007). More than 50% of
DLBCL patient samples display increased Chkl expression and phosphorylation
(Derenzini et al. 2015). Chk1 is also overexpressed and hyperactivated in human T-
cell lymphoblastic leukaemia (Sarmento et al. 2015). As shown in section 1.5.9,
genetic models have demonstrated a loss in ATR activity to prevent tumour formation
across multiple cancer types (Fishler et al. 2010; Hoglund et al. 2011; Kawasumi et
al. 2011; Tho et al. 2012). Unlike ATM, which is frequently mutated or lost in cancers,
loss or mutation of ATR is extremely rare. This makes ATR an attractive drug target,
as primary resistance is unlikely (Blackford and Jackson 2017; Bolt et al. 2005; Ding

et al. 2008; Jin and Oh 2019; Reaper et al. 2011).
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Many current cancer therapeutics are highly genotoxic and potent inducers of
replication stress. However, successful cell cycle arrest and checkpoint activation
enable DNA repair or cell senescence, with cells evading death. As such, there is
strong rationale for combining ATR inhibition with many established cancer
therapeutics, with loss of ATR sensitising cells to treatment (Blackford and Jackson

2017; Lecona and Fernandez-Capetillo 2018).

1.6.2 Development of ATR inhibitors

Despite genetic studies providing evidence for potential efficacy of ATR inhibitors in
cancer treatment, development of drugs specifically targeting ATR has been slow.
The large size of ATR, and high homology between the active site of ATR and other
members of the PIKK family has posed a significant challenge (Lecona and
Fernandez-Capetillo 2018). The first molecule identified to inhibit ATR was caffeine.
However, with an ICso of 1.1mM, the dose required for any cellular effect also inhibits
other PIKKSs, including ATM (Sarkaria et al. 1999). Next, schisandrin B, an active
compound from Fructus schisandrae was found to inhibit ATR. As a monotherapy,
schisandrin B had no impact on the survival of lung cancer cells in vitro. However,
treatment with schisandrin B did reduce cell survival in combination with UV
irradiation, by abolishing the G2/M checkpoint. With an 1Cse of 7.5uM, schisandrin B

was not found to have sufficient potency for clinical use (Nishida et al. 2009).

NU6027, which was originally developed as a CDK2 inhibitor, was identified to inhibit
ATR, with an ICso of 6.7 M. Treatment with NU6027 sensitized breast and ovarian
cancer cell lines to cisplatin, with impaired G2/M arrest and HR following DNA damage
(Peasland et al. 2011). Using a high throughput screen approach with YH2AX as a
readout for ATR activity, ETP-46464 was identified as a potent ATR inhibitor (ICso
25nM). ETP-46464 did not display any action against the kinase activity of ATM or

DNA-PKcs, however, it did inhibit other kinases including PI3K and mTOR. Due to
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poor pharmacokinetic properties ETP-46464 could not enter clinical trials (Toledo et

al. 2011).

Vertex pharmaceuticals developed a high throughput screening approach, utilising an
ATR specific kinase assay, to identify compounds which selectively inhibit ATR. This
led to the discovery of a series of amino pyrazines which inhibit ATR (but not other
PIKKs), of which VE-821 was found to be the most potent (ICso 26nM). VE-821 was
found to markedly enhance the cytotoxicity of DNA damaging agents in cancer cells
but not normal cells (Charrier et al. 2011). Many preclinical studies showed efficacy
of VE-821 as a monotherapy and in combination therapy (sections 1.6.3-1.6.7). The
potency and pharmacological properties of VE-821 were optimised by Vertex to
develop VX-970 (VE-822) (Table 1.3). VX-970 was sold to the Merck group and was
renamed M6620 (Berzosertib). VX-970 has shown efficacy in pre-clinical experiments
and clinical trials (sections 1.6.3-1.6.7 and 1.6.9). Another highly potent ATR inhibitor,
VX-803 was also developed by Vertex. VX-803 displays oral bioavailability, and has
an ICs of 8nM (Table 1.3). VX-803 was similarly sold to Merck and is now known as
M4344. Pre-clinical data shows synergy between VX-803 and DNA damaging agents
in cancer models (Jo, Senatorov, et al. 2021). A dose escalation phase 1 trial, with
M4344 as a monotherapy and in combination with cisplatin is ongoing for patients

with advanced solid tumours NCT02278250 (Zenke et al. 2019).

AstraZeneca used a similar high throughput approach to Vertex to identify AZ20,
which has an ICso of 5nM (Foote et al. 2013). Due to low aqueous solubility and off
target inhibition of cytochrome CYP3A4, AZ20 did not progress into clinical studies.
However, AstraZeneca went on to develop the AZD6738 (Ceralasertib), an orally
bioavailable ATR inhibitor with an 1Cso of 74nM (Table 1.3) (Foote et al. 2018).
AZ6738 has shown efficacy in pre-clinical experiments and is currently in clinical trials

(sections 1.6.3-1.6.7 and 1.6.10).
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Bayer developed an ATR inhibitor, with an ICso of 78nM, named as BAY-937. Despite
in vitro efficacy, BAY-937 was not taken to clinical trials due to poor aqueous solubility
and bioavailability (Luecking et al. 2017). BAY-937 was optimised to form
BAY1895344 (Table 1.3), which has an ICso of 7nM. BAY1895344 has shown
preclinical efficacy as a monotherapy in DDR defective xenograft models, and in
combination with DNA damage inducing therapies and radiotherapy in a range of
cancer models. Complete remission in mantle cell lymphoma models has been
observed. Synergy has also been observed with anti-androgen therapy in hormone
dependant prostate cancer models (Luecking et al. 2017; Wengner et al. 2020;
Wengner et al. 2017; Wengner et al. 2018). Several phase | trials are ongoing to
evaluate the safety, tolerability, pharmacokinetics, pharmacodynamics, and
maximum tolerated dose of BAY1895344 as a monotherapy and in combination with
chemotherapies, a PARP inhibitor and pembrolizumab (NCT03188965,

NCT04095273 and NCT04267939, NCT04576091, NCT04491942, NCT04616534).
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Table 1.3. Summary of the ATR inhibitors currently in clinical trials, with their structure,
inhibition and specificity data (Bradbury et al. 2020).

Name Structure ICso Specificity
VX-970 N\ NH, 19nM >100-fold ATR

| vs ATM/DNAPK
(VE-822) NP
(M6620) Q\S O-p HN—
(Berzosertib) Y 0
VX-803 8nM >100 fold

e selectivity
(M4344) . =N 3 ] S against 308 of a
\{ N NN panel of 312
L I kinases

AZ6738 9) 74nM
Ceralasertib [ j\
N
=~ "N —-
H N\\S// N | NH

BAY1895344 nM >60 fold
selectivity to
ATR compared
to PI3K/AKT

/mTOR pathway

1.6.3 ATR inhibitors synergise with platinum therapy

Platinum-based chemotherapy remains the primary therapeutic for many solid
tumours. Platinum drugs and their derivatives form bulky DNA adducts via covalent
interaction between the platinum compounds and nucleotide bases. The bulky

platinum adducts, which include intra and interstrand crosslinks, distort the DNA
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structure, leading to replication fork stalling and high levels of replication stress.
Activation of ATR and subsequent G2/M cell cycle arrest is one of the earliest cellular
responses to platinum treatment. Loss of ATR, with subsequent lack of cell cycle
arrest and genomic instability could result in catastrophic DNA damage following
platinum treatment, incompatible with cell viability (Bradbury et al. 2020; Galluzzi et

al. 2012; Gorecki et al. 2020).

Multiple preclinical studies have demonstrated a synergistic interaction between
platinum-based therapies and ATR inhibition. The combination of ATR inhibitors and
cisplatin or oxaliplatin has led to dramatically reduced cell survival in a very broad
range of cancer cell lines including, ovarian, lung, oesophageal, head and neck,
osteosarcoma and colorectal (Combes et al. 2019; Hall et al. 2014; Huntoon et al.
2013; Leonard et al. 2019; Leszczynska et al. 2016; Mohni et al. 2015; Nagel et al.
2019; Reaper et al. 2011; Vendetti et al. 2015). This synergy has also been observed
in vivo in primary human none small cell lung cancer (NSCLC) xenograft models,
oesophageal squamous cell carcinoma models, paediatric solid tumour models and
head and neck squamous cell carcinoma (HNSCC) models (Combés et al. 2019; Hall
et al. 2014; Kurmasheva et al. 2018; Leonard et al. 2019; Nagel et al. 2019; Shi et al.

2018; Vendetti et al. 2015).

1.6.4 ATR inhibitors synergise with gemcitabine and cytarabine

The mechanism of action of antimetabolites such as gemcitabine and cytarabine,
would suggest efficacious combination with ATR inhibition for cancer treatment.
Metabolites of gemcitabine inhibit nucleotide synthesis / salvage as well becoming
incorporated into DNA. dFdUMP, which is the active metabolite of gemcitabine is
structurally similar to the thymidylate synthase substrate (dUMP), acting as a
competitive inhibitor and preventing synthesis of dTMP (Honeywell et al. 2015; Mini

et al. 2006). Gemcitabine metabolites have also been shown to inhibit the
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ribonucleotide reductase complex and inhibit the de novo synthesis of nucleotides
(Liu, Ge, et al. 2017). dFdUMP also competes with deoxycytidine for binding to the
nucleoside salvage enzyme dCK (Honeywell et al. 2015). As well as reducing the
pool of nucleotides available for DNA replication and repair, gemcitabine metabolites
become incorporated into the DNA in place of cytidine, inhibiting DNA polymerases
causing replication fork stalling, thereby further elevating replication stress (Fordham

et al. 2018; Honeywell et al. 2015).

Resistance to gemcitabine occurs via upregulation of the ribonucleotide reductase
subunits, Rrm1 and Rrm2, increasing the cellular pool of nucleotides (Liu, Ge, et al.
2017). Cytarabine, a deoxycytosine analogue commonly used in the treatment of
acute myeloid leukaemia (AML), also becomes incorporated into DNA, resulting in
inhibition of DNA and RNA polymerases. Cytarabine also inhibits the ribonucleotide
reductase complex, with resistance involving upregulation of Rrm1 and Rrm2 via
increased ATR expression and signalling (Ma et al. 2017). ATR inhibition results in
reduced expression and catalytic activity of the RRM subunits, and loss of the
nucleotide salvage pathway, and as such could greatly synergise with gemcitabine
and cytarabine (Ammazzalorso et al. 2010; D'Angiolella et al. 2012; Sabini et al. 2008;
Zhang et al. 2009). Loss of ATR could also result in altered cell cycle arrest and poor
resolution of replication stress induced by gemcitabine and cytarabine (Fordham et

al. 2018).

The addition of an ATR inhibitor to gemcitabine treatment has been shown to reduce
cell survival in ovarian, colorectal, osteosarcoma, breast, lung, AML and pancreatic
cancer cell lines, with cell cycle disruption and increased DNA damage observed
(Fokas et al. 2012; Fordham et al. 2018; Hall et al. 2014; Huntoon et al. 2013;
Middleton, Pollard, and Curtin 2018; Prevo et al. 2012). Synergy has also been
observed in vivo in pancreatic ductal adenocarcinoma (PDAC) and AML mouse

models (Fokas et al. 2012; Fordham et al. 2018). The combination of ATR inhibition
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and cytarabine has been found to reduce the survival of AML and pancreatic cancer
cell lines, and increases survival in pancreatic cancer mouse models (Liu, Ge, et al.

2017; Ma et al. 2017).

1.6.5 ATR inhibition in combination with PARP inhibitors

PARP enzymes play a central role in the initiation of DNA repair and genome integrity.
There are 18 members of the PARP family, with PARP1 playing the dominant role in
DNA repair. PARP1 catalyses the addition of ADP-ribose to multiple DNA repair
enzymes, and is crucial for the recruitment of DNA repair factors to the sites of DNA
damage (Zheng et al. 2020). It is long established that PARP is required for the
recruitment of factors for SSB repair and BER, however more recent findings have
also identified PARP involvement in both HR, NHEJ and MMEJ (microhomology-
mediated end-joining) (Ceccaldi et al. 2015; Chou et al. 2010; Haince et al. 2008;
Hegan et al. 2010; Zheng et al. 2020). PARP inhibitors are currently approved for the
treatment of BRCA1/2 mutant breast and ovarian cancers, with synthetic lethality
observed (Ledermann 2019). Loss of PARP activity results in severe replication fork
stress and activation of ATR signalling. Furthermore, upregulation of ATR signalling
has been identified as a primary and acquired mechanism of resistance to olaparib in
BRCAL deficient cells (Yazinski et al. 2017). Combining PARP inhibition, which drives
replication stress with ATR inhibition, would result in unresolved DNA damage, with a

lethal effect on tumour cells (Gorecki et al. 2020).

Increased sensitivity to PARP inhibition with the addition of ATR inhibition has been
shown across several cancer types. ATR inhibition in combination with PARP
inhibition, reduces survival compared to PARP inhibition alone in ovarian,
osteosarcoma, colorectal, prostrate, leukemic and Ewing sarcoma cancer cell lines
(Abu-Sanad et al. 2015; Huntoon et al. 2013; Jette et al. 2019; Mohni et al. 2015;

Murai et al. 2016; Yazinski et al. 2017). The synergistic relationship between ATR and
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PARP inhibition has also been demonstrated in patient derived xenograft (PDX)
models of NSCLC, HNSCC, ovarian cancer and TNBC (Kim et al. 2017; Lau et al.

2017).

1.6.6 ATR inhibition increases efficacy of anti PD-L1 therapy

Anti programmed death-ligand 1 (PD-L1) therapy has shown efficacy in a small subset
of patients, suffering from cancers with high mutational burdens. However, for many
patients PD-L1 therapy does not result in disease control, even when combined with
other therapeutics. Drugs combined with anti PD-L1 therapy often aim at increasing
the mutational burden of the cancer, so that the cancer is more readily targeted by T-
cells. As many chemotherapeutic agents are highly genotoxic and therefore increase
cancer mutational burden, it was proposed that combining anti PD-L1 treatment with
chemotherapy would result in clinical benefit. Even in combination with
chemotherapeutics, many patients do not benefit from anti PD-L1 therapy and as such
new combinations are required (Demaria et al. 2019). The addition of ATR inhibitors
to standard cancer therapy has been shown to increase DNA damage and mutational
burden in preclinical studies (Combes et al. 2019; Josse et al. 2014). Combining an
ATR inhibitor with anti PD-L1 monotherapy or combination therapy could result in
increased cancer mutational burden, due to an impaired replication stress response

and compromised DNA damage repair machinery (Alimzhanov et al. 2019).

Anti-tumour efficacy of platinum-based chemotherapy in combination with avelumab
(anti PD-L1) and VX-970 was explored in the MC38 murine colorectal tumour model.
The triple combination regimens resulted in reduced tumour growth, increased tumour
regression and increased OS compared to the dual combination of platinum and
avelumab. Mice which displayed a complete response (CR) were found to be
refractory to subsequent tumour inoculations, suggestive of the development of anti-

tumour immunity (Alimzhanov et al. 2019).
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1.6.7 ATR inhibitors act as radiosensitisers

ATR inhibition will exacerbate any replication stress and DNA damage occurring in
tumour cells. Irradiating mammalian cells with 1Gy, causes approximately 800-1,600
damaged deoxyribose bases, 200-300 alkaline labile sites, 500-1,000 SSBs, 20-40
DSBs, 30 DNA-DNA covalent bonds and 150 DNA-protein covalent bonds (Gorecki
et al. 2020). Loss of ATR will prevent resolution of the DNA aberrations induced by
radiation and therefore will reduce cell viability. Radioresistance prevents patient
responses and results in disease relapse, as such successful radiosensitisation via
ATR inhibition would fill an unmet medical need (Fokas et al. 2012; Pires et al. 2012;

Prevo et al. 2012; Vendetti et al. 2015)

There have been multiple studies demonstrating a synergistic relationship between
radiation and ATR inhibition. Radiosensitisation of colorectal, osteosarcoma,
glioblastoma, breast, bladder, cervical, melanoma, head and neck, pancreatic,
leukaemia, oesophageal cancer cell lines have been reported. ATR inhibition was
found to exacerbate radiation induced DNA damage, with increased YH2AX and
53BP1 foci, persistent DSBs and increased micronuclei observed (Fokas et al. 2012;
Middleton, Pollard, and Curtin 2018; Pires et al. 2012; Prevo et al. 2012; Vavrova et
al. 2013; Dillon et al. 2017; Leszczynska et al. 2016; Tu et al. 2018). In vivo, treatment
with an ATR inhibitor has been shown to radiosensitise PDAC, oesophageal, TNBC,
glioma and CRC mouse models (Chen et al. 2018; Dillon et al. 2017; Fokas et al.

2012; Leszczynska et al. 2016; Tu et al. 2018; Vendetti et al. 2015).
1.6.8 ATR inhibition in combination with DNA damage therapy could produce
an anti-tumour immune response

In vitro and in vivo models, have shown increased DNA damage in response to the
combined use of TOP1 and ATR inhibition (Huntoon et al. 2013; Hur et al. 2021; Josse

et al. 2014; Thomas et al. 2018; Thomas et al. 2021). In recent years, the cGAS-
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STING pathway has been identified as a link between DNA damage in tumour cells
and an anti-tumour immune response (Figure 1.16) (Vanpouille-Box et al. 2018). This
is suggestive of an immunomodulatory advantage of therapeutics that increase DNA
damage, with anti-tumour immunity likely to give a more durable response. To date,
activation of the cGAS-STING pathway in response to TOP1 and ATR inhibition

remains unexplored.

Unrepaired DNA lesions (including DNA DSBs), as well as impaired segregation of
chromosomes during mitosis results in endogenous cytosolic DNA (Vanpouille-Box et
al. 2018). Furthermore, when cells with extensive DNA damage pass through mitosis,
fragmented DNA can end up being enclosed in a micronuclear envelope, creating
small nuclear bodies, known as micronuclei. The fragile nature of micronuclei
membranes, results in lack of membrane integrity and the leakage of DNA into the
cytosol (Harding et al. 2017; Mackenzie et al. 2017). DNA damage-induced cytosolic
DNA triggers cellular responses common to those observed upon viral or bacterial
infections. In mammalian cells, cytosolic DNA is detecting by multiple enzymes and

factors leading to activation of an immune response (Vanpouille-Box et al. 2018).
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Figure 1.16. Cytosolic DNA activates the cGAS-STING pathway.

Cytosolic DNA is bound by cGAS which generates the secondary messenger cGAMP, leading
to STING activation. STING in turn activates TBK1, IKK and NIK kinases. Nuclear
translocation of NFkB and IRF3 lead to the transcription of proinflammatory genes. Created

using Biorender.

cGAMP synthase (cGAS) is a cytosolic nucleotidyltransferase that binds to dsDNA in
a sequence non-specific manner (Civril et al. 2013). On binding to DNA, cGAS
catalyses the synthesis of cyclic-GMP-AMP (cGAMP) from ATP and GTP. cGAMP
acts a secondary messenger, activating the adapter protein STING (Ablasser et al.
2013; Sun et al. 2013; Wu et al. 2013). Upon cGAMP binding, STING undergoes a
structural transformation and translocates from the ER to the Golgi apparatus via the

ER-Golgi intermediate compartment (Burdette and Vance 2013; Ishikawa and Barber

92



2008). On translocation, STING activates kinases TBK1, IKK, and NIK, which in turn
phosphorylate IRF3 and IkBa. Phosphorylation of IkBa results in its proteasomal
degradation, releasing the inhibition of NFkB transcription factors (Fitzgerald et al.
2003; Ishikawa and Barber 2008; Ishikawa, Ma, and Barber 2009; Tanaka and Chen

2012).

Once activated, IRF3 and NFkB translocate to the nucleus and drive transcriptional
programmes, which stimulate the synthesis of immunomodulatory factors, including
type | IFNs, TNF (drives helper T-cells toward a pro-inflammatory profile), CXCL-10
(a chemoattractant for T-helper cells and cytotoxic T-lymphocytes), and several
cytokines (IL1B, IL-2, IL12 and IL10) involved in the expansion and activation of
immune effector cells (Vanpouille-Box et al. 2018) (Figure 1.16). Type | IFN secretion
by tumour cells supports a tumour targeting immune response in multiple ways,
including driving the maturation of dendritic DCs, increasing the effector functions of
cytotoxic T-lymphocytes, increasing the persistence and reactivation of memory
cytotoxic T-lymphocytes, inactivation of immunosuppressive Trec cells, and
promoting a switch in tumour associated macrophages form an immunosuppressive
subtype (M2) to an antitumour subtype (M1) (Parker, Rautela, and Hertzog 2016;

Zitvogel et al. 2015).

1.6.9 VX-970 shows efficacy in early clinical trials

VX-970 was the first ATR inhibitor to enter clinical trials in 2012, for a summary of all
active and recruiting trials see Table 1.4. Results have been reported from several

phase | trials and phase Il trials.

A large multi-arm phase | trial (NCT02157792) explores the use of VX-970 as a
monotherapy and in combination with chemotherapies in patients with advanced solid
tumours. In the VX-970 monotherapy cohort, 17 patients were treated with escalating

VX-970 doses, with no dose-limiting toxicities (DLTSs) reported. Adverse events were
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mild and included only grade 1-2 nausea, flushing, headaches and pruritus. One
patient with advanced CRC with 100% ATM loss, loss of MLH1 and PMS2 (mismatch
repair deficient), and truncating mutations in ARID1A, Chk1, FANCM, RAD50, POLD1
and SLX4 achieved a RECIST CR that was ongoing at two years. Five further patients
had a best response of stable disease (SD) (Yap et al. 2020). In the VX-970 +
carboplatin cohort, 15/23 patients achieved SD, with one partial response (PR) (>6
months) reported in a patient with BRCAL and TP53 mutant, heavily pre-treated high-

grade serous ovarian cancer (Yap et al. 2020).

In the VX-970 + cisplatin cohort, 4/26 patients achieved a PR, with one response
lasting ~14 months. A further 15/26 achieved SD. Patients achieving a PR included a
patient with BRCA2 mutant high grade serous ovarian cancer (HGSOC), a patient
with TP53 mutant, RB1 null TNBC, and a patient with BRCA2 mutant prostate cancer
bearing a duplication of exons 1-3 of ATR (Shapiro et al. 2021). In the VX-970 +
gemcitabine arm, 4/48 patients (including a BRCA2 mutant BC patient) achieved a

PR (71-211 days) and 29/48 had SD (Middleton et al. 2021).

In the VX-970 + gemcitabine + cisplatin cohort, 1/7 patients achieved a PR (94 days),
with 4/7 achieving SD (Middleton et al. 2021). In a cohort expansion, patients with
NSCLC were treated with VX-970 + gemcitabine, 3/24 patients achieved a PR, and
18/24 achieved SD, with 4 patients having a response duration >6 months (Plummer
et al. 2018). In a further cohort expansion, 35 patients with TNBC (BRCA wild-type)
were treated with VX-970 + cisplatin / carboplatin. PFS of = 6 months was observed
in 2 patients, and PFS of 23 months was observed in 8 patients. A response was
ongoing in 4 patients at the time of reporting (Telli et al. 2018). While VX-970
monotherapy was well tolerated, combination of VX-970 with chemotherapies
resulted in a high number of treatment emergent adverse events (TEAES), leading to
dose reductions and delays in treatment. The cytotoxicity profiles of the combination

treatments, matched those commonly seen with the chemotherapies alone.
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Preliminary results from a trial combining VX-970, veliparib (PARP inhibitor) and
cisplatin in patients with advanced solid tumours have been reported (NCT02723864).
3/22 patients achieved a PR (lasting >4 treatment cycles), including 1 patient with
ATM-mutant NSCLC and 1 patient with oesophageal cancer with biallelic loss of ATM.
12/22 patients had SD (median response duration 105 days). Haematological grade

3-4 TEAEs were reported in several patients (O'Sullivan Coyne et al. 2018).

In a further phase | trial (NCT02487095), 21 patients with advanced solid
malignancies were treated with VX-970 + topotecan (TOP1 inhibitor). 2/19 evaluable
patients had ongoing PR at the time of reporting (>18 months and > 7 months) and
8/19 achieved SD (median duration 9 months). The combination treatment was
generally well tolerated by patients, with the toxicity profile matching that already
known for topotecan treatment. One patient with a PR and two with SD were found to
harbour mutations in the DDR pathway - ARID1A, Chk2 and BRCAL1 respectively.
Peripheral blood mononuclear cells (PBMCs) were collected from the patients at
several stages during the trial and immune cell subsets analysed. A significant
redistribution of monocyte subsets was observed. Prior to treatment, the major
population was classic immunosuppressive monocytes, with immunostimulatory
intermediate and non-classical monocytes being in the minority. Following the
combination treatment, the more immunostimulatory subsets of monocytes were
found to be in the majority. No change in the distribution of T-cell subsets was

observed (Thomas et al. 2018).

Following promising outcomes in the phase | trial combining VX-970 and topotecan,
a phase Il trial was set up to evaluate efficacy of VX-970 in combination with topotecan
in patients with small cell lung cancer (SCLC) and extra-pulmonary small cell
neuroendocrine cancers (EP-SCNC). 9/25 patients with SCLC had a confirmed PR,
and 17/25 had tumour regression, with a median PFS of 4.8 months. The OS at 12

months was 32%, with 2 patients having ongoing responses (13 and 24 months).
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Despite being a single arm study, this data strongly supports efficacy, as typically
platinum-resistant SCLC is fatal within weeks of relapse. 3/10 patients with EP-SCNC
achieved a PR, and 2/10 achieved SD. 2/5 responders had progressed on previous
TOP1 treatments, showing the combination treatment to be effective even with TOP1-

inhibition resistant cancers (Thomas et al. 2021).

Data from a further phase Il trial has been reported, in which the combination of VX-
970 + gemcitabine was compared to gemcitabine treatment alone in patients with
platinum resistant HGSOC. Large scale genomic studies of tumours from HGSOC
patients show near universal loss of the G1/S checkpoint and have very high
frequency of mutations in the DNA damage repair pathways, potentially increasing
dependence on ATR signalling (Konstantinopoulos et al. 2020). 36 patients were
treated with gemcitabine alone, while 34 patients received gemcitabine + VX-970.
Median PFS was 22.9 weeks in the gemcitabine + VX-970 group compared to 14.7
weeks in the gemcitabine alone group. Median OS was 59.4 weeks vs 43 weeks.
Sub-group analysis showed increased efficacy in patients who had a platinum-free
period of <3 months, PFS 27.7 weeks vs 9 weeks and OS 84.4 weeks vs 40.4 weeks.
It is proposed that tumours recently treated with platinum are likely to be enriched for
biomarkers of replication stress and likely to have a higher ATR dependence. The
addition of VX-970 to gemcitabine was well tolerated with the similar adverse events
for both groups reported, indicating that toxicity was gemcitabine related

(Konstantinopoulos et al. 2020).

Many of the ongoing studies focused on combining VX-970 with chemotherapies.
Two studies are exploring the combination of VX-970 with radiation (NCT02589522
and NCT04052555). Several studies are combining VX-970 with an anti-PD-L1
antibody (Avelumab) (NCT03704467, NCT04216316 and NCT04266912). VX-970 is

also being trailed as a monotherapy in the context of specific genetic backgrounds
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including ATM, BRCA1, BRCA2

amplification (NCT03718091).

Table 1.4. Summary of active /

ClinicalTrials.Gov database

and ARID1A loss, and MYC and Cyclin E1

recruiting VX-970 clinical trials as reported on

Clinical Trial Phase | Year of | Combination Cancer type / characteristics
Identifier posting | agent
NCT02627443 | I/l 2015 Carboplatin or Recurrent and metastatic
gemcitabine ovarian, primary peritoneal or
fallopian tube
NCT02589522 | | 2015 Whole brain Brain metastasis from NSCLC,
radiation SCLC or neuroendocrine
tumours
NCT02567409 | Il 2015 Cisplatin and Metastatic urothelial cancer
gemcitabine
NCT02595892 | I 2015 Gemcitabine Recurrent ovarian, primary
peritoneal, or fallopian tube
cancer
NCT02567422 | | 2015 Cisplatin and Locally advanced HNSCC
radiation
NCT02595931 | | 2015 Irinotecan Solid tumours which are
metastatic or cannot be
surgically resected
NCT02487095 | I/ 2015 Topotecan SCLC and extrapulmonary
small cell cancer
NCT02723864 | | 2016 Veliparib and Advanced / refractory solid
cisplatin tumours
NCT03309150 | | 2017 Monotherapy or Advanced solid tumours
carboplatin and
paclitaxel
NCT03718091 | Il 2018 Monotherapy Solid tumours
NCT03641547 | | 2018 Radiotherapy + Oesophageal cancer
cisplatin +
capecitabine
NCT03641313 | Il 2018 Irinotecan Progressive, metastatic, or
unresectable TP53 mutant
gastric or gastroesophageal
junction cancer
NCT03704467 | I/ 2018 Avelumab, PARP inhibitor resistant,
carboplatin + recurrent ovarian cancer
paclitaxel,
gemcitabine,
doxorubicin +
bevacizumab
NCT03517969 | Il 2018 Carboplatin, Metastatic castration-resistant
carboplatin + prostate cancer
docetaxel
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NCT04052555 | | 2019 Radiation Breast cancer

NCT03896503 | Il 2019 Topotecan SCLC and extrapulmonary
small cell cancer
NCT04216316 | I/ 2020 Carboplatin + NSCLC
gemcitabine +
avelumab
NCT04266912 | I/ 2020 Avelumab DDR deficient metastatic or
unresectable solid tumours
NCT04768296 | Il 2021 Topotecan Relapsed platinum resistant
NSCLC
NCT04802174 | I/ 2021 Lurbinectedin NSCLC and High grade

neuroendocrine cancers

1.6.10 AZD6738 is in early phase clinical trials

AZD6738 was the first orally bioavailable ATR inhibitor to enter clinical trials, a list of
active / recruiting clinical trials can be seen in Table 1.5. The results of a multiple arm
phase I/Il trial have been reported in abstract form (NCT02264678). In the initial phase
of the trial, 11 patients received AZD6738 monotherapy, to monitor for any drug
toxicities. No DLTs or >grade 2 drug related toxicities were observed. A CR occurred
in an advanced CRC patient with complete ATM loss, with the response ongoing at
59 weeks. 4/11 patients achieved SD (median duration 11 weeks). In the phase Il
expansion, patients with advanced solid tumours received either AZD6738 +
carboplatin, AZD67368 + olaparib or AZD6738 + durvalumab. In the AZD6738 +
carboplatin arm of the study, 3/36 patients achieved a PR (1 patient with ATM loss
and 1 patient harbouring an ATM mutation). Haematological toxicities limited both the
dosing and scheduling in the AZD6738-carboplatin arm of the study. The combination
of AZD6738 with olaparib (45 patients) was well tolerated with short treatment cycles,
however longer treatment cycles resulted in TEAEs. 1/ 39 evaluable patients had a
CR, and 6/39 had a PR. In the durvalumab and AZD6738 arm of the study, 1/21
achieved a CR and 3/21 achieved a PR, with one haematological DLT observed
(Krebs et al. 2018; Yap et al. 2016; Yap et al. 2015). The results from NCT02264678,

demonstrated potential efficacy and manageable toxicity of AZD6738 in combination
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with PARP inhibition or anti-PD-L1 therapy, and has led to an eruption of clinical trials

involving these combination treatments in multiple cancer types.

Outcomes of a further phase | trial (NCT02630199) evaluating the combination of
AZD6738 and paclitaxel have also been reported. 57 patients with advanced solid
cancers (33 melanoma, progressed with anti PD-1/L1 therapy) were treated with
paclitaxel and AZD6738, with 1/57 achieving an ongoing CR, 12/57 (2 ongoing)
achieving a PR and 18/57 achieving SD. The main toxicities for grade 3 and higher
were haematological (neutropenia 30%, anaemia 23% and thrombocytopenia 9%)

(Lee et al. 2020).
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Table 1.5. Summary of AZD6738 active clinical trials as reported on ClinicalTrials.Gov

database
Clinical Trial Phase | Year of | Combination Cancer type / characteristics
Identifier posting | agent
NCT01955668 | | 2013 Monotherapy Relapsed / refractory chronic
lymphocytic lukaemia (CLL),
Prolymphocytic leukaemia
(PLL) or B cell ymphoma
NCT02223923 | | 2014 Monotherapy or Refractory solid tumour
radiotherapy
NCT02264678 | I/lI 2014 Carboplatin / Advanced solid cancers
olaparib /
durvalumab
NCT02630199 | | 2015 Paclitaxel Refractory metastatic cancers
NCT02576444 | 1l 2015 Olaparib Advanced solid tumours
NCT02664935 | Il 2016 Durvalumab NSCLC
NCT02937818 | Il 2016 Olaparib Platinum refractory SCLC
NCT03330847 | I 2017 Olaparib TNBC
NCT03182634 | Il 2017 Olaparib Advanced breast cancer
NCT03334617 | I 2017 Durvalumab Metastatic NSCLC with
progression on an anti-PD-
1/PD-L1 containing therapy
NCT03022409 | | 2017 Monotherapy HNCC
NCT03328273 | I/l 2017 Monotherapy or Relapsed / refractory high-risk
acalabrutinib chronic lymphocytic leukaemia
NCT03527147 | | 2018 Acalabrutinib Relapsed / refractory
aggressive non-Hodgkin's
lymphoma (NHL)
NCT03780608 | Il 2018 Durvalumab Refractory gastric
adenocarcinoma or malignant
melanoma
NCT03462342 | I 2018 Olaparib Recurrent ovarian cancer
NCT03428607 | Il 2018 Olaparib Relapsed SCLC
NCT03682289 | I 2018 Monotherapy or Renal cell carcinoma,
olaparib urothelial carcinoma,
pancreatic cancers and all
advanced solid tumours
NCT03787680 | Il 2018 Olaparib Metastatic castration-resistant
prostate cancer
NCT03669601 | | 2018 Gemcitabine Advanced solid tumours
NCT03740893 | lI 2018 Monotherapy Post neoadjuvant
chemotherapy resistant
residual disease in patients
with TNBC
NCT03770429 || 2018 Monotherapy Myelodysplastic syndrome or
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NCT04090567 | Il 2019 Olaparib Germline BRCA mutated
breast cancer

NCT03833440 | I 2019 Durvalumab Advanced NSCLC with
progression on an anti-PD-
1/PD-L1 containing therapy

NCT04065269 | I 2019 Olaparib Gynaecological cancers

NCT03878095 | Il 2019 Olaparib IDH mutant
cholangiocarcinoma or solid
tumours

NCT04361825 | I 2020 Durvalumab Relapsed SCLC

NCT04298008 | I 2020 Durvalumab Advanced biliary tract cancer

NCT04239014 | II 2020 Olaparib Platinum-sensitivity relapsed

epithelial ovarian cancer,
patients have previously
responded to PARPI
maintenance therapy

NCT04298021 | lI 2020 Durvalumab or Advanced biliary tract cancer
olaparib

NCT04417062 | I 2020 Olaparib Recurrent osteosarcoma

NCT04564027 | I 2020 Monotherapy Advanced solid tumours and

metastatic castration resistant
prostrate cancer

1.6.11 Biomarkers and patient selection for ATR inhibition

Successful clinical use of ATR inhibitors requires identification of patients who are
most likely to respond to the therapy. Predictive biomarkers must be utilised to ensure

patients receiving ATR inhibitors are likely to derive clinical benefit.

Deficiencies in several genes have been linked to increased sensitivity to ATR
inhibition. ATR loss in the context of p53 deletion was initially identified as deleterious
in ATR-Seckel mice. p53 loss results in abrogation of the G1 cell cycle checkpoint,
increasing dependence on ATR induction of S-phase and G2/M checkpoints. Loss of
p53 also creates general deficiencies in DDR, enabling proliferation of cells containing
severe DNA lesions. Loss of p53 in Seckel mice results in a 4-fold increase in YH2AX
staining, increased replication stress, loss of G1, S-phase and G2/M checkpoints and

increased apoptosis. In addition, p53 loss typically leads to spontaneous formation
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of tumours, however in the presence of hypomorphic ATR in Seckel mice, tumours
fail to develop (Murga et al. 2009). In a further adult mouse model, the combination of
ATR and p53 loss resulted in tissue regeneration, defective hair follicles, intestinal
epithelial degeneration, and severe inflammatory disease, and was not compatible
with long term survival (Ruzankina et al. 2009). Many in vivo and in vitro studies have
demonstrated p53 loss to sensitise cancer cells and cancer mouse models to ATR
inhibition.  Multiple p53 null models have displayed reduced viability, increased
YH2AX and increased loss of cell cycle checkpoints in response to ATR inhibition in
comparison to p53 proficient models (Kwok et al. 2016; Middleton, Pollard, and Curtin
2018; Reaper et al. 2011; Toledo et al. 2011). Not all studies have found p53 status
to be a promising predictive biomarker, with matched p53 null and proficient models
showing similar sensitivity to ATR inhibition (Dillon et al. 2017; Hall et al. 2014). Data
emerging from clinical trials will demonstrate whether p53 status acts as a predictive

biomarker in patients.

There has also been a strong clinical focus on the use of ATM status as a predictive
biomarker for ATR inhibition. How ATM deficiency might increase sensitivity to ATR
inhibitors is not fully understood, however it is proposed that ATM-dependant DDR is
required for repair of DSBs which arise as a result of unresolved replication forks in
the absence of ATR (Lecona and Fernandez-Capetillo 2018). As there is much
crosstalk between the ATR and ATM signalling pathways, with many downstream
targets the same, it is hypothesised that a synthetic lethal relationship occurs between
ATR and ATM. Indeed, in the absence of ATR, ATM becomes activated in response
to replication stress (Reaper et al. 2011). Multiple in vitro and in vivo studies have
identified ATM deletion or an ATM loss of function mutation, to be predictive of ATR
inhibition sensitivity. ATM deficient cancer models have shown increased sensitivity,
increased DNA damage and increased loss of cell cycle checkpoints on ATR inhibition

in comparison with ATM proficient models (Kwok et al. 2016; Menezes et al. 2015;
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Min et al. 2017; Reaper et al. 2011; Schmitt et al. 2017). Several patients with loss of
ATM have responded well to ATR inhibition in early phase clinical trials (Krebs et al.
2018; O'Sullivan Coyne et al. 2018; Yap et al. 2020). Multiple active clinical trials now
have expansion cohorts for patients with ATM deficient cancers (NCT03718091,
NCT02264678, NCT01955668, NCT03896503), with trial data required for validation

that ATM acts as a suitable biomarker for ATR inhibition therapy.

An RNAIi screen identified a synthetic lethal relationship between ARID1A, a
component of the SWI/SNF complex and ATR, with several studies supporting this
finding (Jo, Murai, et al. 2021; Thomas et al. 2021; Williamson et al. 2016). The
SWI/SNF complex remodels chromatin structure by removing nucleosomes from
DNA, thereby modulating DNA replication, transcription, and repair (Hohmann and
Vakoc 2014). Loss of ARID1A expression results in a reduction of Top2a binding to
chromatin, leading to increased topological stress and subsequent dependence on
ATR. Both in vitro and in vivo loss of ARID1A has been shown to increase sensitivity
to ATR inhibition (Williamson et al. 2016). ARID1A mutant cohorts are currently being
studied in 3 clinical trials of ATR inhibitors (NCT03718091, NCT03682289,

NCT04062569).

SLFN11 expression protects against genomic instability, with cell death occurring in
response to DNA damage. Overexpression of SLFN11 leads to increased sensitivity
to a wide range of chemotherapeutics. SLFN11 mRNA expression is suppressed in
~50% of cancer cell lines, with cell lines having increased genomic instability and
replication stress. A genome wide siRNA screen identified ATR as a therapeutic target
for SLFN11 deficient cells. Indeed, ATR inhibition sensitised SLFN11 deficient cells
to a range of therapeutics including irinotecan, etoposide, talazoparib and cisplatin

(Jo, Murai, et al. 2021).
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ATR and Chkl1 amplification frequently occur in genomically unstable cancers, with
dependence on ATR signalling for resolution of replication stress and DNA damage.
It is therefore unsurprising that deficiencies in the DDR pathways have been identified
as biomarkers for ATR inhibition (Krajewska et al. 2015). XRCCL1 is a scaffold protein
with a critical role in BER and SSB repair, with loss of XRCC1 leading to accumulation
of SSBs. Inhibition of ATR in XRCC1 deficient but not XRCC1 proficient ovarian
cancer cell lines, results in increased SSBs, increased YH2AX accumulation and
increased apoptosis (Sultana et al. 2013). ATR inhibition of BRCAL1 deficient ovarian
cancer cell lines has been shown to cause dramatic sensitisation to a range of
therapies including cisplatin, topotecan and olaparib. While ATR inhibition did
sensitise BRCAL proficient cell lines to several therapies, this was to a lesser extent
than seen in BRCA1 deficient cells (Huntoon et al. 2013). These findings are further
supported by Krajewska et al., who found ovarian cancer cells with HR deficiencies
to be sensitive to ATR inhibition (Krajewska et al. 2015). Loss of the ERCC1-XPF
complex which functions to remove bulky DNA adducts, ICLs and DSBs was also
found to be a predictive biomarker for ATR inhibition. Cells deficient in ERCC1 display
increased dependence on ATR for DNA repair, with loss of ATR resulting in

significantly reduced viability (Mohni et al. 2015).

Overexpression of replication stress inducing oncogenes can increase ATR
dependency, thereby acting as a biomarker for ATR inhibition. Overexpression of
cyclin E, the regulatory subunit of Cdk2, results in premature entry into S-phase
leading to genomic instability, replication stress and increased dependence on S-
phase and G2/M checkpoints (Spruck, Won, and Reed 1999). Cells overexpressing
cyclin E display increased sensitivity to ATR inhibition with increased YH2AX
accumulation and apoptosis (Toledo et al. 2011). Patients with amplification of cyclin
E are being assessed for sensitivity to VX-970 monotherapy in an ongoing clinical trial

(NCT03718091). Overexpression of other replication stress inducing oncogenes
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including hRAS and MYC also increases sensitivity to ATR inhibition with increased
DNA damage and apoptosis observed (Schoppy et al. 2012). Indeed, MYC driven
tumours fail to develop in ATR-Seckel mice, with MYC overexpression creating ATR
dependency (Murga et al. 2011). An ongoing clinical trial is exploring sensitivity of

patients with MY C overexpressing tumours to VX-970 monotherapy (NCT03718091).

Overexpression of CDC25A, leads to accelerated S-phase entry, driving genomic
instability. ATR activation results in proteasomal degradation of CDC25A, resulting in
cell cycle arrest. The level of CDC25A has been identified as a predictive biomarker
for ATR inhibition, with cells expressing very low levels of CDC25A being resistant to
ATR inhibition and those expressing very high levels displaying greatest sensitivity
(Ruiz et al. 2016). APOBEC enzymes are not normally expressed in unstressed
proliferating cells, with their DNA mutator function part of the cellular response to viral
RNA/DNA. APOBEC3A and APOBEC3B enzymes are expressed in a wide range of
cancers and cause replication stress by inducing abasic sites at replication forks,
leading to replication fork arrest and ATR activation. APOBEC expressing cancer
display very marked sensitivity to ATR inhibition, with failure to overcome replication
stress leading to loss of cell viability (Buisson, Lawrence, et al. 2017; Nikkila et al.
2017). Sensitivity of APOBEC expressing cancers to ATR inhibition (AZD6738) is

currently being explored in a clinical trial (NCT02576444).

1.7 Antibody drug conjugates (ADCs)

1.7.1 The development of ADCs

ADCs are a novel class of anticancer agents, which harness the specificity of mAbs
and the cytotoxic potency of small molecules. An ADC is comprised of three
components, a highly cytotoxic drug, a synthetic linker and a mAb which has been
raised against a tumour surface antigen (Figure 1.17). ADCs enable targeted drug

delivery to tumour cells through the antibody—antigen interaction, while sparing
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healthy cells from chemotherapeutic damage (Abdollahpour-Alitappeh et al. 2019;

Sievers and Senter 2013).

Linker Drug

Figure 1.17. General structure of an antibody-drug conjugate.
Basic ADC structure illustrating a full length 1gG1 antibody (heavy chain: blue; light chain:

green), drug molecule (pink) and linker (purple). Created with Biorender.

The concept of targeted drug delivery to tumours was first proposed by Paul Ehrlich,
who believed that drugs could be specifically delivered to cancer cells using a “magic
bullet” approach (Strebhardt and Ullrich 2008). It was almost half a century after the
idea of targeted drug delivery was conceived, that the first in vitro investigations
involving a cytotoxic agent bound to an antibody began (Mathe, Tran Ba, and Bernard
1958). At that time, it was clear that the chemotherapeutic agents used, including
methotrexate, taxanes, anthracyclines, nitrogen mustards, vinca alkaloids and folate
analogues were affecting both the cancer cells and healthy dividing cells
(Abdollahpour-Alitappeh et al. 2019; DeVita and Chu 2008). The therapeutic index (Tl
= maximum tolerated dose/minimum efficacious dose) of these drugs was low

resulting in a very narrow therapeutic window. ADCs were seen as a promising way

106



of widening the therapeutic window of cancer treatment, by selectively delivering
cytotoxic agents to cancer cells (Figure 1.18) (Panowski et al. 2014; Peters and Brown

2015).

Chemotherapy ADCs

Toxic Dose

Toxic Dose /
Therapeutic Window Therapeutic Window
Efficacious Dose \

Drug Dose

Efficacious Dose

Figure 1.18. ADCs have a wider therapeutic window than classic chemotherapy drugs.
ADCs have a lower efficacious drug dose and a higher toxic dose than classical

chemotherapies, widening the therapeutic window. Created with Biorender.

First generation ADCs were comprised of classic chemotherapeutic agents such as
mitomycin C, N-acetyl melphalan, doxorubicin, vinca alkaloids and methotrexate,
coupled via non cleavable linker to murine mAbs (Chou et al. 2010; Endo et al. 1987;
Kato et al. 1983; Pimm et al. 1988; Rowland, Pietersz, and McKenzie 1993; Smyth,
Pietersz, and McKenzie 1987; Spearman et al. 1987). Early clinical trials using first
generation ADCs yielded poor results, with the conjugates often being less efficacious
than the parent drugs (Chari 1998). There were multiple contributing factors in the
failure of first generation ADCs, these included; lack of drug potency, as the circulating
serum concentrations in patients were below the therapeutic range; target-antigen
expression, with the number of antigen molecules expressed on tumour cells resulting
in delivery of sub-therapeutic doses of drug; ADC internalisation, the number of ADCs

internalised is often lower than the number of ADCs bound at the cell surface; tumour
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localisation, poor accumulation of ADC at the tumour site; linker stability, the linkers
used were either too stable leading to reduced potency, or to labile leading to systemic
toxicity; immunogenicity, mAbs used were either murine or chimeric, with patients
producing an anti-mouse immune response preventing repeated treatment cycles

(Abdollahpour-Alitappeh et al. 2019).

Using lessons learned from the 1% generation of ADCs, gemtuzumab ozogamicin
(GO) was the first ADC to achieve FDA approval in 2000. GO was comprised of an
anti-CD33 humanised mAb linked to a highly potent calicheamicin derivative (Sievers
and Linenberger 2001). GO was voluntarily withdrawn from the market in 2010, when
a phase lll clinical trial showed poor clinical benefit and excess mortality (Petersdorf
et al. 2013). GO was reapproved for the treatment of AML in 2017, with an optimised

dosing schedule (Castaigne et al. 2012).

Advancements in mAb technology, biochemical drug synthesis and linker chemistry
led to the development of second-generation ADCs. Three second-generation ADCs
achieved FDA approval, brentuximab vedotin in 2011, ado-trastuzumab emtansine
(TDM-1) in 2014, and inotuzumab ozogamicin in 2017 (Beck et al. 2017). The
optimisation of the ADC technology has led to an explosion of novel ADCs in clinical
development and on the market, with two ADCs approved in 2019 and three approved

in 2020, and one approved in 2021 so far (Drago, Modi, and Chandarlapaty 2021).

1.7.2 Key aspects of ADC design

Selection of the correct target antigen is considered the most crucial element of ADC
design. For an ADC to have a high TI, the tumour cells should have high expression
of the target antigen, while healthy cells should ideally have little or no antigen
expression (Lambert and Berkenblit 2018). Unfortunately, tumour specific antigens
are rare, and the target antigen is more commonly a tumour associated antigen. Apart

from increasing toxicity, expression of the target antigen on healthy tissue results in
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reduction of ADC dose available to the tumour (Peters and Brown 2015). The level of
antigen expression on tumour cells required for the uptake of a lethal quantity of ADC
is dependent on the properties of the ADC, particularly the drug to antibody ratio
(DAR) (Drago, Modi, and Chandarlapaty 2021). The rate and mechanism of antigen
internalisation, as well the route for intracellular trafficking are also important, with
more rapid internalisation and processing increasing the efficiency of drug delivery

(de Goeij et al. 2015).

The antibody should bind selectively and with high affinity to the target antigen, as off
target binding increases toxicity and can result in accelerated -clearance
(Abdollahpour-Alitappeh et al. 2019). IgG remains the predominant antibody
backbone in ADCs, with high target avidity and a long circulatory half-life, leading to
accumulation at the tumour site (Schuurman and Parren 2016). ADCs have IgG1,
IgG2 or IgG4 mAbs, IgG3 isotypes are not used due to the comparatively fast rate of
clearance. IgG1 is the most commonly used isotype, due to its ability to induce a

strong ADCC and CDC response (Yu, Song, and Tian 2020).

The cytotoxic payload is typically more toxic than standard chemotherapeutics, and
many are highly potent in sub-nanomolar concentrations (Drago, Modi, and
Chandarlapaty 2021). In addition to potency, the physiochemical properties of the
payload are also of importance. Hydrophobic agents are unsuitable payloads as they
have low aqueous solubility and cause ADC aggregation, immunogenicity and
accelerated clearance (Beck et al. 2017). Payloads of ADCs currently licensed or in
development, inhibit tubulin, interact with DNA or inhibit cellular enzymes (Figure
1.19). Auristatins, which are microtubule inhibitors, are the payloads carried by four
of the ten ADCs which have currently received FDA approval (Waight et al. 2016). A
maytansinoid, which is also a microtubule inhibitor is the payload on one approved
ADC (Oroudijev et al. 2010). Calicheamicins, which bind to DNA and induce DSBs

are the payload for two of the licensed ADCs (Ricart 2011). Camptothecin derivatives,
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which are TOPL1 inhibitors are the payload for two licenced ADCs (Abdollahpour-
Alitappeh et al. 2019; Goldenberg et al. 2015; Ogitani, Aida, et al. 2016). SG3199, a
pyrrolo[2,1-c][1,4]benzodiazepines (PBD) dimer is the warhead for the most recently
FDA approved ADC, loncastuximab tesirine-lpyl (Lee 2021). PBD dimers bind to the

minor groove of DNA forming ICLs, inhibiting transcription and replication (Zammarchi

et al. 2018).
A
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Figure 1.19. Molecular structure of FDA approved ADC payloads.

A. Calicheamicin, a DNA damage inducing drug. B. DM1, a microtubule formation inhibiting
maytansinoid derivative. C. Monomethyl auristatin E (MMAE), a microtubule formation
inhibiting auristatin derivative. D. Deruxtecan (Dxd), Exatecan derivative TOP1 inhibitor. E.
SN38, camptothecin derivative TOP1 inhibitor. F. SG3199, a PBD dimer.
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The purpose of the linker, which attaches the payload to the antibody is two-fold. The
first role of the linker is to maintain the attachment of the payload to the antibody whilst
the ADC is circulating in the plasma. An unstable linker results in premature release
of the payload, resulting in systemic toxicity and reduced payload delivery to the
tumour site (Jain et al. 2015). The second role of the linker is to release the payload

from the antibody once ADC internalisation has occurred (Drake and Rabuka 2015).

Linkers fall into two categories, cleavable and non-cleavable. Cleavable linkers are
designed to break down and release their cytotoxic payload inside cells and are
cleaved as a result of acidic conditions, reducing conditions, or the abundance of
proteolytic enzymes, such as cathepsins (Tsuchikama and An 2018). Non-cleavable
linkers are more stable than cleavable linkers but require lysosomal degradation of
the entire antibody to release the payload. Payloads released by antibody degradation
often retain amino acid components, which can affect their potency and membrane
permeability (Jain et al. 2015). Details of the currently FDA approved ADCs are

outlined in Table 1.6.
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Table 1.6. Current FDA approved ADCs for the treatment of cancer

ADC Target mAb Linker Payload Drug Indication
antigen | isotype | type (payload class) | antibody | (Year of 1st
ratio approval)
(DAR)
Gemtuzumab CD33 1gG4 Cleavable Ozogamicin 2-3 AML (2000)
0zogamicin (Calicheamicin)
DNA cleavage
Brentuximab CD30 IgG1 Cleavable MMAE 4 sALCL,
vedotin (Auristatin) cHL,
Microtubule pCcALCL,
inhibitor MF PTCL,
(2011)
Ado- HER2 lgG1 Non- DM1 3.5 Breast
trastuzumab cleavable (Maytansinoid) (mean) cancer
emtansine (T- Microtubule (2013)
DM1) inhibitor
Inotuzumab CD22 IgG4 Cleavable Ozogamicin 5-7 B-ALL
0zogamicin (Calicheamicin) (2017)
DNA cleavage
Trastuzumab HER2 lgG1 Cleavable Dxd 8 Breast
deruxtecan (Camptothecin) cancer
(DS-82014a) TOP1 inhibitor (2019)
Polatuzumab CD79b lgG1 Cleavable MMAE 35 DLBCL
vedotin-piiq (Auristatin) (mean) (2019)
Microtubule
inhibitor
Sacituzumab TROP2 | IgG1 Cleavable SN38 8 TNBC
govitecan-hziy (Camptothecin) (2020)
TOP1 inhibitor
Enfortumab Nectin4 | IgG1 Cleavable MMAE 4 Urothelial
vedotin-ejfv (Auristatin) carcinoma
Microtubule (2020)
inhibitor
Belantamab BCMA lgG1 Non- MMAF Unknown | MM (2020)
mafodotin-blmf cleavable (Auristatin)
Microtubule
inhibitor
loncastuximab | CD19 lgG1 Cleavable SG3199 (PBD 2.3 DLBCL
tesirine-Ipyl dimer) (2021)

AML, acute myeloid leukaemia; B-ALL, B-cell acute lymphoblastic leukaemia; cHL, classical Hodgkin
lymphoma; DLBCL, diffuse large B-cell ymphoma; MF, mycosis fungoides; pcALCL, primary cutaneous
anaplastic large cell lymphoma; PTCL, peripheral T-cell lymphoma; sALCL, systemic anaplastic large

cell ymphoma; TNBC, triple negative breast cancer; MM, multiple myeloma
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1.7.3 ADC internalisation

Following antigen binding, internalisation of the antibody-antigen complex is crucial
for payload delivery. Receptor mediated endocytosis can occur through clathrin-
mediated, caveolin-mediated, or clathrin and caveolin independent mechanisms,
such as micropinocytosis which can be triggered by receptor clustering (Ritchie,
Tchistiakova, and Scott 2013). Antigen independent uptake of ADCs via pinocytosis
can also occur. Clathrin-mediated endocytosis is the predominant mechanism of ADC
uptake. The clathrin-mediated pathway involves clustering of the ADC-antigen
(receptor) complex into pits, where clathrin proteins form multimeric lattices which
induce membrane internalisation (Le Roy and Wrana 2005). Dynamin, a GTPase self-
assembles around the neck of the clathrin-coated vesicle and triggers the release of

the vesicle from the plasma membrane (Ferguson and De Camilli 2012).

The clathrin is subsequently lost from the vesicles, which fuse together to form early
endosomes. Following the formation of early endosomes, receptor complexes can be
recycled back to the cell surface via either a fast or slow route. Endosomes that
express the GTPase Rab4 are rapidly recycled back to the cell surface membrane,
while those that express Rab8 or Rab11 are slowly recycled (Stenmark 2009). Ideally
for ADC metabolism, the early endosomes mature into acidic late endosomes, which
fuse with lysosomes through the action of Rab7 (Ritchie, Tchistiakova, and Scott
2013). Payloads that are attached using acid-cleavable linkers are released in the
early or late endosomes, while those that require enzymatic cleavage or proteolytic
degradation are typically released in the late endosomes or lysosomes (Erickson et
al. 2006; Kovtun and Goldmacher 2007; Sutherland et al. 2006). Once released some
payloads can passively cross the endosomal / lysosomal membrane, this includes
Dxd which is lipophilic (Ogitani, Hagihara, et al. 2016). Other payloads such as
maytansinoids require lysosomal membrane transporters for effective release into the

cytosol (Kinneer et al. 2018).
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1.7.4 ADCs mechanism of action

ADCs are complex cancer therapeutics, integrating antibody and cytotoxic therapies
as one treatment. The canonical model of ADC action involves the antigen binding,
ADC internalisation, payload release and cytotoxic impact (Drago, Modi, and
Chandarlapaty 2021). The reality is a much more complex picture and varies between
different ADCs (Figure 1.20). Upon antigen engagement, ADCs retain their mAb
function, and can therefore begin exerting anti-tumour effects prior to payload release.
ADCs can block target function by disrupting receptor-ligand binding, preventing
dimerization, or inducing degradation of the target antigen (Junttila et al. 2011;
Ogitani, Aida, et al. 2016; Redman et al. 2015). This suggests that ADCs with a

functional target are likely to have greater anti-tumour activity.

There is also growing evidence that ADCs act as immunotherapies. The Fc region of
the mAb on binding to the target antigen can trigger ADCC, CDC and antibody
dependant phagocytosis. (Abdollahpour-Alitappeh et al. 2019; Junttila et al. 2011;
Ogitani, Aida, et al. 2016; Ogitani, Hagihara, et al. 2016; Redman et al. 2015).
Treatment with ADCs has been found to lead to increase in cytotoxic T-cells and
antigen presenting cells in the tumour microenvironment (Abdollahpour-Alitappeh et
al. 2019; Mdiller et al. 2015; Rios-Doria et al. 2017). Patient data is also emerging,
with infiltrating tumour cells present in biopsy samples of individuals treated with T-

DM1 (Muller et al. 2015).

Antigen expression on tumour cells is very heterogenous, with some tumour cells
being antigen negative. There are also many non-tumour antigen negative cells,
which form an essential part of the tumour, such as cells of the vasculature, cells in
the extracellular matrix and tumour promoting immune cells. For effective tumour
eradication, cells with low levels of target antigen or lacking the target antigen

completely must also be targeted. The bystander effect is the cytotoxic impact of the
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payload on cells, that have not internalised the ADC (Kovtun et al. 2006). For ADCs
that carry a lipophilic payload, the bystander effect is achieved by diffusion of the
payload across the plasma membrane to neighbouring cells (Modi, Park, et al. 2020;
Ogitani, Hagihara, et al. 2016). Many ADCs with cleavable linkers will also begin to
release their payload into the tumour microenvironment prior to internalisation, as a
result of excreted proteases. While the bystander effect increases ADC efficacy, it can
also result in off target toxicities and narrow the therapeutic window (Pondé, Aftimos,

and Piccart 2019).
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Figure 1.20. Mechanisms of action of ADCs.

A. Following receptor binding, the ADC is internalised and passes through the endosomal-
lysosomal pathway, releasing the cytotoxic payload. B. Binding of the ADC to a receptor can
disrupt receptor dimerization and/or function and lead to a loss of downstream signalling. C.
The mAb can trigger Fc-mediated ADCC, CDC and antibody dependent phagocytosis. D. The
bystander killing effect, released payload can pass into neighbouring antigen negative cells.

Created with Biorender.
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1.8 Trastuzumab Deruxtecan (DS-8201a)

1.8.1 Structure of DS-8201a

DS-8201a is a HER? targeting ADC composed of an anti-HER2 antibody, a TOP1
inhibitor (Dxd) payload and an enzymatically cleavable peptide linker (Figure 1.21)
(Ogitani, Aida, et al. 2016). The antibody is a humanised IgG1 mAb, produced using
the same amino acid sequence as trastuzumab, giving it the same binding and
stability as the mAb widely used for the treatment of HER2+ cancers (Nakada et al.
2019). The CPT analogue Dxd is a novel exatecan derivative, with a TOP1 inhibitory
potency 10-fold higher than SN38 (Nakada et al. 2019). The high potency of Dxd
make it a suitable ADC payload, with potency many magnitudes greater than its
chemotherapeutic counterpart, irinotecan. The payload is attached to the antibody via
an enzymatically cleavable peptide (GGFG)-based linker and a self-immolative amino

methylene spacer.

Lysosomal enzyme
cleavable peptide linker

r

Figure 1.21. Chemical structure of DS-8201a.

Dxd is attached to the HER2-targeting antibody via a an enzymatically cleavable peptide
(GGFG)-based linker and a self-immolative amino methylene spacer. Cleavage of the linker
releases the Dxd payload. Each antibody carries ~8 payload molecules (pink stars). The

asterisk indicates the position of 1C. Created with Biorender.
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The GGFG linker is cleaved by cathepsins B and L, which are abundant in the
lysosomal compartment of tumour cells, allowing rapid payload release. The linker
has reduced hydrophobicity compared to the conventional p-amino benzyl spacer and
is highly stable in systemic circulation (Nakada et al. 2019; Ogitani, Aida, et al. 2016;
Ogitani, Hagihara, et al. 2016). The release rate of the payload in human plasma is
incredibly low, with only 2.1% release with 21 days incubation, in contrast to payload
release from T-DM1 which is 18.4% after just four days (BLA. 2013; Ogitani, Aida, et
al. 2016). The linker-payload is conjugated via cysteine residues to the antibody,
following the reduction of interchain disulphide bonds. There are four internal
disulphide bonds, which can be used for interchain cysteine conjugation, with DS-
8201a having the highest possible DAR, with eight Dxd molecules conjugated to each
antibody. The potency of Dxd and the high DAR make DS-8201a highly cytotoxic,
requiring lower expression of antigen target than other ADCs (Nakada et al. 2019;

Ogitani, Aida, et al. 2016).

1.8.2 HERZ2 as a target antigen

HER2 is a member of the human epidermal growth factor receptor (HER) family,
which includes four tyrosine kinases, EGFR (HER1, erbBl) HER2 (erbB2,
HER2/neu), HER3 (erbB3) and HER4 (erbB4) (Ghosh, Marrocco, and Yarden 2020).
The HER receptors all share a common structure including an extracellular ligand
biding domain, a transmembrane domain, and an intracellular protein tyrosine kinase
domain (Lemmon, Schlessinger, and Ferguson 2014). There are multiple ligands of
the HER family receptors including EGF, TGF-a, HB-EGF, AREG, BTC, EPG, EPR
and NRG1-4 (Ghosh, Marrocco, and Yarden 2020). Ligand binding leads to receptor
dimerization, which is critical for activation of the HER family receptors. HER2 lacks
the capacity to bind with extracellular ligand, but is able to form heterodimers with
other members of the HER family and is able to generate potent cell signalling (Citri

and Yarden 2006). In HER2 overexpressing cells, HER2 can be activated by
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homodimerization. HER2 is the only HER family receptor that has a permanently
exposed dimerization arm, enabling ligand independent dimerization (Yarden and
Sliwkowski 2001). HER family receptor activation initiates signalling cascades via
many networks, including the MAPK, PI3K/Akt and JAK/STAT pathways, impacting
upon cell growth, proliferation, survival, differentiation and angiogenesis (Ghosh,

Marrocco, and Yarden 2020).

HER2 was initially identified as an oncology drug target when it was discovered that
25-30% of breast cancers display HER2 ampilification or overexpression, leading an
aggressive phenotype and poor patient outcome (Slamon et al. 2001). It has since
been identified that HER2 overexpression occurs in a broad range of cancers
including bladder, cervical, cholangial, colorectal, endometrial, oesophageal, gastric,
head and neck, liver, lung, ovarian, and salivary gland (Yan et al. 2014; Yan et al.
2015). Trastuzumab, lapatinib, pertuzumab and T-DM1 are all HER2 targeting
therapeutics, which have been approved for the treatment of HER2 expressing

tumours (Bang et al. 2010; Baselga et al. 2012; Geyer et al. 2006; Slamon et al. 2001).

Besides DS-8201a, T-DML1 is the only other HER2-targeting ADC approved for use.
In the EMILIA study, T-DM1 was shown to prolong survival and improve quality of life
in patients with metastatic HER2+ breast cancer (Verma et al. 2012). The success of
the KATHERINE trial, led to the approval of T-DM1 for early stage HER2+ breast
cancer, with residual disease following neoadjuvant chemotherapy (von Minckwitz et
al. 2019). Currently, only patients with tumours expressing high levels of HER2, either
immunohistochemistry (IHC)3+ or IHC2+/ fluorescence in situ hybridisation (FISH)+
derive benefit from HERZ2 targeting treatment. There is no HER2 targeting therapeutic
currently approved for the treatment of HER2-low expressing tumours, those
IHC2+/FISH- or IHC1+ (Ogitani, Hagihara, et al. 2016; von Minckwitz et al. 2019).
With a DAR of 8, a highly potent payload and properties that enable the bystander

effect, DS-8201a was designed to have efficacy in tumours with low expression of
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HER2, as well as those expressing high levels of HER2 (Ogitani, Hagihara, et al.

2016).

HER2 is ubiquitously expressed at low levels on normal epithelial tissues, with
expression detected in multiple healthy organs including the lungs, liver and heart
(Brown et al. 2021; Morgan et al. 2010; Press, Cordon-Cardo, and Slamon 1990). The
expression of HER2 on healthy tissues poses a challenge for HER2-targeted
therapies, with the potential of on-target toxicity, particularly in the treatment of HER2-
low expressing tumours. Indeed, CAR-T cells engineered to target HER2 expressing
solid tumours have demonstrated severe toxicity, due to CAR-T cells binding in a
HER2-dependent manner to healthy tissue (Morgan et al. 2010). For a HER2-
targeting ADC to have a manageable toxicity profile, the tumour associated antigen
should be expressed at higher levels on tumour cells than healthy cells, enabling
increased payload accumulation in the tumour cells, relative to healthy cells.
Furthermore, differential sensitivity of healthy tissue and the tumour to the payload
must exist, thereby widening the therapeutic index. T-DML1 carries a microtubule
inhibitor payload, while DS-8201a carries a topoisomerase | inhibitor payload. As
cancer cells have greater sensitivity to these chemotherapeutic payloads than healthy
tissue, this limits the toxicity of these agents when minimal uptake by healthy HER2

expressing cells occurs.

1.8.3 DS-8201a shows efficacy in vivo and in vitro

A dramatic growth inhibitory effect was observed when HER2+ breast and gastric
cancer cell lines were treated with DS-8201a (ICso values ranging from 6.7- 204.2
ng/mL). The ICso value was found to strongly correlate with HER2 expression, with
higher HER2 expression resulting in a lower 1Cso value. Treatment with an anti-HER2
mADb had either no effect, or a minimal effect on the viability of cell lines. No impact

on viability was observed in any of the cell lines following treatment with a non-
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targeting 1gG control ADC. Treatment with DS-8201a or Dxd, but not an anti-HER2
mADb led to phosphorylation of Chkl and H2AX, and the cleavage of PARP. These
results indicate that DS-8201a induces DNA damage and apoptosis following the
release of the Dxd payload. The anti-HER2 mAb remains functional post payload
conjugation, with DS-8201a treatment leading to a 70% reduction in Akt
phosphorylation in a HER2 overexpressing cell line. In vivo, 4mg/kg DS-8201a was
found to cause 99% tumour growth inhibition in a HER2 positive gastric cancer
xenograft model. In contrast, treatment with the unconjugated anti-HER2 antibody

only resulted in 31% tumour growth inhibition (Ogitani, Aida, et al. 2016).

DS-8201a may also provide an effective therapeutic option for patients who have
developed resistance to T-DM1 therapy. A gastric cancer cell line and a gastric cancer
xenograft model resistant to T-DM1, due to upregulation of ABCC2 and ABCG2 were
found to be sensitive to DS-8201a. The T-DM1 resistant cells were also found to be
resistant to the T-DM1 payload, but not Dxd. The HER2 expression level of T-DM1
resistant cells and xenografts was unchanged compared to parental models. This
suggested that DS-8201a may be used following T-DM1 treatment failure, in cases
where resistance is not due to a change in HER2 expression levels (Takegawa et al.

2017).

1.8.4 DS-8201a shows immunomodulatory properties in vivo

Several chemotherapeutic agents have been found to induce an anti-tumour immune
response. A major limitation of chemotherapeutic agents as stimulators of an immune
response, is their tendency to induce lymphopenia. ADCs which are designed to
selectively target cancer cells, while sparing normal tissue, are possibly ideal
candidates to act as immunomodulators as monotherapies and with immune

checkpoint inhibitors (ICIs) (Gerber et al. 2016).

120



Studies using immunocompetent mice, showed that mice bearing HER2+ positive
tumours cured by DS-8201a treatment, failed to develop tumours when rechallenged
with the same tumour type. Furthermore, mice also failed to develop tumours when
challenged with the same tumour lacking HER2 expression, demonstrating that DS-
8201a can induce an anti-tumour response with target antigens being independent of
HER2 expression. The splenocytes of rechallenged mice also showed increased
IFNY secretion, signifying immune activation. Eight days following DS-820l1a
treatment, a substantial increase in tumour infiltrating CD8+ T-cells was detected.
Furthermore, a greater percentage of CD8+ T-cells were found to be Granzyme B+
following DS-8201a treatment compared to vehicle treatment. In addition to increased
activation of the adaptive immune response, DS-8201a increased the ratio of DCs to
lymphocytes in tumours. DS-8201a was also found to increase the expression of PD-
L1 and major histocompatibility complex class | (MHC-CI) on tumour cells. Increased
MHC-CI expression would promote increased recognition of tumour cell by infiltrating
T-cells. Anincrease in PD-L1, provides the rational for combining DS-8201a treatment
with anti-PD-L1/PD-1 blocking agents. Indeed, combining DS-8201a with an anti-PD-
1 antibody increase the survival of tumour bearing mice on day 38 from 20% with

each monotherapy to 80% with the combination therapy (Iwata et al. 2018).

The combination of DS-8201a with a further ICI, CTLA-4 has also been explored in
vivo with 80% survival of tumour bearing mice at 70 days. The survival of vehicle, DS-
8201a and anti-CTLA-4 treated mice was 0%, 10% and 20% respectively. Mice cured
following DS-8201a and anti-CTLA-4 treatment failed to develop tumours when
rechallenged the same tumour type, both with and without HER2 expression.
Splenocytes from rechallenged mice exhibited very high levels of IFNY secretion

(Iwata et al. 2019).
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1.8.5 DS-8201a approved for the treatment of breast cancer

DS-8201a was FDA approved in 2019 for the treatment of HER2+ metastatic breast
cancer based on findings in the phase Il DESTINY-Breast01 trial (NCT03248492) and
two dose expansion cohorts in a phase | trial (NCT02564900) (Narayan et al. 2021).
In 2021, DS-8201a was approved by NICE for the same indication in the UK (NICE
2021). In a cohort expansion phase | study, 115 patients who had progressed on T-
DM1 treatment received DS-8201a. Patients were heavily pre-treated, with 82%
having received =5 lines of therapy. 66% of the patients acheived a CR and 93.7%
achieved disease control. The median duration of response was 20.7 months and
PFS was 22.2% (Tamura et al. 2019). In a second arm of the cohort expansion, 54
heavily pre-treated patients with low HER2+ breast cancer (IHC1+ or IHC2+/ FISH-)
received DS-8201a. The confirmed response rate was 37%, with a median response
duration of 10.4 months. The PFS was 11.1 months and median OS was 29.4 months.
The current standard of care for these patients is single line chemotherapies, which

typically only give a PFS of 3-5 months (Modi, Park, et al. 2020).

The phase Il DESTINY-Breast01 trial evaluated the efficacy of DS-8201a in 184
patients with HER2+ (IHC3+ or FISH+) breast cancer. All patients were heavily pre-
treated, with 100% of patients receiving prior trastuzumab and T-DML1 therapy. 97.3%
of patients achieved disease control and the confirmed response rate was 60.9%, with
6% of patients having a complete response. The median duration of response was
14.8 months and the median PFS 16.4 months (Modi, Saura, et al. 2020). These
finding suggest superiority of DS-8201a over T-DM1, with a response rate of 43.6%

and PFS of 9.6 in the EMILIA trial (Verma et al. 2012).

Trial data shows a durable response in a very high percentage of breast cancer
patients treated with DS-8201a. Of note, is the confirmed response rate of ~60% in

patients who have been previously treated with T-DM1, demonstrating the value of an
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additional HER2 targeting ADC. Of additional importance is the response rate
observed in patients with HER2-low expressing tumours, for whom all current anti-
HER?2 treatments are not recommended due to lack of efficacy (Cardoso et al. 2018;
Fehrenbacher et al. 2020). Approximately, 40-50% of breast cancer patients have
HER2-low expressing tumours, making this an area of high unmet need (Giuliani et
al. 2016; Lal et al. 2004; Schalper et al. 2014). The high DAR and ability to elicit the
bystander effect, make DS-8201a the first anti-HER2 therapy to show any clinical
benefit in this cohort of patients. The limitation of DS-8201a is the toxicity observed in

patients (section 1.8.7).

1.8.6 DS-8201a approved for the treatment of gastric cancer

In 2021, the FDA approved the use of DS-8201a for the treatment of metastatic or
locally advanced HER2+ gastric cancers based on data from the DESTINY-GastricOl
phase Il clinical trial (NCT03329690). 125 patients on the trial were treated with DS-
8201a, while 62 received physician’s choice of therapy (irinotecan / paclitaxel). The
confirmed response rate was 43% in the DS-8201a treatment group and 12% in the
irinotecan / paclitaxel group. 8% of patients achieved a CR following DS-8201a
treatment, no CRs were observed in the control treatment group. The median duration
of response was 8 months longer in patients treated with DS-8201a compared to
patients in the control arm. DS-8201a was found to extend median OS by 4 months
(Shitara et al. 2020). In contrast to these findings, T-DM1 was not found to improve
OS when compared to taxane therapy in the phase Ill GATSBY study (Thuss-
Patience et al. 2017). Results from a dose expansion cohort phase | trial
(NCT02564900) reported a 41% objective response rate in HER2+ gastric cancer
patients who had been previously treated with irinotecan, suggesting DS-8201a
treatment as a potential therapeutic for irinotecan resistant cancers (Shitara et al.

2019).
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1.8.7 DS-8201a induced adverse events

Pooled analysis form phase | and Il trials showed the most common adverse reactions
following DS-8201a to be nausea, fatigue, vomiting, alopecia, constipation, decreased
appetite, anaemia, neutropenia, diarrhoea, leukopenia, cough, and
thrombocytopenia. The most common grade 3/4 adverse reactions were neutropenia
(16%), anaemia (7%), nausea (7%), fatigue (6%) and leukopenia (6%). Severe
adverse reactions occurred in 20% of patients, and included interstitial lung disease,
pneumonia, vomiting, nausea, cellulitis, hypokalaemia, and intestinal obstruction.
Adverse events leading to death occurred in 4.3% of patients, with interstitial lung

disease being the most reported cause (Keam 2020).

1.8.8 Ongoing DS-8201a clinical trials

There are many ongoing clinical trials assessing the efficacy of DS-8201a in solid

tumours, currently active trials are summarised in Table 1.7.
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Table 1.7. Summary of active / recruiting DS-8201a clinical trials as reported on

ClinicalTrials.Gov database

tucatinib or

Clinical Trial Phase | Year of | Combination Cancer type / characteristics
Identifier posting | agent
NCT03334617 | Il 2017 Durvalumab Metastatic NSCLC with
previous anti PD-1 / PD-L1
therapy
NCT03742102 | Ib 2018 Durvalumab First line metastatic TNBC
NCT03505710 | !l 2018 Monotherapy HER2 mutant / HER2
overexpressing NSCLC
NCT03529110 | Il 2018 Monotherapy HER2+ metastatic or
(Head to head unresectable breast cancer
comparison with
T-DM1 arm)
NCT03734029 | Il 2018 Monotherapy HER2-low metastatic or
unresectable breast cancer
NCT03523585 | Il 2018 Monotherapy Previously treated HER2+
metastatic or unresectable
breast cancer
NCT04014075 | Il 2019 Monotherapy HER2+ metastatic or
unresectable gastric cancer
NCT04644237 | Il 2020 Monotherapy HER2 mutant NSCLC
NCT03523572 | | 2018 Nivolumab HER2+ breast cancer or
urothelial carcinoma
NCT04622319 | Il 2020 Monotherapy HER2+ primary breast cancer
(Head to head with residual disease following
comparison with neoadjuvant therapy
T-DM1 arm)
NCT04553770 | Il 2020 Monotherapy or HER2-low, hormone receptor
anastrozole positive tumours
NCT04494425 | 2020 Monotherapy HER2-low, hormone receptor
positive tumours
NCT04616560 | Il 2020 Monotherapy HER2+ osteosarcoma
NCT04539938 | Il 2020 Tucatinib (HER2 Unresectable or metastatic
inhibitor) HER2+ breast cancer
NCT04482309 | Il 2020 Monotherapy HER2+ bladder cancer, biliary
tract cancer, cervical cancer,
endometrial cancer, ovarian
cancer, pancreatic cancer or
rare tumours
NCT04420598 | Il 2020 Monotherapy Previously treated metastatic
or unresectable breast cancer
with or without brain or
leptomeningeal metastasis
NCT04639219 | Il 2020 Monotherapy Metastatic or unresectable
HER2 mutant solid tumours
NCT04538742 | Ib/ll 2020 Monotherapy or HER2+ metastatic breast

cancer
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durvalumab or
pertuzumab or

paclitaxel or
durvalumab +
paclitaxel
NCT04294628 | | 2020 Monotherapy HER2+ advanced solid
tumours
NCT04585958 | | 2020 Olaparib HER2+ advanced tumours and
endometrial cancers
NCT04042701 || 2020 Pembrolizumab Locally advanced or metastatic
HER2+ (high and low) breast
cancer, HER2 expressing
NSCLC and HER2 mutant
NSCLC
NCT04379596 | Il 2020 Monotherapy or Gastric cancer
tucatinib or
paclitaxel or
durvalumab or
pertuzumab or 5-
FU or
capecitabine or
durvalumab +
paclitaxel or 5-FU
+ oxaliplatin or
capecitabine +
oxaliplatin or 5-FU
+ durvalumab or
capecitabine +
durvalumab or 5-
FU / capecitabine
+ cisplatin /
oxaliplatin or 5-FU
/ capecitabine and
durvalumab
NCT04556773 | | 2020 Capecitabine or HER2-low advanced or
durvalumab + metastatic breast cancer
paclitaxel or
capivasertib (Akt
inhibitor) or
anastrozole or
fulvestrant
NCT04752059 | Il 2021 Monotherapy HER2+ breast cancer with
brain metastasis
NCT04744831 | Il 2021 Monotherapy HER2 overexpressing
metastatic CRC
NCT04784715 | Il 2021 Monotherapy or HER2+ metastatic breast

pertuzumab

cancer without prior anti-HER2
targeted therapy
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1.9 Research aims

Although many mCRC patients initially respond well to current treatments, the majority
of patients progress or relapse with the current therapeutics, making mCRC an area
of unmet clinical need. Early clinical trials have shown efficacy of TOP1 and ATR
inhibition for the treatment of NSCLC and EP-SCNC, but this combination has not
been extensively researched in the CRC setting. Furthermore, targeted TOP1
treatment, using ADC DS-8201a in the context of CRC has only shown efficacy in the
context of high HER2 expression, making this a non-viable treatment for many CRC
cancer patients. The aim of this thesis was to investigate whether ATR inhibition could
increase the efficacy of targeted (DS-8201a) and non-targeted (SN38) TOP1

inhibition in CRC models.

Research aims are addressed as follows:

1. Chapter 3 evaluates the efficacy of SN38 and VX-970 combination treatment in
CRC cell lines and patient derived organoids, by looking at survival and the induction
of DNA damage. The potential link between DNA damage and an anti-tumour immune

response is also investigated.

2. Chapter 4 investigates the sensitivity of HER2-low expressing CRC cell lines and
patient derived organoids to DS-8201a as a monotherapy and in combination with
ATR inhibition. The induction of DNA damage signalling with DS-8201a monotherapy

and combination therapy is also investigated.

2. Chapter 5 explores the use of SN38 and VX-970 combination treatment to
overcome SN38 resistance in CRC cell lines. The efficacy of DS-8201a as a
monotherapy and in combination with ATR inhibition in a SN38 resistant cell line is

also assessed.
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2 Materials and methods

2.1 Materials

2.1.1 Cancer cell lines and organoids

CACO?2 cells were purchased from the European Collection of Authenticated Cell
Cultures (ECACC). HCT116 cells were provided by Prof. Bert Vogelstein. LS174T
cells were provided by Prof. Kerry Chester’'s lab. SW48 cells were obtained from
Merck Serono (Darmstadt). HT29, MDA-MB-231 and HCC1954 cells were obtained
from Prof. Tony Ng’s lab. L-WRN mouse fibroblasts for preparing conditioned media
for organoid maintenance, were kindly provided by Dr Chris Tape’s lab. Cell lines
were authenticated using short tandem repeat (STR) profiling by Eurofins genomics
at the start of the study. CRC organoids were kindly provided by the Welcome Sanger

institute.

2.1.2 Therapeutic agents

SN38 was purchased from Sigma-Aldrich and prepared as a 5mM stock in dimethyl
sulfoxide (DMSO), and stored at -20°C. DS-8201a was provided by Daiichi Sankyo,
long-term storage was at -80°C, and short-term storage (1 week) was at 5°C. VX-970
was purchased from Stratech and prepared as a 10mM stock in DMSO, and stored
at -20°C. AZD6738 was purchased from Cambridge bioscience and prepared as a
5mM stock in DMSO, and stored at -20°C. Working stocks were freshly prepared for

each experiment, and diluted to the required final concentrations in cell culture media.

2.2 Methods

2.2.1 Cell line maintenance

Cells were cultured in T75 tissue culture flasks at 37°C in a humidified atmosphere of

5% CO.. The media used for each cell line is shown in Table 2.1. All cell procedures

128



requiring a sterile environment were carried out in a Class Il biological safety cabinet.
Cells were routinely passaged (3 times a week) by removing the media and gently
washing once with sterile phosphate-buffered saline (PBS) (Gibco). Following PBS
removal, cells were detached by incubation with 2-5ml of Trypsin-EDTA (Sigma-
Aldrich) for 3-5min at 37°C. After detachment of cells, trypsin was inactivated by the
addition of complete media in a 3:1 ratio. Cells were then reseeded into culture dishes
at 1:10 ratio in fresh media. Cells were passaged for a maximum of two months,
before being discarded and replaced with a new batch of cells from liquid nitrogen

storage.

Table 2.1. Cell culture medium for cancer cell lines.

Cell line Culture Medium

CACO2 DMEM (Sigma-Aldrich), 10% fetal bovine serum (FBS) (Gibco), 2mM
L-glutamine (Sigma-Aldrich)

HCT116 McCoys 5-A (Sigma-Aldrich), 10% FBS (Gibco), 2mM L-glutamine
(Sigma-Aldrich)

HT29 McCoys 5-A (Sigma-Aldrich), 10% FBS (Gibco), 2mM L-glutamine
(Sigma-Aldrich)

LS174T DMEM (Sigma-Aldrich), 10% FBS (Gibco), 2mM L-glutamine (Sigma-
Aldrich)

Sw48 McCoys 5-A (Sigma-Aldrich), 10% FBS (Gibco), 2mM L-glutamine

(Sigma-Aldrich)
MDA-MB-231 RPMI (Sigma-Aldrich), 10% FBS (Gibco), 2mM L-glutamine (Sigma-

Aldrich)
HCC1954 RPMI (Sigma-Aldrich), 10% FBS (Gibco), 2mM L-glutamine (Sigma-
Aldrich)
L-WRN DMEM (Sigma-Aldrich), 10% FBS (Gibco), 2mM L-glutamine (Sigma-
Fibroblasts Aldrich), 1% penicillin-streptomycin (Sigma-Aldrich)

2.2.2 Cell line storage and retrieval from liquid nitrogen

Cells were kept frozen in liquid nitrogen for long-term storage. Cells plated in T75
tissue cultured flasks, were trypsinised and collected in complete media. A cell pellet
was obtained by centrifugation at 1200rpm for 3 minutes. The cell pellet was then
resuspended in 2mL of freezing media (90% FBS and 10% DMSO (Sigma-Aldrich))

and aliquoted in 2 crytotubes (Thermo scientific). Cells were stored at -80°C for 24-
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72 hours prior to long-term storage in liquid nitrogen tanks. Cells were retrieved from
frozen stocks by thawing in a 37°C water bath, after which the cells were transferred
into 9mL complete media. Cells were centrifuged for 3 minutes at 1200rpm to remove
the DMSO. The resulting pellet was then gently resuspended in fresh media, and cells

seeded in a T75 tissue culture flask.

2.2.3 Statistical analysis

Unless otherwise stated in the experimental protocol or individual experiment,
statistical analysis was performed using the GraphPad Prism software. The ANOVA
test for multiple comparisons, was the most commonly used statistical test and the T-

test was used if comparison was only between two experimental groups.

2.2.4 Generation of SN38 resistant cell lines

HT29 and SW48 cells seeded at 50% confluence were exposed to multiple, increasing
SN38 treatment cycles (1nM, 2nM, 5nM, 10nM, 20nM, 50nM and 100nM). Each
treatment cycle was 72 hours, followed by a 2-week recovery period, during which
cells were passaged as required. After each recovery period, the dose was escalated
until a concentration of 100nM SN38 was reached. The clonogenic assay was used

to assess the sensitivity of the resultant resistant cell lines to SN38.

2.2.5 Cell proliferation — Sulfornodamine B (SRB) assay

Cells were seeded in 96 well plates (at a density of 2,500 cells per well for 3-day
assays, and 1,250 cells per well for 6-day assays unless otherwise stated) and left to
adhere overnight. Each experimental group contained 6 intraexperimental technical
repeat wells. The following day, a plate of cells was fixed to act as a baseline when
calculating proliferation, the other cells were treated with the required drugs. Cells in
96-well plates were fixed with 50uL Carnoy’s fixative (Methanol to acetic acid ratio

3:1) at appropriate time-points and stored at 4°C for up to 2 weeks. Plates were then
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washed 5 times with distilled H.O (dH»O) and allowed to dry overnight, before staining
with 100uL 0.4% SRB (Sigma-Aldrich) dissolved in 1% acetic acid (v/v) for 30 min.
Unbound stain in wells was then washed off by washing the plate 5 times in 1% acetic
acid. A fresh batch of 1% acetic acid was used for each plate, to reduce the
background SRB signal. Bound SRB was then solubilised in 100pl/well of 10mM Tris-
HCL (pH10.5), and optical density measured at 570nm using a Varioskan LUX plate
reader. Growth inhibition was calculated as a percentage of absorbance compared to
an untreated control, and where applicable Glso values were calculated in GraphPad

Prism (log (inhibitor) vs normalized response slope).

2.2.6 Clonogenic assay

Cell were seeded in duplicate for each experimental condition, at 100, 500 and 1,000
cells/well of a 6-well pate. Cells were left to adhere to tissue culture plates for 24 hours
prior to drug treatment. Two different treatment protocols were used in this thesis. In
the first treatment schedule, cells were exposed to drug treatment for 72 hours, after
which the drug-containing media was removed, and cells were washed with PBS.
Media was then replaced, and plates returned to the incubator for 14 days, to allow
for colony formation. In the second treatment schedule, cells were treated with drug

containing media, and left to form colonies for 14 days without drug removal.

After 14 days for colony formation, media was aspirated and the colonies fixed with
Carnoy’s fixative. Subsequently, they were stained with 0.4% (w/v) crystal violet
(Sigma-Aldrich) dissolved in dH>O for 5 min, washed with slow running cold water and
allowed to dry over-night. Visible colonies (>50 cells) were counted, and cloning
efficiency in control samples was calculated using the following formula: (Counted
colonies/colonies seeded) x 100. Percentage survival at each data-point was derived
by normalising the colony counts to the estimated expected number of surviving

colonies based on the cloning efficiency of that cell line. Where possible the same
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seeding density was used to compare between treatment groups, however due to the
toxicities of some therapeutics, higher seeding densities were required for some

treatment groups.

2.2.7 Synergy analysis

Synergy scores were calculated using the zero interaction potency (ZIP) model from
the SynergyFinder R package (Zheng 2021) (synergyfinder: Calculate and Visualize
Synergy Scores for Drug Combinations. R package version 2.4.16,
http://synergyfinder.org/). Synergy scores for each biological replicate were
individually calculated and used to produce a mean and SEM for each condition. The
synergy score reported is an average over the 2D dose matrix. A ZIP synergy score
below -10 indicates antagonism, a score between -10 and +10 indicates an additive

relationship and a score greater than +10 demonstrates synergy (Yadav et al. 2015).

2.2.8 Western blotting — cell lines

2.5-5.0 x 10° cells were seeded in 6-well plates in growth media, and left to adhere
for 24 hours. Cells were then treated with drugs as described in individual
experiments, with all drug incubations at 37°C. At the designated timepoints, plates
were transferred onto ice, and media aspirated. Cells were then washed twice with
ice-cold PBS and lysates collected by adding 50 L lysis buffer (0.0625M Tris-HCL, 2
% SDS, 10% glycerol) and scraping the cells. Lysates were then boiled at 95 °C for
10 minutes. Lysates were then homogenised by sonication (amplitude 40%, 10 pulses

of 1 seconds, (QSonica sonicator)).

Protein quantification was done using the colorimetric RC-DC protein assay from Bio-
Rad laboratories. A 1 in 10 dilution of each protein sample was prepared, and 10uL
of each sample was added to the wells of a round bottom 96-well plate in triplicate. A
Bovine Serum Albumin (BSA) (Sigma-Aldrich) standard curve was used to calculate

the protein concentration of samples. 10ul of each of the BSA standards (100pg/ml,
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200pg/ml, 400pg/ml, 600pg/ml, 800ug/ml, 1000pg/ml) were also added to the plate in
triplicate. Reagents S and A were mixed at 1:50 ratio and 25ul of this mix was added
per well. 200ul of reagent B was then added to each well, and the content of the plate
was mixed on a shaking platform for 10min at room temperature (RT). Absorbance
was measured at 750nm with the Varioskan LUX plate reader. The average
absorbance measurement of a blank sample was subtracted from all the
measurements of both standard and unknown samples. A standard curve was
prepared by plotting the average absorbance value of each BSA standard against its
concentration. The standard curve generated was used to calculate the concentration

of each unknown sample.

For the immunoblotting, 50ug of protein from each sample was boiled for 5 minutes
at 95°C with sample buffer (Invitrogen). Samples were loaded into a 4-15% Criterion
TGX gel (Bio-Rad Laboratories), together with the Dual colour MW ladder (Bio-Rad
Laboratories) in a Criterion electrophoresis tank (Bio-Rad Laboratories). A
Tris/Glycine running buffer (Bio-Rad Laboratories) was used. For high MW proteins,
samples were electrophoresed at 100V for 3 hours, and for other proteins at 80V for
10 minutes and 120V for 75 minutes. Proteins were transferred onto a 0.2um
nitrocellulose membrane (Bio-Rad Laboratories) using the Trans-Blot Turbo Transfer
System (Bio-Rad Laboratories). For the transfer of proteins with a MW >200kDa, the
high MW transfer programme was selected. Membranes were subsequently blocked
for 1 hour at RT, with 2.5% milk in tris buffered saline with tween (TBST, 20mM Tris-
base (Sigma-Aldrich), 150mM NacCl (Sigma-Aldrich), 0.1% Tween 20 (Sigma-Aldrich)

in dH,0).

All primary antibodies (Table 2.2) were incubated overnight at 4°C. The antibody
dilutions were prepared in 2.5% BSA (in TBST supplemented with 0.01% Sodium
Azide (Severn Biotech)). Anti-rabbit or mouse IgG, horseradish peroxidase (HRP)-

linked antibodies (Cell Signalling Technologies) were used to detect the primary
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antibodies, with a 1/5000 dilution in 2.5% milk (in TBST). Membranes were washed
three times in TBST for 5 minutes following incubation with primary and secondary
antibodies. The antibody binding to the protein of interest was detected by enhanced
chemiluminescence (ECL system, Amersham) on autoradiography film (Kodak X-

Omat).

Table 2.2. List of the primary antibodies for Western blotting

Primary antibody Dilution Supplier
pThrl989 ATR 1:1000 Cell signaling, 58014
ATR 1:500 Cell signaling, 2790
pSer345 Chkl 1:500 Cell signaling, 2341
Chk1 1:1000 Cell signaling, 2360
pSerl981 ATM 1:1000 Cell signaling, 4526
ATM 1:1000 Cell signaling, 2873
pSer2056 DNA-PK 1:1000 Abcam, 124918
DNA-PK 1:1000 Abcam, 32566
pThr68 Chk2 1:1000 Cell signaling, 2661
Chk2 1:1000 Cell signaling, 2662
pSerl5 p53 1:1000 Cell signaling, 9284
p53 1:1000 Abcam, 80644
pSerl39 H2AX 1:1000 Millipore, 05-636
HER 2 1:1000 Cell signaling, 2165
Cleaved PARP 1:1000 Cell signaling, 9546
cGAS 1:1000 Cell signaling, 15102
STING 1:1000 Cell signaling, 13647
Calnexin (loading control) 1:1000 Cell signaling, 2679

2.2.9 Immunofluorescence

For immunofluorescence, cells were grown on glass coverslips (VWR). One coverslip
was placed in each well of a 24-well dish, and 500pL of 0.1% porcine gelatin (Sigma-
Aldrich) in PBS was added to each well to increase cell adherence. After 20 minutes
at RT, the gelatin was aspirated, and the culture plate put at 37°C for 4 hours. The

wells were washed once with PBS, prior to cell seeding. The cell seeding and
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attachment protocol differed between cell lines, with HT29 seeded at 25,000 cells/well
24 hours before drug treatment, and SW48 seeded at 10,000 cells/well, 72 hours

before drug treatment. Cells were treated as indicated in individual experiments.

Culture media was aspirated, and coverslips were washed twice with PBS (5 minutes
at RT). Cells were fixed with 4% paraformaldehyde (PFA) (Thermo Fisher Scientific)
in PBS at RT for 10 minutes. PFA was aspirated, and coverslips washed twice (5
minutes at RT) with PBS. Cells were permeabilized by incubation with 0.5% Triton X-
100 (Sigma-Aldrich) in PBS at RT for 10 minutes. Coverslips were then washed twice
(5 minutes at RT) with PBS. For blocking, cells were incubated in 5% BSA / 10% FBS
in PBS for 40 minutes at RT. Cells were incubated with the cGAS primary antibody
(cell signaling, 15102) 1:200 dilution in 1% FBS in PBS, for 40 minutes in a wet
chamber at RT. A non-stained control sample was included, and this was incubated
with 1% FBS in PBS. Coverslips were then washed 3 times for 5 minutes with PBS at
RT. Cells were incubated for 20 mins in a dark wet chamber with a Goat anti-rabbit,
Alexa fluor-488 secondary antibody (Thermo Fisher Scientific) at a 1:320 dilution in
1% FBS in PBS. Coverslips were then washed three times (5 minutes at RT) with
PBS. Cells were then incubated with Hoechst (Thermo Fisher Scientific) (5ug/mL in
PBS) for 20 minutes in the dark at RT. Coverslips were mounted on slides using 5uL
of mounting media (Prolong® Gold Antifade, Thermo Fisher Scientific). The mounting
media was left to dry for approximately 16 hours, and coverslips were sealed onto
slides using clear nail varnish. Slide were stored in the dark at 4°C for a maximum of

2 weeks prior to microscopy.

Cells were imaged using a confocal microscope. The Zeiss LSM 880 confocal
microscope with AiryScan was used for confocal microscopy. The microscope is
maintained by the staff of the Imaging and Microscopy Translational Technology
Platform in the Cancer Institute. The range of optimal emission detection was

manually adjusted based on fully stained samples with the highest signal, and
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maintained for all images captured in that experiment. Images were exported as .czi
files and exposure normalised across all images using Imaris image analysis
software. Micronuclei analysis was also performed using the Imaris image analysis

software tool.

2.2.10 Alkaline single cell gel electrophoresis (Comet) assay

The alkaline comet assay is a sensitive technique used to measure the presence of
DNA SSBs and DSBs in single cells (Fairbairn, Olive, and O'Neill 1995). 3.0 x 10°
cells were seeded in each well of a 6-well dish and left to adhere for 24 hours. Cells
were then treated as indicated in individual experiments. At the required time, cells
were washed twice with ice cold PBS, and detached by adding 500pL trypsin to each
well (5 minutes, 37°C). Cells were collected with ice cold complete media, and spun
down (1,200rpm, 3 minutes, 4°C). The cells were resuspended in freezing media
(10% DMSO in FBS) at a density of 50,000 cells/mL. Cells were stored at -80°C in

cryovials for up to 1 month.

Cells were thawed on ice, and where indicated were irradiated using the A.G.O. HS
321 kV X-ray system. 500pL of cell suspension was mixed with 1mL of 1% agarose
type VIl (Sigma-Aldrich). 1mL of this mixture was then pipetted onto a 1% type 1A
agarose (Sigma-Aldrich) pre-coated glass slide, covered with a coverslip and left to
set on ice. Two slides per sample were prepared. Once the agarose embedded cells
had set, the coverslip was removed, and the slides were placed on a tray (on ice).
Cells were then covered with ice cold lysis buffer (100nM disodium EDTA (Sigma-
Aldrich), 2.5M NaCl, 10mM Tris HCL, 1% Triton X-100, pH 10.5), and incubated in
the dark for 1 hour on ice. The cells were washed 4 times (15 minutes) with ice cold
dH;0, and transferred into an electrophoresis tank. The slides were covered with ice
cold alkali electrophoresis buffer (50mM NaOH, 1mM disodium EDTA, pH 12.5) in the

dark for 45 minutes prior to electrophoresis. Electrophoresis was carried out in the
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same buffer, for 25 minutes at 18V. After electrophoresis, the slides were placed in a
tray, rinsed with neutralizing buffer (0.5M Tris-HCI, pH 7.5) for 10 minutes and washed
with PBS (10 minutes). PBS was gently drained from the slides, which were then left
to dry overnight. The next day, the slides were rehydrated for 20 minutes with dH-O,
and DNA was stained using 2.5ug/mL propidium iodide (Sigma-Aldrich) for 30
minutes at RT in the dark. The slides were washed with dH»O, and left to dry in an
oven at 40°C. Once completely dry, slides were stored in the dark at RT until data

analysis.

Acquisition of images was performed with a NIKON inverted microscope with a high-
pressure mercury light source, a 510-560nm excitation filter and a 590nm barrier filter
at 20x magnification. Images were acquired using an on-line charge-couple device
(CCD) camera and analysis was carried out with the Komet Analysis software (Kinetic
Imaging, Liverpool). For each sample, 50 cells were analysed per duplicate slide. The
tail moment is used as a measure of DNA damage and is defined as the product of
the percentage DNA in the comet tail and the distance between the means of the

head and tail distributions, based on the definition of Olive et al., (Olive 2002).

2.2.11 Neutral single cell gel electrophoresis (Comet) assay

The neutral comet assay was performed as described for the alkaline comet assay
(section 2.2.10), with modifications to the lysis and electrophoresis protocol. Cells
were lysed in the dark on ice, for one hour in ice cold lysis buffer (100mM EDTA, 2.5M
NaCl, 10 mM Tris-HCI pH 8.0) containing 0.5% Triton X-100 (Sigma-Aldrich, UK), 1%
N-lauroylsarcosine (Sigma-Aldrich, UK), 3% DMSO (Sigma-Aldrich, UK) added fresh
and pH adjusted to 9.5. Slides were then washed twice in ice cold dH,O for 10
minutes. 400uL of proteinase K solution 1mg/mL (Sigma-Aldrich) was pipetted onto
each slide, and slides were incubated for two hours at 37°C in the dark. Slides were

then washed twice with ice cold electrophoresis buffer (300 mM sodium acetate, 100
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mM Tris-HCL, pH 8.3, containing 1% DMSO added freshly) for 10 minutes. Slides
were covered with neutral electrophoresis buffer, incubated in the dark on ice for one
hour, then placed in an electrophoresis tank, and covered in fresh electrophoresis

buffer and electrophoresed for 60 minutes at 30V.

2.2.12 Cytokine Array

Cells were seeded at a density of 0.5-2.0 x 10° (depending on treatment cytotoxicity)
in each well of 12 well plate, and incubated at 37°C for 24 hours to allow cell
attachment. Cells were then treated according to individual experiment protocols in
1mL of media. At the indicated time, media was collected and transferred into an ice-
cold Eppendorf. The media was spun down 2,000rpm for 10 minutes at 4°C, to
remove cells. The supernatant was then transferred to a new Eppendorf on ice. The
media was transferred to the cytokine arrays and processed as per the manufacturer’s
instructions (R and D Systems, Human XL Cytokine array kit, ARY022B). A full list of

the cytokines detected by the arrays can be seen in Table 2.13.

The intensity of signal was determined using ImageQuant software. The intensity of
signal in each array was normalised using the reference control spots, to allow
comparison between arrays. Once a signal intensity was determined for each target,
this was then normalised according to the signal intensity of that protein in the

untreated control.
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Table 2.3. Proteins detected by cytokine array

Adiponectin Apolipoprotein A-l Angiogenin Angiopoietin-1
Angiopoietin-2 BAFF BDNF C5/Cbha

CD14 CD30 CD40 ligand Chitnase 3-like 1
CFD CRP Cripto-1 Cystatin C
Dkk-1 DPPIV EGF Emprin
ENA-78 Endoglin Fas ligand FGF basic
FGF-7 FGF-19 FIt-3 ligand G-CSF
GDF-15 GM-CSF GROa Growth hormone
HGF ICAM-1 IFNY IGFBP-2
IGFBP-3 IL-1a IL-18 IL-1ra

IL-2 IL-3 IL-4 IL-5

IL-6 IL-8 IL-10 IL-11
IL-12p70 IL-13 IL-15 IL-16

IL-17A IL-18 Bpa IL-19 IL-22

IL-23 IL-24 IL-27 IL-31

IL-32 IL-33 IL-34 IP-10

I-TAC Kallikrein 3 Leptin LIF
Lipocalin-2 MCP-1 MCP-3 M-CSF

MIF MIG MIP-1a/1B3 MIP-3a
MIP-33 MMP-9 Myeloperoxidase Osteopontin
PDGF-AA PDGF-AB/BB Pentraxin 3 PF4

RAGE RANTES RBP-4 Relaxin-2
Resistin SDF-1a Serpin E1 SHBG

ST2 TARC TFF3 TR

TGF-a Thrombospondin-1 TNF-a uPAR

VEGF Vitamin D BP CD31 TIM-3
VCAM-1

2.2.13 Immunohistochemistry (IHC)

Cells were collected by trypsinisation of exponentially growing cells, and resuspended
in PBS at a density of 1.0 x 10° cells/mL. Organoids were collected from 6 wells of a
6-well plate using 2mL of ice-cold PBS per well. Organoids were then washed twice
with ice cold PBS to remove Matrigel (1500rpm, 3 minutes). Organoids were then

resuspended in 1mL of ice-cold PBS. The cells/organoids were spun at 1500rpm for
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5 minutes and supernatant discarded. Pellets were resuspended in 3mL10% formol
saline and were left overnight at RT. 2% agar was melted in a microwave, and cooled
to 60°C in a water bath. 500uL of agarose was pipetted into a 1.5ml Eppendorf tube
and was left to set. Cells were spun down to a pellet (2000rpm, 5 minutes) and
formalin supernatant discarded. The cell pellet was placed in a water bath at 60°C to
warm for 2 minutes. The cell pellet was resuspended in 750uL of melted agar and
transferred to the Eppendorf tube with the set agarose. The tube was spun the at
7000 rpm for 25 minutes, and agar was left to set. The end of the Eppendorf was cut
off, and the cell pellet pushed through the top of the tube, out into a histology cassette.

Cassettes were embedded in paraffin and slices cut.

Samples were processed and stained with haematoxylin and eosin (H&E), and an
anti-HER2 antibody (cell signaling, 2242) by the UCL pathology department using a
BOND polymer refine detection kit (Leica) on the BOND Rx machine. The protocol
was set as follows, antigen retrieval 20 minutes, primary antibody 15 minutes, and

secondary antibody 8 minutes.

2.2.14 RNAseq

Cells were seeded at 1.0 x 10° in a 10cm dish and were left for 48 hours. Media was
aspirated and cells were washed twice with ice cold PBS. RNA was extracted using
the RNeasy kit (Qiagen) as per the manufacturer’s instructions. mMRNA was quantified

by Nanodrop (Nanodrop one, Thermo Fisher Scientific).

Prior to mRNA library preparation each RNA sample was corrected to 100ng/pL in
RNase-free milliQ water. A standard Kapa mRNA Hyperprep library preparation kit
(Kapa) was used to process each RNA sample. In brief, mRNA capture beads were
washed and resuspended in 52.5uL of mRNA bead binding buffer. 50uL of re-
suspended mRNA capture beads were mixed and incubated with 50uL of RNA

sample. First round mMRNA capture was performed in a thermocycler at 65°C for 2
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minutes. The samples were placed on a magnet, washed in 200uL of mRNA bead
wash buffer and resuspended in 50uL of RNase-free water. The second round mRNA
capture was performed in a thermocycler at 70°C for 2 minutes. 50uL of bead binding
buffer was added and each sample was incubated at RT for 5 minutes. The samples
were placed on a magnet and washed with 200uL of mMRNA bead wash buffer. The
samples were resuspended with 22uL of fragment, prime and elute Buffer.
Fragmentation and priming was performed in a thermocycler, 6 minutes at 94°C. The
samples were placed on a magnet and 20pL of the supernatant containing the eluted,
fragmented, and primed RNA was pipetted into a separate tube. 10uL of 1% strand
synthesis master mix was added to the sample and 1% strand synthesis was
performed in a thermocycler using the following program: primer extension at 25°C
for 10 minutes, 1% strand synthesis at 42°C for 15 minutes, enzyme inactivation at
70°C for 15 minutes. 30uL of second strand synthesis and A-tailing master mix was
added and second round strand synthesis was performed in a thermocycler using the
following program: 2" strand synthesis at 16°C for 30 minutes, A-tailing at 62°C for
10 minutes. 5uL of 1.5uM adapter and 45uL of ligation mix was added and the sample

was incubated at 20°C for 15 minutes.

First post-ligation cleanup was performed by resuspending the sample with 70uL of
Kapa pure beads, placing the sample on a magnet, washing twice with 200uL of 80%
ethanol and resuspending with 50uL of 10 mM Tris-HCI. Second post-ligation clean-
up was performed by resuspending the sample with 35uL of PEG/NaCI solution,
placing the sample on a magnet, washing twice with 200puL of 80% ethanol and
resuspending with 22uL of 10mM Tris-HCI. 20uL of the supernatant containing
adapter ligated, cleaned library sample was pipetted into a separate tube. 30uL of

library amplification master mix was added.

Library amplification was performed in a thermocycler using the following program:

One cycle of initial denaturation at 98°C for 45 seconds. One cycle of denaturation at
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98°C for 15 seconds. Twelve cycles of annealing at 60°C for 30 seconds, extension
at 72°C for 30 seconds, final extension at 72°C for 1 minute. One cycle of final
extension at 72°C for 10 minutes. Library amplification cleanup was performed by
resuspending the sample with 50uL of Kapa pure beads, placing the sample on a
magnet, washing twice with 200uL of 80% ethanol and resuspending with 22pL of
10mM Tris-HCI. 20uL of the supernatant containing amplified cleaned library sample

was pipetted into a separate tube and stored at -20°C.

The concentration of each library was estimated using a Qubit DNA high sensitivity
assay (Thermofisher) and the fragment size was estimated using a Bioanalyzer DNA
high sensitivity assay (Agilent). The concentration and fragment size of each library
were used to estimate their concentration in nanomoles using the following

calculation:

concentration in ng/ul
( g/u) x 10% = concentration in nM

(660 g/mol x average library size in bp)

Each library was corrected to 10nM, and 5L of each was pooled together to create

the final pooled library.

Prior to the pooled library denature and dilution, an Illumina Nextseq 500 mid output
150 cycle reagent cartridge (lllumina) was defrosted in a water bath at RT for 45
minutes. The pooled library was denatured into single stranded DNA using 5pL of
freshly prepared 0.2M sodium hydroxide and left to stand at RT for five minutes. The
denatured library was diluted to 20pM using 5uL of 0.2M Tris HCL and 985uL of cold
HT1 buffer (lllumina). 10pL of the denatured and diluted library was removed and
10pL of a 20pM control library, Phi-X (lllumina) was added. The final 20pM pooled
library with Phi-X was diluted further to 1.5pM by taking 97.5uL of library and diluting

it with 1202.5uL of water. The final denatured and diluted library was pipetted into the
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reagent cartridge and loaded into the Nextseq 500. The sequencing was completed

using a paired end 75 cycle run.

RNAseq expression data was quantified using kallisto software (Bray et al. 2016)
together with an Ensembl GRCh38 transcript set. Further filtering, normalisations and
statistical analyses were then performed using DESeq?2 library for the R programming
language (Love, Huber, and Anders 2014). Statistical significance where stated uses
multiple testing adjustment with the false discovery rate and independent hypothesis
weighting (IHW). Gene Set Enrichment Analysis (GSEA) (Subramanian et al. 2005)
was performed using the Broad Institute tools together with pathways from their

MSigDB site (Liberzon et al. 2011).

2.2.15 Organoid maintenance

Organoids were maintained in culture embedded in growth-factor reduced Matrigel
(Corning), covered with complete organoid media. For general maintenance,
organoids were embedded in 3 drops (25uL) in 12-well dishes and covered with 1.5mL
media and kept at 37°C in a humidified atmosphere of 5% CO,. The complete
organoid media was prepared using a base culture media, supplemented with 25%
(R-spondin-1, wnt-3 and Noggin) conditioned media from mouse fibroblasts (section
2.2.16), and several other growth supplements and specific pathway inhibitors (Table

2.4 and Table 2.5). Media was replenished with 50% fresh media every 2-3 days.

Passaging could be done with or without organoid trypsinisation. Without
trypsinisation, media was removed from the well, and organoids collected from the
plate using of ImL (12 well dish) ice cold PBS. Organoids were transferred to a chilled
Eppendorf tube on ice. To remove Matrigel, organoids were spun down (20 secs,
benchtop mini centrifuge) and supernatant removed. Two further PBS washes were

done, before resuspension in ice cold Matrigel (all on ice). Drops of Matrigel were then
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added to culture dish and left to set for 5 minutes at 37°C. 1.5mL of complete media

was then added to each well of dish.

If organoids had reached maximal growth, or were required as single cell for
experimentation, organoids were disassociated during passage. After removing
Matrigel by washing, organoids were suspended in 200uL of TripLE Express (animal
free trypsin, Gibco), and incubated at 37°C for 10 minutes. Trypsin was inactivated
with 800uL of 10% FBS (in PBS), and disassociation completed by pipetting the
organoids up and down multiple times. Organoids were spun down (20 secs,
benchtop mini centrifuge) and the trypsin removed. Two further PBS washes were
done, before resuspension in ice cold Matrigel (all on ice). Drops of Matrigel were then
added to culture dish and left to set for 5 minutes at 37°C. 1.5mL of warm complete

media was then added to each well of dish.

Table 2.4. Base culture media preparation
Base culture media (Sterile filtered with 500mL filter system (Corning))
DMEM F/12 (Gibco)
2mM L-glutamine (Sigma-Aldrich)

1% of 10,000 units penicillin — 10mg/mL streptomycin (Sigma-Aldrich)
1mM N-acetyl-l-cysteine (stock prepared at 500mM in PBS, Wako)
10mM Hepes solution (stock prepared at 1M in PBS, Sigma-Aldrich)

Table 2.5. Complete organoid media preparation

Complete organoid media (Sterile filtered)

Base culture media

25% L-WRN conditioned media from fibroblasts

50ng/mL EGF

10nM Gastrin (stock prepared at 10uM)

500nM TGF B / ALK inhibitor A83-01 (stock prepared in DMSO at 500uM)
10uM p38 inhibitor SB202190 (stock prepared in DMSO at 10mM)

10mM Nicotinamide (stock prepared at 10puM)

RHO inhibitor (Y27632) (only when thawing or trypsinising organoids)
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2.2.16 WRN conditioned media preparation

L-WRN mouse fibroblasts were expanded in T150 cell culture flasks in 25mL DMEM
(10% FBS (Gibco), 2mM L-glutamine (Sigma-Aldrich), 1% penicillin-streptomycin
(Sigma-Aldrich)). Once 80% confluence had been reached, media in each flask was
replaced with 25mL fresh media, and cells were left in the incubator at 37°C for 72
hours. Media was then collected from flasks and filtered to remove any cells or debris
using a 500mL filter system (Corning). Conditioned media was aliquoted and stored

at -80°C until use.

2.2.17 Organoid storage and retrieval from liquid nitrogen

Organoids were kept frozen in liquid nitrogen for long-term storage. To freeze down
organoids, media was removed from each well of a 12 well dish, and organoids
collected using 1mL of ice-cold PBS per well. Organoids were then transferred into
chilled Eppendorfs on ice. To remove Matrigel, organoids were spun down (20 secs,
benchtop mini centrifuge) and the supernatant removed. Two further PBS washes
were done, before organoid resuspension in 1mL cell recovery freezing media (Gibco)
per Eppendorf. Organoids suspended in freezing medium were then transferred into
cryotubes. Organoids were stored at -80°C for 24-72 hours prior to long-term storage
in liquid nitrogen tanks. Organoids were retrieved from frozen stocks by thawing in a
37°C water bath, after which the organoids were transferred into an Eppendorf.
Organoids were spun down (20 secs, benchtop mini centrifuge) and the cell recovery
media removed. Two washes in PBS were done, before resuspension in ice cold
Matrigel (all on ice). Drops of Matrigel (3 x 25uL) were then added to a well of 12-well
culture dish and left to set for 5 minutes at 37°C. 1.5mL of warm complete media

(containing the RHO inhibitor) was then added to the culture dish well.
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2.2.18 Organoid viability — 3D CellTiter-Glo (CTG) assay and imaging

Organoids were expanded and grown in a well of a 6-well dish (7 drops (40uL)
Matrigel). Organoids were seeded and treated in the same experiment for imaging
and CTG analysis. Media was removed from the culture plate, and organoids
collected in 3mL ice-cold PBS, and transferred to 15mL Falcon tubes on ice. The
culture plate was rewashed with ice-cold PBS to collect any remaining organoids,
which were also transferred to the Falcon. A further 4mL of ice-cold PBS was then
added to the Falcon to ensure Matrigel was full dissolved. To remove Matrigel
organoids were spun down at 1200rpm for 5 minutes (4°C), and supernatant
removed. Two further washes with 10mL ice-cold PBS were performed to ensure
removal of all Matrigel. PBS was removed and 1mL of TripLE Express was added to
the organoid pellet. Organoids were incubated at 37°C for 10 minutes with the TripLE
Express. Trypsin was inactivated by the addition of 4mL 10% FBS in PBS. The cell
suspension was pipetted up and down to ensure full dissociation of organoids into
single cells. Cells were spun down at 1200rpm for 5 minutes (4°C), and supernatant
removed. Two further washes with 10mL ice-cold PBS were performed to ensure
complete removal of trypsin. Organoids were then split across 2 Falcons, with one

Falcon used for experiment seeding and the other for further organoid expansion.

For experiment seeding organoids were suspended in 5mL Matrigel (volume
dependent on experiment setup) and gently pipetted up and down to ensure even
distribution of organoid cells. Note, at all times organoids must be kept on ice to
prevent Matrigel setting. 50pL of organoid containing Matrigel were added to each
well of a 96-well white flat-bottom pate (Thermo Fisher Scientific) for CTG assay and
to a standard 96-well flat-bottom plate (TPP) for imaging. Matrigel was pipetted up
and down throughout seeding to ensure an equal distribution of organoids. Each
experiment contained 3 technical repeats of each sample group, to enable generation

of a reliable mean. Plates were incubated for 10 minutes at 37°C to ensure Matrigel
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setting, after which 200uL of media warmed to 37°C was added to each well. Plates

were incubated for 2 days at 37°C, for organoids to begin growing.

After 2 days small organoids were visible. Media was gently removed from each well
using a pipette, and was replace with drug containing, warm complete organoid media
as indicated for individual experiments. Organoids were left with drug containing
media for 72 hours. After 72 hours, depending on the individual experimental protocol,
drug containing media was either replaced with fresh drug-free warm media, or drug-
containing media, with care taken not to disrupt Matrigel when removing or adding

media. Media was replaced every 2-3 days for the duration of the treatment protocol.

At the required timepoint, media was removed from wells of the plate for CTG analysis
and was replaced with 50puL of 3D-CTG reagent (Promega). The plate was placed on
a shaker in the dark at RT for 30 minutes. The bioluminescence of well was measured
using the Varioskan LUX plate reader. A mean value was calculated for each
treatment group for the three technical repeats. Percentage viability was calculated
by normalising each treatment group to the DMSO control. Images were taken of
organoids grown in the translucent 96-well plate at the same time using an EVOS

microscope.

2.2.19 Organoid Western blot

Organoids were expanded and grown in a well of a 6-well dish (7 drops (40uL)
Matrigel). Media was removed from the culture plate, and organoids collected in 3mL
ice-cold PBS, and transferred to 15mL Falcon tubes on ice. The culture plate was
rewashed with ice-cold PBS to collect any remaining organoids, which were also
transferred to the Falcon. A further 4mL of ice-cold PBS was then added to the Falcon
to ensure Matrigel was full dissolved. To remove Matrigel organoids were spun down
at 1200rpm for 5 minutes (4°C), and supernatant removed. Two further washes with

10mL ice-cold PBS were performed to ensure removal of all Matrigel. PBS was
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removed and 1mL of TripLE Express was added to the organoid pellet. Organoids
were incubated at 37°C for 10 minutes with the TripLE Express. Trypsin was
inactivated by the addition of 4mL 10% FBS in PBS. The cell suspension was pipetted
up and down to ensure full dissociation of organoids into single cells. Cells were spun
down at 1200rpm for 5 minutes (4°C), and supernatant removed. Two further washes
with 10mL ice-cold PBS were performed to ensure complete removal of trypsin. Single
organoid cells were resuspended in 2mL Matrigel, and plated by adding 3 x 25uL
drops into 8 wells of a 2x12-well plates (2 wells per condition). Matrigel was left to set
at 37°C for 10 minutes, after which 1.5mL of warm organoid media was added to each
well. Organoids were left to grow for 5 days, with media being replaced every 2-3

days.

On day 5 post-seeding, organoids were treated as indicated in experiments. Prior to
organoid collection at the timepoints specified in individual experiment, organoids
were incubated with protease and phosphatase inhibitors to preserve cellular
signalling. 1 phosSTOP (Roche) tablet was dissolved in 500uL sterile ddH2O. An
inhibitor cocktail was made by combining 350uL phosSTOP, and 140uL 100 x
Protease Inhibitor Cocktail (Sigma-Aldrich). 53.5uL of inhibitor cocktail was added to
each well (containing 1.5mL media), and organoids incubated for 10 minutes at 37°C.
Media was removed from wells and organoids collected with 1mL ice-cold PBS per
well. Organoids were spun down for 20 seconds using benchtop mini centrifuge, and
supernatant removed. Two further washes in ice-cold PBS were performed to
completely remove all Matrigel. PBS was removed from the organoid pellet and 50uL
of lysis buffer was added each to Eppendorf. Organoids were briefly vortexed to
ensure disruption of organoids and cell lysis. The organoid suspension was then
sonicated for 30 minutes on ice using a Fisherbrand sonicator. Following sonication

samples were boiled at 95°C for 10 minutes. Lysates were then processed for
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Western blotting and procedures were carried out as described for cell lines (section

2.2.8)

2.2.20 CyTOF

The cyTOF technique described was developed by the Tape lab. This multiplexed
mass cytometry protocol uses Thiol-reactive Organoid Barcoding in situ (TOBis) and
a CyTOF signalling analysis pipeline (CyGNAL) for 126-plex single cell analysis of
cell state, protein expression and post-translational modifications in organoids (Sufi
J. et al. In press) (Figure 2.1). This enables in depth single cell analysis of organoids,

which is not achievable by other techniques.

Organoids were expanded and grown in a well of a 6-well dish (7 drops (40uL)
Matrigel). Media was removed from the culture plate, and organoids collected in 3mL
ice-cold PBS, and transferred to 15mL Falcon tubes on ice. The culture plate was
rewashed with ice-cold PBS to collect any remaining organoids, which were also
transferred to the Falcon. A further 4mL of ice-cold PBS was then added to the Falcon
to ensure Matrigel was full dissolved. To remove Matrigel organoids were spun down
at 1200rpm for 5 minutes (4°C), and supernatant removed. Two further washes with
10mL ice-cold PBS were performed to ensure removal of all Matrigel. PBS was
removed and 1mL of TripLE Express was added to the organoid pellet. Organoids
were incubated at 37°C for 10 minutes with the TripLE Express. Trypsin was
inactivated by the addition of 4mL 10% FBS in PBS. The cell suspension was pipetted
up and down to ensure full dissociation of organoids into single cells. Cells were spun
down at 1200rpm for 5 minutes (4°C), and supernatant removed. Two further washes
with 10mL ice-cold PBS were performed to ensure complete removal of trypsin.
Organoids were then split across 2 Falcons, with one Falcon used for experiment

seeding and the other for further organoid expansion.
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Figure 2.1. A scheme demonstrating the CyTOF protocol used.

1271dU (identifying S-phase cells) and phosphatase and phosphatase inhibitors are added.
Organoids are fixed in situ with paraformaldehyde (PFA) and stained with 194Cisplatin to
identify dead / dying cells. Organoids from different experimental conditions are barcoded with
TOBIs reagents while still in Matrigel, washed with reduced glutathione (GSH), and pooled.
Organoids are dissociated into single cells using Dispase Il, Collagenase IV, and DNase | and
stained with extracellular cell-1123 type rare-earth metal conjugated antibodies. Cells are then
permeabilised with Triton and Methanol, stained with intracellular post-translational
modification (PTM), cell-state, and cell-type Abs. Abs are cross-linked to their antigens using
formaldehyde (FA) and cells are incubated with 191/193 1126 Iridium (Ir) DNA intercalators.
Single cells are analysed using a mass cytometer. Different experimental conditions are
debarcoded, pre-processed and single-cell organoid data is visualised using Uniform Manifold
Projection (UMAP). Cell-type-specific PTM node intensity is NP-P1200047 Multiplexed Single-
Cell Organoid Signalling calculated using Earth Mover’s Distance (EMD) between reference
and variable populations and PTM-PTM connectivity is calculated using Density Resampled
1133 Estimation of Mutual Information (DREMI) (Sufi J. et al. In press).

For experiment seeding, organoids were suspended in 5mL Matrigel (volume
dependent on experiment setup) and gently pipetted up and down to ensure even
distribution of organoid cells. Note, at all times organoids must be kept on ice to
prevent Matrigel setting. 50uL of Matrigel were added to each well of a 96-well white

flat-bottom pate (TPP). Each experiment contained 3 technical repeats of each

150



sample group. Plates were incubated for 10 minutes at 37°C to ensure Matrigel
setting, after which 200uL of complete organoid media (with RHO inhibitor) was added

to each well, and the culture plate was returned to 37°C.

After 24 hours, the media was gently removed from the wells, and replaced with
complete organoid media without any RHO inhibitor (the RHO inhibitor was found to
reduce the proliferation rate). After a further 24 hours, the media was once again
removed and replace with organoids media containing recombinant proteins in place
of WRN-conditioned media (mMEGF 50ng/mL (Thermo Fisher Scientific), mWNT
100ng/mL (Peprotech) and hR-spondin-1 500ng/mL (Peprotech)). Organoids were

left for a further 72 hours for growth and development.

On day 5 post seeding, media was removed and replaced with 200uL drug containing
organoid media (with recombinant proteins). In the CyTOF experiment with the SN38
combination treatment, media was not replaced before organoid collection. However,
organoid media appeared spent so in the subsequent DS-8201a combination
experiments, drug containing media was replaced every 24 hours until organoid
collection. 30 minutes prior to organoid collection, ?’5-lodo-2’-deoxyuridine (IdU,
Fluidigm) was added to the media (25uM final concentration), to mark DNA replication
and S-phase progression, and the culture plate was returned to the incubator. 5
minutes prior to organoid collection, 7uL of a protease/phosphatase inhibitor cocktalil
was added to each well containing 200uL of media, and the plate was returned to the
incubator until the experiment endpoint. The inhibitor cocktail was prepared by
dissolving 1 phosSTOP (Roche) tablet in 500uL sterile ddH>O, and combining with
100 x Protease Inhibitor Cocktail (Sigma-Aldrich) at a ratio of 2.5:1. At the experiment
endpoint, media was removed from the wells, and replaced with 200puL warmed 4%
PFA (Thermo Fisher Scientific). Organoids were kept at 37°C for 1 hour to allow
fixation of organoids and Matrigel. After fixation, PFA was removed from the wells,

and wells were washed twice for 10 minutes with PBS (plate gently shaking). 200uL
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of fresh PBS was added to each well, and plates were sealed and stored at 4°C for

up to two weeks.

The remainder of the protocol including barcoding, disassociation, staining, running

samples on the Helios mass cytometer, debarcoding and generation of uMAPS and

Earth Mover’s Distance (EMD) maps was performed by Maria Ramos and other

members of the Tape lab according to their protocol which is in press to be published

in the Nature Protocols journal (Sufi J. et al. In press). Antibodies used in cyTOF

experiments are listed in Table 2.6.

Table 2.6. Antibody panel used for CyTOF experiments

Antibody Supplier Channel / Metal
pHistone H3 (S28) BioLegend 89/Y
CDh44 BioLegend 111/Cd
EPHB2 BD Bioscience 112/Cd
CD326 BioLegend 113/In
CK18 Abcam 114/Cd
Pan-CK BioLegend 115/In
pPDK1 (S241) BD Bioscience 141/Pr
cCaspase-3 Cell signaling 142/Nd
Geminin Insight Biotechnology | 143/Nd
PMEK 1/2 (S221) Cell signaling 144/Nd
FABP1 R&D systems 145/Nd
pMKK4 (S257) Cell signaling 146/Nd
pBTK (Y511) BD Bioscience 147/Sm
pSRC (Y418) BD Bioscience 148/Nd
P4E-BP1 (T37/46) Fluidigm 149/Sm
pRb (S807/811) Fluidigm 150/Nd
pPKCa (T497) BD Bioscience 151/Eu
pAKT (T308) BD Bioscience 152/Sm
pCREB (S133) Cell signalling 153/Eu
PSMAD1/5 (S463/465) / pPSMAD9 (S465/467) | Cell signalling 154/Sm
pAKT (S473) Cell signaling 155/Gd
pNF-kB p65 (S529) BD Bioscience 156/Gd
pMKK3/MMKG6 (S189/207) Cell signaling 157/Gd
pP38 (T180/Y182) Cell signaling 158/Gd

152



PMAPKAPK?2 (T334)
pAMPKa (T172)

pBAD (S112)

pHistone H2A.X (S139)
pP9ORSK (T359)
pl120-Catenin (T310)
Beta-Catenin

pGSK-3B (S9)
pERK1/2 (T202/Y204)
PSMAD?2 (S465/467) [pSMAD3 (S423/425)
PLK135-206

CHGA

pDNAPK (S2056)
cPARP (D214)
pCHK1 (S345)
Cyclin B1

153

Abcam

Cell signaling
Cell signaling
Cell signaling
Cell signaling
BD Bioscience
Cell signaling
Cell signaling
BD Bioscience
Cell signaling

Thermo Fisher
Scientific

Insight Biotechnology
Abcam

Cell signaling

Cell signaling

BD Bioscience

159/Th
160/Gd
161/Dy
162/Dy
163/Dy
164/Dy
165/Ho
166/Er

167/Er

168/Er

169/Tm

170/Er
171/Yb
173/Yb
175/Lu
176/Yb



Cell signal and cell state analysis was carried out using the Cytobank software and
cells were gated using Gaussian parameters (Sufi J. et al. In press) to remove debris,

dead cells and doublets (Figure 2.2).
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Figure 2.2. Gaussian parameters were used to remove debris, dead cells and doublets

prior to cell signal / cell state analysis.
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3 TOP1l and ATR inhibition synergise to increase DNA

damage and reduce survival in CRC models

3.1 Introduction

3.1.1 Irinotecan efficacy in the treatment of CRC is limited by toxicity and DNA

damage repair

Approximately 20% of CRC patients present with metastatic disease (Argilés et al.
2020). The prognosis for these patients is poor, with 44% patients surviving 1 year,
and just 10% surviving 5 years in the UK (CRUK 2020). As standard of care, patients
receive irinotecan as part of the FOLFIRI regimen, however the response rate is below
50% and the response is short lived, with a PFS of 6.7 months (Douillard et al. 2000;
Van Cutsem et al. 2014). Additionally, the toxicity profile of irinotecan can be harsh,
with 15-20% of patients having dose limiting myelosuppression and diarrhoea

(Thomas and Pommier 2019).

The efficacy of irinotecan therapy is limited by the rapid reversal of TOP1ccs within
minutes of drug removal. TOP1ccs need to be maintained for a long enough period
to cause sustained DNA damage by collisions with replication and transcription
machinery (section 1.3.4) (Pommier 2006). The rapid reversal of TOP1ccs combined
with DNA-repair activation in response to TOP1cc, limits the DNA damage build up

caused by TOP1 inhibitors (section 1.3.5) (Thomas and Pommier 2019).

A possible strategy to increase the efficacy of irinotecan-based therapy, would be to
combine TOP1 inhibition with an inhibitor of the DNA damage repair pathway. This
would increase the cytotoxicity of TOP1ccs, if they were to persist long enough to

collide with the replication machinery.
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3.1.2 ATR and TOPL1 inhibition as a rational combination

Collision of TOP1ccs with replication machinery, and the presence of TOP1 mediated
DNA strand breaks causes replication fork stalling and activation of ATR (Aris and
Pommier 2012; Huntoon et al. 2013; Hur et al. 2021; Josse et al. 2014; Thomas et al.
2021). Signalling down the ATR pathway results in cell cycle arrest, DNA damage
repair and resolution of replication stress (section 1.5). Combining ATR inhibition with
topoisomerase inhibition could prevent induction of cell cycle arrest and replication
fork recovery, driving cells into catastrophic genomic instability (Josse et al. 2014;

Thomas et al. 2021).

There is preclinical and early clinical evidence to suggest a synergistic relationship
between TOP1 and ATR inhibition. Using a siRNA library against 7,000 genes, Josse
et al., found loss of ATR to synergise with TOP1 inhibition (CPT and Indotecan (LMP-
400)) in a breast adenocarcinoma cell line. In vitro short-term cytotoxicity assays
showed VE-821 to synergise with CPT and LMP-400 in a breast cancer cell line and
two p53 deficient CRC cell lines (Josse et al. 2014). Ovarian cancer cell lines have
also been shown to have increased sensitivity to topotecan with the addition of VE-
821 (Huntoon et al. 2013). ATR inhibitor, AZD6738 was found to synergise with
belotecan (a TOPL1 inhibitor) in cell line and mouse models of platinum-resistant

ovarian cancer (Hur et al. 2021).

ATR inhibition has also been found to sensitise SCLC tumours to TOP1 inhibition.
SCLCs exhibit very high replication stress and responses to combination
chemotherapy and PD-L1 typically being brief. SCLC cells exhibit high levels of Chk1,
CLSPN and TopBP1, when compared with other solid tumour types, making ATR an
attractive therapeutic target. The combination of VX-970 and TOP1 inhibition
(including SN-38, irinotecan and topotecan) resulted in a dramatic reduction in

survival of SCLC cell lines, and limited tumour growth in an SCLC patient derived
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xenograft model (Thomas et al. 2021). Results from a phase Il trial of VX-970 in
combination with topotecan in SCLC and EP-SCNC patients are promising

(sectionl1.6.9) (Thomas et al. 2021).

To date there has not been extensive work on the combination of TOP1 and ATR
inhibition in the context of CRC. However, findings from several different cancer
models have shown this rational combination to have therapeutic potential.
Additionally, phase | and Il trials, although not in the context of mCRC, have shown

efficacy of this combination.
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3.2 Research aim

The aim of this chapter is to explore the cytotoxicity of VX-970 in combination with
SN38 in CRC cell lines and patient derived organoids, and to evaluate whether the
combination therapy results in increased levels of DNA damage. Additionally, the link
between DNA damage induced by the combination therapy and the cGAS-STING

pathway will also be investigated.
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3.3 Results

3.3.1 SN38inhibits CRC cell proliferation and induces DNA damage and ATR
signalling

The effect of TOP1 inhibitor, SN38 on cell proliferation of cells at 50% confluence was
assessed in three CRC cell lines, HCT116, HT29 and SW48. Cells were treated with
a range of SN38 drug concentrations for a period of 72 hours and growth inhibition
was measured using the SRB assay. The dose required to cause half maximal growth
inhibition (Glso) was 170nM (95% CI 144-201), 110nM (95% Cl 2.6-3.1) and 2.8nM

(95% CI 2.6-3.1) for HCT116, HT29 and SW48 respectively (Figure 3.1).
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Figure 3.1. CRC cell lines vary in their sensitivity to SN38 treatment.

Cell lines were seeded at 15,000 cell per well in a 96-well plate and treated with the indicated
doses of SN38 for 72 hours. The SRB assay was used to calculate proliferation rates. A.
HCT116 cells B. HT29 cells C. SW48 cells. Each datapoint is the mean of 3 biological repeats.

Error bars represent £+ SEM.

To confirm induction of DNA damage and activation of ATR signalling following SN38
treatment, HCT116 and HT29 cells were treated with the Glso dose of SN38. Cell
lysates were collected over a range of timepoints and analysed by Western blotting.
In both cell lines, phosphorylation of ATR (Thr1989) and its downstream kinase Chk1
(Ser345) were observed as early as two hours following SN38 treatment,
demonstrating activation of ATR signalling. Phosphorylation of H2AX was observed

at 24 hours, marking the presence of DNA damage (Figure 3.2 A-B). Treatment of
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SW48 cells with 5nM SN38 (~ 2 x Glsp) resulted in delayed phosphorylation of ATR
compared to HCT116 and HT29 cells, with the highest level observed at 24 hours.
Phosphorylation of Chkl and H2AX were not observed at this concentration (Figure
3.2 C). On increasing the SN38 treatment dose to 50nM, phosphorylation of ATR,
Chkl and H2AX was observed in SW48 cells (Figure 3.2 D). These findings show

SN38 treatment to activate ATR signalling in CRC cell lines.
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Figure 3.2. SN38 induces ATR signalling and H2AX phosphorylation.
Cell lines were treated with SN38 for the indicated time periods and lysates analysed by
Western blotting. A. HCT116 cells B. HT29 cells C. and D. SW48 cells. Blots are

representative images of 3 biological repeats.

3.3.2 Sub-Glso VX-970 treatment abrogates SN38 induced ATR signalling

and increases pH2AX levels

The effect of ATR inhibitor VX-970 on the proliferation of HCT116, HT29 and SW48

cell lines at 50% confluence was assessed using the SRB assay. Cells were treated
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with a range of VX-970 drug concentrations for a period of 72 hours (Figure 3.3).
Concentrations of up to 5uM VX-970 had almost no impact on the proliferation of
HCT116 cells. HT29 cells were more sensitive to VX-970 treatment with a Glso of
1.48uM (95% CI 1.41-1.55). SWA48 cells were the most sensitive to the ATR inhibitor

with a Glso of 0.394uM (95% CI 0.33-0.46).
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Figure 3.3. CRC cell lines vary in their sensitivity to VX-970 treatment.

Cell lines were seeded at 15,000 cell per well in a 96-well plate and treated with the indicated
doses of VX-970 for 72 hours. The SRB assay was used to calculate proliferation rates. A.
HCT116 cells B. HT29 cells C. SW48 cells. Each datapoint is the mean of 3 biological repeats.

Error bars represent + SEM.

To establish the dose of VX-970 required to inhibit SN38-induced ATR signalling,
HCT116, HT29 and SW48 cells were treated with SN38 and a dose range of VX-970.
Cell lysates were collected following 24 hours treatment and analysed by Western
blotting (Figure 3.4). In HCT116 and SW48 cells, a dose of 0.125uM VX-970 reduced
the levels of SN38-induced pATR and pChkl1 to the levels observed in untreated cells.
In HT29 cells, 0.125uM VX-970 treatment resulted in loss of pChk1, and a band of
lower molecular weight for pATR. An increased dose of 0.25uM VX-970, resulted in
loss of this lower molecular weight pATR band. A dose of 0.125-0.25uM VX-970 was
selected for inhibition of ATR in further assays. In HCT116 and HT29 cells the levels
of pH2AX was increased following SN38 and VX-970 combination therapy, in
comparison to SN38 monotherapy indicating an increased DNA damage. Of note in

all three cell lines, the levels of SN38-induced p53 phosphorylation were reduced with
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the addition of VX-970. This data shows VX-970 to be highly effective at inhibiting

ATR, with increased pH2AX signal indicative of increased DNA damage with the

combination therapy.
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Figure 3.4. VX-970 abrogates SN38-induced ATR signalling and results in increased
H2AX phosphorylation.

Cell lines were treated with the indicated drugs for 24 hours and lysates analysed by Western
Blotting. A. HCT116 cells B. HT29 cells C. SW48 cells. Blots are representative images of 3

biological repeats.
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3.3.3 SN38 and VX-970 synergise to reduce proliferation rate and survival in

CRC cell lines

The loss of SN38-induced ATR signalling and increase in pH2AX with the addition of
VX-970, is indicative of an impaired DDR leading to increased DNA damage. Inhibiting
the DDR and increasing the level of DNA damage following SN38 treatment, suggests
a potential increase in cytotoxicity of SN38 and VX-970 combination therapy
compared to SN38 monotherapy in the CRC cell lines. To assess the impact of SN38
and VX-970 on the proliferation of CRC cell lines, HCT116, HT29 and SW48 cells
were seeded at low density and treated with a range of SN38 and VX-970
concentrations as monotherapies and in combination for 72 hours. Reducing the

seeding density markedly increased the drug sensitivity of the CRC cell lines.

Using the SRB assay, VX-970 was found to synergise with SN38 and reduce
proliferation in all 3 CRC cell lines (Figure 3.5). Synergy was calculated using the zero
interaction potency (ZIP) model, a score below -10 indicates antagonism, a score
between -10 and +10 indicates an additive relationship and a score greater than +10
demonstrates synergy (Yadav et al. 2015). In HCT116 cells, synergy was observed
across a range of drug concentrations, for example 1nM SN38 caused 15.1% (+ 5.5)
growth inhibition and 0.0625uM VX-970 resulted in 8.53% (+ 2.4) growth inhibition,
but the combination of 1nM SN38 and 0.0625uM VX-970 caused 74.06% (+ 2.04)
growth inhibition (Figure 3.5, A-B). The average synergy ZIP score for SN38 and VX-
970 treatment in HCT116 cells was 36.8 (+ 2.1) (Figure 3.5 C). In HT29 cells, the
addition of VX-970 potentiated the growth inhibition induced by SN38, for example
5nM SN38 caused 15.26% (= 7.7) growth inhibition and 0.125uM VX-970 did not
inhibit proliferation, and the combination resulted in 82.18% (+ 1.95) growth inhibition
(Figure 3.5, D-E). The average synergy ZIP score for SN38 and VX-970 treatment in
HT29 cells was 17.91 (x 3.5), demonstrating synergy (Figure 3.5 F). In SW48 cells,

VX-970 also synergised with SN38, for example 1nM SN38 caused 24.87% (+ 4.8)
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growth inhibition and 0.125pM VX-970 resulted in 17.91% (z 5.8) growth inhibition,
with the combination therapy causing 75.11% (z 6.25) growth inhibition (Figure 3.5 G-
H). The average synergy ZIP score for SN38 and VX-970 treatment in SW48 cells

was 27.97 (+ 4.3) (Figure 3.5 1).

While growth inhibition is a good indicator of cytotoxicity, it is possible for cells to arrest
but then re-enter the cell cycle following drug removal. The clonogenic assay can be
used to explore longer term survival and colony forming ability following drug
treatment. HCT116, HT29 and SW48 cells were treated with 1nM or 5nM SN38 as a
monotherapy or in combination with 0.0625uM VX-970 for a period of 72 hours,
following which the drugs were removed and the cells were incubated for two weeks

to form colonies (Figure 3.6).

HCT116 cells displayed the greatest sensitivity to SN38 and VX-970 monotherapies,
with survival reduced to 69.4% (z 1.75) with 1nM SN38 treatment and 23.7% (+ 3.44)
with 0.0625uM VX-970 treatment. The combination of 1nM SN38 and 0.0625uM VX-
970 further reduced survival to 0.35% (+ 0.16) (Figure 3.6 B-C). HT29 cells were the
least sensitive to SN38 and VX-970 monotherapies, with survival only reduced to
84.0% (+ 11.6) with 5nM SN38 treatment and 82.8% (x 5.5) with 0.0625uM VX-970
treatment. However, HT29 cells were highly sensitive to the combination therapy with
5nM SN38 + 0.0625uM VX-970 treatment reducing survival to 1.26% (+ 0.14) (Figure
3.6 D-E). A reduction in survival following combination therapy was also observed in
SW48 cells, with 1nM SN38 + 0.0625uM VX-970 reducing survival to 6.3% (+ 1.718)
compared to 91.97% (x 9.96) survival with 1nM SN38 and 59.6% (+ 3.36) survival

with 0.0625uM VX-970 (Figure 3.6 F-G).

These findings show the combination of SN38 and VX-970 to be synergistic, reducing

both the proliferation and survival of CRC cell lines.
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Figure 3.5. VX-970 synergises with SN38 to reduce proliferation in CRC cell lines.

Cell were seeded at 2,500 cells per well in 96-well plates and treated with the indicated drugs

for 72 hours. The SRB assay was used to calculate proliferation rates. A. HCT116 cells D.

HT29 cells G. SW48 cells. Each datapoint is the mean of 3 biological repeats. Error bars

represent + SEM. The mean percentage inhibition for each drug combination is shown in a
heatmap B. HCT116 cells E. HT29 cells and H. SW48 cells. 3D ZIP models demonstrate the
interaction between SN38 and VX-970 in C. HCT116 cells F. HT29 cells and I. SW48 cells.
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HCT116 cells D. HT29 cells and F. SW48 cells. Each datapoint is the mean of 3 biological
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3.3.4 SN38 and VX-970 combination treatment results in activation of DNA-

PK and ATM

The abrogation of SN38-induced ATR signalling and increase in cellular pH2AX levels
with SN38 and VX-970 combination treatment (Figure 3.4), suggests that the synergy
observed between the drugs is at least in part due to increased DNA damage. Loss
of ATR function, in the context of SN38-induced TOP1ccs could result in replication
fork run off and the formation of DNA DSBs. As DNA-PK and ATM are activated in
response to DNA DSBs, a Western blot time course experiment was set up in
HCT116, HT29 and SW48 cells to explore the activity of these kinases following SN38

and VX-970 combination treatment (Figure 3.7).

In HCT116 cells, pSer2056 DNA-PK (a marker of DNA-PK activation) could not be
detected following 0.125uM VX-970 monotherapy, and a relatively low level could be
detected at 24 hours of 170nM SN38 monotherapy. Substantially higher levels of
pDNA-PK were detected at 16 and 24 hours of SN38 and VX-970 combination
therapy. pSer1981 ATM (a marker of ATM activation) was also detected at 16 and 24
hours following SN38 and VX-970 combination therapy (Figure 3.7 A). In HT29 cells
pDNA-PK and pATM were detected at 8, 16 and 24 hours following 110nM SN38 and
0.125uM VX-970 combination therapy, with the highest levels observed at 16 hours.
A much lower level of pDNA-PK was observed in HT29 cells at 24 hours following
SN38 monotherapy (Figure 3.7 B). In SW48 cells, pDNA-PK was detected following
both SN38 monotherapy and SN38 and VX-970 combination therapy at 8, 16, and 24
hours. There was no clear change in the levels of pATM in SW48 cells after SN38

and VX-970 monotherapies or combination therapy (Figure 3.7 C).

In all 3 cell lines, SN38 treatment resulted in p53 phosphorylation as early as 4 hours
following SN38 treatment, but this was reduced with the addition of VX-970. In

addition, pThr68 Chk2 could be detected in SN38 treated but not untreated cells. In
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HT29 and to a lesser extent HCT116 cells, the combination treatment resulted in a
reduction of pChk2 at the expected MW ~60kDa, and the appearance of a band at
~40kDa. In HT29 cells, the appearance of a lower MW pChk2 coincided with DNA-
PK and ATM phosphorylation, occurring at 8, 16 and 24 hours of SN38 and VX-970

combination treatment.

Synergy between SN38 and VX-970 to reduce cell proliferation and survival was
observed at doses between 1nM and 5nM SN38 (Figure 3.5 and Figure 3.6). To
assess whether these lower concentrations of SN38 induce ATR signalling, and
whether a lower dose combination therapy would result in DNA-PK and ATM
activation, a Western blot time course experiment was done in HT29 cells with a range

of SN38 concentrations in combination with VX-970 (Figure 3.8).

pATR and pChk1 were only detected in cells treated with 20nM and 100nM SN38, but
not 1nM SN38, with the signal being strongest with 100nM SN38. Furthermore, there
was no increase in pH2AX signal in cells treated with 1nM SN38 as a monotherapy
or in combination with VX-970 compared to untreated cells. There was an increase in
p53 phosphorylation with 1nM SN38 monotherapy, at a lower level than observed at
10nM and 100nM SN38. pDNA-PK was only detected with 100nM SN38 and VX-970
combination treatment, and not with the lower SN38 doses of 1nM and 10nM. There
was moderate increase in pATM with 10nM SN38 and VX-970 combination treatment
at 16 hours compared to 10nM SN38 monotherapy. The level of pChk2 increased with
1nM SN38 and 10nM SN38 in a dose dependent manner, but no further increase was

observed with 100nM SN38 treatment compared to 10nM SN38 treatment.
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Figure 3.7. SN38 and VX-970 combination treatment results in the phosphorylation of
DNA-PK and ATM.
Western blots were performed using A. HCT116 cells B. HT29 cells and C. SW48 cells. Blots

are representative images of 3 biological repeats.
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Figure 3.8. Time course experiment shows increased DNA damage signalling following
100nM SN38 + VX-970 combination treatment in HT29 cells.
Induction of ATR signalling and phosphorylation of Chk2, p53 and H2AX occur at 10nM SN38.
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As no increased activation of DNA-PK and ATM was observed with 50nM SN38 and
0.125uM VX-970 combination therapy in SW48 cells (Figure 3.7), the effect of range
of SN38 concentrations and VX-970 combination therapy on DNA damage signalling
was explored in a Western blot time course experiment (Figure 3.9). pATR was
detectable with 1nM, 10nM and 100nM SN38 treatments, with the signal being lower
with 1nM treatments. pChk1 was only clearly detectable with 10nM and 100nM SN38
treatment, with a very faint band representing pChk1 with 1nM SN38 treatment. The
time taken for activation of the ATR pathway is also dose dependent. No change in
the level of DNA-PK and ATM phosphorylation was observed at any SN38 dose in
combination with VX-970 in comparison to SN38 monotherapy. Interestingly, at 16
and 24 hours pChk2 levels increased with 1nM SN38 + VX-970 compared to 1nM
SN38 monotherapy. This pattern was also observed with a concentration of 10nM

SN38 at 16 hours.

These data show activation of both the DNA-PK and ATM pathways in HT29 and
HCT116 cells in response to SN38 and VX-970 combination therapy, which is

suggestive of increased DNA DSBs.
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Figure 3.9. Time course experiment shows induction of ATR signalling at low dose SN38
concentrations in SWA48 cells.

Phosphorylation of ATR can be detected with 1nM, 10nM and 100nM SN38 treatment.
Phosphorylation of Chkl occurs in an SN38 dose dependent manner. ATR signalling is

abrogated by VX-970. Blots are representative images of 3 biological repeats.
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3.3.5 SN38 and VX-970 combination treatment results in increased DNA

SSBs and DSBs

The phosphorylation of H2AX, DNA-PK and ATM strongly indicate the induction of
DNA DSBs following SN38 and VX-970 combination therapy. The presence of DNA
SSBs and DSBs can be quantified using the single cell gel electrophoresis (comet)
assay (Fairbairn, Olive, and O'Neill 1995). In the comet assay, DNA is separated by
an electrophoretic current, with fragmented DNA migrating away from the main body
of nuclear DNA. The DNA is visualised with propidium iodide (PI) staining and
microscopy. Fragmented DNA appears as a smear known as a tail, giving cells with
DNA strand breaks a comet like appearance (Figure 3.10-B SN38 and VX-970
combination treatment). The cell lysis in the comet protocol can be varied to enable
visualisation of different DNA strand breaks. Using alkaline lysis, the hydrogen
bonding holding the DNA duplex is lost, freeing fragments of SSBs. This means that
the DNA in the comet tail using the alkaline comet protocol, can arise from both DSBs
and SSBs. When a neutral lysis protocol is used, the DNA duplex remains intact, with
only fragments produced as a result of DSBs free to migrate and form a comet tail.
The Komet software is used to quantify the proportion of DNA in the comet tail

generating the mean olive tail moment (OTM).

HCT116, HT29 and SW48 cells were treated with a range of SN38 concentrations as
a monotherapy and in combination with VX-970, and harvested at 16 hours for comet
assay analysis (Figure 3.10, Figure 3.11 and Figure 3.12). The 16-hour time point was
chosen, as this was the time of maximal pDNA-PK and pATM signal in HCT116 and

HT29 cells (Figure 3.7).

In HCT116 cells using the alkaline comet, a 9.3-fold (= 1.8, p=0.002) increase in the
mean OTM was detected following 100nM SN38 monotherapy compared to untreated

cells. This was further increased to 21.5-fold (+ 4.4, p=<0.0001) with the addition of
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VX-970. There was no increase in the mean OTM of cells treated with VX-970
monotherapy (Figure 3.10 A-B). Using the neutral comet assay, there was no
significant fold-change in the mean OTM for either VX-970 or SN38 monotherapies,
however the combination therapy resulted in a 6.8-fold increase (+ 1.5, p=<0.0001) in

the mean OTM compared to untreated cells (Figure 3.10 C-D).

In HT29 cells, a similar pattern was observed, using the alkaline comet a 2.2-fold (+
0.17, p=0.04) increase in the mean OTM was observed with 100nM SN38
monotherapy compared to untreated cells. No increase in OTM was observed with
25nM or 50nM SN38 monotherapies. The addition of VX-970 to 25nM, 50nM and
100nM SN38 treatment resulted in 5.6-fold (+ 0.42, p<0.0001), 6.9-fold (£ 0.5,
p<0.0001) and 6.6-fold (x 0.37, p<0.0001) changes in mean OTM compared to
untreated cells, respectively (Figure 3.11 A-B). Using the neutral comet assay, no
change in the mean OTM with 1nM, 10nM or 100nM SN38 monotherapy was
detected. The combination of VX-970 with 1nM, 10nM or 100nM SN38 resulted in 2.2
(x 0.07, p<0.0001), 2.7 (x 0.31, p<0.0001) and 4.1-fold (x 0.5, p<0.0001) changes in

mean OTM compared to untreated cells, respectively (Figure 3.11 C-D).
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Figure 3.10. SN38 + VX-970 combination treatment results in increased single and
double stranded DNA breaks in HCT116 cells.

A. and B. HCT116 cells were treated with the indicated drugs for 16 hours and analysed using
alkaline comet assay. C. and D. HCT116 cells were treated with the indicated drugs for 16
hours and analysed using Neutral comet assay. Images are representative of 3 biological
repeats. Each datapoint is the mean of 3 biological repeats. Error bars represent + SEM.
Statistical significance was calculated using the ANOVA test for multiple comparisons, p
values ****<0.0001 ***<0.001 **<0.01.
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Figure 3.11. SN38 + VX-970 combination treatment results in increased single and
double stranded DNA breaks in HT29 cells.

A. and B. HT29 cells were treated with the indicated drugs for 16 hours and analysed using
alkaline comet assay. C. and D. HT29 cells were treated with the indicated drugs for 16 hours
and analysed using Neutral comet assay. Images are representative of 3 biological repeats.
Each datapoint is the mean of 3 biological repeats. Error bars represent + SEM. Statistical
significance was calculated using the ANOVA test for multiple comparisons, p values
***%<0.0001 ***<0.001 **<0.01 *<0.05.

176



There was no fold change in mean OTM using either the neutral or alkaline comet
with 16 hours SN38 and VX-970 combination treatment in SW48 cells (Figure 3.12 A-
B). The time taken for accumulation of DNA strand breaks may vary between cell
lines. To explore whether there was delayed accumulation in SW48 cells compared
to HCT116 and HT29 cells, alkaline comet analysis was performed at 24 and 48 hours
of SN38 and VX-970 combination treatment. No change in the mean OTM was
detected at either timepoint with 5nM, 25nM or 50nM SN38 monotherapy or in
combination with VX-970 (Figure 3.12 C-D). Some cells have very compact
chromatin, reducing the separation of fragmented DNA from the main nuclear DNA,
reducing suitability of the comet assay to detect DNA breaks. To establish whether
fragmented DNA in SW48 cells could be separated from the main DNA body, SW48
cells were irradiated at doses between 15Gy and 25Gy. Irradiation resulted in a mean
OTM of 2-3 for all doses of irradiation (Figure 3.13). While irradiation does result in

comet tails, the mean OTM is smaller than expected with irradiation.

This data suggests an increase in DNA SSBs following SN38 monotherapy and an
increase in both DNA SSBs and DSBs following combination therapy in HCT116 and

HT29 cells.
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Figure 3.12. No significant increase in ssSDNA or dsDNA breaks in SW48 cells following
SN38 + VX-970 treatment.

A. SW48 cells were treated with the indicated drugs for 16 hours and analysed using alkaline
comet assay. B. SW48 cells were treated with the indicated drugs for 16 hours and analysed
using Neutral comet assay. C. SWA48 cells were treated with the indicated drugs for 24 hours
and analysed using the alkaline comet assay. D. SW48 cells were treated with the indicated
drugs for 48 hours and analysed using the alkaline comet assay. Each datapoint is the mean
of 3 biological repeats. Error bars represent + SEM. Statistical significance was calculated

using the ANOVA test for multiple comparisons.
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Figure 3.13. Only small change in Mean Olive Tail Moment of SW48 cells following
irradiation.
A. SW48 cells were irradiated with the indicated doses and immediately analysed using the

alkaline comet assay. B. Representative comet assay images of irradiated SW48 cells.

3.3.6 SN38 and VX-970 combination treatment results in the formation of

cGAS positive micronuclei

If DNA DSBs persist as cells pass through mitosis, fragmented DNA can be
encapsulated in a micronuclear envelope, creating small nuclear bodies, known as
micronuclei. To establish whether the DNA DSBs induced by SN38 and VX-970
combination therapy leads to the formation of micronuclei, HT29 cells were treated
with either SN38 and VX-970 monotherapies or combination therapies for 24 and 48

hours. DNA was stained using Hoechst and cells were visualised with confocal
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microscopy (Figure 3.14). At 24 and 48 hours there was no significant change in the
ratio of micronuclei to nuclei in cells treated with 1nM or 5nM SN38 monotherapy.
However, at 24 hours, the ratio of micronuclei to nuclei in cells treated with 5nM SN38
and 0.25pM VX-970 combination therapy was 0.63 (+ 0.06), compared to 0.027 (
0.04) in untreated cells (p<0.0001). At 48 hours, the ratio of micronuclei to nuclei was
increased to 0.45 (x 0.1, p=0.0012) in cells treated with 1nM SN38 and 0.25uM VX-
970, and to 0.804 (+ 0.09, p<0.0001) in cells treated with 5nM SN38 and 0.25uM VX-
970, compared to 0.036 (x 0.007) in untreated cells. The increase in micronuclei
following SN38 and VX-970 combination therapy, correlates well with the DNA strand
breaks visualised in the comet assay and the increased pDNA-PK and pATM signal

observed by Western blotting.

No increase in DNA-PK or ATM phosphorylation, as well as no increase in DNA strand
breaks were detected in SWA48 cells following SN38 and VX-970 combination therapy.
As micronuclei can also be used as an indicator of DNA damage, SW48 cells were
treated with SN38 monotherapies and combination therapies and stained for DNA
visualisation. Treatment of SW48 cells with 1nM or 10nM SN38 as a monotherapy
and in combination with VX-970 did not result in the formation of micronuclei (Figure

3.15).

180



o)

0.25pM VX-970

Ratio of micronuclei to nuclei

5nM SN38
5nM SN38 +0.25uM VX-970

O

0.25pM VX-970

Ratio of micronuclei to nuclei

5nM SN38
+0.25uM VX-970

Figure 3.14. SN38 + VX-970 combination treatment results in the formation of
micronuclei in HT29 cells.

A. and B. HT29 cells were treated with the indicated drugs for 24 hours and stained with
Hoechst to detect micronuclei. Images were taken with X64 magnification. C. and D. HT29
cells were treated with the indicated drugs for 48 hours and stained with Hoechst to detect
micronuclei. Images are representative of 3 biological repeats. Each datapoint is the mean of
3 biological repeats. Error bars represent + SEM. Statistical significance was calculated using
the ANOVA test for multiple comparisons, p values ****<0.0001 ***<0.001 **<0.01 *<0.05.
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Figure 3.15. An increase in micronuclei is not detected in SW48 cells following SN38 +
VX-970 combination treatment.

SW48 cells were treated with the indicated drugs for 48 hours and stained with Hoechst to
detect micronuclei. Images were taken with X64 magnification. Images are representative of

3 biological repeats.

Cytosolic DNA and DNA in micronuclei can be detected by the cytosolic
nucleotidyltransferase cGAS, leading to activation of the CcGAS-STING
immunostimulatory pathway in response to DNA damage (Chen et al. 2020). To
assess whether the DNA damage occurring in HT29 cells following combination
therapy could activate cGAS, HT29 cells were stained with an anti-cGAS antibody
and Hoechst, to detect colocalization of cGAS with micronuclei using confocal
microscopy (Figure 3.16). At 24 hours, the ratio of cGAS positive micronuclei to nuclei
was increased in cells treated with 5nM SN38 and VX-970 treatment compared to
untreated cells, 0.083 (= 0.02) vs 0.0057 (£ 0.003, p=0.005). At 48 hours the ratio of
cGAS positive micronuclei to nuclei was increased in cells treated with 1nM and 5nM

SN38 in combination with VX-970 compared to untreated cells, 0.12 (+ 0.003,
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p=0.0015) and 0.19 (x 0.02, p<0.0001) vs 0.007 (x 0.002). There was no significant
change in the ratio of cGAS positive micronuclei to nuclei in cells treated with SN38

or VX-970 monotherapies compared to untreated cells.

The finding of cGAS positive micronuclei in HT29 cells following SN38 and VX-970
combination therapy, indicates that increased DNA damage may result in activation
of the cGAS-STING pathway. This could potentially result in anti-tumour immune

response in SN38 and VX-970 combination treated tumours.
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Figure 3.16. SN38 + VX-970 combination treatment results in the formation of cGAS+

micronuclei in HT29 cells.

bars represent +

A. HT29 cells were treated with the indicated drugs for 24 hours and stained to detect cGAS+
micronuclei. B. and C. HT29 cells were treated with the indicated drugs for 48 hours and
stained to detect cGAS+ micronuclei. Images were taken with X64 magnification. Images are

representative of 3 biological repeats. Each datapoint is the mean of 3 biological repeats. Error

multiple comparisons, p values ****<0.0001 ***<0.001 **<0.01 *<0.05.
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3.3.7 Loss of STING expression may be responsible for the lack of cytokine

production following SN38 and VX-970 combination therapy

Colocalisation of cGAS with micronuclei in HT29 cells treated with SN38 and VX-970
combination therapy could result in activation of the STING signalling pathway leading
to the production of Type 1 IFNs and cytokines. To investigate whether cytokine
production occurs following the combination therapy, cells were treated with 5nM
SN38 or 0.625uM VX-970 as monotherapy or in combination, and cytokines
measured using a protein array. The dose selected was shown to have maximal

synergy in reducing proliferation (Figure 3.5) and survival (Figure 3.6).

Following 72-hour 5nM SN38 and VX-970 combination therapy, there was no
increase in any of the cytokines measured by the array compared to the SN38
monotherapy. Following VX-970 monotherapy, cystatin C, fibroblast growth factor 19
(FGF-19) and VEGF were altered by =2-fold (the cut off for reliable increase), however
only VEGF was elevated in the combination therapy, although to a lesser extent than
with VX-970 monotherapy (Figure 3.17). Cytokines were also measured following
combination treatment with 10nM SN38 and 0.125uM VX-970, as well as 100nM

SN38 and 0.25uM VX-970, but no increased cytokine secretion was detected.
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Figure 3.17. No increase in immunostimulatory cytokines following 5nM SN38 +
0.0625uM VX-970 combination treatment.

B. Cytokine arrays performed using media collected according to schedule in (A). C.
Quantification of signal density (ImageQuant software) for the spots that were measurable

across arrays.
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Loss of STING or cGAS expression has been reported to reduce activation of
proinflammatory transcription programmes in response to DNA damage (Xia et al.
2016). To explore whether loss of these signalling molecules could prevent immune
stimulation in response to SN38 and VX-970 combination treatment, the expression
of cGAS and STING in a panel of CRC cell lines was investigated by Western blotting
(Figure 3.19). Although HT29 cells express cGAS, STING expression was not
detected, providing an explanation for the lack of cytokine secretion in response to
elevated DNA damage and cGAS colocalisation with micronuclei. None of the 5 CRC
cell lines investigated expressed both cGAS and STING, with CACO2 and HT29 cells
expressing cGAS but not STING, and HCT116 and LS174T cells expressing STING
but no cGAS. Neither cGAS or STING were detected in SW48 cells. This suggests
that a non-compromised cGAS-STING pathway may need to be present in tumours,
for the increased DNA damage observed with the combination therapy to cause an

anti-tumour immune response.
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Figure 3.18. Colorectal cancer cell lines show loss of cGAS or STING expression.
Cell lysates were collected from a panel of colorectal cancer cell lines (and HCC1954 a breast
cancer line) and Western blotting was performed. Image shows short exposure (SE) and long

exposure (LE) of films. Blots are representative of 2 biological repeats.

3.3.8 The addition of VX-970 to SN38 treatment reduces survival of CRC

patient derived organoids

CRC cell lines are simple models for exploring the efficacy of drug treatments,
however cell lines are homogenous and not representative of the parental tumours.
Patient derived organoids (PDOs), are self-organising 3D tumour models, containing
both stem and differentiated cells, making them a superior model for studying the
therapeutic potential of anti-cancer agents. Having established that SN38 and VX-970
synergise to reduce proliferation and survival in CRC cell lines, the cytotoxicity of the

combination in CRC PDOs was investigated. In this study PDO 021 and PDO 027
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were used, both organoids were developed from colon tumours. The mutational

profiles of the organoids are displayed in Table 3.1.

Table 3.1. Mutation profile of PDO 021 and 027

Organoid Source Mutations

PDO 021 Colon tumour KRAS, SMAD4, ARID1A, PIK3RI, CTNNBL1,
NOTCH2

PDO 027 Colon tumour APC, TP53, B2M, RNF43, ACVR2A, KMT2C,

EP300, CEBBP, CCND1, FANCE, FAS, GRIN2A,
HDLBP, HNF1A, MSH3, PISKCB, POLE, SYNE1,
TP53BP1, USP9X, ZNF292

PDO 021 and PDO 027 were seeded by trypsinisation of fully developed organoids,
and left for 48 hours to allow for the division and differentiation of stem cells. The
organoids were then treated with a dose range of SN38 and VX-970 for 72hrs.
Following drug removal, organoids were left to grow for a further 7 days. This protocol
would show the expansion potential of the organoids following treatment. Following
treatment organoids were imaged and viability measured using the 3D CellTiter-Glo

assay (Figure 3.19 and Figure 3.20).

In PDO 021, the addition of 0.25uM VX-970 to 1nM SN38 prevented the growth and
development of organoids, while organoids treated with 1nM SN38 or 0.25uM VX-970
monotherapies grew fully and resembled untreated organoids (Figure 3.19 B).
Viability of PDO 021 was reduced to 37.4% (z 9.3) following 1nM SN38 and 0.25uM
VX-970 compared to 100% (+ 3.1) with 1nM SN38 monotherapy and 79% (+ 4.6) with
0.25uM VX-970 (Figure 3.19 C-D). The average ZIP synergy score for the
combination was 8.28 (x 1.7) demonstrating an additive interaction (Figure 3.19 E).
However, the ZIP score was reduced due to the complete loss of viability with 10nM
and 100nM SN38 monotherapies preventing any drug interaction. The number of
PDOs 027 which grew and developed was highly reduced following 1nM SN38 and
0.25uM VX-970 combination therapy compared to either monotherapy (Figure 3.20

B). The viability of the organoids was reduced to 38.9% (£ 8) following 1nM SN38 and
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0.25puM VX-970 combination therapy versus 95.1% (+ 5.8) with 1nM SN38 and 69.8%
(x 11.1) with 0.25uM VX-970 (Figure 3.20 C-D). The average ZIP synergy score for

the combination of SN38 and VX-970 in PDO 027 was 16.42 (+ 1.1) (Figure 3.20 E).

These data show increased cytotoxicity of SN38 and VX-970 combination therapy in
CRC PDOs, which are a more representative model of CRC than cell lines. This is

predictive of the combination therapy being effective in the treatment of CRC.
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Figure 3.19. VX-970 synergises with low dose SN38 treatment to reduce viability in PDO
021.

A. Scheme demonstrating the treatment schedule followed in B, C, D and E. B. Representative
images of PDO 021 following drug treatment. C. Organoids were treated with the indicated
drugs and the percentage viability of PDO 021 measured using the 3D CTG assay. Each
datapoint is the mean of 3 biological repeats. Error bars represent + SEM. D. The mean
percentage inhibition for each drug combination is shown in a heatmap. E. 3D ZIP model

demonstrates the interaction between VX-970 and SN38 in PDO 021.
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Figure 3.20. VX-970 synergises with SN38 treatment to reduce viability in PDO 027.

A. Scheme demonstrating the treatment schedule followed in B, C, D and E. B. Representative
images of PDO 027 following drug treatment. C. Organoids were treated with the indicated
drugs and the percentage viability of PDO 027 measured using the 3D CTG assay. Each
datapoint is the mean of 3 biological repeats. Error bars represent +/- SEM. D. The mean
percentage inhibition for each drug combination is shown in a heatmap. E. 3D ZIP model

demonstrates the interaction between VX-970 and SN38 in PDO 027.
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3.3.9 Phosphorylation of DNA-PK and ATM in CRC PDOs following SN38

and VX-970 combination therapy

To assess whether the combination treatment would cause phosphorylation of DNA-
PK and ATM in CRC PDOs, as seen in the CRC cell lines (Figure 3.7), PDO 021 was
treated with either 100nM SN38, 0.25uM VX-970 or 100nM SN38 and 0.25uM VX-
970 combination therapy. Organoids were treated on day 5 post seeding, harvested
24 and 48 hours later, and lysates were analysed by Western blotting (Figure 3.21).
At 48 hours with the combination treatment but not SN38 or VX-970 monotherapy,
pDNA-PK and pATM were detected. SN38 treatment led to p53, Chk2 and H2AX
phosphorylation by 24 hours. The combination treatment did not lead to an increase
in Chk2 or H2AX phosphorylation compared to SN38 monotherapy. As seen in the
CRC cell lines, SN38-induced p53 phosphorylation was reduced with VX-970
treatment. Cleavage of PARP was seen with both SN38 monotherapy and in
combination with VX-970. This finding indicates an increase in DNA DSBs following

the combination treatment, compared to SN38 monotherapy.
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Figure 3.21. SN38 + VX-970 treatment results in ATM and DNA-PK phosphorylation in
PDO 021.

PDO 021 organoids were treated as indicated and lysates analysed by Western blotting.

3.3.10 Using the CyTOF technique, no increase in cPARP or cCapase-3 was
detected in organoids treated with SN38 and VX-970 combination

therapy

Using Western blotting to explore cell signalling in organoids, is technically
challenging due to the requirement to remove all the Matrigel matrix in which the
organoids are imbedded. Furthermore, no information can be gleaned on a single cell
level, giving homogenous information for a heterogenous population of cells. The
mass cytometry time of flight (CyTOF) technique uses heavy metals conjugated to
antibodies to measure protein levels in single cells (Qin et al. 2020). This technique
has been adapted for organoid single cell analysis, with organoids fixed in the 3D
matrix prior to disassociation and staining, preserving cell signalling and protein

expression. Analysis of the antibody signal is done using a Helios mass cytometer,
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which detects heavy metal staining in single cells. Prior to organoid staining, samples
are barcoded with heavy metals to allow multiplexing of all the samples for staining

and analysis (Figure 2.1).

PDO 021 organoids were treated on day 5 post seeding with 1nM, 10nM or 100nM
SN38 as a monotherapy or in combination with 0.25uM VX-970. Organoids were fixed
at 24, 48 and 72 hours post treatment for CyTOF analysis. Only intact, single cells
were included in the analysis (Figure 2.2). cPARP and cCaspase-3 were used as
markers for apoptosis, with cells positive for both markers classed as apoptotic. At
24, 48 and 72 hours there was no increase in the percentage of cPARP+/cCaspase-
3+ cells with the addition of VX-970 to SN38 monotherapy (Figure 3.22). Failure to
detect an increase in apoptotic cells may be due to the timepoint at which the
organoids were analysed, with increased DNA damage in the organoids possibly
requiring passage through multiple rounds of replication to result in cell death. The
lack of dead-cell positive control was a limitation in this experiment. Inclusion of

organoids treated with 1uM SN38 would have been a suitable dead cell control.
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increased cleavage of PARP and Caspase-3.

A. Organoids were treated for 48hrs as indicated and analysed using the CyTOF technique.
Cells expressing high level of cPARP and cCaspase-3 are encircled. B. The perecentage of
cPARP and cCapase-3 positive cells at 24 hours. C. The percentage of cPARP and cCapase-
3 positive cells at 48 hours. D. The percentage of cPARP and cCapase-3 positive cells at 72
hours. Plots are representative of 3 technical repeats. Statistical significance was calculated
using the ANOVA test for multiple comparisons, p values ****<0.0001 ***<0.001 **<0.01

*<0.05. Error bars represent +/- SEM.
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3.3.11 VX-970 reduces SN38-induced replication block

The CyTOF technique can be used to explore the cell cycle distribution of individual
organoid cells, by staining with antibodies specific to proteins which fluctuate during
the cell cycle. The choice of cell cycle markers is very limited by the availability of
antibodies which are suitable for the CyTOF technique. Cell state markers used
included retinoblastoma protein (pRb), geminin, polo-like kinase 1 (PLK), cyclin B1
and pSer10 histone 3 (pHH3). Prior to fixation, organoids are pulsed with Idoxuridine
(IdU), an iodinated nucleoside analogue to mark cells undergoing DNA replication.
The cell cycle distribution of these markers, and the gating strategy used to study cell
state is shown in Figure 3.23 A-B. There were no statistically significant changes in
the cell state distributions with the addition of VX-970 to SN38 treatment, with the only
marked change being an accumulation of cells in G2 with 100nM SN38 treatment at
24 hours, 38.76% (+ 4.4) vs 24.77% (x 0.39) in the untreated control (p<0.0001). This
increase in the G2 population and loss of S-phase population was maintained with

the addition of VX-970 (Figure 3.23 C).
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Figure 3.23. Cell state distribution in PDO 021 treated with SN38 +/- VX-970.

A. Cell gating strategy for cell cycle distribution analysis using the CyTOF technique. The
parent population is indicated above each plot. B. Scheme demonstrating the cell cycle
distribution of cell state markers used. C. The cell state distribution following 24 hours organoid
treatment. D. The cell state distribution following 48 hours organoid treatment. E. The cell state
distribution following 72 hours organoid treatment. Each datapoint is the mean of 3 technical

repeats. Error bars represent +/- SEM.
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Closer analysis of I1dU incorporation at 24 hours, showed a difference in S-phase
progression in cells treated with SN38 and VX-970 combination treatment compared
to SN38 monotherapy. In cells treated with 10nM SN38, a reduced rate of IdU
incorporation was observed, with the IdU+ signal being much lower than in untreated
cells. The addition of VX-970 to 10nM SN38 returned the IdU signal close to that
observed in untreated cells (Figure 3.24 A). A gating strategy to only show cells with
high 1dU intensity (as observed in untreated cells), revealed a reduction in the
percentage of IdU+ cells from 34.32% (+ 0.136) in untreated cells, to 9.18% (+ 1.57)
in cells treated with 10nM SN38 (p=0.0067). The addition of VX-970 to 10nM SN38

increased the percentage of IdU+ cells to 29.5% (z 3.0) (p=0.0008) (Figure 3.24 B).

Cell state markers can be used to generate uUMAPS, with each cell plotted by the
signal intensity of a range of cell state markers, each area of the uMAP can then be
assigned a cell state. The uUMAPS can be coloured by the signal intensity of individual
markers. Reduced IdU incorporation with 10nM SN38 could be seen in the uMAPS,

as well as the increase of IdU signal with the addition of VX-970 (Figure 3.25).

This finding supports the hypothesis that ATR inhibition results in loss of SN38
induced S-phase arrest, with cells progressing through the cell cycle despite the

presence of DNA damage.
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Figure 3.24. VX-970 reduces SN38 induced S-phase block in PDO 021.

Organoids were treated for 24hrs with the indicated drugs and IdU incorporation measured
using the CyTOF technique. A. IdU profiles B. The percentage of IdU positive cells gating for
only cells with high rates of IdU incorporation at 24 hours following organoid treatment. Plots
are representative of 3 technical repeats. Statistical significance was calculated using the
ANOVA test for multiple comparisons, p values ****<0.0001 ***<0.001 **<0.01 *<0.05. Each

datapoint is the mean of 3 technical repeats. Error bars represent +/- SEM.
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Figure 3.25. VX-970 reduces SN38 induced S-phase block in PDO 021.

Organoids were treated for 24 hours with the indicated drugs and IdU incorporation measured
using the CyTOF technique. uMAPS were generated to cluster cells according to cell cycle
markers and are coloured by the intensity of IdU staining. Cells in S-phase are encircled. Plots

are representative of 3 technical repeats.

3.3.12 Increase in DNA-damage signalling detected in CRC PDOs using the

CyTOF technique

Having visualised increased pDNA-PK and pATM levels in PDO 021 following SN38
and VX-970 combination therapy using Western blotting (Figure 3.21), markers of
DNA damage in organoids were explored using the CyTOF technique. Although a
panel of DNA-damage marker antibodies were conjugated with heavy metals for use,
only pDNA-PK and pH2AX antibodies gave a reliable signal in a positive control
experiment. At 24 hours following treatment, the percentage of pH2AX+ cells
increased with SN38 monotherapy from 6.8% (£ 0.20) in untreated cells to 19.5% (+
0.62, p<0.0001) with 1nM SN38, 59.36% (+ 1.77 p<0.0001) with 10nM SN38, and
16.58% (+ 0.22, p=0.0006) with 100nM SN38. VX-970 monotherapy and in

combination with SN38 did not increase the percentage of pH2AX+ cells (Figure 3.26
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B). The percentage of pH2AX+ cells remained constant at 48 and 72 hours (Figure

3.26 A, C and D).

At 48 hours of 100nM SN38 and VX-970 combination therapy, a population of cells
with pH2AX signal several-fold higher than the remaining pH2AX+ cells was detected,
this population is termed pH2AX high (Figure 3.26 A). The percentage of pH2AX high
cells was much lower with 100nM SN38 monotherapy than with the combination
therapy, 6.4% (+ 2.0) vs 24.53% (+ 2.3, p<0.0001). This pH2AX high population was
also present in organoids treated with 10nM SN38 and VX-970 combination therapy,
although to a lesser extent 5.7% (+ 0.65) (Figure 3.26 A and F). The percentage of
pH2AX high cells in organoids treated with 100nM SN38 and 0.025uM VX-970

combination therapy was reduced to 15.67% (+ 1.6) by 72 hours (Figure 3.26 G).

Using the CyTOF technique, a signal is detected for each antibody target on a single
cell level, allowing a relationship between different signals to be established. By
looking at both the pH2AX signal and signal from cell state markers, the cell state of
pH2AX+ cells could be investigated. Cells pH2AX+ (but not pH2AX high) had slightly
higher levels of IdU and much higher levels of Geminin and PLK-1 than pH2AX- cells.
The intensity of Cyclin B1 did not differ between pH2AX- and pH2AX+ cells, this
indicates that these cells are in late S-phase (Figure 3.27 C-G). Cells positive for
pH2AX did not have higher levels of cPARP or cCaspase than pH2AX- cells,
suggesting that these cells were not apoptotic (Figure 3.27 A-B). There was no
correlation between cells with pH2AX high signal and cell state, with cells not
displaying higher signal of cCaspase-3, cPARP, Cyclin B1, IdU, Geminin, PLK or

pHH3 than pH2AX+ or pH2AX- cells (Figure 3.28).
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Figure 3.26. VX-970 + SN38 results in a population of cells with high levels of pH2AX in

PDO 021.

A. Organoids were treated for 48 hours as indicated and analysed using the CyTOF technique.

Plots are gated to show the population of cells which are pH2AX+ and those with high pH2AX

signal. B-D. The percentage pH2AX+ cells at 24-72 hours. E-G. The percentage of cells with

high pH2AX signal 24-72 hours. Plots are representative of 3 technical repeats. Statistical

significance was calculated using the ANOVA test for multiple comparisons, p values
*+%<0.0001 ***<0.001 **<0.01 *<0.05. Each datapoint is the mean of 3 technical repeats. Error

bars represent +/- SEM.
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Figure 3.27. pH2AX+ cells in PDO 021 treated with SN38 are in late S-Phase.

Organoids were treated for 48 hours with 10nM SN38 and analysed using the CyTOF
technique. Plots show pH2AX staining, with pH2AX+ cells shown in the rectangle. Cells in
each plot are coloured according to the signal intensity of a cell state marker A. cCaspase-3
B. cPARP C. Cyclin B1 D. IdU E. Geminin F. PLK G. pHH3. Plots are representative of 3

technical repeats.
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Figure 3.28. High levels of pH2AX in organoids treated with SN38 + VX-970 does not
correlate with cell state.

Organoids were treated for 48 hours with 200nM SN38 + 0.25uM VX-970 and analysed using
the CyTOF technique. Plots show pH2AX staining, with cells with high levels of pH2AX shown
in the rectangle. Cells in each plot are coloured according to the signal intensity of a cell state
marker A. cCaspase-3 B. cPARP C. Cyclin B1 D. IdU E. Geminin F. PLK G. pHHS3. Plots are

representative of 3 technical repeats.

Activation of DNA-PK was detected at 48 hours following 100nM SN38 and VX-970
combination therapy with 21.79% (+ 1.64) cells being pDNA-PK+, compared to 4.93%
(x 1.56) of cells treated with 200nM SN38 monotherapy. The percentage of pDNA-
PK+ cells had fallen to 7.28% (+ 0.57) by 72 hours (Figure 3.29 A-D). Interestingly,
cells with high levels of pDNA-PK following SN38 and VX-970 combination treatment,

also had very high levels of pH2AX (Figure 3.29 E).

205



A DMSO 1nM SN38 10nM SN38 100nM SN38

w w w ]
S 0.63% S 99.30% 0.70% Ha 98.98% 1.02% S 97.27% 2.73%
B B 5 B,
i i ~ pd &
Bl k ] § o] § ]
“ 171Yb_pDNAPK_S2056 " 171¥b_pDNAPK_S2056 “ 171¥b_pDNAPK_S2056 " 171vb_pDNAPK_S2056
DMSO + 1nM SN38 + 10nM SN38 + 100nM SN38 +
0.25uM VX-970 0.25uM VX-970 0.25uM VX-970 0.25uM VX-970
S 99.04% 0.96% S 99.30% 0.70% . 94.39% 561% Sl 81.67% 18.33%
g‘ ﬁ| §| g|
~ ~ p &
B vl Bl B Bl
8. 3 o
g 4] g;;:‘ = 2k % wi DESSEET
oy A " 0 A »‘ul ey .:“ T m "l‘|""""’l’ L i, i .‘|. ; .mm,”w e
“ 171vb_pDNAPK_S2056 ™ 171vb_pDNAPK_S2056 " 171vb_pONAPK_S2056 ™ 171¥b_pDNAPK_S2056
* Kk Xk
e P P
® 2 @ 25 * ® 25
: - * ok ok : 5 : -
$E=1] S gg
s % s s
%215 %215 ns 23215
287 ' O 28
< & 10 KRRk KREE < =10
33 3200 ¥
2c° 2= 15— £
a2 o = 9 2 o0
B & 0 1 10 100 R 0 1 10 100
nM SN38/ 24hrs nM SN38/48hrs nM SN38 / 72hrs
m DMSO
E - mm 0.25uM VX-970
E| W 470
=
©
& O
g w3 0w
! »
g )
é ' g u R
-

59.99% 15.63% | 24.28%

rrrrrerem—r-r @ L2
al !

" W w
162Dy_pHistone_H2A_X_S139_3

Figure 3.29. SN38 + VX-970 treatment results in DNA-PK phosphorylation in PDO 021.
A. Organoids were treated for 48hrs as indicated and analysed using the CyTOF technique.
Plots are gated to show the percentage pDNA-PK positive cells. B. The percentage pDNA-PK
positive cells at 24 hours. C. The percentage pDNA-PK positive cells at 48 hours. D. The
percentage pDNA-PK positive cells at 72 hours. E. Cells with high levels of pH2AX are also
DNA-PK positive. Plots are representative of 3 technical repeats. Statistical significance was
calculated using the ANOVA test for multiple comparisons, p values ****<0.0001 ***<0.001
**<(.01 *<0.05. Each datapoint is the mean of 3 technical repeats. Error bars represent +/-
SEM.
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In this section, it has been shown that SN38 and VX-970 treatment results in
increased DNA damage in PDOs. This is supportive of the proposed mechanism of
action of this combination treatment, with lack of ATR-induced S-phase arrest and

DNA repair resulting in catastrophic DNA damage.
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3.4 Discussion

3.4.1 TOP1 inhibition induces ATR activation

ATR has been proposed as a key modulator of the DNA damage response to
TOP1ccs (Aris and Pommier 2012; Huntoon et al. 2013; Hur et al. 2021; Josse et al.
2014; Thomas et al. 2021). Treatment of cancer cell lines with TOP1 inhibitors CPT,
LMP-400 and topotecan has been shown to activate the ATR signalling pathway, with
pATR and pChk1 being detectable post treatment (Huntoon et al. 2013; Josse et al.
2014). Recently, irinotecan treatment has been shown to induce Chkl
phosphorylation in a TNBC xenograft model (Coussy et al. 2020). In this study, these
findings were confirmed with phosphorylation of ATR and downstream kinase Chk1,
as early as 2 hours post SN38 treatment in HCT116, HT29 and SW48 cells lines
(Figure 3.2). Activation of ATR signalling was also observed in CRC PDO 021
following SN38 treatment, with increased Chkl phosphorylation compared to

untreated organoids (Figure 3.21).

Activation of ATR in response to SN38 treatment, provided a rationale for combination
with ATR inhibitor VX-970 for increased cytotoxicity. VX-970 was found to completely
abrogate ATR signalling at doses between 0.125uM and 0.25uM, with this being
consistent across the CRC cell lines (Figure 3.4). A dose of 0.25uM VX-970 was also
found to reduce SN38-induced phosphorylation of Chkl in PDO 021 (Figure 3.21).
The dose of VX-970 required to inhibit SN38-induced ATR signalling is close to the
dose reported to inhibit platinum and irradiation induced ATR signalling (Hall et al.

2014; Leszczynska et al. 2016).

3.4.2 TOP1 and ATR inhibition is a highly synergistic combination

In the past few years, there have been multiple studies exploring the combination of
TOP1 and ATR inhibition as a cancer therapeutic. Results have been highly

promising, with the combination of a range of ATR and TOP1 inhibitors showing
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efficacy in multiple cancer models (Coussy et al. 2020; Huntoon et al. 2013; Jo, Murai,
et al. 2021; Jo, Senatorov, et al. 2021; Josse et al. 2014; Thomas et al. 2021). In the
CRC setting, Josse et al., showed sensitisation of HCT116 and HT29 cell lines to
TOP1 inhibitors LMP-400 and CPT with the addition of ATR inhibitor VE-821. The
study also showed the combination of irinotecan and VX-970 to reduce tumour growth
in a CRC xenograft model (Josse et al. 2014). Further preclinical exploration of the
efficacy of SN38 (irinotecan) in combination with VX-970 is required in the CRC

models.

In this study, we show the combination of SN38 and VX-970 to synergise to reduce
both the proliferation and survival of CRC cells and organoids (Figure 3.5, Figure 3.6,
Figure 3.19 and Figure 3.20). The CRC cell lines were selected due to their varied
genetic background and subtypes. HCT116 cells are KRAS (G13D) and PIK3CA
(H1047R) mutant, HT29 are BRAF (V600E), PIK3CA (P449T) and TP53 (R273H)
mutant and SW48 are wild-type KRAS, BRAF, PIK3CA and TP53. HT29 cells are
MSS and CIN+, while HCT116 cells are MSI and CIN-. The efficacy of the combination
in all 3 cell lines suggest this therapeutic strategy may be efficacious for patients with
tumours harbouring a range of genetic aberrations. The reduction in viability and
organoid development with the SN38 and ATR combination treatment, suggests the
efficacy observed may translate into the clinic for the treatment of CRC. Organoids
are an excellent tumour model, with stem cells dividing and differentiating to give a

mature tumour organoid containing a heterozygous population of cells (Clevers 2016).

HCT116 cells displayed greater sensitivity to 72-hours VX-970 monotherapy when
seeded at low density for proliferation and clonogenic assays, than HT29 and SW48
cells. At low seeding density, HCT116 cells underwent ~4 cycles of cell division,
compared to ~3 rounds in SW48 and HT29 cells in a 72-hour time period. A previous
study has demonstrated that a reduction of viability in response to ATR loss occurs

after approximately 3 cell cycles, providing an explanation for increased loss of
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viability in HCT116 cells (Brown and Baltimore 2000). When seeded at a higher
density, HCT116 cells only underwent approximately 2 rounds of cell division and
demonstrated very little loss of viability (Figure 3.3). These data suggest rapidly
dividing cells are likely to be the most sensitive to the TOP1 and ATR inhibitor
combination, as it was previously described for irinotecan monotherapy (Horwitz and

Horwitz 1973; Hsiang, Lihou, and Liu 1989).

Despite a reduction in viability of PDO 021 and 027 with the addition of VX-970 to
SN38 combination treatment, no increase in cPARP or cCaspase 3 was observed in
PDO 021 with CyTOF analysis following SN38 and VX-970 combination therapy
(Figure 3.22). This does not correlate with the increased cCaspase 3 reported
following the treatment of ovarian cancer cell lines with belotecan and AZD6738
combination therapy (Hur et al. 2021). The organoids were treated 5 days post
seeding and had developed into established organoids. The drug containing media
was left on the organoids over the 72-hour period. The percentage of untreated
organoid cells in S-phase was very low at 48 and 72 hours, just 17% and 5%
compared to 35% at 24 hours (Figure 3.23). The reduction in S-phase cells, is likely
due to the increase in organoid size and media depletion over the course of the
experiment. The cytotoxicity of TOP1 and ATR inhibition require S-phase progression
(Horwitz and Horwitz 1973; Hsiang, Lihou, and Liu 1989; Josse et al. 2014), with a
reduction in cell cycling likely responsible for the lack of synergy observed. To assess
SN38 and VX-970 induced cell death using the CyTOF technique, younger organoids
should be used and drug containing media should be replaced over the experiment

time course.
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3.4.3 Loss of ATR results in S-phase progression in the presence of SN38-

induced DNA damage

Treatment of cells with TOP1 inhibitors rapidly induces S-phase arrest. Pulse labelling
of cells with modified nucleotides has demonstrated lack of replication fork initiation
and progression with the TOPL1 inhibitor, LMP-400. Inhibition of Chk1, restored both
replication and initiation, demonstrating the role of ATR signalling in the activation of
cell cycle checkpoints (Seiler et al. 2007). The mechanism by which ATR induces cell
cycle arrest is covered in section 1.5.3. Several studies have shown ATR inhibition to
force the progression of cells through S-phase and G2-M transition despite high levels
of TOP1cc-induced DNA damage (Huntoon et al. 2013; Hur et al. 2021; Josse et al.
2014; Thomas et al. 2021). In one study, the DNA fibre technique demonstrated
replication fork stalling in HT29 cells treated with CPT and LMP-400 monotherapy,
with very slow nucleotide incorporation. The addition of VE-821 to TOPL1 inhibition
reversed this effect, with the rate of nucleotide incorporation returning to almost the
same rate as untreated cells (Josse et al. 2014). The same effect was also observed
with the combination of topotecan and VX-970 in a SCLC cell line (Thomas et al.
2021). Loss of the S-phase and G2/M checkpoint have also been reported with the
combined ATR and TOPL1 inhibition in ovarian cancer cell lines (Huntoon et al. 2013;
Hur et al. 2021). Loss of S-phase and G2/M cell cycle checkpoints has also been
reported when combining ATR inhibition with radiotherapy and gemcitabine,
cytarabine and platinum-based therapies (Dillon et al. 2017; Fokas et al. 2012;
Fordham et al. 2018; Huntoon et al. 2013; Pires et al. 2012; Prevo et al. 2012; Tu et

al. 2018).

We have demonstrated the same effect in CRC organoids (Figure 3.24 and Figure
3.25). The rate of IdU incorporation is severely reduced in S-phase organoids treated
with SN38, demonstrating the stalling of replication forks. The addition of VX-970 to

SN38 treatment, returns the rate of IdU incorporation close to that observed in
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untreated organoids. Continued progression through S-phase in the presence of DNA

damage, is likely to lead to catastrophic levels of DNA damage.

3.4.4 High levels of DNA damage observed with combined inhibition of TOP1

and ATR

TOP1 inhibition-induced DNA DSBs occur following replication and transcription
machinery collision with TOP1ccs. An imaging study by Berniak et al., has shown an
accumulation of YH2AX at DNA replication sites following TOP1 inhibition,
demonstrating the role of replication run off in DSB formation (Berniak et al. 2013).
This supports our findings that organoid cells positive for YH2AX following SN38
monotherapy, are in late S-phase (Figure 3.27). ATR signalling inhibition in the
presence of TOP1ccs, prevents cell cycle arrest and drives replication fork
progression (Hur et al. 2021; Josse et al. 2014; Thomas et al. 2021). Continued S-
phase progression in the presence of TOP1ccs, would result in increased replication
run off and increased DSB accumulation. Furthermore, ATR inhibition has been found
to increase the levels of trapped TOP1ccs following TOP1 inhibition, showing ATR to
play a role in the early stages of TOP1cc resolution (Thomas et al. 2021). An increase
in the number of TOP1ccs, and loss of replication fork arrest, would lead to an

increase in replication run off and the subsequent DSBs.

Increased YH2AX accumulation has been reported following VE-821 and TOP1
combination therapy in HT29 cells, and AZD7638 and belotecan therapy in ovarian
cancer cell lines (Hur et al. 2021; Josse et al. 2014). Furthermore, in a phase | clinical
trial of topotecan and VX-970 in patients with advanced solid tumours
(NCT02487095), hair samples were collected to measure cellular YH2AX levels.
Patients who received topotecan and VX-970 had significantly higher levels of YH2AX

than patients who had received topotecan monotherapy (Thomas et al. 2018).

212



In this study, we show increased YH2AX accumulation in HCT116 and HT29 cells
with SN38 and VX-970 combination therapy (Figure 3.4). Combination treatment also
resulted in the phosphorylation of DNA-PK and ATM in HT29 and HCT116 cells
(Figure 3.7 and Figure 3.8). DNA-PK and ATM are rapidly phosphorylated in response
to DNA DSBs (Bakkenist and Kastan 2003; Chan et al. 2002; Chen et al. 2005),
further supporting an increase in DSB accumulation with the combination treatment.
These findings are supported by a study combining SN38 with VE-821 and PARP
inhibition, which showed DNA-PK phosphorylation with the combination of SN38 and
VE-821 in HCT116 and HT29 cells (Abu-Sanad et al. 2015). ATR inhibition in
combination with DNA-damaging therapeutics, gemcitabine and oxaliplatin has also
been shown to induce phosphorylation of DNA-PK and ATM (Combes et al. 2019;

Dunlop et al. 2020; Wallez et al. 2018).

In HT29, and to a lesser extent HCT116 cells, as well as in PDO 021 the combination
treatment resulted in a reduction of pChk2 at the expected MW ~60kDa, and the
appearance of a band at ~40kDa (Figure 3.7 and Figure 3.21). It has been previously
reported, that on Chk2 activation, the kinase transiently dimerises, which protects the
kinase form proteolytic cleavage. However, following activation, separation of the
dimer occurs, with cleavage resulting in a digest with a reduced molecular weight (Cai,
Chehab, and Pavletich 2009). Mass spectrometry of cell lysates could be used to

identify Chk2 cleavage products.

Despite SN38 and VX-970 combination therapy being highly synergistic in SW48
cells, we were unable to detect increased DNA-PK, ATM or H2AX phosphorylation.
Phosphorylation of these DNA damage markers occurred with 10nM and 100nM
SN38 monotherapy, but no further increase was observed with the addition of VX-
970. However, we did observe an increase in Chk2 phosphorylation with the addition
of VX-970 to very low dose 1nM SN38 treatment at 24 hours, suggesting activation of

DNA damage repair pathways downstream of ATM, (Figure 3.7 and Figure 3.9)
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however it is possible that this is non-canonical Chk2 signalling. The synergy to
reduce proliferation and survival was observed with very low doses of SN38 and VX-
970 treatment for a period of 72 hours. It is possible that using a longer time course
with low dose SN38 would have resulted in increased DNA damage detection with
the combination therapy. It is also possible that the ATR inhibition causes off-target
toxicity in the SW48 cells, resulting in a mechanism of cell death which differed from

that observed in HT29 and HCT116 cells.

Using the CyTOF technique we identified combination treated organoids to have a
several fold increase in YH2AX accumulation compared to organoids treated with
SN38 monotherapy (Figure 3.26). This very high level of YH2AX accumulation may
be pan-nuclear YH2AX, which has been shown to occur with lethal levels of DNA
damage and replication stress (Ding et al. 2016; Meyer et al. 2013; Moeglin et al.
2019; Parsels et al. 2018). Loss of ATR function in Myc-driven tumours and cancer
models has previously been shown to induce pan-nuclear YH2AX (Murga et al. 2011,
Toledo et al. 2011). Pan-nuclear YH2AX following CPT and VE-821 combination
therapy in HT29 cells, and AZD6738 and belotecan combination therapy in ovarian
cancer cell lines has also been reported (Hur et al. 2021; Josse et al. 2014). The
generation of pan-nuclear YH2AX in response to DNA damage is dependent on DNA-

PK and ATM activation (Meyer et al. 2013).

Using the CyTOF technique we were able to show DNA-PK phosphorylation in cells
with very high levels of YH2AX, suggesting that the phosphorylation of H2AX in
response to DNA damage is at least in part mediated by DNA-PK (Figure 3.29). In
corroboration with this finding, we also identified phosphorylation of ATM and DNA-
PK in PDO 021, following SN38 and VX-970 combination treatment by Western
blotting (Figure 3.21). Organoid cells with very high levels of YH2AX, were not cPARP

or cCaspase-3 positive, suggesting that they were not apoptotic (Figure 3.28).
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We found VX-970 to reduce SN38-induced p53 phosphorylation in the CRC cell lines
and organoids (Figure 3.4, Figure 3.7, Figure 3.8, Figure 3.9 and Figure 3.21). ltis
well established that p53 is a downstream target of ATM, which would be suggestive
of increased p53 phosphorylation with combination treatment (Banin et al. 1998;
Canman et al. 1998). While ATM is the main kinase phosphorylating p53 in the
context of DNA damage, ATR has been shown to be the principal kinase
phosphorylating p53 in response to hypoxia induced replication stress, with ATR
kinase dead mutant cells displaying marked loss of hypoxia induced p53
phosphorylation (Hammond et al. 2002). This finding was confirmed by a further
study, with ATR inhibitor VE-821 reducing hypoxia induced p53 phosphorylation in
CRC cell lines (Pires et al. 2012). Furthermore, p53 levels were found to be reduced
with the addition of VE-821 to cisplatin, suggesting increased p53 degradation
(Reaper et al. 2011). Overexpression of kinase-dead ATR was shown to reduce p53
phosphorylation and stabilisation in response to UV-induced DNA damage (Tibbetts
et al. 1999). ATR inhibition does not lead to a reduction in radiation-induced p53
phosphorylation, suggesting that ATM and ATR may phosphorylate p53 in response
to different types of genomic stress or at different stages of the cell cycle (Combés et

al. 2019; Hammond et al. 2002).

While phosphorylation of H2AX, DNA-PK and ATM are well established surrogate
markers of DNA-DSBSs, they do not directly measure the extent of DNA damage. In
this study, using the neutral comet assay, we were able to demonstrate high levels of
DNA DSBs in HT29 and HCT116 cells following SN38 and VX-970 combination
therapy (Figure 3.10 and Figure 3.11). Our findings are supported by a recent study
showing increased DNA strand breaks following topotecan and VX-970 combination
treatment in a SCLC cell line using the alkaline comet assay (Thomas et al. 2021).

While the alkaline comet assay does not enable distinction between DNA DSBs and
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SSBs, it does provide evidence of increased strand breaks with the combination

therapy.

3.4.5 DNA damage in HT29 cells leads to cGAS activation, but no secretion

of immunomodulatory factors

DNA DSBs only progress to form micronuclei if cells pass through the G2/M
checkpoint, with inhibition of Cdkl preventing the formation of radiation-induced
micronuclei (Feng et al. 2020). In the presence of ATR, cells are arrested at the G2/M
checkpoint and DSBs are repaired, limiting the formation of radiation induced
micronuclei (Chen et al. 2020). In this study we show that SN38 and VX-970
combination therapy induced DSBs persist through the cell cycle, leading to the
formation of micronuclei (Figure 3.14). Cytosolic DNA and micronuclei have also been
reported when ATR inhibition is combined with PARP inhibition and platinum-based

therapy (Combes et al. 2019; Schoonen et al. 2019).

Recent studies have shown micronuclei formed in cells treated with ATR inhibition in
the context of DNA damage (irradiation and olaparib) leads to activation of the cGAS-
STING pathway. cGAS was found to colocalise with the micronuclei and activate the
STING signalling pathway, leading to the production of cytokines and interferons
(Chen et al. 2020; Feng et al. 2020; Schoonen et al. 2019; Sheng et al. 2020).
Approximately 50% of micronuclei have compromised envelope integrity, allowing
cGAS to recognize and bind their dsDNA contents (Hatch et al. 2013). In this study,
we showed the colocalisation of cGAS with micronuclei following SN38 and VX-970
combination therapy of HT29 cells (Figure 3.16). Although colocalisation of cGAS and
micronuclei is indicative of activation of the cGAS-STING pathway, we were unable
to detect any change in the secretions of interferons or cytokines (Figure 3.17).

Functionality of the cGAS-STING pathway could also be assessed by Western blot
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by exploring the phosphorylation of downstream STING targets, such as TBK1 and

IRF3 (Vanpouille-Box et al. 2018).

Deregulation of the STING signalling pathway has been reported to prevent DNA
damage associated immune responses in CRC cell lines and mouse models. One
study found the majority of a large panel of CRC cell lines to have loss of cGAS and
/ or STING expression. None of the 11 CRC were able to produce IFNs to the same
level as a non-tumour colorectal cell lines in response to dsDNA (Xia et al. 2016). Our
analysis of CRC cell lines, showed CACO2, HCT116, HT29, LS174T and SW48 cell
lines to all have loss of cGAS and / or STING (Figure 3.19). However, while the study
of Xia et al., reported only a part loss of STING in HT29 cells, we were unable to
detect any STING expression at all by Western blotting. This suggests that loss of
STING in the HT29 cells has occurred post-cell line development. Ongoing work in
our laboratory is exploring means of re-establish STING expression, to allow for a link

between DNA damage and immune activation to be explored.

3.5 Conclusions

The work in this chapter demonstrates a synergistic interaction between SN38 and
VX-970 in CRC cell lines and patient derived organoids. We were able to show that
the combination therapy results in higher levels of DNA-PK, ATM and H2AX
phosphorylation, increased DNA DSBs and increased micronuclei formation than
SN38 monotherapy. These findings suggest increased DNA damage as a mechanism
for the increased cytotoxicity observed. While the combination therapy resulted in
detection of DNA damage by cGAS, we were unable to show any downstream
immunostimulatory secretion phenotype. Restoration of cGAS-STING pathway
function in CRC models, may enable the increased DNA damage to generate an anti-

tumour immune response.
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4 ATR inhibition sensitises CRC cell lines and organoids to

DS-8201a

4.1 Introduction

4.1.1 Barriers to ADC therapy in colorectal cancer

There are currently no ADCs which have been licensed for use in the treatment of
CRC. The development of ADCs for the treatment of solid tumours including CRC,
has been hampered by multiple factors including lack of tumour specific antigens, low
expression of tumour associated antigens, and heterogeneity of target antigen
expression (Abdollahpour-Alitappeh et al. 2019). DS-8201a was developed as a
highly potent HER2 targeting ADC, and has been approved for the treatment of
metastatic HER2+ breast and gastric cancers (Narayan et al. 2021; Shitara et al.
2020). Only 2-3% of CRC patients have HER2 amplified tumours, which suggests that
a very limited number of patients may benefit from a HER2 targeting ADC (Ross et
al. 2018; Siena et al. 2018). HER?2 targeting ADC, T-DM1 has only shown efficacy in
cancers with high levels of HER2 expression, and has only been approved for HER2
IHC3+ or IHC2+/FISH+ tumours, making this an unsuitable therapeutic option for
CRC (von Minckwitz et al. 2019). However, there are several properties of DS-8201a
which make it more potent than T-DM1, making it a potential therapeutic option for

HER2-low expressing or HER2 heterogenous cancers.

4.1.2 DS-8201a shows efficacy in low HER2 expressing cancer models

To compare the HER2 expression level required for treatment with T-DM1 and DS-
82014, Ogitani et al., used four mice xenografts with differing HER2 levels. T-DM1
was found to be only effective against the highest HER2 expressing breast cancer
model (KPL-4), while DS-8201a was also effective against the moderately HER2

expressing breast cancer model (JIMT-1) and the comparatively low expressing

219



HER2 pancreatic cancer model (CAPAN-1). Neither ADC showed efficacy against the
HER2- gastric cancer model (GCIY) (Ogitani, Aida, et al. 2016). It must be noted while
this demonstrates a lower requirement of HER2 expression for the DS-820l1a
treatment in comparison to T-DM1 treatment, Capan-1 the lowest expressing HER2
model used, has been described as HER2 amplified (Kimura et al. 2006). The lower
HER2 expression requirement of DS-8201a was also demonstrated using patient
derived xenograft (PDX) breast cancer models. Both T-DM1 and DS-8201a delayed
the growth of HER2+/FISH+ tumours, however only DS-8201a and not T-DM1
treatment led to tumour eradication in 3/5 mice (Ogitani, Aida, et al. 2016).
Furthermore, DS-8201a treatment led to marked tumour regression in two HER2
IHC1+/FISH- models, while T-DM1 failed to inhibit tumour growth (Ogitani, Aida, et al.

2016).

To assess whether the high DAR of DS-8201a reduces the threshold of HER2
expression required for sensitivity, a low DAR ADC was developed by Daiichi Sankyo
with a mean DAR of 3.4. The low DAR ADC did not completely inhibit the growth of
the moderate HER2+ breast xenograft, and caused only very moderate tumour growth
inhibition in the CAPAN-1 pancreas model. This demonstrates that the high DAR of
DS-8201a enables sufficient payload delivery to induce cytotoxicity even in lower

HER2 expressing tumours (Ogitani, Aida, et al. 2016).

The efficacy of DS-8201a in HER2-low expressing tumours was also demonstrated
in the phase Il DESTINY-BreastO1 trial (NCT03248492) which included 54 patients
with HER2 IHC2+/FISH- or HER2 IHC1+/FISH- metastatic breast cancers. The trial
reported a confirmed response rate of 37% and PFS of 11.1 months (Modi, Park, et
al. 2020). This finding suggests that a relatively low HER2 expression level is sufficient

for DS-8201a efficacy in some patients.
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4.1.3 DS-8201a elicits the bystander effect in HER2 heterogeneous cancers

HER2 expression heterogeneity has been reported in multiple cancer types (Bethune,
Mullen, and Chang 2015; Lee et al. 2013). Tumours bearing heterogenous expression
of HER2 do not respond well to T-DM1 therapy, with only HER2+ cells being
eliminated (Ogitani, Hagihara, et al. 2016). The DS-8201a payload is highly
membrane permeable, giving it the potential to cross the plasma membrane and
penetrate neighbouring cells (Ogitani, Hagihara, et al. 2016). The ability to induce the
bystander effect, could render DS-820l1a efficacious in CRC patients with

heterogenous HER2 expression.

The bystander effect of DS-8201a has been demonstrated in vitro and in vivo. DS-
8201a treatment of a HER2+ and HER2- breast cancer cell line coculture, resulted in
killing of both cell lines. In contrast, treatment with T-DM1 killed only the HER2+ cells.
In vivo, DS-8201a treatment of a heterogenic mouse model, bearing a mixed tumour
of HER2+ and HERZ2- cells resulted in eradication of both HER2+ and HER2- cells.
Treatment with T-DM1 only killed HER2+ cells (Ogitani, Hagihara, et al. 2016).
Phosphor-integrated dot imaging analysis of a HER2+/HER2- heterogenous breast
cancer xenograft showed accumulation of the HER2 mAb component of DS-8201a
only in HER2+ areas of the tumour, however Dxd could be visualised in both HER2+
and HERZ2- regions of the tumour, showing that the cytotoxic payload was delivered

by the bystander effect to HER2- regions of tumours (Suzuki et al. 2021).

4.1.4 Evaluation of DS-8201a as a treatment option for mCRC

A study by Takegawa et al., found CRC cell lines (HCT116, HT29, SW48 and SW480)
which all express very low levels of HER2 to be resistant to DS-8201a, but sensitive
to Dxd. Ectopic expression of HER2 increased the DS-8201a sensitivity of CRC cells
to levels observed in a HER2+ gastric cancer cell line, demonstrating a threshold of

HER2 expression for DS-8201a efficacy (Takegawa et al. 2019). This suggests that
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DS-8201a is unlikely to be efficacious as a monotherapy in CRC with very low HER2

expression.

The DESTINY-CRCO01 (NCT03384940) trial investigated the efficacy of DS-8201a as
monotherapy in mMCRC patients with both high and low levels of HER2 expression.
The trial included three cohorts, categorised based on HER2 expression, cohort A
IHC3+/FISH+, Cohort B IHC2+/FISH- and Cohort C IHC1+/FISH-. Of the 78 patients
enrolled in cohort A, 45.3% had a confirmed objective response and one patient had
a CR. PFS in cohort A was 6.9 months. At the time of publishing, only 7 patients were
enrolled in cohort B and 18 in cohort C, of these none had an objective response and
PFS was not evaluable (Siena et al. 2021). Due to the promising outcome in patients
with HER2-high expressing tumours, a further trial has been set up for patients with
HER2 overexpressing mCRC. Although very limited data was reported, DS-8201a did

not appear to be efficacious as a monotherapy in HER2-low expressing CRC.

4.1.5 ATR inhibition could sensitise CRC to DS-8201a

As Dxd is a potent TOP1 inhibitor, it would be expected that DS-8201a would induce
replication stress and the activation of ATR signalling. Indeed, DS-8201a treatment of
a HER2+ breast cancer cell line has been shown to cause Chkl phosphorylation,
demonstrating activation of ATR signalling (Ogitani, Aida, et al. 2016). In this study,
we have shown ATR inhibition to synergise with SN38, sensitising CRC cell lines and
organoids to very low doses of SN38. The efficacy of DS-8201a in HER2-low
expressing cancers is limited by low ADC internalization and payload accumulation.
As we have found ATR inhibition to reduce the cytotoxic dose of TOP1 inhibition, ATR

inhibitors may sensitise CRC models to DS-8201a.
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4.2 Research aim

The aim of this chapter is to investigate the sensitivity of a panel of CRC cell lines and
patient derived organoids to DS-8201a as a monotherapy and in combination with
ATR inhibitors AZD6738 and VX-970. This will inform as to whether ATR inhibition

can be used to sensitise HER2-low expressing CRC to DS-8201a therapy.
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4.3 Results

4.3.1 Low HER2 expressing CRC cell lines are resistant to DS-8201a

As DS-8201a is a HER2-targeting ADC, the HER2 status of a panel of 5 CRC cell
lines was established prior to drug testing. Using Western blotting the HERZ2 levels in
CACO2, HCT116, HT29, LS174T and SW48 CRC cell lines were compared with the
HER2+ breast cancer cell line HCC1954 and the HER2- breast cancer cell line MDA-
MB-231 (Figure 4.1 A-B). All 5 CRC cell lines had higher HER2 expression than the
HER2- breast cancer cell line, but markedly lower expression than the HER2+ breast
cancer cell line. The highest HER2 expression of the CRC cell lines was observed in
SWA48 cells. IHC was used to score the HER2 expression status of the CRC cell lines,
with HCT116 scoring as HER2 IHC-, and the remaining cell lines, HER2 IHC1+

(Figure 4.1 C-D).

To assess the effect DS-8201a had on the proliferation of CRC cell lines, cells were
treated with a dose range of DS-8201a for 6 days. Growth inhibition was measured
using the SRB assay (Figure 4.2). As expected, the HER2+ breast cancer cell line
displayed sensitivity to DS-8201a, with proliferation reduced to 25.03% (£ 1.77) with
0.1pg/mL DS-8201a. SW48 cells showed some sensitivity to 10upg/mL, with
proliferation reduced to 74.12% (£ 5.0). None of the other CRC cell lines had a greater

than 10% reduction in proliferation with the highest dose of 10ug/mL.
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Figure 4.1. Low levels of HER2 expression in CRC cell lines.

A. HER2 expression level was analysed by Western blotting in a panel of CRC cells compared
with the HER2- breast cancer cell line MDA-MB-231. B. HER2 expression level was analysed
by Western blotting in a panel of CRC cell lines compared with the HER2+ breast cancer cell
line HCC1954. C. HER2 (Brown) and H & E (Purple) IHC staining of patient tumours to act as
a reference for CRC cell lines. D. HER2 (Brown) and H & E (Purple) IHC staining of CRC cell

lines.
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Figure 4.2. DS-8201a causes almost no growth inhibition in a panel of CRC cell lines.

Cells were treated with the indicated doses of DS-8201a for 6 days. The SRB assay was used
to calculate proliferation rates. A. HCC1954 cells (HER2+ breast cancer) B. MDA-MB-231
cells (HER2- breast cancer) C. CACO2 cells. D. HCT116 cells E. HT29 cells F. LS174T cells
G. SW48 cells. Each datapoint is the mean of 3 biological repeats. Error bars represent +/-

SEM.
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Having established that DS-8201a had very little effect on the proliferation of CRC cell
lines, we investigated the effect of DS-8201a on cell survival using the clonogenic
assay. Two different treatment schedules were used, 72 hours treatment followed by
drug removal, and 2 weeks continuous drug exposure (Figure 4.3 A and Figure 4.4
A). The survival of HCT116 cells was reduced to 75.49% with 72 hours 10ug/mL DS-
8201a treatment, none of the other cell lines had a notable reduction in survival
(Figure 4.3). The cell lines showed greater sensitivity to 2-week therapy, with survival
reduced to 65.2% (+ 3.7) in HCT116 cells, 55.8% (+ 9.1) in LS174T cells and 34.4%

(= 4.8%) in SW48 cells (Figure 4.4).

These findings show very reduced sensitivity of HER2-low expressing CRC to DS-
8201a in comparison to a HER2 overexpressing breast cancer cell line. This suggest
that DS-8201a monotherapy is unlikely to be an effective therapy in the treatment of

HER2-low expressing CRC.
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Figure 4.3. 3-day DS-8201a treatment has almost no effect on CRC cell survival.

A. Scheme demonstrating the treatment and clonogenic assay schedule followed. B. The
percentage survival following DS-8201a treatment for HCC1954 cells (HER2+ breast cancer)

and a panel of CRC cell lines. Each datapoint is the mean of 3 biological repeats. Error bars

represent +/- SEM. C. Representative images of clonogenic plates for each cell line.
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Figure 4.4. 14-day DS-8201a treatment reduces survival in some CRC cell lines.

A. Scheme demonstrating the treatment and clonogenic assay schedule followed. B. The
percentage survival following DS-8201a treatment for HCC1954 cells (HER2+ breast cancer)
and a panel of CRC cell lines. Each datapoint is the mean of 3 biological repeats. Error bars

represent +/- SEM. C. Representative images of clonogenic plates for each cell line.
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4.3.2 VX-970 sensitises some but not all CRC cell lines to DS-8201a

Having established that the HER2-low expressing CRC cell lines show markedly lower
sensitivity to DS-8201a than a HER2+ breast cancer cell lines, we explored whether
VX-970 could be used to increase DS-8201a cytotoxicity. The effect of DS-8201a in
combination with VX-970 on the proliferation of CRC cell lines was assessed using
the SRB assay. Cells were treated with a range of DS-820la and VX-970

concentrations as monotherapies and in combination for 6 days.

VX-970 synergised with DS-8201a to reduce the proliferation of HCT116, LS174T and
SW48 cells, with average ZIP synergy scores of 22.5 (+ 1.2), 16.8 (+ 0.8) and 46.9 (=
2.8) respectively (Figure 4.5). All 3 cell lines showed an almost complete growth
inhibition with addition of VX-970 to 10ug/mL DS-8201a therapy. Sensitisation to
lower dose DS-8201a was also observed, particularly in HCT116 cells, with 64.32%
(= 4.78) growth inhibition observed with the addition of 0.125uM VX-970 (growth
inhibition 5.64% + 1.96) to 1ug/mL DS-8201a (growth inhibition 0.93% + 0.098). No
synergy was observed in CACO2 and HT29 cell lines, with average ZIP synergy

scores of -1.24 (£ 1.7) and 0.0 (x 0.02) respectively (Figure 4.6).
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Figure 4.5. VX-970 synergises with DS-8201a to reduce proliferation in HCT116, LS174T

and SW48 CRC cell lines.

Cells were treated with the indicated drugs for 6 days and the SRB assay was used to calculate
proliferation rates. A. HCT116 cells D. LS174T cells G. SW48 cells. Each datapoint is the

mean of 3 biological repeats. Error bars represent +/- SEM. The mean percentage inhibition

for each drug combination is shown in a heatmap B. HCT116 cells E. LS174T cells and H.
SW48 cells. 3D ZIP models demonstrate the interaction between DS-8201a and VX-970 in C.
HCT116 cells F. LS174T cells and |. SW48 cells.
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Figure 4.6. No synergy observed between DS-8201a and VX-970 in CACO2 and HT29
CRC cell lines.

Cells were treated with the indicated drugs for 6 days and the SRB assay was used to calculate
proliferation rates. A. CACO2 cells and D. HT29 cells. Each datapoint is the mean of 3
biological repeats. Error bars represent +/- SEM. The mean percentage inhibition for each
drug combination is shown in a heatmap B. CACO2 cells and E. HT29 cells. 3D ZIP models
demonstrate the interaction between DS-8201a and VX-970 in C. CACO2 cells and F. HT29

cells.

To investigate the effect of VX-970 and DS-8201a combination therapy on the survival
of CRC cell lines, the clonogenic assay was used. HCT116, HT29, SW48 and CACO2
cells were treated with a dose range of DS-820l1a as a monotherapy and in
combination with 0.0625uM VX-970. As with the DS-8201a monotherapy clonogenic

experiment, two different treatment schedules were assessed, 72 hours treatment
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followed by drug removal, and 2 weeks continuous drug exposure (Figure 4.7 A and

Figure 4.8 A).

With 72-hour treatment, the addition of VX-970 to DS-8201a reduced the survival of
HCT116 and SW48, but not HT29 and CACO2 cells (Figure 4.7). In HCT116 cells,
the combination of 10ug/mL DS-8201a and 0.0625uM VX-970 reduced survival to
2.32% (% 1.09), compared with 73.25% (+ 4.1) with 10pg/mL DS-8201a monotherapy
and 33.49% (£ 6.8) with 0.0625uM VX-970 monotherapy (Figure 4.7 B-C). In SW48
cells, the combination of 10pg/mL DS-8201a and 0.0625pg/mL VX-970 reduced
survival to 11.3% (£ 2.0), compared with 89.6% (+ 2.4) with 10pg/mL DS-8201a
monotherapy and 56.65% (+ 1.52) with 0.0625uM VX-970 monotherapy (Figure 4.7

D-E).

A similar effect was seen with 2-week continuous drug exposure, with almost no
survival and colony formation in HCT116 (0.02 = 0.02) and SW48 (0.34% * 0.34) cells
treated with 10pg/mL DS-8201a and 0.0625uM VX-970 combination (Figure 4.8 B-E).
HT29 cells showed some sensitivity to the combination treatment, with 10pg/mL DS-
8201a and 0.0625uM VX-970 combination treatment reducing survival to 61.3% (x
4.18), compared to 100% (+ 4.18) with 10ug/mL DS8201a monotherapy and 93.2%

(x 2.05) with 0.0625uM VX-970 monotherapy (Figure 4.8 F-G).

These data show VX-970 has the potential to sensitise HER2-low expressing CRC to
DS-8201a. This suggests that the addition of VX-970 to DS-8201a therapy, may

increase the number of patients who benefit from the HER2 targeted therapy.
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Figure 4.7. 3-day VX-970 + DS-8201a reduces survival in HCT116 and SW48 CRC cell
lines.

A. Scheme demonstrating the treatment and clonogenic assay schedule followed. The
percentage survival following combination treatment with DS-8201a + VX-970 is displayed in
B.HCT116 cells D. SW48 cells F. HT29 cells and H. CACO2 cells. Each datapoint is the mean
of 3 biological repeats. Error bars represent +/- SEM. Representative images of clonogenic
plates for C. HCT116 cells E. SW48 cells G. HT29 cells and I. CACO2 cells.
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Figure 4.8. 14-day VX-970 + DS-8201a reduces survival in HCT116 and SW48 CRC cell
lines.

A. Scheme demonstrating the treatment and clonogenic assay schedule followed. The
percentage survival following combination treatment with DS-8201a + VX-970 is displayed in
B. HCT116 cells D. SW48 cells F. HT29 cells and H. CACO2 cells. Each datapoint is the mean
of 3 biological repeats. Error bars represent +/- SEM. Representative images of clonogenic
plates for C. HCT116 cells E. SW48 cells G. HT29 cells and I. CACO2 cells.
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4.3.3 ATR inhibitor AZD6738 also synergises with DS-8201a to reduce CRC

cell line survival and proliferation

In 2019, a collaboration was established between Daiichi Sankyo and AstraZeneca
for the further development and commercialization of DS-8201a. As AstraZeneca
have developed ATR inhibitor AZD6738, trials exploring the combination of ATR
inhibition and DS-8201a, would use AZD6738, over the Merck-owned VX-970. To
confirm that a AZD6738 would synergise with DS-8201a, in a manner similar to that
observed with VX-970, we investigated the effect of DS-8201a and AZD6738

combination therapy on CRC cell line proliferation and survival.

HCT116, LS174T and SW48 cells were treated with a range of DS-8201a and
AZD6738 concentrations as monotherapies and in combination for 6 days, and
proliferation measured using the SRB assay (Figure 4.9). As was observed with VX-
970, AZD6738 and DS-8201a synergised to reduce proliferation in HCT116, LS174T
and SW48 cell lines, with respective average synergy ZIP scores of 16.7 (+ 1.02),

19.1 (¥ 0.25) and 29.2 (= 1.4) (Figure 4.9 C, F and I).

In HCT116 cells, the highest dose of 0.5uM AZD6738 caused only 2.8% (+ 0.78)
growth inhibition, however 91.97% (x 0.74) growth inhibition was seen in combination
with 10pug/mL DS-8201a (Figure 4.9 A-B). LS174T cells, displayed greater sensitivity
to AZD6738 monotherapy, with 88.5% (+ 4.3) growth inhibition observed with 0.5uM
treatment. When a lower dose of 0.25uM AZD6738 was combined with 10pg/mL DS-
8201a, growth inhibition was increased to 93.7% (= 1.03), compared to 7.6% (+ 3.2)
with 0.25uM AZD638 and 5.5% (x 0.77) with 10pg/mL DS8201a monotherapies
(Figure 4.9 D-E). In SW48 cells, a 92.9% (* 0.9) growth inhibition was observed with
combined 0.25uM AZD6738 and 10pug/mL DS-8201a therapy, compared to 37.74%
(x 3.9) with 0.25uM AZD6738 and 23.0% (+ 8.1) with 10ug/mL DS820l1a

monotherapies (Figure 4.9 G-H).
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Figure 4.9. AZD-6738 synergises with DS-8201ato reduce proliferation in CRC cell lines.
Cells were treated with the indicated drugs for 6 days and the SRB assay was used to calculate
proliferation rates. A. HCT116 cells D. LS174T cells and G. SW48 cells. Each datapoint is the
mean of 3 biological repeats. Error bars represent +/- SEM. The mean percentage inhibition
for each drug combination is shown in a heatmap B. HCT116 cells E. LS174T cells and H.
SW48 cells. 3D ZIP models demonstrate the interaction between DS-8201a and AZD-6738 in
C. HCT116 cells F. LS174T cells and I. SW48 cells.
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The effect of DS-8201a and AZD6738 combination therapy on CRC cell survival was
investigated using the clonogenic assay. HCT116, LS174T and SW48 cells were
treated with multiple doses of DS-8201a and AZD6738, as monotherapy and in
combination. Synergy was observed in all 3 cell lines with a 72-hour dosing schedule,
with average ZIP synergy scores of 27.6 (£ 1.1) in HCTT16 cells, 26.3 (x 3.4) in
LS174T cells and 14.4 (+ 1.5) in SW48 cells (Figure 4.10 D, G and J). With 72 hours
treatment, the survival of HCT116 cells was reduced to 4.6% (x 0.5) with a
combination of 0.25uM AZD6738 and 10ug/mL DS-8201a, compared to 90.0% (+ 8.2)
with 10pg/mL DS-8201a and 63.97% (x 6.7) with 0.25uM AZD6738 monotherapies
(Figure 4.10 B-C). A similar effect was observed in LS174T cells, with survival
reduced to 1.3% (+ 0.43) with a combination of 0.25uM AZD6738 and 10pg/mL DS-
8201a, compared to 98.1% (x 7) with 10ug/mL DS-8201a and 45.9% (x 7.7) with
0.25uM AZD6738 monotherapies (Figure 4.10 E-F). In SW48 cells, survival with the
combination of 0.25uM AZD6738 and 10ug/mL DS-8201a was reduced (29.06% =+
2.6) compared to 10ug/mL DS-8201a (90.6% £3.9) and 0.25uM AZD6738 (62.6% +
3.3) monotherapies, however a much higher percentage of SW48 cells survived than

HCT116 and LS174T cells (Figure 4.10 H-1).

Synergy between DS-8201a and AZD6738 in all 3 CRC cell lines was also observed
with a 2-week clonogenic dosing schedule, however a lower dose range of AZD6738
was used to reduce toxicity as a monotherapy (Figure 4.11). The average ZIP synergy
scores were 28.8 (x 1.1) in HCT116 cells, 36.1 (x 3.7) in LS174T cells and 28.4 (=
3.2) in SWA48 cells (Figure 4.11 D, G and J). In HCT116 and LS174T cells, the
percentage survival with the addition of 0.125uM AZD6738 to 10ug/mL DS-8201a
was close to that observed with a higher dose of 0.25uM AZD6738 with 72-hour drug
exposure. However, with 2-week therapy the colonies were much smaller, with many
just visible by naked eye (Figure 4.11 B-C and E-F). Greater synergy was observed

with 2-week than 72-hour treatment in SW48 cells, with survival reduced to 1.2% (z
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0.63) with 0.125pM AZD6738 and 10ug/mL DS-8201a combination therapy,
compared to 44.4% (x 7.9) with 10ug/mL DS-8201a and 76.6% (+ 2.6) with 0.125uM

AZD6738 monotherapies (Figure 4.11 H-I).

These data show AZD6738 to sensitise HER2-low expressing CRC to DS-8201a, as
was observed with VX-970. This suggests that the addition of VX-970 or AZD6738 to
DS-8201a therapy, may increase the number of patients who may derive benefit the

HER?2 targeted therapy.
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Figure 4.10. AZD-6738 synergises with DS-8201a to reduce survival in CRC cell lines.

A. Scheme demonstrating the treatment and clonogenic assay schedule followed. The
percentage survival following combination treatment with DS-8201a + AZD-6738 is displayed
in B. HCT116 cells E. LS174T cells H. SW48 cells. Each datapoint is the mean of 3 biological
repeats. Error bars represent +/- SEM. Representative images of clonogenic plates for C.
HCT116 cells F. LS174T and |. SW48 cells. 3D ZIP models demonstrate the interaction
between DS-8201a and AZD-6738 in D. HCT116 cells G. LS174T cells and J. SW48 cells.
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Figure 4.11. 14-day treatment with AZD-6738 + DS-8201a shows synergism.

A. Scheme demonstrating the treatment and clonogenic assay schedule followed. The
percentage survival following combination treatment with DS-8201a + AZD-6738 is displayed
in B. HCT116 cells E. LS174T cells H. SW48 cells. Each datapoint is the mean of 3 biological
repeats. Error bars represent +/- SEM. Representative images of clonogenic plates for C.
HCT116 cells F. LS174T and |. SW48 cells. 3D ZIP models demonstrate the interaction
between DS-8201a and AZD-6738 in D. HCT116 cells G. LS174T cells and J. SW48 cells.
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4.3.4 Investigating the HER2-dependence of DS-8201a and ATR inhibition
synergy

Having demonstrated that ATR inhibition can sensitise HER2-low CRC cell lines to
DS-8201a therapy, confirmation of HER2-dependence was required. HER2
independent synergy would lose the cancer targeting benefit of ADC therapy. To
assess the HER2-dependence of this combination treatment, synergy was
investigated in HER2- MDA-MB-231 and HER2+ HCC1954 breast cancer cell lines.
As with the CRC cell lines, HCC1954 and MDA-MB-231 were treated with a range of
DS-8201a and AZD6738 concentrations as monotherapies and in combination for 6
days, and proliferation measured using the SRB assay. We found AZD6738 to
synergise with DS-8201a in HCC1954 but not MDA-MB-231 cells, with respective
average ZIP synergy scores of 14.0 (x 2.4) and 0.05 (+ 0.58) (Figure 4.12). While this
demonstrates synergy between the two compounds, it does not definitively show the

DS-8201a or payload uptake in the CRC cell lines to be HER2 specific.
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Figure 4.12. AZD-6738 synergises with DS-8201a in HER2+ breast cancer cells but not
HER2- breast cancer cells.

Cells were treated with the indicated drugs for 6 days and the SRB assay was used to calculate
proliferation rates in A. HCC1954 cells (HER2+) and D. MDA-MB-231 cells (HER2-). Each
datapoint is the mean of 3 biological repeats. Error bars represent +/- SEM. The mean
percentage inhibition for each drug combination is shown in a heatmap for B. HCC1954 cells
and E. MDA-MB-231 cells. 3D ZIP models demonstrate the interaction between DS-8201a
and AZD-6738 in C. HCC1954 cells and F. MDA-MB-231 cells.

HER2 specificity could be demonstrated using a non-targeting IgG-Dxd ADC. MAAA-
91994, is a hon-targeting ADC that was developed by Daiichi Sankyo as a control for
HER?2 specificity. However, the properties of MAAA-9199a differ from DS-8201a, due
to differences in the mAb component. The company have reported possible non-

specific uptake and payload release with MAAA-9199a, causing toxicity in HER2-
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settings, in a manner not observed with DS-8201a, making it a poor control ADC. To
test the cytotoxicity of MAAA-9199a as a monotherapy and in combination with ATR
inhibitor, HCT116, LS174T and SW48 cells were treated with a dose range of MAAA-
9199a either as a monotherapy or in combination with VX-970 or AZD6738 (Figure

4.13).

As a monotherapy MAAA-9199a only reduced the proliferation of SW48 cells to 86.5%
(x 8.7), and did not reduce the proliferation of HCT116 and LS174T cells. However,
the addition of 0.0625uM VX-970 or 0.25uM AZD6738 caused a dramatic reduction
in proliferation in all 3 cell lines. In HCT116 cells, proliferation was reduced to 28.9%
(x 11.3) with the addition of VX-970 and to 20.3% (x 3.7) with the addition of AZD6738.
In LS174T cells, proliferation was reduced even further to 3.2% (x 1.1) with the
addition of VX-970 and to 5.9% (+ 0.5) with the addition of AZD6738. The same effect
was observed in SWA48 cells, with proliferation reduced to 10.9% (= 2.6) with the

addition of VX-970 and to 9.4% (+ 2.0) with the addition of AZD6738.
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Figure 4.13. Reduction in proliferation observed in CRC cell lines when treated with
MAAA-9199a in combination with ATR inhibition.

Cells were treated with the indicated drugs for 6 days and the SRB assay was used to calculate
proliferation rates. A. HCT116 cells B. LS174T cells C. SW48 cells. Each datapoint is the

mean of 3 biological repeats. Error bars represent +/- SEM.
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The sensitisation of CRC cell lines to MAAA-9199a with the addition of an ATR
inhibitor further demonstrates the potent synergy of combined TOP1 and ATR
inhibition. However, as this is a non-targeting ADC, it is likely that either non-specific
MAAA-9199a uptake was occurring, or that the membrane-permeable payload was

being released in the media.

An additional approach to evaluate the specificity of DS-8201a toxicity, is to explore
cellular HER2 expression by Western blotting. Trastuzumab, the mAb component of
DS-8201a binds to HER2 causing receptor internalisation and degradation, resulting
in short term loss of HER2 expression (Ben-Kasus et al. 2009). To assess whether
DS-8201a internalisation was occurring via HER2, HCT116, HT29 and SW48 cell
lines were treated with DS-8201a or MAAA-9199a for 48 hours and lysates analysed
by Western blotting. DS-8201a but not MAAA-9199a led to a reduction in HER2,
suggesting that DS-820la is binding to HER2, causing internalisation and
degradation (Figure 4.14). This suggests that the synergy observed between ATR
inhibition and DS-8201a is HER2 dependent.
HCT116 LS174T swasg
10pg/mL DS-8201a: - . 4 4+ -

10pg/mLMAAA-9199a: . . . . 4
0.125pM VX-970: - + - + - +

HER2 [ et T

CalnNexin [ s s s s a—

Figure 4.14. DS-8201a and not MAAA-9199a treatment leads to a reduction in HER2.
Cells were treated with the indicated drugs for 48 hours and lysates were analysed by Western

blotting. Blots are representative images of 2 biological repeats.

4.3.5 Increased p53 phosphorylation and PARP cleavage following DS-

8201a and VX-970 combination therapy

Having shown DS-8201a and VX-970 to synergise in HCT116, LS174T and SW48

cells, increased DNA damage was investigated as a mechanism for increased
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cytotoxicity. HCT116, LS174T and SW48 cells were treated with 10pg/mL DS-8201a
or 0.125uM VX-970 as monotherapies and in combination. Lysates were collected at
24, 48 and 72 hours and analysed by Western blotting (Figure 4.15). In HCT116 cells
(Figure 4.15 A), PARP cleavage could be detected at 48 hours following the
combination therapy, but not in cells treated with either monotherapy. There was also
increased p53 stabilisation and phosphorylation with the combination therapy,
compared to either monotherapy at 24, 48 and 72 hours. No changes in pH2AX,
PATR, pATM or pChkl could be detected with either monotherapies or the
combination therapy. A slight increase in DNA-PK phosphorylation occurred with 48
hours combination therapy. An increase in pChk2 was detectable at 24 hours with
combination treatment, and at 48 hours with DS-8201a monotherapy and combination

therapy.

In LS174T cells (Figure 4.15 B), cleaved PARP was present with VX-970
monotherapy and DS-8201a and VX-970 combination therapy, at 24, 48 and 72
hours. There was no increased PARP cleavage with the combination therapy
compared to VX-970 monotherapy. Phosphorylation of H2AX, also occurred with VX-
970 monotherapy and DS-8201a and VX-970 combination therapy. LS174T is a p53
null cell line, so as expected p53 was not detectable with any treatment. No change
in pATR or pChkl levels occurred with DS-8201a monotherapy or combination
therapy. There was an increase in pDNA-PK with VX-970 monotherapy and DS-
8201a and VX-970 combination therapy at 24, 48 and 72 hours. pATM and pChk2
were also increased with VX-970 monotherapy and DS-8201a and VX-970

combination therapy, with the highest signal at 24 hours.

In SW48 cells (Figure 4.15 C), PARP cleavage could be detected at 48 hours following
the combination therapy, but not in cells treated with either monotherapy. There was
also increased p53 stabilisation and phosphorylation with the combination therapy,

compared to either monotherapy at 24 hours, however at 48 and 72 hours p53
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phosphorylation was reduced with the combination therapy, compared to DS-8201a
monotherapy. No changes in pH2AX, pATR or pChkl could be detected with either
DS-8201a monotherapy or in combination with VX-970. Phosphorylation of Chk2
could be detected with VX-970 monotherapy and in combination with DS-8201a, at
24, 48 and 72 hours, with signal being higher with combination therapy than
monotherapy. No consistent changes in DNA-PK and ATM phosphorylation could be
detected with either monotherapy or combination therapy across experimental

repeats.
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Figure 4.15. DS-8201a and VX-970 combination treatment leads to p53 phosphorylation

and PARP cleavage.

Lysates were analysed by Western blotting for A. HCT116 cells B. LS174T cells and C. SW48

cells. Blots are representative images of 2 biological repeats.

N

48



4.3.6 HER2- low expressing CRC organoids show differing sensitivity to DS-

8201a

Having established that DS-8201a and ATR inhibition synergise to reduce
proliferation and survival in some HER2-low expressing CRC cell lines, the
cytotoxicity of DS-8201a as a monotherapy and in combination with ATR inhibition
was investigated in CRC PDOs. Prior to drug treatment, the HER2 expression level

of PDO 021 and 027 was scored by IHC, with both PDOs being HER2 IHC1+ (Figure

4.16).
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Figure 4.16. Low levels of HER2 expression in colorectal cancer PDOs.
A. HER2 (Brown) and H & E (Purple) IHC staining of patient tumours to act as a reference for
CRC PDOs. B. HER2 (Brown) and H & E (Purple) IHC staining of CRC PDOs.

To assess the cytotoxicity of DS-8201a as a monotherapy in PDO 021 and 027, the
organoids were treated with a dose range of DS-8201a for 72 hours. Prior to

treatment, PDO 021 and PDO 027 were seeded by trypsinisation of fully developed
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organoids, and left for 48 hours to allow for the division and differentiation of stem
cells. Following drug removal, organoids were left to grow for a further 7 days,
following which the organoids were imaged and viability measured using the 3D
CellTiter-Glo assay (Figure 4.17). PDOs 021 treated with the highest dose of 10ug/mL
DS-8201a grew to a similar size as untreated organoids, however an increase in dead
organoid cells was observed (Figure 4.17 B). The viability of organoids was reduced
to 77.6% (x 5.0) with 10ug/mL DS-8201a (Figure 4.17 C). PDO 027 grew well even
with the highest dose of 10pug/mL DS-8201a, however there was also an increase in
dead organoid cells (Figure 4.17 D). The viability of PDO 027 was reduced to 88.3%

(x 5.1) with 10pug/mL DS-8201a (Figure 4.17 E).

As 72 hours DS-8201a treatment had a very marginal effect on the viability of the
organoids, the cytotoxic effect of a longer treatment schedule was also investigated.
As in the previous schedule, organoids were treated 48 hours post seeding.
Organoids were treated with a dose range of DS-8201a for 7 days, after which
organoids were imaged and viability was measured using the 3D CellTiter-Glo assay
(Figure 4.18). With a 7-day treatment schedule, PDO 021 displayed increased
sensitivity to DS-8201a monotherapy, with 1 pg/mL and 10ug/mL reducing the size
and development of the organoids (Figure 4.18 B). Viability of organoids was reduced
to 40.6% (+ 3.3) with 10ug/mL DS-8201a treatment (Figure 4.18 C). PDOs 027
appeared smaller in size with 10ug/mL DS-8201a treatment, however viability was

only reduced to 87.3% (+ 3.8) (Figure 4.18 D-E).

These data show CRC PDOs, which are a more representative model of CRC than
cell lines to have minimal sensitivity to DS-8201a. Particularly PDO 027 displayed
almost no loss of viability with a concentration of 10ug/mL. This supports the findings
in section 4.3.1, in which minimal sensitivity of HER2-low expressing CRC cell lines
to DS-8201a was demonstrated, suggesting DS-8201a is unlikely to be a suitable

therapeutic for patients with low-HER2 expressing mCRC.
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Figure 4.17. 3-day DS-8201a treatment has little effect on the viability of PDO 021 and
027.

A. Scheme demonstrating the treatment schedule followed in B, C, D and E. B. Representative
images of PDO 021 following treatment with DS-8201a. D. Representative images of PDO
027 following treatment with DS-8201a. C. and E. Organoids were treated with the indicated
doses of DS-8201a and the percentage viability of PDO 021 and PDO 027 measured using

the 3D CTG assay. Each datapoint is the mean of 3 biological repeats. Error bars represent
+/- SEM.
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Figure 4.18. 7-day DS-8201a treatment further reduces viability of PDO 021.

A. Scheme demonstrating the treatment schedule followed in B, C, D and E. B. Representative
images of PDO 021 following treatment with DS-8201a. D. Representative images of PDO
027 following treatment with DS-8201a. C. and E. Organoids were treated with the indicated
doses of DS-8201a and the percentage viability of PDO 021 and PDO 027 measured using
the 3D CTG assay. Each datapoint is the mean of 3 biological repeats. Error bars represent
+/- SEM
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4.3.7 ATR inhibition sensitises PDOs to DS-8201a therapy

As PDO 027 showed limited sensitivity to DS-8201a, and PDO 021 only showed
sensitivity to the highest dose of 10ug/mL DS-8201a, the cytotoxicity of combined DS-
8201a and VX-970 treatment was explored. As with the DS-8201a monotherapy
cytotoxicity experiments, two different treatment schedules were used, 3-day and 7-
day. With 72-hour treatment, PDOs 021 appeared less developed with the
combination of 10pg/mL DS-8201a and 0.125uM VX-970 than either monotherapy,
however the organoids were viable and increasing in size, and there was no statistical
difference in viability (Figure 4.19 B-C). PDOs 027 failed to grow and develop with the
addition of 0.125uM VX-970 to 10ug/mL DS-8201a treatment, while the organoids
grew and developed with VX-970 and DS-8201a monotherapies (Figure 4.19 D).
Viability of PDO 027 was reduced to 17.1% (x 2.2) with 10ug/mL DS-8201a and
0.125uM VX-970 combination therapy compared to 81.3% (+ 8.3) with 10ug/mL DS-

8201a and 85.9% (* 9.2) with 0.125uM VX-970 monotherapies (Figure 4.19 E).

With a longer 7-day treatment schedule, sensitisation of PDO 021 to lower dose DS-
8201a was observed. Organoids treated with 1ug/mL DS-8201a and 0.125uM VX-
970 combination therapy were smaller and contained many more dead cells than
organoids treated with either monotherapy (Figure 4.20 B). Viability with 1ug/mL DS-
8201a and 0.125uM VX-970 combination therapy was reduced to 38.7% (+ 8.0),
compared to 87.3% (+ 4.4) with 1pg/mL DS-8201a and 81% (+ 13.5) 0.125uM VX-
970 monotherapies (Figure 4.20 C). PDOs 027 failed to grow and develop with
lpg/mL DS-8201a and 0.125uM VX-970 combination therapy, but fully developed
with DS-8201a and VX-970 monotherapies (Figure 4.20 D). Viability with 1pg/mL DS-
8201a and 0.125uM VX-970 combination therapy was reduced to 19.8% (+ 5.0),
compared to 95% (z 9.4) with 1pg/mL DS-8201a and 62% (+ 12.2) 0.125uM VX-970

monotherapies (Figure 4.20 E).
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Figure 4.19. 3-Day VX-970 + DS-8201a treatment reduces developments and viability of
PDOs.

A. Scheme demonstrating the treatment schedule followed in B, C, D and E. B. Representative
images of PDO 021 following drug treatment. D. Representative images of PDO 027 following
drug treatment. C. and E. Organoids were treated with the indicated drugs and the percentage
viability of PDO 021 and PDO 027 measured using the 3D CTG assay. Each datapoint is the

mean of 3 biological repeats. Error bars represent +/- SEM.
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Figure 4.20. 7-Day VX-970 + DS-8201a treatment reduces viability of PDOs.

A. Scheme demonstrating the treatment schedule followed in B, C, D and E. B. Representative
images of PDO 021 following drug treatment. D. Representative images of PDO 027 following
drug treatment. C. and E. Organoids were treated with the indicated drugs and the percentage
viability of PDO 021 and PDO 027 measured using the 3D CTG assay. Each datapoint is the
mean of 3 biological repeats. Error bars represent +/- SEM.
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Sensitisation to DS-8201a by ATR inhibitor AZD6738 was also investigated, using
both 3-day and 7-day treatment schedules. PDO 021 and PDO 027 were treated with
dose ranges of DS-8201a and AZD6738 as monotherapies and in combination, 48
hours post seeding. In these experiments, media was replaced every 1-2 days, rather
than every 2-3 days as in previous work to reduce the impact of dead cells and spent

media on the viability of organoids.

With 72-hour treatment, PDOs 021 treated with DS-8201a and AZD6738 combination
therapy were smaller and less developed than those treated with either monotherapy,
however, they were still increasing in size (Figure 4.21 B). Viability was reduced to
66.5% (x 6.5) with 10ug/mL DS-8201a and 0.5uM AZD6738 combination therapy
compared to 89.4% (£3.1) with 10ug/mL DS-8201a and 95.6% (+ 4.0) with 0.5uM
AZD6738 monotherapies (Figure 4.21 C-D). The average ZIP synergy score for
interaction between DS-8201a and AZD6738 in PDO 021 was 13.56 (+ 1.3) (Figure
4.21 E). A greater sensitisation to DS-8201a was observed with PDO 027, with
organoids treated with a combination of 10ug/mL and 0.25uM AZD6738 failing to
develop (Figure 4.22 B). Viability of PDOs 027 was reduced to 17.6% (£ 5.2) with the
combination of 10pug/mL DS-8201a and 0.5uM AZD6738 therapy, compared to 95.3%
(+ 3.1) with 10ug/mL DS-8201a and 59.3% (+ 10.5) with 0.5uM AZD6738
monotherapies (Figure 4.22 C-D). The average ZIP synergy score for PDO 027 was

48.7 (£ 1.2), demonstrating strong synergy (Figure 4.22 E).

With 7-day treatment, no sensitisation of PDO 021 to DS-8201a with the addition of
AZD6738 was observed (Figure 4.23 B-D). The average ZIP synergy score for
interaction between DS-8201a and AZD6738 with 7-day treatment in PDO 021 was -
2.6 (£ 2.6) (Figure 4.23 E). In PDO 027, synergy was observed with organoids treated
with the combination failing to develop compared to those treated with either
monotherapy (Figure 4.24 B). Viability with 10pg/mL DS-8201a and 0.25uM AZD6738

was reduced to 21.3% (+ 1.2) compared to 93.4% (x 4.7) with 10pg/mL DS-8201a

256



and 89.3% (+ 2.6) with 0.25uM AZD6738 monotherapies (Figure 4.24 C-D). The

average ZIP synergy score was 28.0 (+1.05) (Figure 4.24 E).

Sensitisation of HER2-low expressing CRC PDOs to DS-8201 using ATR inhibition,
suggests that this combination may be effective in the treatment of mCRC, despite

the limited efficacy of DS-8201a monotherapy.
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Figure 4.21. AZD-6738 synergises with DS-8201ato reduce viability in PDO 021 following

3-day treatment.

A. Scheme demonstrating the treatment schedule followed in B, C, D and E. B. Representative
images of PDO 021 following drug treatment. C. Organoids were treated with the indicated
drugs and the percentage viability of PDO 021 measured using the 3D CTG assay. Each

datapoint is the mean of 3 biological repeats. Error bars represent +/- SEM. D. The mean

percentage inhibition for each drug combination is shown in a heatmap. E. 3D ZIP model
demonstrates the interaction between DS-8201a and AZD-6738 in PDO 021.
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Figure 4.22. AZD-6738 synergises with DS-8201a to reduce viability in PDO 027 following
3-day treatment.

A. Scheme demonstrating the treatment schedule followed in B, C, D and E. B. Representative
images of PDO 027 following drug treatment. C. Organoids were treated with the indicated
drugs and the percentage viability of PDO 027 measured using the 3D CTG assay. Each
datapoint is the mean of 3 biological repeats. Error bars represent +/- SEM. D. The mean
percentage inhibition for each drug combination is shown in a heatmap. E. 3D ZIP model

demonstrates the interaction between DS-8201a and AZD-6738 in PDO 027.

259



Organoid Drug Imaging and
Seeding Treatment 3D CTG

B 0 pg/mL DS-8201a 10 pg/mL DS-8201a C
10-
+
DMSO &y Inhib. (%)
E 1~ s 1126 1469 B
- 30
o
& 04~ o 967 1353 p:
] 0
+
0.25 uM 0- 0 191 095
AZD-6738 v ‘
0.1 0.2
AZD6738 (uM)
D PDO 021 E Average synergy: -2.585 (ZIP)
3 20 -10 0 10 20 30
1004 '
2 80
S 60-
©
S 404
e\° 20_
0_
0.0 0.1 1 10

pg/mL DS-8201a

-o- +DMSO
- +0.125uM AZD-6738
@ +0.25uM AZD-6738

Figure 4.23. No synergy observed between AZD-6738 and DS-8201a with 7-day treatment
in PDO 021.

A. Scheme demonstrating the treatment schedule followed in B, C, D and E. B. Representative
images of PDO 021 following drug treatment. C. Organoids were treated with the indicated
drugs and the percentage viability of PDO 021 measured using the 3D CTG assay. Each
datapoint is the mean of 3 biological repeats. Error bars represent +/- SEM. D. The mean
percentage inhibition for each drug combination is shown in a heatmap. E. 3D ZIP model

demonstrates the interaction between DS-8201a and AZD-6738 in PDO 021.
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Figure 4.24. AZD-6738 synergises with DS-8201a to reduce viability in PDO 027 with 7-
day treatment.

A. Scheme demonstrating the treatment schedule followed in B, C, D and E. B. Representative
images of PDO 027 following drug treatment. C. Organoids were treated with the indicated
drugs and the percentage viability of PDO 027 measured using the 3D CTG assay. Each
datapoint is the mean of 3 biological repeats. Error bars represent +/- SEM. D. The mean
percentage inhibition for each drug combination is shown in a heatmap. E. 3D ZIP model
demonstrates the interaction between DS-8201a and AZD-6738 in PDO 027.
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4.3.8 Using the CyTOF technique, increased cPARP and cCapase-3, and a
reduction in pRb was detected in PDO 027 treated with DS-8201a and

VX-970 combination therapy

To look at cell signalling in PDOs treated with DS-8201a monotherapy or in
combination with VX-970, the CyTOF technique was used. PDOs 021 and 027 were
treated on day 5 post seeding with 1ug/mL or 10pug/mL DS-8201a as a monotherapy
or in combination with 0.25uM VX-970. Organoids were fixed at 24, 48 and 72 hours
post treatment for CyTOF analysis. cPARP and cCaspase-3 were used as markers

for apoptosis, with cells positive for both markers classed as apoptotic.

In PDO 021 there was an increase in the percentage of apoptotic cells in organoids
treated with DS-8201a monotherapy at 48 and 72 hours (Figure 4.25). The effect was
greatest at 72 hours, with 30.9% (+ 1.5, p<0.0001) cPARP+/cCaspase-3+ cells with
lpg/mL DS-8201a and 37.2% (x 0.2, p<0.0001) cPARP+/cCaspase-3+ cells with
10pg/mL DS-8201a, compared to 5.7% (£ 0.1) cPARP+/cCaspase-3+ cells in the
untreated control. There was no statistical change in the percentage of

cPARP+/cCaspase-3+ cells with the addition of VX-970.

In PDO 027, there was very little change in the percentage of cPARP+/cCaspase-3+
cells with DS-8201a monotherapy, with only 10ug/mL DS-8201a monotherapy at 72
hours giving a significant increase, with 20.8% (+ 2.9, p=0.03) cPARP+/cCaspase-3+
cells compared to 10.9% (+£0.06) in the untreated control (Figure 4.26). However, VX-
970 as a monotherapy and in combination with DS-8201a, lead to an increase in
cPARP+/cCaspase-3+ cells, with the effect being greatest with 72 hours treatment.
The combination of 10pg/mL DS-8201a and 0.25uM VX-970 resulted in 52.26% (z
2.3) of cPARP+/cCaspase-3+ cells compared to 20.84% (+ 2.9, p<0.0001) with
10ug/mL DS-820la and 32.7% (+ 2.1, p= 0.0001) with 0.25pM VX-970

monotherapies.
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Figure 4.25. DS-8201a monotherapy in

and Caspase-3.

A. Organoids were treated for 72 hours as indicated and analysed using the CyTOF technique.
Cells expressing high level of cPARP and cCaspase-3 are encircled. B. The percentage of
cPARP and cCapase-3 positive cells at 24 hours. C. The percentage of cPARP and cCapase-
3 positive cells at 48 hours. D. The percentage of cPARP and cCapase-3 positive cells at 72
hours. Plots are representative of 3 technical repeats. Statistical significance was calculated
using the ANOVA test for multiple comparisons, p values ****<0.0001 ***<0.001 **<0.01

*<0.05.

PDO 021 leads to increased cleavage of PARP
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Figure 4.26. The addition of VX-970 to DS-820la treatment of PDO 027 results in

A. Organoids were treated for 48 hours as indicated and analysed using the CyTOF technique.
Cells expressing high level of cPARP and cCaspase-3 are encircled. C. The percentage of
cPARP and cCapase-3 positive cells at 24 hours. D. The percentage of cPARP and cCapase-
3 positive cells at 48 hours. E. The percentage of cPARP and cCapase-3 positive cells at 72
hours. Plots are representative of 3 technical repeats. Statistical significance was calculated
using the ANOVA test for multiple comparisons, p values ****<0.0001 ***<0.001 **<0.01




The change in viability of PDOs with DS-8201a monotherapy or in combination with
VX-970 could also be visualised by uMAP analysis. In PDOs 021, plotting the uMAPs
according to cell state and colouring by cPARP, showed the population of cPARP+
cells to increase with DS-8201a monotherapy, but not increase further with the
addition of VX-970 (Figure 4.27 A). Furthermore, colouring the uMAPS by pRb, to
show cells actively cycling, showed an increase in pRb- cells with DS-8201a
monotherapy, this did not increase further with the addition of VX-970 (Figure 4.27 B).
In line with the increase in cPARP+/cCaspase-3+ cells following combination therapy
in PDOs 027, using uMAP analysis, there was an increase in the population of
cPARP+ cells and pRb- cells in combination treated organoids, compared to those

treated with either monotherapy (Figure 4.28).
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Figure 4.27. DS-8201a monotherapy of PDO 021 increases cPARP and reduces pRb
levels.

A. Organoids were treated for 72 hours with the indicated drug combinations and analysed
using the CyTOF technique. uMAPS were generated to cluster cells according to cell cycle
markers and are coloured by A. the intensity of cPARP staining and B. the intensity of pRb

staining. Plots are representative of 3 technical repeats.
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Figure 4.28. The addition of VX-970 to DS-8201a treatment of PDO 027 increases cPARP
and reduces pRb levels.

A. Organoids were treated for 48 hours with the indicated drug combinations and analysed
using the CyTOF technique. uMAPS were generated to cluster cells according to cell cycle
markers and are coloured by A. the intensity of cPARP staining and B. the intensity of pRb

staining. Plots are representative of 3 technical repeats.
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4.3.9 VX-970 reduces DS-8201a-induced S-phase block in PDO 021

In this study we have shown ATR inhibition to enable replication fork progression in
the presence of TOP1 inhibition (Figure 3.24). To assess whether DS-8201a inhibits
replication fork progression, and whether VX-970 could reduce any S-phase stalling,

IdU incorporation was analysed using the CyTOF technique.

In PDO 021, at 72 hours of 10ug/mL DS-8201a treatment, there was a reduction in
the rate of IdU incorporation compared to the untreated controls, this could be
visualised by a shift to the left of the S-phase population in IdU histograms, and a
reduced IdU staining intensity of S-phase cells in uMAPs (Figure 4.29). The addition
of VX-970 to 10pg/mL DS-8201a increased the rate of IdU incorporation close to that
observed in untreated cells. In PDO 027, a reduction in the rate of IdU incorporation
could be visualised at with DS-8201a monotherapy, however this was not as dramatic
as that observed in PDO 021 (Figure 4.30 and Figure 4.31). There was no clear
reversal of this reduced replication rate at 24 hours with the addition of VX-970 (Figure
4.30). At 72 hours, the percentage of S-phase cells was reduced in organoids treated
with the combination treatment compared to DS-8201a monotherapy treated
organoids, furthermore the replication rate was very low in the combination treated

cells (Figure 4.31).
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Figure 4.29. VX-970 reduces DS-8201a induced S-phase block in PDO 021 organoids.

Organoids were treated for 72 hours with the indicated drugs and IdU incorporation measured

using the CyTOF technique. A. IdU profiles B. uMAPS were generated to cluster cells

according to cell cycle markers and are coloured by the intensity of IdU staining. Cells in S-

phase are encircled. Plots are representative of 3 technical repeats.
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Figure 4.30. DS-8201a reduces replication progression in PDO 027 at 24 hours.

Organoids were treated for 24 hrs with the indicated drugs and IdU incorporation measured
using the CyTOF technique. A. IdU profiles B. uMAPS were generated to cluster cells
according to cell cycle markers and are coloured by the intensity of IdU staining. Cells in S-

phase are encircled. Images are representative of 3 technical repeats.
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Figure 4.31. DS-8201a-induced replication block is not reduced with VX-970 in PDO 027
at 72 hours.

Organoids were treated for 72 hrs with the indicated drugs and IdU incorporation measured
using the CyTOF technique. A. IdU profiles B. uMAPS were generated to cluster cells
according to cell cycle markers and are coloured by the intensity of IdU staining. Cells in S-

phase are encircled. Images are representative of 3 technical repeats.
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4.3.10 DNA damage response to DS-8201a monotherapy and DS-8201a and

VX-970 combination therapy

To investigate the DNA damage response in organoids following DS-820l1a
monotherapy and DS-8201a and VX-970 combination therapy, pH2AX, pDNA-PK and
pChk1 antibodies were included in the CyTOF antibody panel. pChkl was used as a
surrogate for ATR activation, as multiple pATR antibodies failed to give a signal with

the CyTOF technigue using SN38 as a positive control.

In PDO 021, a small increase in the percentage of pChkl1+ cells was detected at 24,
48 and 72 hours with 1pg/mL and 10ug/mL DS-8201a monotherapies (Figure 4.32).
This increase was reduced with the addition of VX-970. At 48 hours, the percentage
of pChk1+ cells increased from 1.2% (+ 0.007) in untreated controls to 5.9% (£ 0.23,
p=0.015) with 1ug/mL DS-8201a and 6.9% (+ 0.19, p=0.02) with 10ug/mL DS-8201a
monotherapies. The addition of VX-970 to 1ug/mL DS-8201a reduced the percentage
of pChkl+ cells to 1.7% (+ 0.14, p=0.012), and the addition of VX-970 to 10ug/mL
DS-8201a reduced the percentage of pChk1+ cells to 2.4% (+ 0.16, p=0.001). A shift
in pChk1 signal of the entire population with DS-8201a therapy, can be seen in a
histogram plot (Figure 4.32 E). In PDO 027, a similar effect was observed, with the
small increase in the percentage of pChkl+ cells detected with DS-820l1a
monotherapy, reduced to the level in untreated cells with the addition of VX-970
(Figure 4.33). At 48 hours, the percentage of pChk1+ cells increased from 2.1 % (+
0.03) in untreated controls to 6.3% (+ 0.79, p=0.001) with 1ug/mL DS-8201a and 8.9%
(x 0.73, p<0.0001) with 10pug/mL DS-8201a monotherapies. The addition of VX-970
to 1ug/mL DS-8201a reduced the percentage of pChkl+ cells to 2.2% (+ 0.23,
p=0.001), and the addition of VX-970 to 10pg/mL DS-8201a reduced the percentage
of pChk1+ cells to 1.7% (+ 0.24, p<0.0001). A shift in pChk1 signal of the entire
population with DS-8201a therapy was also observed and can be seen in a histogram

plot (Figure 4.33 E).
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Figure 4.32. VX-970 abrogates DS-8201a induced Chk1 phosphorylation in PDO 021.

A. Organoids were treated for 48 hours as indicated and analysed using the CyTOF technique.
Plots are gated to show the percentage pChkl positive cells. B. The percentage pChkl
positive cells at 24 hours. C. The percentage pChkl positive cells at 48 hours. D. The
percentage pChkl positive cells at 72 hours. E. Histogram showing the shift in pChkl
phosphorylation with DS-8201a monotherapy at 48 hours. Plots are representative of 3
technical repeats. Statistical significance was calculated using the ANOVA test for multiple

comparisons, p values ****<0.0001 ***<0.001 **<0.01 *<0.05.
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Figure 4.33. VX-970 abrogates DS-8201a induced Chk1 phosphorylation in PDO 027.

A. Organoids were treated for 48 hours as indicated and analysed using the CyTOF technique.
Plots are gated to show the percentage pChkl positive cells. B. The percentage pChkl
positive cells at 24 hours. C. The percentage pChkl positive cells at 48 hours. D. The
percentage pChkl positive cells at 72 hours. E. Histogram showing the shift in pChkl
phosphorylation with DS-8201a monotherapy at 48 hours. Plots are representative of 3
technical repeats. Statistical significance was calculated using the ANOVA test for multiple

comparisons, p values ****<0.0001 ***<0.001 **<0. 01 *<0.05.
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The percentage of pH2AX+ cells increased with DS-8201a monotherapy in PDO 021,
however this was to a lesser extent than the 10nM SN38 treatment used as a positive
control. The percentage of pH2AX+ cells in organoids treated with DS-8201a
monotherapy increased between 24 and 48 hours and remained stable at 72 hours
(Figure 4.34). At 48 hours, the percentage of pH2AX+ cells increased from 6.1% (+
0.38) in untreated organoids to 18.9% (£ 0.75, p<0.0001) with 1pug/mL DS-8201a and
20.9% (+ 0.6, p<0.0001) with 10ug/mL DS-8201a. The addition of VX-970 to DS-
8201a monotherapy caused a reduction in the percentage of pH2AX+ cells at all time
points. At 48 hours, the addition of VX-970 to 1ug/mL DS-8201a therapy reduced the
percentage of pH2AX+ cells to 5.6% (+ 0.8, p<0.0001), and the addition of VX-970 to
10pg/mL DS-8201a therapy reduced the percentage of pH2AX+ cells to 8.9% (+ 0.27

p<0.0001).

Colouring the pH2AX dot plots by 1dU signal intensity, showed that in both untreated
and treated organoids, IdU+ cells had a higher pH2AX signal than 1dU- cells. The
change in pH2AX signal with DS-8201a monotherapy occurred via a slight shift in the
pH2AX signal of S-phase cells (Figure 4.35 A). pH2AX+ cells with DS-8201a
monotherapy also had increased levels of PLK compared to pH2AX- cells, further
supporting an association between pH2AX signal and S-phase. Increased pH2AX

signal was not associated with cPARP or cCaspase-3 signal (Figure 4.35 B).
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Figure 4.34. VX-970 reduces DS-8201a induced phosphorylation of H2AX in PDO 021.

A. Organoids were treated for 48 hours as indicated and analysed using the CyTOF technique.

Plots are gated to show the population of pH2AX positive cells. B. Positive control for pH2AX.

C. The percentage of pH2AX positive cells at 24 hours. D. The percentage of pH2AX positive

cells at 48 hours. E. The percentage of pH2AX positive cells at 72 hours. Plots are

representative of 3 technical repeats. Statistical significance was calculated using the ANOVA

test for multiple comparisons, p values ****<0.0001 ***<(0.001 **<0.01 *<0.05.
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Figure 4.35. S-phase cells from PDO 021 have increased pH2AX signal.

A. Organoids were treated for 48 hours with the indicated drugs and analysed using the
CyTOF technique. Plots show pH2AX staining, with cells in each plot are coloured according
to the signal intensity of IdU. B. Organoids were treated for 48 hours with 10pug/mL DS-8201a.
Plots show pH2AX staining, with cells in each plot are coloured according to the indicated

stain.

277



In PDO 027, there was a distinct population of pH2AX+ cells in organoids treated with
a combination of DS-8201a and VX-970 compared to organoids treated with DS-
8201a monotherapy (Figure 4.36). The greatest increase in pH2AX+ cells was
observed at 72 hours, with 15.4% (+ 0.6) of cells treated with 10pg/mL DS-8201a and
0.25uM VX-970 combination therapy being pH2AX+, compared to 2.8% (+ 0.2,
p<0.0001%) treated with 10pug/mL DS-8201a monotherapy. Although to a lesser
extent than in PDO 021, there was a shift in the pH2AX signal in the S-phase
population with DS-8201a monotherapy, however the signal was much lower than

that observed with DS-8201a and VX-970 combination therapy (Figure 4.37).

There was a very low percentage of cells which were pDNA-PK positive, across all
treatment groups in PDOs 021 and 027, with no treatment resulting in a greater than
2.5% pDNA-PK+ cells (Figure 4.38 and Figure 4.39). While some of the changes seen
are statistically significant, these are unlikely to be of biological relevance as the

changes observed were below 1%.
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Figure 4.36. VX-970 + DS-820la combination treatment increases H2AX
phosphorylation.

A. Organoids were treated for 72 hours as indicated and analysed using the CyTOF technique.
Plots are gated to show the population of cells with very high levels of pH2AX. B. The % of
cells with high pH2AX at 24 hours. C. The % of cells with high pH2AX at 48 hours. D. The %
of cells with high pH2AX at 72 hours. Plots are representative of 3 technical repeats. Statistical
significance was calculated using the ANOVA test for multiple comparisons, p values
*++%<(0.0001 ***<0.001 **<0. 01 *<0.05.
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Organoids were treated for 48 hours with the indicated drugs and analysed using the CyTOF

technique. Plots show pH2AX staining, with cells in each plot are coloured according to the

signal intensity of 1dU.
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Figure 4.38. VX-970 + DS-820l1a treatment does not result in increased DNA-PK
phosphorylation in PDO 021.

A. Organoids were treated for 48 hours as indicated and analysed using the CyTOF technique.
Plots are gated to show the percentage pDNA-PK positive cells. B. The percentage pDNA-PK
positive cells at 24 hours. C. The % pDNA-PK positive cells at 48 hours. D. The percentage
pDNA-PK positive cells at 72 hours. Plots are representative of 3 technical repeats. Statistical
significance was calculated using the ANOVA test for multiple comparisons, p values
**+%<0.0001 ***<0.001 **<0.01 *<0.05.
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Figure 4.39. VX-970 + DS-820l1a treatment does not result in increased DNA-PK

phosphorylation in PDO 027.

A. Organoids were treated for 48 hours as indicated and analysed using the CyTOF technique.
Plots are gated to show the percentage pDNA-PK positive cells. B. The percentage pDNA-PK
positive cells at 24 hours. C. The percentage pDNA-PK positive cells at 48 hours. D. The
percentage pDNA-PK positive cells at 72 hours. Plots are representative of 3 technical
repeats. Statistical significance was calculated using the ANOVA test for multiple

comparisons, p values ****<0.0001 ***<0.

001 **<0. 01 *<0.05.
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4.4 Discussion

4.4.1 HER2-low expressing CRC cell lines and PDOs are resistant to DS-

8201a

The very high potency of the DS-8201a payload Dxd, and the high DAR of DS-8201a
have been shown to reduce the level of HER2 expression required for cytotoxicity
(Ogitani, Aida, et al. 2016). Indeed, preclinical and clinical studies have shown efficacy
of DS-8201a in HER2-low expressing tumours (Modi, Park, et al. 2020; Ogitani, Aida,
et al. 2016; Takegawa et al. 2019). However, early trial results have not shown DS-
8201a efficacy in low-HER2 expressing mCRC, although very few patients within this
category had been enrolled at the time of interim analysis (Siena et al. 2021). A
preclinical investigation involving HER-low CRC cell lines and mouse model showed
resistance to DS-8201a with only marginal reduction in cell line proliferation and no

reduction in tumour growth (Takegawa et al. 2019).

In this study, a panel of CRC cell lines and 2 CRC PDOs were shown to have low-
HER2 expression (Figure 4.1 and Figure 4.16). HER2 was detectable in all cell lines
by Western blotting, showing that none of the cell lines were HER2-null. The findings
were confirmed by IHC, with all cell lines and organoids scoring as HER2 IHC1+ (apart
from HCT116, which was IHC-). These findings are consistent with those reported in
a previous study, which showed very low HER2 expression levels in a panel of CRC
cells including HCT116, HT29 and SW48 (Takegawa et al. 2019). In our study, SW48,
was found to have slightly higher HER2 expression by Western blot than the other

cell lines, again this was consistent with previous findings (Takegawa et al. 2019).

We have shown almost no growth inhibition of CRC cell lines with 10ug/mL DS-8201a
monotherapy, with only SW48 showing a 25% growth inhibition (Figure 4.2). These
findings are corroborated by similar findings in a panel of CRC cell lines (Takegawa

et al. 2019). Slightly increased sensitivity of SW48 cells to DS-8201a in comparison
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to the other cell lines was observed, this may be due to slightly higher levels of HER2
expression (Figure 4.1 A), as HER2 expression has been found to correlate with

sensitivity to DS-8201a therapy (Ogitani, Aida, et al. 2016; Takegawa et al. 2019).

Analysis using the clonogenic assay following 72-hours of DS-8201a did not result in
a marked reduction in survival of any of the 5 CRC cell lines (Figure 4.3). The drug
exposure was increased to 2-weeks, as pharmacokinetic analysis showed DS-8201a
serum concentrations above 10ug/mL at 21 days post infusion in trial patients (Yin et
al. 2021). With a 2-week DS-8201a treatment schedule, there was a loss in survival
in HCT116, LS174T and SWA48 cell lines (Figure 4.4). Particularly, in LS174T and
SwW48 cells, surviving colonies were greatly reduced in size, suggesting a reduction

in proliferation rate with DS-8201a exposure.

HT29 cells showed no reduction in survival, and only a small reduction in CACO2
survival was observed. CACO2 cells express high levels of the drug transporter
ABCB1 (P-gp), which has been shown to lead to rapid Dxd efflux, providing an
explanation for the lack of DS-8201a sensitivity (Nagai et al. 2019). HT29 cells have
been shown to have a reduced sensitivity to Dxd, in comparison to HCT116 and SW48
cells, with a 10-fold greater ICso (Takegawa et al. 2019). In this study, we also have
shown HT29 to have increased resistance to SN38 monotherapy, compared to
HCT116 and SW48 cells (Figure 3.6). As HER2 expression of HT29 cells is higher
than that observed in HCT116 cells, reduced sensitivity to TOP1 inhibition, rather than
reduced DS-8201a uptake is likely responsible for the reduced sensitivity to DS-
8201a. A previous study has shown very rapid rates of SN38 glucuronidation in HT29
cells, with conversion of SN38 into the inactive metabolite SN38-G reducing irinotecan
cytotoxicity (Cummings et al. 2002). However, as Dxd is excreted without
glucuronidation, this is unlikely to be the cause of resistance to DS-8201a (Nagai et

al. 2019; Okamoto et al. 2020).
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As was observed with the CRC cell lines, PDO 027 was resistant to 72-hour DS-
8201a monotherapy, with almost no loss in viability (Figure 4.17). Increasing the
treatment duration to 7 days had very little impact on organoid survival (Figure 4.18).
This was further supported by only a very small increase in cPARP and cCapase-3 in
PDO 027 with DS-8201a monotherapy (Figure 4.26 and Figure 4.28). In contrast,
PDO 021 was more sensitive to DS-8201a monotherapy, with an ~50% reduction in
survival with 7-day treatment (Figure 4.18). This was further supported by a large
increase in the percentage of cPARP and cCaspase in organoids treated with DS-
8201a monotherapy (Figure 4.25 and Figure 4.27). Both PDO 021 and O27 were
scored as IHC1+ (Figure 4.16), although this does not discount the possibility of
differential sensitivity being as a result of HER2 expression, it makes differing
sensitivity to the Dxd payload more probable. In this study, we showed PDO 021 to
have greater sensitivity to SN38 than PDO 027 (Figure 3.19 and Figure 3.20),

suggesting differing sensitivity to TOP1 inhibition.

4.4.2 ATR inhibition synergises with DS-8201a, reducing survival of HER2-

low expressing CRC cell lines and organoids

Preclinical and clinical studies have shown a synergistic interaction between TOP1
and ATR inhibition in a range of cancer types, with ATR inhibition resulting in more
severe TOP1cc induced DNA damage (Coussy et al. 2020; Huntoon et al. 2013; Jo,
Murai, et al. 2021; Jo, Senatorov, et al. 2021; Josse et al. 2014; Thomas et al. 2021).
In this study, we demonstrated a synergistic interaction between SN38 and VX-970
in CRC cell lines and PDOs, with increased DNA damage the identified mechanism

of synergy (section 3.3).

The addition of VX-970 has been shown to sensitise CRC cell lines and organoids to
very low dose SN38 (Figure 3.5 and Figure 3.6). As shown in a previous study and in

this work, CRC cell lines and organoids with low HER2 expression do not accumulate

285



sufficient Dxd for DS-8201a to be effective as a monotherapy (Takegawa et al. 2019).
The addition of ATR inhibition to DS-8201a therapy, was investigated as a means of
reducing the Dxd dose required for cytotoxicity. The addition of VX-970 or AZD7638
to DS-8201a treatment caused almost a complete loss of proliferation in HCT116,
HT29 and LS174T cells (Figure 4.5 and Figure 4.9). Furthermore, 3-day and 14-day
clonogenic treatment schedules showed a synergistic interaction between ATR
inhibitors (VX-970 or AZD6738) and DS-8201a to reduce the survival of HCT116,
LS174T and SW48 cells (Figure 4.7, Figure 4.8, Figure 4.10 and Figure 4.11). An
almost complete loss of surviving colonies was observed with 3-day treatment
schedules in HCT116 and LS174T cells, but a longer treatment schedule of 14 days
was required for the same effect in SW48 cells. These findings demonstrate
sensitisation of HER2-low CRC cell lines to DS-8201a. Increased PARP cleavage
also occurred in HCT116 and SW48 cells with the combination therapy, further

demonstrating increased cytotoxicity (Figure 4.15).

In contrast, no/minimal sensitisation of CACO2 and HT29 cells to DS-8201a with the
addition of VX-970 was observed, using proliferation or survival assays (Figure 4.6,
Figure 4.7 and Figure 4.8). In CACO2 cells, it is likely that active efflux of Dxd prevents
sufficient accumulation of the payload to enable a synergistic interaction.
Furthermore, the transporter ABCB1, has also been reported to actively efflux VX-970
from cells (Talele et al. 2019). In this study, CACO2 showed no sensitivity to VX-970
monotherapy in proliferation and survival assays (Figure 4.6, Figure 4.7 and Figure
4.8). This suggests that VX-970 is unlikely to sensitise ABCB1 upregulated cells to
DS-8201a. The lack of efficacy in HT29, is likely due to lower sensitivity to TOP1
inhibition. In this study, the addition of VX-970 did not sensitise HT29 cells to 1nM
SN38, as seen with SW48 and HCT116 cells; with a higher dose of 5nM SN38 in
combination with VX-970 required to cause a reduction in proliferation and survival

(Figure 3.6). This suggests that there is a threshold of TOP1 inhibition required for
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VX-970 to synergise with SN38 or DS-8201a, with a higher concentration required in

HT29 cells than the other CRC cell lines.

ATR inhibition (VX-970 and AZD6738) synergised with DS-8201a to reduce the
survival and development of PDO 027, with 3-day and 7-day treatment schedules
resulting in almost a complete loss of viable organoid cells (Figure 4.19, Figure 4.20,
Figure 4.22 and Figure 4.24). The synergy could also be seen in fully developed
organoids using CyTOF analysis, with an increase in the percentage of
cPARP+/cCaspase-3+ cells following DS-8201a combination therapy compared to
either monotherapy (Figure 4.26 and Figure 4.28). The combination treatment was
less effective in PDO 021, with more moderate synergy observed (Figure 4.19 and
Figure 4.20, Figure 4.21 and Figure 4.23,). Furthermore, CyTOF analysis showed
there was no increase in PARP cleavage in PDO 021, with the addition of VX-970 to
DS-8201a treatment (Figure 4.25 and Figure 4.27). At 72 hours, loss of DS-8201a-
induced replication arrest was observed with the addition of VX-970 (Figure 4.29). It
is possible that with increased treatment time a lethal level of DNA damage would
accumulate with the combination therapy, enabling detection of greater synergy in

PDO 021.

PDO 027 has a mutation in the POLE gene, which encodes the catalytic polymerase
and exonuclease subunit of polymerase-¢ (Table 3.1). Mutations in POLE are
associated with a very high mutational burden due to loss of function of the critical
DNA-repair polymerase, which plays a role in multiple DDR pathways including NER,
BER and SSB repair (Henninger and Pursell 2014; Hodel et al. 2020; Stenzinger et
al. 2014). As the identified mechanism for ATR and TOP1 inhibitor synergy is
increased DNA damage, a loss of POLE, could increase organoid sensitivity to the

combination therapy.
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4.4.3 HER2 dependence of ATR inhibition and DS-8201a synergy

The synergy observed with DS-8201a and ATR inhibition is dramatic, and strongly
suggests that ATR inhibition may sensitise HER2-low CRC patients to DS-8201a. The
purpose of utilising ADCs over standard chemotherapies, is the targeting of the
cytotoxic agent to the cancer cells thereby widening the therapeutic window
(Panowski et al. 2014; Peters and Brown 2015). Target non-specific ADC uptake can
occur, with this increasing systemic toxicity and reducing the therapeutic window of
the ADC (Mahalingaiah et al. 2019). HER2-dependent cytotoxicity of the combination
therapy is necessary for DS-8201a targeted TOP1 inhibition to be advantageous over
the non-targeted approach using Irinotecan. While a synergistic interaction between
DS-8201a and AZD6738 in a HER2+ breast cancer cell, and not a HER2- breast
cancer cell line, suggests HER2-dependent uptake of DS-8201a is required for the
synergy, it does not definitively show HER2-dependent synergy in the CRC cell lines

(Figure 4.12).

ADC studies often use a non-targeted control ADC, to show target specificity of ADC
uptake and toxicity (Zammarchi et al. 2018). Daiichi Sankyo were able to provide a
non-targeting-Dxd control ADC (MAAA-9199a), to assess the HER2-dependence of
DS-8201a uptake in the CRC cell lines. Unfortunately, the company reported non-
HER2 mediated cytotoxicity of MAAA-9199a, which does not occur with DS-8201a.
The exact mechanism of this toxicity is unknown, but is likely due to non-specific ADC
uptake. To act as a control ADC, a non-targeting ADC would be identical to the
targeted-ADC, with only changes in the variable region of the mAb, however DS-
8201a and MAAA-9199a have substantial differences in their mAb components. The
mADb properties of an ADC have been reported to determine receptor dependent and
receptor-independent target non-specific ADC uptake (Mahalingaiah et al. 2019). In
this study we found CRC cell lines to be highly sensitive to the combination of MAAA-

9199a and ATR inhibition (Figure 4.13). However, as MAAA-9199a is not a good
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control for DS-82014a, this could not be used to draw conclusions about the HER2

dependance of DS-8201a uptake in the CRC cell lines.

Multiple studies have shown binding of trastuzumab (or T-DM1) to HER2 to cause
HER?2 internalisation and degradation (Baldassarre, Truesdell, and Craig 2017; Ben-
Kasus et al. 2009; Fehling-Kaschek et al. 2019; Li et al. 2020). It can be assumed that
as the mAb component of DS-8201a is the same as trastuzumab, that binding of DS-
8201a to HER2 would also result in HERZ2 internalisation and degradation, causing a
temporary reduction in HER2 expression. We found DS-8201a and not MAAA-9199a
treatment to result in a reduction in cellular HER2 in HCT116, SW48 and LS174T cell
lines (Figure 4.14). This demonstrates that DS-8201a is causing HER2 degradation,
and strongly supports HER2-dependent uptake of DS-8201a. Loss of sensitivity to
DS-8201a and ATR inhibition combination therapy with knockdown of HER2 in CRC

cell lines would definitively demonstrate this.

4.4.4 Loss of ATR results in S-phase progression in the presence of SN38-

induced DNA damage

Multiple studies, as well as this study have shown ATR dependent S-phase arrest
with TOP1 inhibition (Figure 3.24, Figure 3.25 and section 3.4.3) (Huntoon et al. 2013;
Hur et al. 2021; Josse et al. 2014; Seiler et al. 2007; Thomas et al. 2021). The
mechanism by which ATR induces cell cycle arrest is covered in section 1.5.3. In PDO
021 and to a lesser extent in PDO 027, we show DS-820l1a to reduce S-phase
progression, with a reduction in the rate of IdU incorporation (Figure 4.29, Figure 4.30
and Figure 4.31). PDO 021 is more sensitive to DS-8201a monotherapy than PDO
027, as can be seen with the increased loss of viability, and the increase in PARP and
caspase-3 cleavage (Figure 4.20 and Figure 4.25). PDO 021 is also more sensitive
to SN38 monotherapy than PDO 027 (Figure 3.19 and Figure 3.20). The increased

replication stalling and loss of viability with DS-8201a and SN38 monotherapy,
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suggest PDO 021 is more sensitive to TOP1 inhibition than PDO 027. In PDO 021,
the addition of VX-970 to DS-8201a treatment, returns the rate of IdU incorporation
close to that observed in untreated organoids (Figure 4.29). This demonstrates that
DS-8201a-induced S-phase arrest is ATR dependent, and would suggest that loss of
this arrest would cause increased accumulation of DNA damage with cell cycle

progression.

In PDO 027 it was not possible to detect a reversal in the mild DS-8201a induced
replication stalling with the addition of VX-970 (Figure 4.30 and Figure 4.31). At 72
hours of combination treatment very few organoid cells are in S-phase, and the rate
of IdU incorporation is reduced (Figure 4.31). In PDO 027 the combination treatment
was highly cytotoxic, with an increase in apoptotic cells as early as 24 hours (Figure
4.26 and Figure 4.28). We also show increased YH2AX in combination treated
organoids (Figure 4.36). This suggests that by 72 hours, the organoids have
accumulated catastrophic DNA damage which is preventing replication progression

with the combination treatment.

4.4.5 Increased DNA damage with DS-8201a and VX-970 combination

therapy is the proposed mechanism of synergy

Previous studies and our work have demonstrated robust activation of ATR signalling
in response to TOP1 inhibition (Figure 3.2), providing the rationale for TOP1 and ATR
inhibition combination therapy (Aris and Pommier 2012; Coussy et al. 2020; Huntoon
et al. 2013; Hur et al. 2021; Josse et al. 2014; Thomas et al. 2021). As Dxd is a potent
TOP1 inhibitor, DS-8201a would be expected to induce ATR signalling as a result of
TOP1cc-induced DNA damage and replication stress. Indeed, a study has shown
phosphorylation of Chk1 to occur with 10pug/mL DS-8201a therapy in a HER2 IHC3+

breast cancer cell line (Ogitani, Aida, et al. 2016). The study also showed Chk1
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phosphorylation with Dxd, demonstrating this Chk1l phosphorylation to be as a result

of TOP1 inhibition.

The synergy observed between DS-8201a and ATR inhibitors, suggests a role of ATR
activity in the repair of DS-8201a induced DNA damage. However, in this study, we
were unable to detect ATR or Chkl phosphorylation with 10ug/mL DS-820l1a
treatment of CRC cell lines by Western blotting (Figure 4.15). The CRC cell lines used
in this study showed almost no sensitivity to DS-8201a monotherapy at doses of
10pg/mL, in contrast a HER2 IHC3+ breast cancer cell line displayed ~75% growth
inhibition with 0.1pug/mL (Figure 4.2). It is possible that the change in ATR and Chk1
phosphorylation although biologically significant is below the threshold for detection
by Western blotting. Similarly, we could only detect Chk1 phosphorylation in response
to SN38 with doses higher than 10nM by Western blotting, despite lower doses being
sensitive to SN38 and VX-970 combination therapy (Figure 3.8 and Figure 3.9). Using
the more sensitive CyTOF technique, we were able to detect an induction of Chkl
phosphorylation in PDO 021 and 027 with DS-8201a monotherapy (Figure 4.32 and
Figure 4.33). It is proposed that with a more sensitive detection method such as mass
spectroscopy, pChk1 would also be detected in the CRC cell lines in response to DS-

8201a, as seen with the PDOs.

Phosphorylation of Chk2, a key kinase downstream of ATM is an indicator of DNA
double strand breaks, was reported to be increased with the addition of an ATR
inhibitor to platinum-therapy, irradiation and TOP1 inhibition (Combeés et al. 2019;
Josse et al. 2014; Reaper et al. 2011; Tibbetts et al. 1999). Increased phosphorylation
of Chk2 could be detected with DS-8201a and VX-970 combination therapy in
HCT116 and SW48 cells in comparison to either monotherapy, suggesting increased

DNA damage with the combination therapy (Figure 4.15).
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DNA-PK and ATM are rapidly phosphorylated in response to double strand DNA
breaks (Bakkenist and Kastan 2003; Chan et al. 2002; Chen et al. 2005). In HCT116
phosphorylation of DNA-PK could be detected in cells treated with the combination of
DS-8201a and VX-970, suggesting that the combination treatment results in
increased DNA damage (Figure 4.15 A). DNA-PK phosphorylation could not be
detected in PDOs with the addition of VX-970 to DS-8201a (Figure 4.38 and Figure
4.39). DNA-PK phosphorylation in response to 1nM SN38 and VX-970 combination
treatment was also not detectable (Figure 3.29), suggesting that higher levels of TOP1
inhibition are required for DNA-PK phosphorylation than achieved with DS-8201a. It
is possible that increased treatment length would result in greater accumulation of
DNA-damage and DNA-PK activation. pChk2, pATM and pDNA-PK were detectable
in LS174T cells with VX-970 monotherapy and in combination with DS-8201a (Figure
4.15). LS174T is a p53 null cell line, and in this study has shown greater sensitivity to
both VX-970 and AZD6738 monotherapies in comparison to the other cell lines
(Figure 4.5 and Figure 4.9). Cleavage of PARP and accumulation of YH2AX were also
observed with VX-970 monotherapy (Figure 4.15). This is consistent with previous
reports that p53 null cancer models, which have greater dependance on ATR, have
high levels of replication stress even in the absence of DNA damaging therapeutics
(section 1.6.11) (Kwok et al. 2016; Middleton, Pollard, and Curtin 2018; Reaper et al.

2011; Toledo et al. 2011).

In this study we did not find the combination of DS-8201a and VX-970 to cause
increased phosphorylation of H2AX in CRC cell lines, suggesting the absence of DNA
DSBs (Figure 4.15). Furthermore, in PDO 021 a reduction in DS-8201a-induced
pH2AX was observed with the addition of VX-970, suggesting a reduction in DNA
damage with the combination therapy (Figure 4.34). It is well established that ATM is
the key kinase involved in the phosphorylation of H2AX in response to DNA DSBs

(Burma et al. 2001) (section 1.4.4). However, ATR has been implicated as the kinase
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responsible for phosphorylating H2AX in the context of replication stress, prior to the
formation of DNA DSBs (Sirbu et al. 2011; Ward and Chen 2001). Phosphorylation of
H2AX in response to hydroxyurea and UV-exposure was found to be S-phase
dependent, while irradiation induced YH2AX independent of cell cycle stage. ATR-KO
cells had almost complete loss of YH2AX signal in response to hydroxyurea and UV,
while YH2AX signal in response to irradiation was unaffected (Ward and Chen 2001).
A further study also reported accumulation of YH2AX at stalled replication forks in
response to hydroxyurea-induced replication stress. In this study YH2AX was found
to appear prior to the formation of DNA DSBs, and was not reduced with the inhibition
of DNA-PK and ATM. Caffeine the first molecule described to inhibit ATR, was found
to abrogate the accumulation of YH2AX at stalled replication forks (Sirbu et al. 2011).
Furthermore, YH2AX accumulation in the hours following cisplatin treatment has also
been shown to be ATR dependant, with almost complete loss of YH2AX foci in ATR

deficient cells (Pabla et al. 2008).

In this study, an increase in the YH2AX signal of S-phase cells in response to DS-
8201a monotherapy occurred in PDO 021 and PDO 027, with this being lost with the
addition of ATR inhibition (Figure 4.35 and Figure 4.37). This effect was also
detectable with 1nM SN38 in PDO 021, although higher doses resulted a much
greater shift of H2AX phosphorylation that is likely due to the presence of DNA DSBs
(Figure 3.26). This suggests that S-phase accumulation of YH2AX in response to DS-
8201a inhibition is ATR mediated. In PDO 027, a distinct non-S-phase dependent
population of cells with comparatively higher levels of YH2AX staining is present, we
propose this increased YH2AX signal is in response to DNA DSBs that occur as a

result of the combination therapy (Figure 4.36).

In HCT116 cells, p53 stabilisation and phosphorylation occurred with DS-8201a and
VX-970 combination therapy, and to a lesser extent with DS-8201a monotherapy.

This increase in p53 stabilisation was also observed with DS-8201a and VX-970 at
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24 hours in SW48 cells (Figure 4.15). This is in contrast to our findings of a reduction
in SN38-induced p53 with ATR inhibition (Figure 3.4, Figure 3.8 and Figure 3.9), which
has also been reported with cisplatin and UV-exposure (Reaper et al. 2011; Tibbetts
et al. 1999). These findings demonstrate the complex interactions between DNA-
damage repair factor, cell cycle regulators and p53. It appears that SN38, which is
more potent in the CRC cell lines than DS-8201a, induces ATR dependent p53
stabilisation and phosphorylation. Robust p53 phosphorylation in response to DS-
8201a and VX-970 is clearly ATR independent and may occur via ATM, as we were
able to detect activation of Chk2, the kinase downstream of ATM. ATM is the principal
kinase responsible for p53 phosphorylation and stabilisation in response to DNA
damage (section 1.4.4) (Banin et al. 1998; Canman et al. 1998; Cheng and Chen
2010; Shieh et al. 1997). An increase in p53 phosphorylation has also been reported
with the addition of VX-970 to oxaliplatin treatment in CRC cell lines (Combes et al.
2019). This finding suggests that p53 is activated following DS-8201a and VX-970
combination therapy in response to DNA damage and not via the replication stress

response mediated by ATR.

45 Conclusions

The work in this chapter has demonstrated potent sensitisation of HER2-low
expressing CRC cell lines and organoids to DS-8201a by ATR inhibition (VX-970 and
AZD6738). An almost complete loss of survival in multiple cell lines and a patient
derived organoid model suggest that this combination may be very effective in the
treatment of CRC. Indeed, a phase | clinical trial has now been set up by Daiichi
Sankyo and AstraZeneca to explore the tolerability and efficacy of combined DS-
8201a and AZD6738 therapy, with a dose expansion for mMCRC (NCT04704661). We
were also able to show some evidence of loss of S-phase arrest and increased DNA

damage with the combination therapy, suggesting a mechanism for the observed

synergy.
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5 ATR inhibition as a means of re-sensitising SN38 resistant

CRC cells

5.1 Introduction

5.1.1 Response to irinotecan-based therapy is limited by primary and

acquired resistance

The response rate for mCRC patients who receive irinotecan as part of the FOLFIRI
regimen is 39-49%, demonstrating high incidence of primary resistance (Saltz et al.
2001). The response to FOLFIRI is typically short lived, with a PFS of 6.7 months
(Douillard et al. 2000; Van Cutsem et al. 2014). Disease progression can occur due
to primary or acquired irinotecan resistance, with either the outgrowth of a tumour cell
population with primary resistance or the emergence of a newly resistant tumour cell
population (Hammond, Swaika, and Mody 2016). The 5-year survival rate is low, at
approximately 10%, demonstrating that most patients who do respond to treatment

eventually relapse, and no longer respond to therapy (CRUK 2021).

5.1.2 Mechanisms of Irinotecan resistance

Multiple mechanisms of resistance to irinotecan therapy have been identified in vitro,
of which some have been validated in patients. Resistance due to altered irinotecan
metabolism, mutations or loss of expression of TOP1, upregulation in the repair of
TOP1ccs, or pro survival signalling despite the presence of DNA damage have been

reported (Hammond, Swaika, and Mody 2016; Xu and Villalona-Calero 2002).

Resistance to irinotecan can occur due to changes in expression levels of enzymes
involved in irinotecan metabolism, thereby reducing the cellular concentration of the
active metabolite SN38 (Xu and Villalona-Calero 2002). An example of this is the

upregulation of UGT1A1, which converts SN38 into an inactive metabolite SN38-G
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(Figure 1.6). Increased UGT1A1 activity has been found to lower cellular SN38 levels
and increase irinotecan resistance in vitro (Cummings et al. 2002; Takahashi et al.
1997). The clinical significance of mutations and differential expression of enzymes
involved in irinotecan metabolism has largely been studied in the context of toxicity
rather than resistance. Patients with polymorphisms that increase cellular SN38
levels, have a higher incidence of treatment failure due to drug related toxicities than
other patients, thereby reducing OS (Carlini et al. 2005; Rouits et al. 2004). The effect
of reduced cellular SN38 on increased irinotecan resistance in patients has not been

extensively studied (Hammond, Swaika, and Mody 2016).

Reduced intracellular SN38 accumulation can also be mediated by increased
expression of the ATP binding cassette (ABC) efflux transporter family. Several
members of the ABC family have been implicated in the resistance of irinotecan
including ABCB1, ABCC2, ABCG2, ABCC1, ABCC4, ABCC3 and ABCB11 (Brangi et
al. 1999; Hammond, Swaika, and Mody 2016; Matsunaga et al. 2020; Tsukamoto et
al. 2019; Xu and Villalona-Calero 2002). While in vitro, multiple studies have shown
upregulation of the ABC transporter family to cause irinotecan resistance, there have
been conflicting reports on the correlation between ABC transporter expression and
irinotecan response in patients (Jensen et al. 2015; Trumpi et al. 2015; Tuy et al.

2016).

Solute carrier proteins (SLCs) are a family of transmembrane proteins which play a
role in cellular uptake of a wide range of substances including amino acids, glucose,
cations, anions and nucleosides. Overexpression of multiple SLC transporters have
been identified in wide range of cancers, driving increased tumour cell proliferation
and metastasis (Alfarsi et al. 2020; Altan et al. 2018; Ban et al. 2017; Beltran et al.
2011; Cormerais et al. 2016; Fan et al. 2013; Feng et al. 2017; Hu et al. 2020; Liu,
Zuo, et al. 2017; Torrents et al. 1998). The SLCO1B1 (OATP1B1) and SLCO1B3

(OATP1B3) members of the SLC family have been identified as important for cellular
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uptake of SN38, with increased expression shown to increase irinotecan related
toxicity. A reduction in expression or loss of function mutations in SLC10B1 or
SLCO1B3 have been reported to reduce sensitivity to cytotoxic agents, including
irinotecan (Di Paolo et al. 2011; Girardi et al. 2020; Nozawa, Minami, et al. 2005; Sun,

Ying, et al. 2020; Yamaguchi et al. 2008).

A link between TOP1 expression and resistance to irinotecan was initially identified in
a panel of CRC and breast cancer cell lines, with resistant cell lines having reduced
TOP1 expression (McLeod and Keith 1996). Furthermore, the levels of tumour TOP1
expression found to fall in CRC mouse models and patients with exposure to
irinotecan (Giovanella et al. 1989; Horisberger et al. 2009). The MRC FOCUS study
showed that response to irinotecan for the treatment of mMCRC correlated with TOP1
expression, with patients with low TOP1 expression deriving no benefit from
irinotecan therapy (Braun et al. 2008). However, this was not supported by the
findings of the CAIRO study, which did not identify a statistically significant correlation
between TOP1 expression and response to irinotecan (Koopman et al. 2009).
Mutations in TOP1 that alter the conformation of the TOP1cc, preventing the binding
of CPTs have been reported in vitro (Fujimori et al. 1995; Gongora et al. 2011; Li et
al. 1996). Mutant TOP1 has also been reported in a tumour from a patient resistant to

irinotecan therapy (Tsurutani et al. 2002).

Increased degradation of TOPlccs and enhanced DNA damage repair prior to
collision of TOP1ccs with the transcription and replication machinery reduces the
toxicity of TOP1 inhibitors, and has been identified as a mechanism of resistance to
irinotecan (Pommier 2006). An example of this is TDP1, an enzyme that is able to
catalyse the removal of TOP1 from trapped TOP1ccs (section 1.3.5) (Das et al. 2009;
Das et al. 2014; Dexheimer et al. 2008). Overexpression of TDP1 has been identified

as a mechanism of resistance to TOP1 inhibitors, with a correlation between TDP1
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and sensitivity to irinotecan identified in a panel of CRC cell lines (Meisenberg et al.

2015).

Increased activation of transcription factors following DNA damage that promote
survival, such as nuclear factor kappa B (NFkB) have also been found to reduce
sensitivity to irinotecan in cancer cell lines (Huang et al. 2000; Wang et al. 1999). In
accordance with this, mCRC patients with tumours that are positive for NFkB
signalling have been found to respond poorly to irinotecan in comparison to patients

who are negative for NFkB signalling (Scartozzi et al. 2007).

5.1.3 ATRinhibition as a mechanism of restoring sensitivity to TOP1 inhibition

In this study, we have demonstrated ATR inhibition to sensitise CRC cell lines and
PDOs to very low concentrations of SN38 (section 3.3). Several of the mechanisms
of irinotecan resistance that have been identified to date result in reduced cellular
SN38 accumulation (section 5.1.2). This suggest that the addition of ATR inhibition to
SN38 therapy may restore sensitivity by lowering the cytotoxic dose of SN38. Indeed,
two EP-SCNC patients who had previously progressed on topotecan therapy
responded to topotecan and ATR inhibition in a phase Il clinical trial (Thomas et al.

2021).

DS-8201a has been shown to be efficacious in CRC and gastric cancer patients that
have progressed on irinotecan-based chemotherapy regimens, suggesting DS-8201a
as future therapeutic in the treatment of irinotecan resistant tumours (Shitara et al.
2019; Siena et al. 2021). In this study, we have shown ATR inhibition to sensitise
HER2-low expressing CRC cell lines to DS-8201a (Section 4.3). This makes the
combination of DS-8201a and ATR inhibition a potential therapeutic option for patients

with irinotecan resistant mCRC.
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5.2 Research aim

The aim of this chapter is to generate SN38 resistant cell lines, and explore whether
ATR inhibition can re-sensitise cell lines to SN38 treatment. The use of DS-8201a in
combination with ATR inhibition as a means of treating SN38 resistant cells, is also

investigated.
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5.3 Results

5.3.1 SN38 resistant cell lines generated by pulsed drug exposure

Drug resistant cell lines are typically generated using either a continuous exposure or
a pulsed exposure technique. In the continuous exposure technique, cells are
continuously exposed to increasing drug concentrations until a population of resistant
cells emerge. Using the pulsed approach, a lower concentration of the drug is given
for a specific time period, after which the drug is removed, and cells left to recover;
this cycle is repeated with increasing drug concentrations until a resistant line is
generated. The pulsed approach is more clinically relevant, as it mirrors the multiple
cycles of chemotherapy that typically make up a treatment regimen. The pulsed
approach also leads to cell lines with stable drug resistance, that is not reversed in

the absence of the drug (McDermott et al. 2014).

HT29 and SW48 cells were exposed to multiple SN38 treatment cycles, with SN38
concentration increasing from 1nM to 100nM. Each treatment cycle was 72 hours,
followed by a 2-week recovery period. The clonogenic assay was used to assess the
sensitivity of the resultant resistant cell lines to SN38. The SWA48 cells showed the
greatest resistance with 71% (x 12.6) survival with 50nM SN38, compared to 5.1% (+
1.5) survival of parental cells with a much lower dose of 5nM SN38 (Figure 5.1 B-C).
The HT29 cells generated were also more resistant than the parental cell line, with

58.6% (x 9.7) survival vs 7.7% (+ 1.4) with 10nM SN38 treatment (Figure 5.1 D-E).

Replication rate was a key distinguishing feature between the SW48R and SW48
parental cell lines, with SW48R cells dividing at a much slower rate. To establish the
cell cycle duration in the two cell lines, SW48 and SW48R cells were seeded in 96
well plates at low density, with cells fixed on day 1 and day 6. The SRB assay was

used to find the proliferation rate over the 6 days which was then used to calculate
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average cell cycle duration. The average cell cycle duration in SW48R cells was 56.79

hours (z 2.8, p=0.0003) vs 22.8 hours (x 0.73) in SW48 parental cells (Figure 5.2).
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Seeding Treatment Removal Counting
B C
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Figure 5.1. Repeated exposure to SN38 leads to the generation of SN38 resistant cell
lines.

A. Scheme demonstrating the treatment and clonogenic assay schedule followed. B. The
percentage survival following SN38 treatment of SW48 parental and resistant (SW48R) cell
line. D. The percentage survival following SN38 treatment of HT29 parental and resistant
(HT29R) cell line. Each datapoint is the mean of 3 biological repeats. Error bars represent +/-
SEM. Representative images of clonogenic plates for C. SW48 parental and SW48R cells and
E. HT29 parental and HT29R cells.
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Figure 5.2. Cell cycle duration is increased in SW48R cells.

SW48 and SWA48R cells were seeded in 96 well plates at low density, with cells fixed on day
1 and day 6. The SRB assay was used to find the proliferation rate over the 6 days, which was
then used to calculate average cell cycle duration. Statistical significance was calculated using
the student T-test, p values ***<0.0001 ***<0.001 **<0.01 *<0.05. Error bars represent +/-
SEM.

5.3.2 Establishing the mechanism of resistance in HT29 and SW48 SN38

resistant cell lines

To establish the mechanism of resistance in the SW48 SN38 resistant (SW48R) and
HT29 SN38 resistant (HT29R) cells, RNA-seq analysis was performed to identify
changes in gene expression. Table 5.1 shows the fold changes in gene expression in
HT29R cells compared to parental cells for genes previously implicated in irinotecan
resistance, an adjusted (for multiple comparisons) p-value of 0.01 was set for
statistical significance. In HT29R cells, a 6-fold (log- 2.57) increase in the expression
of multidrug transporter ABCC2 was observed in comparison to HT29 parental cells
(p=0.0005). Additionally, there was a 1.7-fold (logz 0.74) increase in the expression of
multidrug transporter ABCG2 (p<0.0001). There was also an 8.8-fold reduction (log-
3.13) in the expression of SLCO1B3 in HT29R cells in comparison to the parental

cells (p<0.0001). There was a moderate 1.4-fold (log> 0.53) increase in BRCAl
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expression in HT29R cells (p=0.003), with no other changes in gene expression of

DNA repair enzymes detected. There were also no changes in expression of enzymes

involved in irinotecan metabolism that would explain reduced sensitivity.

Table 5.1. Differential gene expression for HT29R cells vs HT29 parental cells

Gene Log: fold change Adjusted p-value
Transporters

ABCB1 -3.42 1.0
ABCC2 2.57 0.0005
ABCG2 0.74 <0.0001
ABCC1 0.212 0.567
ABCC4 -0.53 0.001
ABCC3 -0.15 0.738
ABCB11 0.7 1.0
SLCO1B1 -1.4 0.09
SLCO1B3 -3.13 <0.0001
Metabolic enzymes

UGT1A10 -0.19 0.39
UGT1A6 -0.03 0.96
UGT1Al -0.45 0.003
UGT1A9 0.32 1.0
CYP3A4 -1.29 1.0
CYP3A5 -0.013 0.9
Repair factors

TDP1 -0.17 0.59
PARP1 -0.03 0.93
SPRTN -0.2 0.55
MRE11 -0.11 0.782
MUS81 -0.63 0.047
SLX4 0.28 0.45
ATM -0.13 0.79
DNA-PK 0.03 0.94
BRCA1 0.53 0.0003
BRCA2 -0.103 0.83
Other genes

SLFN11 -2.58 0.28
TOP1 0.21 0.4
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Table 5.2 shows the fold change in gene expression in SW48R cells compared to
parental cells for genes previously implicated in irinotecan resistance. In SW48R cells,
there was no significant increase in any ABC drug transporters, of which some are
shown in Table 5.2. There were also no statistically significant changes in the
enzymes involved in SN38 metabolism. There was a 1.5-fold increase (log. 0.59) in
the expression of TDP1, a key enzyme involved in the resolution of TOPlccs
(p>0.0001). There was a 2.1-fold reduction (logz 1.08, p>0.0001) in the expression of

TOP1, a known mechanism for TOP1 resistance.

Table 5.2. Differential gene expression for SW48R cells vs SW48 parental cells
Gene Log: fold change Adjusted p-value
SWA48R vs SW48 parental

Transporters

ABCB1 2.06 1.0
ABCC2 0.4 0.78
ABCG2 0.48 0.015
ABCC1 0.35 0.129
ABCC4 -0.54 0.004
ABCC3 -0.923 0.001
ABCB11 -3.3 0.087
SLCO1B1 -1.4 0.09
SLCO1B3 -1.04 0.08

Metabolic enzymes

UGT1A10 0 1.0
UGT1A6 0 0.97
UGT1Al1l 0.38 0.587
UGT1A9 0 1.0
CYP3A4 1.38 0.57
CYP3A5 -0.097 0.76

Repair factors

TDP1 0.59 <0.0001
PARP1 0.33 0.047
SPRTN -0.06 0.8
MRE11 -0.57 0.004
MUS81 -1.05 <0.0001
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SLX4 0.71 0.0004

ATM -0.36 0.17
DNA-PK 0.043 0.79
BRCA1 -0.16 0.306
BRCA2 -0.209 0.654
Other genes

SLFN11 1.3 0.6
TOP1 -1.08 <0.0001

As SWA48R cells have a reduced proliferation rate in comparison to the parental cell
line, the expression of 46 SLC transporters which play a role in the uptake of key
metabolites required for cancer cell proliferation was analysed. Multiple SLC
transporters were downregulated in the SW48R cell line in comparison to the parental
line (Table 5.3). SLC38A5 had a 17.1-fold reduction (Logz 4.1, p<0.0001), SLC7A11l
a 12.1-fold reduction (Log: 3.6, p<0.0001), SLC7A5 a 4.3-fold reduction (Log: 2.1,
p<0.0001), SLC7A7 a 3.5-fold reduction (Log. 1.8, p=0.001), SLC38A2 a 3.4-fold
reduction (Log 1.75, p<0.0001), SLC3A2 a 2.8-fold reduction (Log» 1.48, p<0.0001),
SLCO4A1 a 2.3-fold reduction (Log: 1.2, p<0.0001), SLC2A1 a 1.5-fold reduction

(Log.0.62, p=0.004) and SLC29A2 a 1.5-fold reduction (Log. 0.57, p=0.001).

Table 5.3. Statistically significant changes in SLC gene expression in SW48R cells vs SW48
parental cells
Gene Log. fold change Adjusted p-value
SWA48R vs SW48 parental

SLCO4A1 -1.2 <0.0001
SLC29A2 -0.57 0.001
SLC2A1 -0.62 0.004
SLC38A2 -1.75 <0.0001
SLC38A5 -4.1 <0.0001
SLC3A2 -1.48 <0.0001
SLC7A11 -3.6 <0.0001
SLC7A5 -2.12 <0.0001
SLC7A7 -1.8 0.001

305



To further explore the potential mechanisms of SN38 resistance in SW48R and
HT29R cells, gene set enrichment analysis (GSEA) of genes in the cancer hallmark
pathways was performed using the Broad Institute tools (Liberzon et al. 2011;
Subramanian et al. 2005). This analysis investigates the combined changes of
multiple genes which are part of the same signalling pathway, enabling identification
of changes across specific cell signalling pathways. Gene expression in resistant cells
was compared with parental cells and a cut off false discovery rate (FDR) g-value of

0.01 was set to identify statistically significant changes.

In SW48 cells, 5 of 50 hallmark pathways were found to be upregulated in the SW48R
cells compared to the parental cells, with a normalised enrichment score (NES) >1.5.
These were the unfolded protein response, MYC signalling pathway 1, MYC signalling
pathway 2, TNFa signalling via NFkB and MTORC1 signalling (Figure 5.3). Two
hallmark pathways, notch and apical surface signalling, were found to be

downregulated in the SW48R cells, with a NES <-1.5 (Figure 5.4).

In HT29 cells, none of the 50 hallmark pathways were upregulated in the HT29R cells
compared to the parental cells, with a NES >1.5 used as a cut off for pathway
enrichment. Five hallmark pathways were found to be downregulated in the HT29R
cells, with a NES <-1.5 (Figure 5.5). These were the interferon-a response, the
interferon-Y response, the early oestrogen response, the late oestrogen response and

the complement pathway.
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Figure 5.3. GSEA pathway analysis of SW48R cells vs SW48 parental cells.
MYC signalling pathway 2, The unfolded protein response, MYC signalling pathway 1, TNFa
signalling via NFkB and MTORC1 signalling pathways had a NES > 1.5.
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Figure 5.4. GSEA pathway analysis of SW48R cells vs SW48 parental cells.
The notch signalling and apical surface pathways had a NES < -1.5.
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Figure 5.5. GSEA pathway analysis of HT29R cells vs HT29 parental cells.
The interferon-a response, the interferon-Y response, the early oestrogen response, the late
oestrogen response and the complement pathway all had a NES < -1.5.
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The RNA-seq data identified upregulation of ABCC2 and ABCG2, and downregulation
of SLCO1B3 as the likely mechanisms of resistance in HT29R cells. Reduced
proliferation rate due to downregulation of multiple SLCs combined with TOP1
downregulation and TDP1 upregulation are the likely causes of resistance in SW48R
cells. However, it must be stressed that this technique does not explore gene
mutations, and as such there may be multiple other contributing factors. Establishing
the contribution of each of the identified factors to the overall resistance was beyond

the scope of this study.

5.3.3 VX-970 does not re-sensitise resistant cell lines to low dose SN38

ATR inhibition is only likely to restore sensitivity to SN38, if ATR signalling is still
activated in the resistant cells. To assess ATR activation in SW48R and HT29R cell
lines, cells were treated with SN38 at doses ranging from 5nM to 100nM for 24 hours,
and lysates analysed by Western blotting. SW48R cells showed very reduced
phosphorylation of ATR in response to =220nM SN38 treatment, and no
phosphorylation of Chk1, p53 or H2AX occurred at even 100nM SN38 (Figure 5.6 A).
In HT29R cells there was similar levels of pATR in response to SN38 as observed in
the parental cells (Figure 5.6 B). Chkl phosphorylation also occurred, but pChkl
levels were reduced in comparison to the parental cells. pH2AX levels were also
reduced in HT29R cells in comparison to the parental cell line, suggesting a reduction
in DNA damage. An almost complete lack of ATR signalling, p53 stablisation and
pH2AX accumulation in SW48R cells suggests a very marked reduction in DNA
damage in response to TOPL1 inhibition, making it unlikely for ATR inhibition to
sensitise resistant cells to low dose SN38. However, HT29 cells still demonstrated
ATR signalling and DNA damage in response to SN38, making ATR inhibition a

potential mechanism for re-sensitising HT29R cells.
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Figure 5.6. SW48 SN38-resistant cells show almost a complete loss of ATR and DNA
damage signalling.

A. SWA48 (parental) and SW48R cells were treated with the indicated doses of SN38 for 24
hours and lysates analysed by Western blotting. B. HT29 (parental) and HT29R cells were
treated with the indicated doses of SN38 for 24 hours and lysates analysed by Western

blotting. Blots are representative of 3 biological repeats.

Sensitivity of HT29R and SW48R to SN38 and VX-970 combination therapy was
evaluated using the clonogenic assay (Figure 5.7). HT29R and SWA48R cells showed
no reduction in survival with the addition of VX-970 to SN38 treatment, with doses of

up to 10nM SN38. SW48R cells retained sensitivity to the VX-970 monotherapy.
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Figure 5.7. VX-970 does not restore sensitivity to SN38 in resistant cell lines.

A. Scheme demonstrating the treatment and clonogenic assay schedule followed. The
percentage survival following combination treatment with SN38 + VX-970 is displayed in B.
HT29R cells D. SW48R cells. Each datapoint is the mean of 3 biological repeats. Error bars
represent +/- SEM. Representative images of clonogenic plates for C. HT29R cells E. SW48R

cells.

The impact of SN38 monotherapy and in combination with VX-970 on SW48R cells
was also evaluated by measuring cell proliferation using the SRB assay. SW48R cells

were treated with a dose range of SN38 (1nM — 50nM) and VX-970 as monotherapies
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and in combination for 6 days (Figure 5.8). An increased treatment duration was used,
to compensate for the reduced proliferation rate. The combination therapy did reduce
proliferation compared to SN38 and VX-970 monotherapies, with an average ZIP
synergy score of 17.996 (+ 2.2). Complete loss of proliferation only occurred with
50nM SN38 and 0.125uM VX-970 combination therapy, which is markedly higher than
the 3nM SN38 and 0.125uM VX-970 combination therapy which caused an almost
100% growth inhibition at 3 days in SW48 parental cells (Figure 5.8 and Figure 3.5).
While this does show VX-970 to sensitise SW48R cells to SN38, the dose of SN38

required to cause complete loss of proliferation may not be clinically relevant.
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Figure 5.8. VX-970 only synergises with SN38 to reduce proliferation at very high doses
in SN38 resistant SW48 cells.

Cells were seeded at 2,500 cells per well in 96-well plates and treated with the indicated drugs
for 6 days. A. The SRB assay was used to calculate proliferation rates. Each datapoint is the
mean of 3 biological repeats. Error bars represent +/- SEM. B. Heatmap showing the mean
percentage inhibition for each drug combination. C. The 3D ZIP model demonstrates the

interaction between SN38 and VX-970 at very high doses of SN38.

The scope of this investigation is limited by having only 2 resistant cell lines, with
differing mechanisms of resistance. However, the survival and proliferation analysis
of HT29R and SWA48R cells suggest that ATR inhibition is unlikely to restore sensitivity

to irinotecan in all resistant tumours.
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5.3.4 SN38 resistant SW48 cells are not sensitive to DS-8201a and AZD6738

combination therapy

In this study ATR inhibition was found to sensitise the SW48 parental cell line but not
the HT29 parental cell line to DS-8201a (Figure 4.5, Figure 4.6, Figure 4.7, Figure
4.8, Figure 4.9, Figure 4.10 and Figure 4.11). The clonogenic assay was used to
assess whether AZD6738 could sensitise SW48R cells to DS-8201a. Cells were
treated with either DS-8201a or AZD6738 as monotherapies or in combination for

either 3 days or 14 days and survival measured (Figure 5.9).

SWA48R cells displayed no sensitivity to DS-8201a monotherapy with either 3-day or
14-day treatment schedules. Sensitivity to AZD6738 monotherapy was observed, with
survival reduced to 65.7% (z 2.0) with 3-day 0.25uM AZD6738, and to 74.4% (+ 8.6)
with 14-day 0.125uM AZD6738. There was no statistically significant reduction in
survival with combination of DS-8201la and AZD6738 compared to AZD6738
monotherapy. With 3-day treatment, survival was reduced to 58.7% (x 4.4) with
combined 0.25uM AZD6738 and 10ug/mL DS-8201a treatment compared to 65.7%
(= 2.0) with 0.25uM AZD6738 monotherapy. With 2-week treatment, survival was
reduced to 67.8% (+ 9.7) with combined 0.125uM AZD6738 and 10ug/mL DS-8201a
treatment compared to the 74.4% (+ 8.6) with 0.125uM AZD6738 monotherapy. The
average ZIP synergy score for DS-8201a and AZD6738 interaction was -0.63 (+ 0.44)

with 3-day treatment and 1.6 (+ 0.48) with 14-day treatment, demonstrating lack of

synergy.

Although limited clinical application can be derived from a study in a single resistant
cell line, cross resistance to SN38 and DS-8201a was observed in the SW48R cell
line. The lack of response to DS-8201a as a monotherapy and in combination with
AZD6738 suggests that DS-8201a may not be a therapeutic option for the treatment

of all irinotecan resistant tumours.
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Figure 5.9. AZD-6738 does not synergise with DS-8201a in SW48 SN38-resistant
(SW48R) cells.

A. Scheme demonstrating the treatment and clonogenic assay schedule followed in B, C and
D. E. Scheme demonstrating the treatment and clonogenic assay schedule followed in F, G
and H. B. and F. The percentage survival following combination treatment with DS-8201a +
AZD-6738. Each datapoint is the mean of 3 biological repeats. Error bars represent +/- SEM.
C. and G. Representative images of clonogenic plates for SW48R cells. D. and H. 3D ZIP
models demonstrate the interaction between DS-8201a and AZD-6738.
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5.4 Discussion

5.4.1 Reduced influx and increased efflux of SN38 the likely mechanism of

SN38 resistance in HT29R cells.

In this study HT29 cells with increased resistance to SN38 were generated (Figure
5.1). The HT29R cells displayed decreased YH2AX accumulation in comparison to
the parental cell line, suggesting reduced accumulation of genotoxic lesions (Figure
5.6). Areduction in cellular SN38 levels is a well-established mechanism for irinotecan
resistance in CRC cell lines. RNA-seq analysis identified increased expression of the
ABCC2 transporter and to a lesser extent the ABCG2 transporter in the HT29R cells
(Table 5.1). Overexpression of the ABCC2 transporter has been reported to cause
very high levels of SN38 resistance in cancer cell lines, with ABCC2 causing rapid
SN38 efflux thereby preventing cytotoxicity (Brangi et al. 1999; Salphati, Plise, and Li
2009). Increased ABCG2 expression in CRC cell lines has also been reported to
cause increased SN38 efflux, with resultant SN38 resistance (Candeil et al. 2004;
Jensen et al. 2015; Wu et al. 2020). A study by Tuy et al., found increased ABCG2
expression in CRC tumours to be predictive of poor irinotecan treatment outcome
(Tuy et al. 2016). A further study by Jensen et al., identified reduced survival in
irinotecan treated CRC patients with high ABCG2 expressing tumours, although this

finding was not statistically significant (Jensen et al. 2015).

In addition to HT29R cells having upregulated ABC transporters previously reported
to confer resistance to SN38, a loss of SLCO1B3 expression was also identified
(Table 5.1). This is likely to be contributing factor to SN38 resistance, as SN38 has
been previously identified as a substrate for SLCO1B3, with the transporter causing
increased SN38 cellular uptake (Yamaguchi et al. 2008). One study identified a splice
variant of SLCO1B3 to be highly expressed in CRC tumours. The splice variant is

truncated and does not localise to the cell membrane. Expression of the SLCO1B3
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variant was found to be predictive of a poor response to irinotecan-based therapy,
with reduced SN38 uptake the possible mechanism of resistance (Teft et al. 2015). A
reduction in oestrogen signalling in the HT29R cells (identified using GSEA analysis
Figure 5.5) supported the physiological significance of SLCO1B3 loss, as SLCO1B3
has been identified as a key transport protein involved in the uptake of oestrogen

compounds (Nozawa, Suzuki, et al. 2005; Sutherland, Meeson, and Lowes 2020).

The contribution of increased ABCC2 and ABCG2 expression towards SN38
resistance in HT29R cells can be established using specific ABC transporter
inhibitors. Fumitremorgin C is an inhibitor of ABCG2 (Rabindran et al. 2000), and MK-
571 is an inhibitor for ABCC2 (Vezmar and Georges 2000). Rescue of resistance by
SLCO1B3 gene transfection would provide an indication of the role SLCOB13
expression plays in resistance. Unfortunately, these investigations were beyond the

scope of this study.

5.4.2 Reduced cell proliferation, loss of TOP1 expression and increased

TDP1 activity may all contribute to SN38 resistance in SW48R cells

Multiple factors may contribute to the very high level of SN38 resistance observed in
SWA48R cells (Figure 5.1). The complete lack of H2AX, Chk1 and p53 phosphorylation
with even high dose SN38, suggests very reduced accumulation of TOPlccs in
response to SN38 treatment (Figure 5.6). SW48R cells were found to have reduced
TOP1 expression compared to parental cells (Table 5.2). A reduction in TOP1
expression was one of the first identified mechanisms of resistance to irinotecan in
cancer cells (McLeod and Keith 1996). This finding has been supported by
downregulation of TOP1 in patient tumours and mouse models in response to
irinotecan therapy, suggesting this to be a mechanism of resistance (Giovanella et al.
1989; Horisberger et al. 2009). The findings of the MRC FOCUS study demonstrated

the clinical relevance of reduced TOP1 expression, with patients with TOP1 loss
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deriving no benefit from irinotecan-based therapy (Braun et al. 2008). While the
differential expression of TOP1 in parental and resistant cell lines was found to be
statistically significant, the biological significance remains to be explored. The
functional significance of the TOP1 downregulation in SW48R cells could be
assessed using a topoisomerase | assay, in which cell extracts are incubated with
supercoiled DNA. The cleavage and relaxation of DNA is then measured by
separation of DNA products using electrophoresis, however this was beyond the

scope of this study (Nitiss et al. 2012).

SWA48R cells also had a statistically significant increase in TDP1 expression (Table
5.2). TDP1 hydrolyses the tyrosyl-DNA phosphodiester bond between TOP1 and the
3’ DNA end, thereby resolving trapped TOP1ccs. Overexpression of TDP1 has been
identified as a mechanism of resistance to TOP1 inhibitors, with increased TDP1
expression reducing the cytotoxicity of irinotecan in a panel of CRC cell lines
(Meisenberg et al. 2015). The ratio of TOP1 to TDP1 has been found to correlate with
response to TOP1 inhibition in a panel of SCLC cell lines, with low TOP1 expression
and high TDP1 expression driving resistance (Meisenberg et al. 2014). Furthermore,
cell lines from patients with spinocerebellar ataxia with axonal neuropathy (SCAN1),
which is caused by a H493R mutation in TDP1, are hypersensitive to CPT treatment.
The mutant TDP1 becomes trapped in TDP1-DNA complexes, which is an
intermediary complex formed in the resolution of TOP1ccs (Interthal et al. 2005). The
functional significance of increased TDP1 expression in SW48R cells could be

explored in future experiments by a partial knockdown of TDP1 using siRNA.

As the cytotoxicity of TOP1 inhibitors is dependent on cell cycle progression, and
passage of cells through S-phase, a reduction in the proliferation causes drug
resistance (Horwitz and Horwitz 1973; Hsiang et al. 1985). A reduced rate of cell cycle
progression may also enable increased DNA repair, as cell cycle checkpoint inhibitors

which increase the rate of cell cycle progression have been found to synergise with
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TOP1 inhibitors in CRC cells (Abal et al. 2004). SW48R cells were found to have a
markedly longer cell cycle than the parental cell line and this may have been a major
contributor to SN38 resistance (Figure 5.2). The duration of exposure to SN38 was
increased to 6-days in the SWA48R proliferation assay, to allow for increased cell cycle
passages (Figure 5.8). However, as the half-life of irinotecan is short, increasing SN38

exposure to sensitise cells may be clinically irrelevant (Chabot 1997).

Reduced proliferation rate in SW48R cells is likely due to the loss of expression of
multiple SLC transporters (Table 5.3). SLC7A5, SLC3A2, SLC7A7 and SLC38A5 are
all membrane transporters involved in the cellular uptake of amino acids (Cormerais
et al. 2016; Muto et al. 2019; Nakanishi et al. 2001). Loss of SLC7A5 has been
reported to reduce the proliferation rate of CRC cell lines and spheroids and cause a
loss in cell viability (Cormerais et al. 2016; Muto et al. 2019). SLC3A2 dimerises with
SLC7A5, and loss of expression has also been found to reduce cancer cell
proliferation rate (Alfarsi et al. 2020). SLC7A7 has also been reported to dimerise with
SLC3AZ2, and overexpression has been shown to increase proliferation rate of cancer
cells and is associated with poor survival in glioblastoma patients (Fan et al. 2013;
Torrents et al. 1998). SLC7A11 mediates cysteine uptake and glutamate efflux, with
expression important in protecting CRC cells from oxidative stress (Ju et al. 2016; Xu
et al. 2020). SLC29A2 is a nucleoside transporter with increased expression in CRC
tumours (Liu, Zuo, et al. 2017). SLCO4Al1 has multiple organic substrates and
expression has been correlated with poor survival in CRC patients. Knockdown in
SLCO4AL1 in CRC cell lines has been reported to cause a loss of proliferation (Ban et
al. 2017). SLC2A1 (GLUT1) is a glucose transporter that is overexpressed in CRC
(Feng et al. 2017), reduced glucose uptake in SW48R cells is likely to contribute to
reduced proliferation. SLC8A2 is a Na'/Ca?" that plays a key role in Ca2*

homeostasis. SLC8A2 has been reported to be overexpressed in gastric cancers and
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brain metastasis, but its role in the proliferation of CRC cells is not reported (Beltran

et al. 2011; Hu et al. 2020).

MTORC1 and MYC among other roles, are key modulators of glucose, amino acid,
nucleotide and lipid metabolism in cancer cells (Dang, Le, and Gao 2009; Kim, Cook,
and Chen 2017). GSEA analysis identified upregulation of MYC and MTORC1
signalling in SW48R cells in comparison to the parental cells (Figure 5.3). This is
suggestive that loss of expression of SLC transporters is having a physiological
impact in the SW48R cells, leading to activation of these two signalling pathways

essential for continued survival in the presence of metabolic stress.

In SW48R cells NFkB signalling was also found to be upregulated (Figure 5.3), which
may play a role in promoting the survival of cells in the presence of TOP1 inhibition.
Increased activation of transcription factors following DNA damage that promote
survival, such as nuclear factor kappa B (NFkB) have been reported to reduce
sensitivity to irinotecan in cancer cell lines (Huang et al. 2000; Wang et al. 1999).
Furthermore, increased NFkB has been identified as a poor prognostic marker for
response to irinotecan treatment (Scartozzi et al. 2007). However, the lack of ATR
activation and DNA damage signalling observed in SW48R cells, suggests the

mechanism of resistance may be upstream of NFkB signalling (Figure 5.6).

5.4.3 ATR inhibition to overcome loss of irinotecan sensitivity will likely

depend on mechanism of resistance

In this study we have demonstrated ATR inhibition to sensitise HT29 and SW48
parental cells to low dose SN38, reducing the dose required for cytotoxicity (Figure
3.5 and Figure 3.6). Synergy between TOP1 and ATR inhibition has also been
demonstrated in several other studies using a range of cancer models, as well as in
early phase clinical trials (Huntoon et al. 2013; Hur et al. 2021; Josse et al. 2014,

Thomas et al. 2018; Thomas et al. 2021). The use of ATR inhibition to overcome
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resistance to TOP1 inhibition has not been previously explored, however one study
has shown VX-970 to sensitise resistant CRC cells to oxaliplatin by increasing the

accumulation of DNA damage (Combeés et al. 2019).

The SN38 resistance in HT29R is likely due to reduced cellular SN38 accumulation,
caused by reduced import by SLCO1B3 and increased export by ABCC2 and ABCG2
(Table 5.1). This suggests that ATR inhibition may be effective at sensitising the
HT29R cells by reducing the cytotoxic dose of SN38. Furthermore, although at a
slightly reduced level, we demonstrated robust activation of ATR signalling in the
HT29R cells following SN38 treatment, showing ATR to still play a role in the cellular
response to TOPL1 inhibition in the HT29R cells (Figure 5.6). However, we failed to
show any sensitisation of HT29R cells to SN38 with the addition of VX-970 (Figure
5.7). Although at a higher concentration than in the parental cell line, HT29R did
display sensitivity to SN38, but no further reduction in survival was observed with the
addition of VX-970. This strongly suggests resistance to VX-970, as the addition of
VX-970 to SN38 in the parental line caused a very dramatic loss of survival (Figure
3.6). The transporter ABCB1, has been reported to actively efflux VX-970 from cells
(Talele et al. 2019). It is possible that ABCC2 and ABCG2 upregulation also results
in VX-970 efflux, as these transporters are implicated in resistance to a very broad
spectrum of therapeutic agents (Polgar, Robey, and Bates 2008; van der Schoor et
al. 2015). Cross-resistance of HT29R cells to SN38 and VX-970 would explain the
lack of sensitivity to the combination therapy. This can be explored in future
experiments, by assessing the ability of VX-970 to reduce ATR signalling in HT29R

cells.

SWA48R and SWA48 cells displayed comparable sensitivity to VX-970 monotherapy,
with an approximately equal loss of survival in both cell lines. No loss of survival was
observed in the SW48R cells with the addition of VX-970 to even 10nM SN38

treatment, which is 10-times greater than the dose required to cause an almost
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complete loss of survival in the parental cell line (Figure 3.6). The addition of VX-970
to SN38 treatment did reduce proliferation in the SW48R line, but this was at markedly
higher concentrations than observed in the parental cell line (Figure 3.5 and Figure
5.8). Furthermore, the effect was observed with 6-days treatment, with only 3-day
treatment required for synergy in the parental cell line. This suggests that ATR
inhibition is still effective at increasing the cytotoxicity of TOP1ccs, but the dose at
which SN38 is causing an accumulation of TOP1ccs, is much higher in the resistant
cell line than the parental cell line. For VX-970 to restore sensitivity, the combination
treatment in SW48R would be required to show the same cytotoxicity as the SN38
monotherapy in the parental line, however this was not observed. These findings
show that ATR inhibition is unlikely to fully restore sensitivity in resistant CRCs that

have a dramatically reduced accumulation of TOP1ccs.

5.4.4 DS-8201a as a monotherapy or in combination with ATR inhibition is

ineffective in the treatment of the SN38 resistant SW48 cell line

DS-8201a has demonstrated efficacy in clinical trials in patients who have previously
been treated with irinotecan (Shitara et al. 2020; Siena et al. 2021). This suggests
that DS-8201a may be an effective treatment for irinotecan resistant CRC. 1t is
however possible that patients may have discontinued irinotecan-based regimens due
to cumulative toxicity, and not disease progression, thereby providing no insight into
responses in patients with irinotecan resistant tumours. The differential cellular uptake
of DS-8201a and irinotecan/SN38, may result in efficacy in tumours resistant to
irinotecan due altered metabolic processing or poor cellular uptake. Furthermore,
unlike SN38, Dxd undergoes negligible levels of metabolism prior to excretion, which
may make tumours with increased UGT1A1l activity sensitive to DS-8201a over

irinotecan (Okamoto et al. 2020).
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In this study, we found DS-8201a to have a complete loss of cytotoxicity in SW48R
cells, with no reduction in survival with even 2-week DS-8201a exposure (Figure 5.9).
The mechanism of SN38 resistance in SW48R cells is proposed to be due to
decreased proliferation rate, decreased TOP1 expression and increased TDP1
expression, all which are likely contributors to reducing the accumulation of trapped
TOP1ccs. In the SW48 parental cells, 10ug/mL DS-8201a was found to have
equivalent toxicity to about 1nM SN38 (Figure 3.5 and Figure 4.2). SW48R cells
showed only a moderate loss of proliferation with 50nM SN38 (Figure 5.1), making
the lack of sensitivity to 10ug/mL DS-8201a expected. The DS-8201a resistance in
SWA48R cells is likely affected by the minimal accumulation of Dxd due to low HER2
expression. In HER2-high expressing cancers the accumulation of high
concentrations of Dxd may be sufficient to overcome SN38 resistance. Furthermore,
when the mechanism of irinotecan resistance is due to reduced cellular uptake or
rapid clearance, DS-8201a may be effective due to the differential mechanisms of

uptake and negligible metabolic processing (Okamoto et al. 2020).

The combination of DS-8201a and AZD6738 did not cause any reduction in survival
in SW48R cells in comparison to DS-8201a monotherapy (Figure 5.9). The addition
of VX-970 to 10nM SN38 treatment did not reduce the survival of SW48R cells (Figure
5.7). It is therefore probable that the TOP1 inhibition achieved with 10ug/mL DS-
8201a in SW48R cells, is below the threshold for any DNA damage or activation of
ATR. This is supported by the lack of DNA damage and ATR signalling in SW48R
cells with concentrations of up to 100nM SN38 (Figure 5.6). This suggests that ATR
inhibition may not be effective in increasing the sensitivity of HER2-low CRC to DS-
8201a in irinotecan resistant patients, unless the mechanism of resistance is
overcome by the differential uptake and metabolism of DS-8201a (Okamoto et al.

2020).
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5.5 Conclusions

The work in this chapter has demonstrated ATR inhibition to be ineffective at restoring
SN38 sensitivity in two SN38 resistant cell lines. The identified mechanisms of
resistance differed between the cell lines, which suggests that this finding may be of
clinical significance in patients with varying mechanisms of irinotecan resistance.
Cross resistance to SN38 and DS-8201a was observed in SW48R cells, suggesting
that DS-8201a efficacy in irinotecan resistant tumours is likely to be dependent on the
specific mechanism of resistance. Furthermore, ATR inhibition was not effective at

restoring DS-8201a sensitivity in SW48R cells.

6 Final Discussion

Increased ATR expression and activation in human tumours, together with ATR-
dependence for tumour development in mouse models led to the identification of ATR
as an attractive target in cancer therapy (Derenzini et al. 2015; Fishler et al. 2010;
Hoglund et al. 2011; Kawasumi et al. 2011; Lopez-Contreras et al. 2012; Murga et al.
2009; Tho et al. 2012; Verlinden et al. 2007). Since the development of potent ATR
inhibitors with favourable pharmacokinetic properties, there has been an explosion in
preclinical and clinical studies investigating ATR inhibition as a monotherapy and in
combination with DNA damaging therapeutics. ATR inhibition as a monotherapy is
largely being explored in the context of genetic alterations, which generate increased
reliance on ATR signalling for cell cycle checkpoint activation and ATR mediated DNA
damage repair (Krajewska et al. 2015; Kwok et al. 2016; Menezes et al. 2015;
Middleton, Pollard, and Curtin 2018; Min et al. 2017; Mohni et al. 2015; Reaper et al.
2011; Ruiz et al. 2016; Schmitt et al. 2017; Sultana et al. 2013; Toledo et al. 2011,

Williamson et al. 2016).
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Treatment of cancer cells with DNA-damaging agents including TOP1 inhibitors,
platinum therapies, nucleoside antimetabolites and radiation have all been shown to
activate ATR signalling. Activation of ATR in the context of DNA damage and
replication stress leads to cell cycle arrest and DNA-repair, limiting the cytotoxicity of
therapeutics (Combes et al. 2019; Fokas et al. 2012; Josse et al. 2014; Ma and Wang
2014). Indeed, multiple preclinical studies have shown ATR inhibition to abrogate
DNA-damage induce cell cycle arrest and DNA damage repair, leading to a cytotoxic
accumulation of DNA damage (section 1.6.3, 1.6.4 and 1.6.7) (Combes et al. 2019;
Fokas et al. 2012; Ma et al. 2017). There are multiple clinical trials evaluating the
safety and efficacy of ATR inhibitors VX-970 and AZD6738 in combination with DNA-

damaging therapeutics (Table 1.4 and Table 1.5).

Several pre-clinical studies have reported synergy between TOPL1 (topotecan, LMP-
400, CPT and belotecan) and ATR inhibition in different cancer models, including
breast, ovarian, SCLC and EP-SCNC (Huntoon et al. 2013; Hur et al. 2021; Josse et
al. 2014; Thomas et al. 2021). There has been limited work on the combination of
TOP1 and ATR inhibition in the context of CRC, with a single study reporting synergy
in two p53 deficient cell lines, and a CRC mouse model (Josse et al. 2014).
Importantly, a phase | study combining topotecan and VX-970 for the treatment of
advanced solid tumours reported an acceptable toxicity profile, suggesting ATR
inhibition to be less cytotoxic to non-cancerous cells than tumour cells (Thomas et al.
2018). A recently published clinical study, has demonstrated VX-970 and topotecan
to have efficacy in the treatment of SCLC and EP-SCNC (Thomas et al. 2021). In this
thesis, the efficacy of combined ATR and TOPL1 inhibition for the treatment of CRC
was investigated, with synergy demonstrated in cell lines and the more translationally

relevant model of PDOs.

In this study, we identified loss of cell cycle arrest and increased DNA damage as the

suggested mechanism of synergy between TOP1 and ATR inhibition. In CRC cell
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lines, we demonstrated increased DNA damage signalling in response to the
combination therapy, with increased YH2AX accumulation, as well as phosphorylation
of DNA-PK and ATM. Furthermore, a dramatic increase in DNA DSBs and the
formation of micronuclei was also detected in response to combination therapy. Using
the novel CyTOF technique, we identified that ATR inhibition abrogated SN38 induced
replication fork arrest in PDOs, enabling cell cycle progression, demonstrating the role
of ATR inhibition in the context of replication stress. Using a combination of CyTOF
and Western blotting, phosphorylation of DNA-PK and ATM in response to
combination therapy was also detected in PDOs. CyTOF analysis of combination
treated PDOs, identified a population of cells with very high levels of YH2AX (pan-
nuclear) which has previously been reported to be an indicator of catastrophic DNA
damage (Ding et al. 2016; Hur et al. 2021; Meyer et al. 2013). These cells also had
high levels of DNA-PK phosphorylation, implicating DNA-PK in the phosphorylation of

H2AX in response to TOP1cc induced DNA damage in the absence of ATR signalling.

In recent years, the cGAS-STING pathway has been identified as a link between
increased DNA damage in tumour cells and an anti-tumour immune response
(Vanpouille-Box et al. 2018). In this study, the identification of cGAS-positive
micronuclei with VX-970 and SN38 combination therapy indicated activation of the
immunostimulatory pathway. Despite increased cGAS-positive micronuclei in
combination treated cells, no production of immunostimulatory cytokines was
detected. Dysfunction of the cGAS-STING pathway has been identified to occur in
multiple cancer types, including CRC (Konno et al. 2018; Xia et al. 2016). In
accordance with these reports, this study identified loss of cGAS and/or STING in a
panel of CRC cell lines. Promoter hypermethylation of cGAS and STING genes has
been identified to cause transcriptional silencing, leading to the impairment of the
cGAS-STING pathway (Xia, Konno, and Barber 2016). Treatment of cells with a DNA

methyltransferase (DNMT) inhibitor (decitabine), has been shown to effectively
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restore the function of the cGAS-STING pathway in cancer cells (Falahat et al. 2021).
Ongoing in vitro and in vivo work in the lab, is exploring whether the combination of
decitabine with DNA damaging agents will result in an anti-tumour immune response
via the cGAS-STING pathway. Restoration of cGAS-STING signalling combined with
TOP1 and ATR inhibition may produce an anti-tumour immune response. Anti-tumour
immune responses have been shown to result in durable treatment responses, with
the immune elimination of persisting cancer stem cells and micro-metastasis

(Waldman, Fritz, and Lenardo 2020).

Having demonstrated ATR inhibition to dramatically sensitise CRC cell lines and
PDOs to SN38, the efficacy of combined ATR inhibition and DS-820l1a was
investigated. A previous study by Daiichi Sankyo, showed HER2-low CRC cell lines
to be resistant to DS-8201a due to minimal ADC uptake and sub-cytotoxic
accumulation of Dxd (Takegawa et al. 2019). These finding were validated by lack of
DS-8201a efficacy in the treatment of HER2 IHC1+ and IHC2+ CRCs in a phase |
clinical trial (Siena et al. 2021). In this study, we demonstrated ATR inhibition (VX-970
and AZD6738) to sensitise CRC cell lines and PDOs to DS-8201a. Sensitisation was
dependent on a threshold level of Dxd accumulation and cytotoxicity, with no benefit
observed in a cell line with reduced sensitivity to Dxd and an ABCB1 overexpressing
cell line, that has been demonstrated to actively efflux Dxd and VX-970 (Takegawa et

al. 2019; Talele et al. 2019).

We proposed the mechanism of synergy between ATR inhibition and DS-8201a,
would be the same as that observed with SN38, with loss of ATR induced replication
arrest and an accumulation of DNA damage. Likely due to the very minimal
cytotoxicity of DS-8201a monotherapy, we were unable to detect activation of ATR
signalling in CRC cell lines using Western blotting. However, using the more sensitive
CyTOF technigue we identified DS-8201a to induce ATR signalling in PDOs.

Accumulation of YH2AX and phosphorylation of DNA-PK and ATM were observed in
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cell lines and PDOs in response to =10nM SN38 and VX-970 treatment. Dxd
accumulation in the HER2-low CRC cancer cell lines led to cytotoxicity equivalent to
approximately 1nM SN38. Although we did show some evidence of DNA-PK and
Chk2 phosphorylation in cells treated with DS-8201a combination therapy using
Western blotting, a more sensitive technique such as mass spectroscopy may be a
more suitable technique to detect subtle changes in DNA-damage signalling

pathways.

Using the CyTOF technique, we showed a loss in DS-8201a-induced YH2AX signal
in S-phase PDO cells with the addition of VX-970. We also showed an increase in S-
phase independent YH2AX in response to the combination therapy in one PDO
model, with this YH2AX accumulation being much greater than that observed in S-
phase cells. This finding demonstrated the complex crosstalk between DNA-damage
signalling pathways. Previous studies have shown ATR to be the primary kinase
phosphorylating YH2AX in response to replication stress, and ATM to be the primary
kinase in response to DSBs (Burma et al. 2001; Sirbu et al. 2011; Ward and Chen
2001). We propose that ATR inhibition prevents YH2AX accumulation at TOP1ccs,
as well as preventing replication arrest. This loss of DNA-damage signalling and
progression through the cell cycle results in the formation of DSBS, which results in
S-phase and ATR independent YH2AX signal, which is likely mediated by ATM

(Figure 6.1).
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Figure 6.1. ATR and ATM differentially phosphorylate H2AX.

1. During S-phase in response to replication stress (such as the presence of TOP1ccs), ATR
is the primary kinase phosphorylating H2AX. 2. In the absence of ATR kinase activity, DNA-
DSBs form due to unresolved replication stress, this leads to ATM dependent phosphorylation
of H2AX. The amplification of pH2AX signal is greater in response to ATM signalling and is

not cell cycle phase dependent. Created with Biorender.

Complex interaction between DNA-damage signalling and p53 phosphorylation and
stablisation, was also shown in this study. VX-970 caused a reduction in SN38-
induced p53 phosphorylation in CRC cell lines. However, increased p53
phosphorylation was observed with DS-8201a and VX-970 combination therapy
compared to DS-8201a monotherapy. This suggests that the level of replication stress
and subsequent DNA damage with TOP1 inhibition, may be important in determining
the pathway of p53 activation. In response to SN38, which caused more potent TOP1
inhibition in the CRC cell lines, p53 activation appeared to be mediated by ATR.
However, in response to DS-8201a and VX-970 combination treatment, p53
phosphorylation was ATR independent. p53 phosphorylation in this context may occur

via ATM, as we were able to detect activation of Chk2, the kinase downstream of
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ATM. ATM s the principal kinase responsible for p53 phosphorylation and
stabilisation in response to DNA damage, which is the proposed mechanism of DS-
8201a and ATR inhibitor combination therapy (Banin et al. 1998; Canman et al. 1998;

Cheng and Chen 2010; Shieh et al. 1997).

Increased DNA damage in response to DS-8201a and ATR inhibition therapy, may
lead to an increased anti-tumour immune response. A study using immunocompetent
mouse models, has already shown DS-8201a monotherapy to have immunogenic
properties. Mice bearing HER2+ positive tumours cured by DS-8201a treatment,
failed to develop tumours when rechallenged with the same tumour type (even in the
absence of HER2 expression). DS-8201a was found to increase tumour infiltrating
DCs and CD8+ T-cells (with increased granzyme B secretion), as well as increasing
IFNY secretion by splenocytes. Furthermore, DS-8201a was found to increase the
expression of MHC-CI on tumour cells (lwata et al. 2018). Antigen presentation to
tumour infiltrating immune cells occurs via MHC-CI molecules (Shklovskaya and
Rizos 2021). Increased DNA damage via combined DS-8201a and ATR inhibitor
treatment may result in the accumulation of neoantigens, which in the context of
increased MHC-CI mediated antigen presentation, may drive a more potent anti-
tumour response. Studying the immunomodulatory properties of DS-8201a and ATR
inhibitor combination treatment was not in the remit of this study, however it is an

exciting research avenue which will be investigated in future studies.

In this study, the use of ATR inhibition to overcome SN38 resistance was investigated.
VX-970 failed to restore sensitivity to SN38 in two resistant cell lines. Furthermore,
despite clinical studies in CRC (HER2 IHC3+) and gastric cancer patients showing
DS-8201a efficacy in patients previously treated with irinotecan (Shitara et al. 2020;
Siena et al. 2021), no efficacy of combined ATR inhibition and DS-8201a was
observed in an SN38 resistant cell line in this study. The identified mechanisms of

resistance in one cell line were reduced SN38 influx and increased SN38 efflux, due
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to altered expression of ABC and SLC transporters. The other cell line had reduced
TOPL1 expression and increased expression of TDP1 (a key enzyme for the resolution
of TOP1ccs), as well as a reduced proliferation rate, likely caused by downregulation

of key SLC transporters.

To further asses the clinical potential of ATR inhibition in combination with irinotecan
or DS-820l1a for the treatment of irinotecan resistant cancer, better models of
resistance are required. The CRC PDOs which have been developed in our lab, have
all been generated from tumours resected during surgery. We were not able to obtain
tumours from previously treated irinotecan patients, as patients receive irinotecan
post-surgery. Obtaining post-humous tumours for the development of an irinotecan
resistant PDOs is a possible option for a future study. This would enable identification
of biomarkers for sensitivity to DS-8201a and ATR inhibitor combination therapy in

the context of irinotecan resistance.

This project was done in collaboration with Daiichi Sankyo and AstraZeneca. A phase
| clinical trial has now been set up to explore the tolerability and efficacy of combined
DS-8201a and AZD6738 therapy. If the findings of this trial are positive, efficacy in
the CRC setting can then be explored. A trial investigating the efficacy of combined
AZD6738 and irinotecan treatment for the treatment of CRC is currently being set up
by AstraZeneca. Both these novel combinations are exciting new areas of therapeutic

potential in the mCRC setting.
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Appendix
EMD Plots from SN38 and VX-970 combination therapy
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Figure Appendix 1. CyTOF EMD plot following 24 hours treatment of PDO 021 with SN38
+/- VX-970.

EMD plot showing the average signal intensity of organoid cells stained with a panel of
antibodies using the CyTOF technique. Signal intensities are representative of 3 technical

repeats.
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Figure Appendix 2. CyTOF EMD plot following 48 hours treatment of PDO 021 with SN38

+/- VX-970.

EMD plot showing the average signal intensity of organoid cells stained with a panel of

antibodies using the CyTOF technique. Signal intensities are representative of 3 technical

repeats.
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Figure Appendix 3. CyTOF EMD plot following 72 hours treatment of PDO 021 with SN38

+/- VX-970.

EMD plot showing the average signal intensity of organoid cells stained with a panel of

antibodies using the CyTOF technique. Signal intensities are representative of 3 technical

repeats.
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EMD Plots from DS-8201a and VX-970 combination therapy
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Figure Appendix 4. CyTOF EMD plot following 24 hours treatment of PDO 021 with DS-
8201 +/- VX-970.

EMD plot showing the average signal intensity of organoid cells stained with a panel of
antibodies using the CyTOF technique. Signal intensities are shown for each experimental

repeat.
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Figure Appendix 5. CyTOF EMD plot following 48 hours treatment of PDO 021 with DS-
8201 +/- VX-970.

EMD plot showing the average signal intensity of organoid cells stained with a panel of
antibodies using the CyTOF technique. Signal intensities are shown for each experimental

repeat.
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Figure Appendix 6. CyTOF EMD plot following 72 hours treatment of PDO 021 with DS-
8201 +/- VX-970.

EMD plot showing the average signal intensity of organoid cells stained with a panel of
antibodies using the CyTOF technique. Signal intensities are shown for each experimental

repeat.
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Figure Appendix 7. CyTOF EMD plot following 24 hours treatment of PDO 027 with DS-
8201 +/- VX-970.

EMD plot showing the average signal intensity of organoid cells stained with a panel of
antibodies using the CyTOF technique. Signal intensities are shown for each experimental
repeat.
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Figure Appendix 8. CyTOF EMD plot following 48 hours treatment of PDO 027 with DS-
8201 +/- VX-970.

EMD plot showing the average signal intensity of organoid cells stained with a panel of
antibodies using the CyTOF technique. Signal intensities are shown for each experimental

repeat.
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Figure Appendix 9. CyTOF EMD plot following 72 hours treatment of PDO 027 with DS-
8201 +/- VX-970.

EMD plot showing the average signal intensity of organoid cells stained with a panel of
antibodies using the CyTOF technique. Signal intensities are shown for each experimental

repeat.
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