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Abstract

Small cell lung cancer (SCLC) has been defined as a “recalcitrant” disease and better
treatments are urgently needed. High mutational burden, oncogene induced
replication stress and universal loss of G1 checkpoints in SCLC validate it for
treatment with DNA damage response inhibitors (DDRi). | investigated the effects of
the PARP inhibitor olaparib and the WEE1 inhibitor AZD1775 on SCLC preclinical
models. PARP is a crucial regulator of several DNA damage pathways, whilst WEE1
controls CDK activity and cell cycle progression. Their dual inhibition has emerged as

a promising strategy to drive SCLC cells beyond their survival threshold.

In this thesis, | present data that supports the exploitation of circulating tumour cell
patient-derived explant models (CDX) as a platform to study the response of SCLC
patients to several DDRi and to identify biomarkers of treatment response. |
demonstrated that CDX-derived cells can be cultured successfully ex vivo, and retain
most of the features of the donor CDX tumour. In particular, the majority of CDX

cultures | derived were able to predict the original CDX’s in vivo response to therapies.

| utilised the CDX culture platform to investigate the potential of combining AZD1775
and olaparib. Screening of a panel of 20 CDX cultures demonstrated disparate
responses, highlighting the need for predictive biomarkers of response to stratify
patients in clinical trials. However, the investigation of cell cycle checkpoints and DNA
damage repair pathways revealed a high degree of heterogeneity between individual
CDX models. This challenged the identification of a universal response biomarker, and
highlighted the need for a better understanding of the molecular mechanisms

underpinning these treatment responses.

Ex vivo screens of different DDRi combinations identified a group of CDX resistant to
most combinations tested. These models have an intrinsic ability to survive despite
the induction of substantial DNA damage. AZD2811, an inhibitor of the mitotic
regulator Aurora kinase B, was highly cytotoxic in some of the otherwise resistant
cultures, making this drug a promising alternative treatment for chemorefractory
SCLC patients. Overall, this thesis shows that CDX cultures are a faithful model to

study SCLC and confirms DDRi as a promising therapeutic strategy for SCLC patients.
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CHAPTER 1 INTRODUCTION

Chapter 1. Introduction

Lung cancer is the most common cancer diagnosed worldwide, according to the
Global Cancer Statistics 2018 (Bray et al.,, 2018). Estimations made by the
International Agency for Research on Cancer (IARC) state that lung cancer killed 1.8
million people in 2018 (18.4% of all cancer-related death), twice the number of
deaths caused by colorectal (9.2%), stomach (8.2%) and liver (8.2%) cancers (Bray et
al., 2018). The main risk factor for lung cancer is cigarette smoking, however genetic
factors, exposure to ionising radiation, air pollution and occupational carcinogens
can play an important role in its aetiology (Cogliano et al., 2011; Malhotra et al.,
2016). Lung cancers can be subdivided into two major cytological groups: non small
cell lung cancer (NSCLC) and small cell lung cancer (SCLC), with the latter accounting
for ~15% of all lung cancers (Gazdar et al., 2017). Contrary to NSCLC, SCLC has been
defined a “recalcitrant cancer” according to the Recalcitrant Cancer Research Act of
2012 (National Cancer Institute, 2014). The short survival rate of SCLC patients
together with the absence of early detection tools, the limitation of treatment
options and the lack of tumour material for research, are all aspects of SCLC that
highlight the need to better understand this disease and to challenge these poses.
Experts from all around the world are working together to fight this disease and with
this Thesis | am hoping to partly contribute to the continuous development of SCLC

research.

1.1 SCLC biology and genomic landscape

SCLC is an aggressive high-grade neuroendocrine (NE) tumour characterised by
dense sheets of small cells with scant cytoplasm, poorly defined cell borders,
dispersed and finely granular nuclear chromatin and few or no conspicuous nucleoli
(Azzopardi, 1959; Bensch et al., 1968; van Meerbeeck et al., 2011; Travis et al., 2015).
In a small subgroup of patients, a mixture of small and large cells with NSCLC features
can be identified (combined SCLC, Beasley et al., 2005). SCLC shows rapid
proliferation, with extensive necrosis and high mitotic count, and early onset of

metastasis. Different markers of neuroendocrine differentiation, such as neural cell
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adhesion molecule 1 (NCAM1! or CD56), chromogranin A (CHGA), synaptophysin
(SYP) and insulinoma-associated protein 1 (INSM1), are used to diagnose SCLC,
however a minority of these tumours are negative for all diagnostic markers (Travis
et al., 2004). SCLC typically develops in the midlevel bronchioles where the
pulmonary neuroendocrine cells (PNEC), the proposed cell of origin for the majority
of SCLC, are localized (Figure 1). The tissue surrounding these tumours is highly
perturbed with frequent loss of 5921-22 and 17p13 regions (containing TP53)
(Wistuba et al., 2000). These alterations probably result from the exposure of the
bronchial epithelium to tobacco carcinogens and suggest that SCLC may arise directly
from normal and hyperplastic epithelium bypassing a preneoplastic step (Wistuba
and Gazdar, 2006; Wistuba et al., 2000). Several studies tried to unravel the
mechanisms of SCLC development, with focus on the cell of origin and the molecular

landscape, and will be the topic of the next sections.
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Figure 1. Distribution of the different types of cells in human lung epithelium.

The distribution and localisation of the different components of the lung epithelium change from the
trachea to the alveoli. Each cell type plays multiple roles in the maintenance and functions of the lung.
AT1 cells participate in the gas exchange in the alveoli, while AT2 cells function in the biosynthesis of
pulmonary surfactant. Clara and basal cells have been identified as putative progenitor cells, with the
ability to regenerate the epithelium. Ciliated cells participate in the clearance of the mucus produced
by the Goblet cells. NE cells are innervated and play different roles, such as oxygen sensing, pulmonary
blood flow regulation and maintenance of a stem cell niche. These cells are also the putative cell of
origin of SCLC (adapted from Rackley and Stripp, 2012).

1.1.1 SCLC cell of origin

Lungs are formed by a variety of specialized cells with different biological functions
(Rackley and Stripp, 2012). The major cell types include basal cells, ciliated cells, Clara
cells, NE cells and type | and type Il pneumocytes (AT1 and AT2) (Figure 1). PNECs are
considered to be the cell of origin of SCLC. They can be found as solitary cells or as
clusters (NEB, neuroendocrine bodies) and they are thought to be involved in hypoxia
sensing, immunomodulation and lung development (Linnoila, 2006; Rackley and
Stripp, 2012). The expression of different NE markers on SCLC cells supports its NE
origin encouraging researchers to look into PNECs as the cell of origin of SCLC. The
first mouse model of SCLC was generated by Anton Bern’s group in 2003 (Meuwissen
et al., 2003). Guided by patient genetics (George et al.,, 2015), they generated
Rb1flox/flox-Trp53flox/flox (RP) mice in which the deletion of Rb1 and Trp53 was induced
via administration of adenovirus particles expressing the Cre recombinase under the
control of the CMV promoter (Ad-CMV-Cre) (Meuwissen et al., 2003) (Table 1). These
mice developed tumours with NE differentiation and high metastatic potential,
mirroring human SCLC, however the exact cell of origin could not be identified
because the CMV promoter is not cell specific. Later, Park and colleagues exploited
the same mouse model to further characterize the cell of origin of SCLC. They deleted
Trp53 and Rb1 specifically in Clara and AT2 cells and neither cell types was able to
initiate SCLC (Park et al., 2011a).

21



Table 1. Genetic engineered mouse models of SCLC.
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Name Alterations References
Meuwissen et al., 2003; Park et al.
RP Rb 1f/ax/flox/.Tr 5 3ﬂox/flox ’ ’ ’
P 20113a; Sutherland and Berns, 2010
TKO Rb1fex/flox Trp 5 3fiox/flox, p 1 3ffox/flox Schaffer et al., 2010
Rblﬂox/f/ax o Trp53ﬂox/flox .R05026LSL-rtTA/LSL-
P ’ ’ ., 201
RPF rtTA’.TRE_Nf’-b Wu et al ) 0 6
RPF invCAG-Nfib-Luc;Rb1/10X/f1ox; Trp 5 3flox/flox Semenova et al., 2016
R lﬂox/ﬂox.T lox/flox . <L Nfib- .
RPF g /TP igchox;ng el Bottger et al., 2019
RPP Rb1fox/fiex. Tp 5 3flox/fiox. pt g pfiox/+ Cui et al., 2014; McFadden et al., 2014
RPP Rb 110x/flox. Ty p 5 3flox/flox. ptepfiox/fiox Cui et al., 2014; McFadden et al., 2014
RPM Rb1/10x/flox, Trp 5 3f10x/flox: p 1y cLSL/LSL Mollaoglu et al., 2017
RPML invCAG-Mycl1- Huijbers et al., 2014; Semenova et al.,
Luc;Rb17/f10%; Trp55 3/1o/flox 2016
Rb1flox/flox Trp 5 3flox/flox, CAG<Lox66Mycl- .
RPML P X y Bottger et al., 2019

Luclox71>

Similarly, Sutherland and colleagues generated cell type-restricted Ad5-Cre virus
to induce Trp53/Rb1 loss specifically in Clara cells (Ad5-CC10-Cre), AT2 cells (Ad5-
SPC-Cre) and NE cells (Ad5-CGRP-Cre) (Sutherland and Berns, 2010). As expected,
SCLC developed mainly from Trp537;Rb17- NE cells, however they observed SCLC in
half of the mice with Trp537-;Rb17- in AT2 cells, albeit with delayed tumour latency .
Only very few mice with Trp537-;Rb17 in Clara cells developed SCLC and only after a
prolonged latency. Interestingly, independent of the cell of origin, all observed SCLC
expressed the typical NE markers (Sutherland and Berns, 2010). More recently, lung
injury studies in Ascl1¢¢ERT2Rosg26SRainbow g se model, demonstrated that a rare
population of NE cells with stem cell potential can differentiate to different lung
epithelial cell types and repopulate the lung after injury. The de-differentiation was
regulated by Notch signalling, while the ability to proliferate and migrate to the
region of injury was controlled by inhibition of p53 and Rb signalling (Ouadah et al.,
2019). Ouadah et al suggested that loss of p53 and RB in NE cells could push these
cells to uncontrolled proliferation and migration in the presence of a damaged
epithelium. All together these data suggest that NE cells are the putative cell of origin
of SCLC, even if some non-NE cells have the potential to transform into SCLC after

loss of Trp53 and Rb1. This could be explained by the existence of a common cell
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progenitor in the epithelium of the lung. Lineage tracing experiments in
CGRPCretR/*:R0sa26™™mS/* mice demonstrated that eGFP was expressed in PNECs but
also in a small fraction of AT1/AT2 cells, suggesting that PNECs may have a common
progenitor with alveolar cells (Song et al., 2012). Yang et al reinforced the idea of
different presumed cells of origin for SCLC studying the metastatic process. They
observed that the Ad-CMV-Cre primary tumours had higher expression of different
lineage markers, such as club and AT1 and 2 cells, and were localized to both the
proximal and distal lung. On the contrary, Ad-CGRP-Cre tumours mainly expressed
NE markers and developed in the proximal lung (Yang et al., 2018). This data further
indicates that a subpopulation of SCLC can derive from non-NE cells, accounting

partly for the high level of heterogeneity observed in this disease.

1.1.2 SCLC subtypes

The presence of more than one cell of origin could be the base of the different
SCLC subtypes identified to date. The 2015 World Health Organization Classification
of Lung Tumors categorized all SCLC as one disease (Travis et al., 2015). However,
recent studies have designated the presence of at least four main subtypes, based
on the prevalent expression of one of the four transcription factors described below:
ASCL1, NEUROD1, YAP1 and POU2F3 (Rudin et al., 2019). Initially, SCLC was
subdivided in classic and variant morphology based on the expression of four markers
on SCLC cell lines: L-dopa decarboxylase, bombesin-like immunoreactivity, neutron-
specific enolase and brain isozyme of creatine kinase (Carney et al., 1985), however
recently this concept has been expanded. The two main and well-established
subgroups of SCLC are driven by the expression of the lineage transcription factors
ASCL1 (Achaete-Scute Family BHLH Transcription Factor 1) and NEUROD1 (Neuronal
differentiation 1). Both transcription factors are involved in the maturation of NE cells
in the lung. Mice in which Ascl1 has been disrupted did not show any NE cells in the
lung epithelium and loss of ASCL1 in human SCLC cell lines decreased the expression
of NE markers (Borges et al., 1997). NEURODL1 is involved in the development of the
distal lung. Mice with loss of NeuroD1 showed enlarged alveoli and reduced
proliferation as well as alteration of the NE compartment (Neptune et al., 2008).

Poirier and co-workers firstly observed that SCLC cell lines with classic morphology
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had a higher level of ASCL1 than the variant subclass, where NEUROD1 was more
expressed (Poirier et al., 2013). This distinction was confirmed in a subsequent study
from the same group, where gene expression and methylation profiles of human
SCLC primary tumours were segregated in 3 main clusters: the E1 cluster with high
NEUROD1 and low ASCL1, the E2 cluster with high ASCL1 and low NEUROD1, and the
SQ-P cluster low for both ASCL1 and NEURODI1 (Poirier et al., 2015). The double
negative subgroup (SQ-P) included SCLC tumours with a non-neuroendocrine
phenotype and can be further divided in YAP1- and POU2F3-driven tumours. YAP1
(Yes Associated Protein 1) is a crucial regulator of the Hippo signalling pathway that
has been involved in the aetiology of different tumours (Zhao et al., 2010), whereas
POU2F3 (POU class 2 homeobox 3) is a transcription factor involved in the
development of gastrointestinal and respiratory system and is a master regulator of
the tuft cell lineage (Gerbe et al., 2016; Yamaguchi et al., 2014; Yamashita et al.,
2017). McColl and co-workers observed that YAP1 was highly expressed in a
subgroup of SCLC cell lines negative for ASCL1 and NEUROD1 and this population was
confirmed on patient samples (McColl et al., 2017). The POU2F3 subpopulation was
identified by Huang and colleagues (Huang et al., 2018b). POU2F3 appeared to be
essential for a small group of SCLC cell lines that displayed a variant morphology. The
expression of this TF was confirmed on published RNAseq data from primary SCLC
samples, where ~18% of the samples expressed this marker (George et al., 2015; Sato
et al., 2013). In particular, samples with POU2F3 expression co-expressed several tuft
cell markers, suggesting that POU2F3 distinguishes a SCLC subpopulation with a tuft-
like identity (Huang et al., 2018b). These studies show that different subtypes of SCLC
exist, which may reflect different cells of origin and/or plasticity. For example,
plasticity between NE and non-NE SCLC cells derived from the
Rb1flox/flox. Trp 5 3flox/flox.n 1 30flox/flox (TKO) mice was observed by Lim et al. They
demonstrated that, in vitro, NE cells were able to irreversibly switch to a non-NE
phenotype upon activation of the Notch receptors and induction of the
transcriptional repressor RE1 silencing transcription factor (REST) (Lim et al., 2017).
The ability of the tumour cells to switch from one subtype to the other could be

exploited by the tumour cells to support growth and survive treatment.
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Examination of whether GEMMs initiated by new TF of lineage-specific Cre
develop specific subtypes of SCLC will be of great help to better understand their
biological differences, however the lack of the mutational chaos induced by tobacco
smoke in these mouse models may mask additional biological aspects. The genomic
landscape of SCLC is highly complex and strictly related to the effect of carcinogens
present in tobacco smoke (Alexandrov et al., 2016; Pleasance et al., 2010), therefore

more patient faithful models of SCLC are necessary to fully understand this disease.

1.1.3 SCLC genomic landscape

SCLC is highly associated with cigarette smoke with 90% of patients been as
current or past heavy smokers (van Meerbeeck et al., 2011). Cigarette smoke
contains ~10% particles/mL and 4,800 compounds of which over 60 have been
confirmed as carcinogens by the International Agency for Research on Cancer (IARC)
(Pfeifer et al., 2002). Cytochrome P450 enzymes are involved in the removal of these
molecules, however, during the detoxification process, some intermediates can react
with DNA to form adducts and other lesions (Hang, 2010). Each lesion can be
recognized and repaired by specialised DNA repair mechanisms, of which nucleotide
excision repair (NER) and base excision repair (BER) are the most common (Figure 2).
Most of the damage caused by these molecules are bulky DNA adducts that
thermodynamically destabilise the DNA duplex, and are recognised by NER (Hang,
2010). The XPC-RAD23B complex senses the lesions and recruits the transcription and
NER factor, TFIIH. At this point several molecules are recruited and the lesion is
excised by ERCC1-XPF, synthesised by DNA polymerase §, k or € and ligate by DNA
ligase |, llla or XRCC1 (Scharer, 2013) (Figure 2A). The BER pathway is activated when
the carcinogens generate small DNA lesions. During BER, specialised glycosylases
recognise and remove the damaged base. AP-endonuclease (APE1) cleaves the abasic
site, followed by DNA polymerase B (or polymerase 6/¢€) that fills the gap and DNA
ligase | or Ill that re-ligates the DNA strands (Krokan and Bjgras, 2013) (Figure 2B). If
the lesions are not repaired properly, the presence of DNA adducts during DNA
replication can stall the DNA polymerases. This can result in stalled replication forks
and activation of translesion DNA synthesis (TLS) to bypass the lesion. TLS

polymerases have the ability to accommodate the damaged base and are recruited
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at stalled forks to restart replication (Sale, 2013). This process can be error-prone and

introduce mutation in the nascent DNA (Figure 2C).

Repair synthesis and 3'
incision

Figure 2. DNA repair pathways activated in the presence of cigarette carcinogens.

A. Schematic of NER. PAH generates a bulky DNA adduct that destabilise the DNA helix. These lesions
are recognised by the complex XPC-RAD23B that recruits TFIIH. The XPD subunit of TFIIH acts as un
helicase and stops when it encounters the lesion. XPF-ERCC1 are recruited and cut the 5" end near the
bulky adduct. This allows the DNA polymerase §, k or € to start the synthesis while XPG cut the 3’ end
and allows complete removal of the oligo containing the lesion. Several DNA replication factors,
including ligases, are recruited at the level of the damage to fill the gap. B. Schematic of BER. Small
DNA lesions can be recognised and removed by specialised glycosylases. These enzymes leave an
abasic site at the level of the damage that is recognised by APE1. APE1 cuts the 5’ end of the abasic
site allowing DNA polymerases and ligases to fill the gap. C. Schematic of the general mechanism of
TLS. When a lesion is not repaired properly, it can cause the stalling of the replication fork. Common
DNA polymerases (B family) cannot accommodate the lesions in their active site pocket. Family Y
polymerases and the B-polymerase T have larger active site pocket and can accommodate different
type of lesions. This allows to bypass the DNA lesions and restart the replication. Polymerases Y are
error-prone, especially in the presence of undamaged DNA. Therefore, once the lesion is bypassed,
polymerases B, including POL T, are required for the extension step. PAH: polycyclic aromatic
hydrocarbons; POL: polymerases; POL B: B-family polymerases; POL Y: Y-family polymerases, LIG:
ligases; GLY: glycosilases; L: lesions; H: helicase.
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The high level of carcinogens present in cigarette smoke together with the
continuous activation of error-prone DNA repair pathways induce several mutations
in the lung epithelium and can initiate the development of SCLC. Pleasance and co-
workers were the first to sequence the genome of a human SCLC cell line. In their
study, they identified mutation patterns characteristic of the carcinogens present in
cigarette smoke as well as signatures specific of some type of DNA repair (Pleasance
et al., 2010). A global analysis of somatic mutations and DNA methylation from more
than 5,000 cancers associated with tobacco, confirmed the presence of a mutational
signature linked to DNA mis-replication after exposure to tobacco carcinogens
(Alexandrov et al., 2016). Comprehensive genomic studies with SCLC patient samples
have started to unravel the complexity of the mutational landscape observed in this
disease. The most common mutations are the bi-allelic inactivation of the two G1
checkpoint regulators, TP53 and RB1, due to mutations, translocations, homozygous
deletions, hemizygous losses, copy-neutral losses of heterozygosity (LOH) and LOH
at higher ploidy (George et al.,, 2015). TP53 is the most mutated gene in human
cancers (Kandoth et al., 2013) and has been widely studied as tumour suppressor
protein (Vousden and Lane, 2007). While RB1 was the first described tumour
suppressor gene, frequently lost in retinoblastoma (Dyson, 2016). Combined loss of
TP53 and RB1 in SCLC is a fundamental step in the aetiology of this tumour, probably
because of their role in maintaining a quiescence state in the NE stem cell population
(Ouadah et al., 2019). The importance of these two proteins is highlighted by the fact
that inactivation of only these two genes is sufficient to induce SCLC in the mouse
lung (Meuwissen et al., 2003). Moreover, genomic studies proved that
complementary mechanisms of TP53 and RB1 inactivation can take place when these
genes are wild-type (WT). George et al noted that in two patients affected by
chromothripsis with WT RB, there was an overexpression of CCND1 (George et al.,
2015). Overexpression of Cyclin D1 is known to hyperphosphorylate RB and inhibit
its activity (Resnitzky et al., 1994), therefore becoming an alternative mechanism of
RB inactivation in SCLC. Also the RB family member p130 and p107 (RBL2 and RBL1,
respectively) can be lost in SCLC (George et al., 2015; Helin et al., 1997). These
proteins act by repressing E2F transcription factor in a similar manner than RB

(Stengel et al., 2009). Deletion of p130 in Rb1flo¥/flox, Trp53flox/flox mice (TKO) induced
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the development of tumours with typical SCLC histopathology but a faster
development, suggesting they act as tumour suppressors (Schaffer et al., 2010). p53
is usually inactivated by mutations, however interaction with other member of the
p53 family can have suppressive effect. For example, TP73, a p53 family member, can
produce N-terminally truncated isoforms that lack the TA domain. These isoforms
have a dominant-negative effect on p53 (Melino et al., 2002). Somatic aberration in
TP73 have been observed in 13% of SCLC patients. Interestingly, most of those
alterations generated N-terminally truncated transcripts that could eventually have

oncogenic activities against p53 (George et al., 2015).

Another common genetic feature of SCLC is a non-random deletion of 3p regions
with loss of genes like RASSF1A (Ras association domain family member 1), HYAL1
and 2 (hyaluronoglucosaminidase 1 and 2), SEMA3B and 3F (semaphoring 3B and 3F),
FHIT (fragile histidine triad), ROBO1 (roundabout guidance receptor 1) and VHL (von
Hippel-Lindau tumour suppressor) (Gazdar et al., 2017; George et al., 2015). To date,

the tumour suppressive role of these genes, if any, remains unclear.

The Notch signalling pathway is involved in the development of the lung, where
it regulates NE differentiation (Ito et al., 2000; Morimoto et al., 2012). The Notch
ligand Delta Like Canonical Notch Ligand 3 (DLL3) is a direct target of ASCL1. This
ligand has an inhibitory effect on the Notch pathway promoting a NE phenotype in
ASCL1 expressing cells and is highly express in some SCLC tumours (George et al.,
2015; Saunders et al., 2015). The inactivation of this pathway in 25% of SCLC patients,
by expression of the Notch inhibitors, DLL3 and DLK1 (Delta Like Non-Canonical
Notch Ligand 1) or by inactivating mutations in the extracellular domain of the
NOTCH members, suggest a tumour suppressive role in SCLC (George et al., 2015).
Recent data showed a more complex role of the Notch pathway in SCLC. Lim et al
demonstrated that the Notch pathway is active in the non-NE subpopulation of SCLC
cells and these cells are supportive of their NE counterparts and are relatively more
chemoresistant (Lim et al., 2017). This study implies that the Notch pathway may also

have an oncogenic potential in specific contexts in SCLC.

Amplification of the three MYC genes, MYCL1, MYCN and MYC has been observed

in human SCLC tumours (respectively in 9%, 4% and 6% of the patients, George et al.,
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2015). These transcription factors regulate the expression of several genes involved
in cell growth, proliferation, differentiation and apoptosis, and have been widely
studied as oncogenes (Dang, 2012; Grandori and Eisenman, 1997). Berns and Oliver
groups generated SCLC GEMMs by overexpressing Mycl (RPML) and Myc (RPM) in
the RP GEMM, respectively (Huijbers et al., 2014; Mollaoglu et al., 2017; Semenova
et al., 2016). In both models, the overexpression of Mycl or Myc accelerates tumour
growth, however, while MYCL-driven tumours expressed NE markers and were
ASCL1Meh  the MYC-driven SCLC tumours had lower level of NE markers and
expressed a subpopulation of NEUROD1* cells (Mollaoglu et al., 2017; Semenova et
al., 2016). Deep genomic analysis of the murine SCLC RP model also demonstrated
that Mycl-amplified cells had NE features and grew as spheroids on plastic. On the
other side, Mycl negative cells, derived from the same RP murine SCLC, lost the NE
markers and grew adherent to the culture dish, further corroborating the
observation that Myc/ drives a NE phenotype and is always associated with ASCL1
expression (Borromeo et al., 2016; Semenova et al., 2016). Mycl amplification has
also been recently associated with a different pattern of tumour localisation and
these tumours were more intrinsically resistant to cisplatin compared with Myc/
negative counterpart (Bottger et al., 2019). This work further underscores the
heterogeneity of SCLC tumours and the presence of different subtypes with different

biology and response to treatment.

Characterisation of the genetic alterations that occur in murine SCLC facilitated
identification of a new putative oncogene, the Nuclear factor I/B (NFIB) (Dooley et
al., 2011). NFIB is a transcription factor that regulates brain and lung development
(Steele-Perkins et al., 2005). NFIB was seen to be highly expressed in 16% of SCLC
patients (Dooley et al., 2011) and mouse models with Nfib overexpression in the
presence of Trp53 and Rb1 loss (RPF) showed accelerated tumour initiation and
progression compared with RP mice (Semenova et al., 2016; Wu et al., 2016) (Table
1). Other genes altered in SCLC are the acetyltransferases EP300 and CREBBP (in 15%
and 13% of patients respectively, (George et al.,, 2015)), and the lysine
methyltransferase, KMT2D (8% of the patients, Augert et al., 2017). Alteration of

chromatin accessibility is typical in cancers (Hansen et al., 2011) and SCLC has one of
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the highest level of methylated CpG islands across all tumours (Poirier et al., 2015).
The high methylation instability in SCLC could be an important feature for its
progression and the presence of this ‘CpG-island methylation phenotype’ (CIMP) has
been correlated with poorer prognosis in SCLC patients (Saito et al., 2016). Kalari and
co-workers observed an enrichment in promoter methylation in genes involved in
neuronal fate commitment and neuronal differentiation. They found methylation in
regulatory regions of transcription factors like NEUROD1, ZNF423, HAND1 and REST
(Kalari et al., 2013). An additional gene found altered in SCLC is EZH2. EZH2, enhancer
of zeste homologue 2, is a lysine methyltransferase of the Polycomb repressive
complex 2 overexpressed in several cancers (Simon and Lange, 2008). Expression of
EZH?2 is higher in SCLC than in any other tumours, and is strictly associated with
increased methylation of promoter regions (Byers et al., 2012; Poirier et al., 2015).
Multiple studies have demonstrated roles for EZH2 in SCLC. It can repress the TGFpB-
SMAD pathway and in turn de-repress ASCL1 (Murai et al., 2015). EZH2 can also
repress SLFN11, a protein involved in DNA damage and replication stress (Mu et al.,
2016; Murai et al., 2018), induce chemoresistance (Gardner et al.,, 2017), and
promote cell survival by repressing p21 and the pro-apoptotic factors BAD and PUMA
(Hubaux et al., 2013).

A small proportion of SCLC patients show alteration in kinase signalling pathways
with gain of function mutations in PIK3CA (4-6%) and KIT (3%), amplification of FGFR1
(6-10%), AKT2 (4%), RICTOR (14%) and IRS2 (2%) and loss of function of PTEN (~9%),
all promoting proliferation and survival (Dowlati et al., 2016; George et al., 2015;
Schultheis et al., 2014; Steele-Perkins et al., 2005; Umemura et al., 2014). Mutational
analysis of murine RP SCLC showed an enrichment in protein-altering point mutations
in the PI3K/PTEN pathways (McFadden et al., 2014). Moreover, deletion of Pten in
the Rb1f1o¥/flox. Trp53flox/flox mouse model exhibited SCLC tumours with shorter latency
than the RP mice, bringing attention to the tumour suppressive role of PTEN in these

tumours (Cui et al., 2014; McFadden et al., 2014).

Additional oncogenes have been observed in SCLC samples, including BCL-2 and
SOX2. BCL-2, a pro-survival protein that antagonizes apoptosis (Edlich, 2018), is

frequently overexpressed in SCLC tumour samples (>60%) and has been shown to be
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regulated by ASCL1 at the epigenetic level (Ben-Ezra et al., 1994; Byers et al., 2012;
Poirier et al.,, 2015). SOX2 (SRY-high mobility box transcription factor family) is
involved in cell reprogramming and regulation of neural differentiation (Zhang and
Cui, 2014). This gene is required for proper development of the lung and its
overexpression in murine lung epithelium promotes tumorigenesis (Gontan et al.,
2008; Lu et al., 2010). This data, together with the observation that SOX2 is amplified
in a subset of SCLC patients, suggests a putative oncogenic role in SCLC (Rudin et al.,

2012a).

1.1.4 Conclusions

Although the complex genomic landscape of SCLC is becoming to be unravelled,
further effort is required to fully identify the main players as well as elucidate their
roles in regulating tumour progression and response to therapies. The presence of
SCLC phenotypic subtypes is now generally accepted, with clustering of tumours both
at the transcriptional and epigenetic level (Poirier et al., 2015). Gazdar and colleagues
recently developed a 50 gene expression classifier for SCLC based on NE status. In
both human tumours and cell lines they observed 4 groups: ASCL1 high, NEUROD1
high, dual high and dual low. Genes associated with low NE score were positive for
REST and ASCL2, the Notch family genes, epithelial-mesenchymal transition (EMT)
genes (VIM, SNAI2, CD44), MYC (but not MYCL and MYCN), genes in the Hippo
pathway including YAP1 and genes in the TGFB pathway. On the contrary, SOX2, EZH2
and NFIB positively correlated with a positive NE score (Zhang et al., 2018). This
classifier partly corroborates the observations made in the past regarding genes
involved in NE differentiation status of SCLC tumours (Borromeo et al., 2016; Lim et
al., 2017; McColl et al., 2017; Mollaoglu et al., 2017; Poirier et al., 2015; Rudin et al.,
2012a; Semenova et al., 2016). It is currently unclear what causes the development
of one SCLC subtypes over another one. Epigenetic repression/derepression of
specific genomic loci seems to have a role in the different SCLC phenotypes (Poirier
et al., 2015), but further studies are needed to define when these modifications take
place during tumour evolution. Much of the work mentioned above raises the
possibility of exploiting SCLC drivers as candidate targets to stop tumour progression

and metastasis. Proof of principle preclinical studies on mouse models and cell lines
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have demonstrated the potential of some targets, however more research is needed
to translate these findings to the clinic (Byers et al., 2012; Gardner et al., 2014, 2017,
Osborne et al., 2013; Poirier et al., 2015; Sato et al., 2013; Saunders et al., 2015).
Moreover, further characterisation of the different SCLC subtypes and their

molecular alterations may allow stratification of patients to tailor future treatments.

1.2 Clinical management of SCLC patients

SCLC is characterised by a central location, rapid onset of symptoms, high
frequency of metastases, and high initial response to chemotherapy (van Meerbeeck
et al., 2011). Staging is typically performed with CT scans, PET scans and brain MRl to
detect distant metastasis. There are two staging systems for SCLC, the first one was
established in the 1957 by the Veterans Administration Lung Study Group (VALSG)
and classify SCLC patients depending on whether they have limited-stage (LS) or
extensive-stage (ES) disease. Limited-stage disease are tumours confined to one
hemithorax with or without extrathoracic diseases which can be encompassed in a
single radiation portal, while extensive-stage disease are those cases that cannot be
classified as limited-stage (Kalemkerian, 2011). The second staging system was
proposed by the IASLC based on the TNM classification for lung cancer (Amin et al.,
2017). In the TNM system a tumour is defined according to the size of the primary
tumour (T), the presence and number of lymph nodes involved (N), and the presence
and number of metastases (M). For SCLC, LS disease is equivalent to TNM stages I-1lI
(T1-3N0-3M0), while ES disease refers to metastatic diseases (stage 1V) (Alvarado-
Luna and Morales-Espinosa, 2016). Median survival for SCLC patients treated with
the chemotherapy standard-of-care (SoC) is of 15-20 months for LS disease and 8-13
months for ES disease. The percentage of patients surviving 2 years drops
dramatically in the ES group with only 5% surviving 2 years compared with the 20-
40% of LS patients (van Meerbeeck et al., 2011). The SoC chemotherapy for SCLC
patients has been defined in the 1980s and has not changed since then. Platinum
based chemotherapy in combination with etoposide with or without thoracic
irradiation with or without prophylactic cranial irradiation (PCI) are the gold standard
of SCLC treatments and are discussed below (Farago and Keane, 2018; van

Meerbeeck et al., 2011).
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1.2.1 Standard treatment selections for SCLC patients
1.2.1.1 Surgery and adjuvant chemotherapy

Because of the presence of metastasis, surgery with curative intent is performed
only on subset of LS disease. Limited-stage diseases account for 30% of all SCLC, of
which 5% are considered ‘very limited stage’ (T1-2NOMO). This small group of
patients can undergo lobectomy with mediastinal node resection followed by
adjuvant chemotherapy regiments to improve overall survival (OS) (Shepherd et al.,

1988; Yang et al., 2016).

1.2.1.2 Combinatorial therapy for limited stage disease patients

Most LS SCLC patients are diagnosed with lymph node involvement and
therefore, surgery is not considered as an option. For those patients, SoC consists of
a platinum-based agent (cisplatin or carboplatin) in combination with etoposide (VP-
16) and concurrent thoracic radiation (Wood et al., 2018). The efficacy of combining
platinum-based agents with etoposide (EP treatment) became evident in the 1980s
and two meta-analysis confirmed the superiority of EP regimens over other
treatments (Mascaux et al., 2000; Pujol et al., 2000). In these studies, a better OS and
toxicity profile were obtained with the EP treatment. This work was followed by a
randomised study with 436 SCLC patients that directly compared the chemotherapy
regimen of cyclophosphamide, epirubicin and vincristine (CEV) with EP treatment. In
the LS patients the median OS was 14.5 months vs 9.7 months in the EP and CEV
groups, respectively. No differences were observed in ES patients (Sundstrgm et al.,
2002). All these data led to the approval of platinum-based therapy in combination

with etoposide as the SoC for all stage SCLC patients.

The addition of adjuvant thoracic radiotherapy (TRT) to chemotherapy regimens
became available in the early 1990s when meta-analysis from Pignon et a/ and Warde
et al showed an OS benefit at 3 years of 5.4% in the chemotherapy plus radiotherapy
arm (Pignon et al., 1992; Warde and Payne, 1992). This combined treatment reduced
the recurrence in the chest, however brain metastasis became one of the main sites
of relapse (Pignon et al., 1992). For this reason, prophylactic cranial irradiation (PCl)
is recommended after chemoradiotherapy. A meta-analysis performed by Auperin

and co-workers on 987 SCLC patients with complete remission showed a 5.4%
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increase in 3 year survival rate and a reduced incidence of brain metastasis of 54%
(Aupérin et al., 1999). The standard dose is now 25 Gy in 10 fractions (Le Péchoux et
al., 2009).

1.2.1.3 Clinical care of extensive stage disease patients

First-line treatment of ES disease has only a palliative intent, as these patients
are considered incurable with a median OS of 9-11 months. The overall response rate
of ES patients to EP treatment is ~70%, showing a high sensitivity of these tumours
to chemotherapy. However, virtually all patients inevitably relapse within 6 months
(Sabari et al., 2017). Despite the rapid onset of progression, the SoC treatment for
these patients has remained unchanged over the past 30 years, mainly because of
the lack of benefit of other regimens compared with EP treatment (Farago and
Keane, 2018). Carboplatin, another platinum-based agent, can be used in place of
cisplatin as the backbone for first-line therapy of ES patients (Rossi et al., 2012).
Irinotecan, an alternative to etoposide, is routinely used in Japan to treat patients
with SCLC. Only recently, the US Food and Drug Administration (FDA) approved the
PDL-1 inhibitor, atezolizumab, in combination with cisplatin and etoposide as new

first-line regiment for ES SCLC patients (Horn et al., 2018).

Prophylatic cranial irradiation can be given to ES patients but after careful
consideration. A recent trial examined the effect of PCl on ES patients that had no
response to chemotherapy and no presence of brain metastasis. They observed that
although patients treated with PCl had a reduced incidence of brain metastasis
(32.9% vs 59% at 12 months in the PCl treated and observation group, respectively),
PCl did not lead to an improvement in OS and was associated with toxicities, such as

anorexia, malaise and muscle weakness (Takahashi et al., 2017).

Thoracic radiotherapy is routinely proposed to LS patients, however, in the
setting of ES disease, chest radiation is usually performed only as palliative treatment
upon relapse. A meta-analysis showed an improvement of 20% in OS for the patients
who received chemotherapy, PCl and TRT vs patients that did not receive TRT. Similar

toxicities were observed in both groups (Palma et al., 2016).
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1.2.1.4 Second- and third-line treatments

As mentioned before, virtually all SCLC patients with ES disease relapse within 6
months from the end of treatment. Patients that progress after 3 months of
completing the first-line treatment are considered ‘chemosensitive’. Patient who
initially responded to treatment and then relapsed within 3 months of completing
the first-line regimen are classified as ‘chemoresistant’, while patients who never
responded to first-line regimen are considered ‘chemorefractory’ (van Meerbeeck et
al., 2011). Second-line treatment following relapse depends on the duration of the
initial response and the performance status of the patient with regards to their ability
to cope with further cytotoxic challenge (van Meerbeeck et al., 2011). Re-challenge
with first-line treatment is an option for chemosensitive SCLC patient, even if the
benefits of this treatment are still debated (Giaccone et al., 1987; Vincent et al., 1988;
Wakuda et al., 2012). In general, the group of chemosensitive SCLC patients respond
better to second-line therapies than chemoresistant or chemorefractory patients
(Owonikoko et al., 2012), but still, median OS for all these patients is only 4-5 months
(Alvarado-Luna and Morales-Espinosa, 2016). Second-line therapies have the main
advantage of improving the quality of life of relapsed SCLC patients, even if with
limited gain in their survival. Topotecan is the only FDA and European Medicines
Agency (EMA) approved second-line therapy for SCLC. Relapse SCLC patients treated
with topotecan have shown improved OS and better quality of life compared with
best supportive care (O’Brien et al., 2006), a response that is better or similar to the
one obtained with other second-line chemotherapies (Furuse et al., 1996; Masters et

al., 2003; Masuda et al., 1992; Smit et al., 1998; Smyth et al., 1994).

Advances in the clinical management of SCLC are needed to identify alternative

treatments for relapsing SCLC patients.

1.2.2 Mechanisms of action of chemotherapies

Ninety-five percent of ES SCLC patients progress over first-line treatment and have
very limited therapeutic options at progression. The impressive initial response of
most SCLC patients to platinum based chemotherapies has made this regimen an
inevitable option for these patients. Understanding the mechanisms behind the

different responses to SoC is essential to allow better management of these patients
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and the identification of alternative effective treatments. A few studies have tried to
untangle the mechanisms of resistance to chemotherapies in SCLC preclinical models

and are discussed below.

1.2.2.1 Platinum-based agents
Cisplatin

Cisplatin (cis-diamminedichloroplatinum(ll)) is a platinum-based drug that works
by interacting with DNA (Figure 3A). It is administered intravenously and undergoes
an aquation reaction to generate a reactive species. During this reaction, one or both
chlorine groups are substituted by a molecule of water generating a reactive species
able to interact with several nucleophiles, including antioxidant molecules and the
purine bases of DNA (El-Khateeb et al., 1999; Siddik, 2003). In particular, the reaction
of the activated platinum (Pt) molecule with the N7-sites of purine bases produces
DNA-protein and DNA-DNA interstrand (involving guanines on opposite DNA strands
in 2% of cases) and intrastrand (60-65% of 1,2-d(GpG), 20-25% 1,2-d(ApG) and 5-10%
1,3-d(GpNpG)) crosslinks, the main cytotoxic effect of cisplatin (Kartalou and
Essigmann, 2001). These DNA adducts cause distinct distortion of the DNA helix that
can be recognised by specific proteins (Coste et al., 1999; Garderen and Houte, 1994;

Gelasco and Lippard, 1998).
A B
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Figure 3. Chemical structure of chemotherapeutic agents.

Chemical structures of cisplatin (A), carboplatin (B), etoposide (C) and topotecan (D) are depicted.
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One of the most understood effects of Pt-DNA complexes is their interference
with DNA polymerases during replication. This causes stalled replication forks that
can be toxic for the cells and are a signal to recruit TLS polymerases. This group of
polymerases have a larger active site pocket that allows to accommodate the

distorted template and restart replication (Sale, 2013) (Figure 2C, Figure 4).

Other proteins that recognise platinum-induced DNA adducts belong to DNA
repair pathways, such as mismatch repair (MMR), NER and BER, high mobility group
(HMG) box proteins and transcription factors (Kartalou and Essigmann, 2001) (Figure
4). HMG box proteins are involved in different cellular processes including chromatin
structure, DNA replication, DNA repair, transcription and chromatin assembly, and
their role in response to cisplatin is controversial. These proteins have the ability to
recognise non-canonical DNA structures and can act as sensors of DNA damage
activating different downstream pathways (Wang and Lippard, 2005). HMGB1 can
bind to DNA adducts and shield them from NER proteins, impeding DNA repair and
contributing to the cytotoxic effect of cisplatin (Huang et al., 1994). At the same time,
HMGA1 can interact with p53, increase its affinity for damaged DNA and therefore
promote p53-dependent DNA repair (Imamura et al., 2001). Other HMG box proteins
are involved in RNA synthesis and can interact with cisplatin-induced DNA adducts.
Sequestration of these factors at the level of DNA damage reduces their availability
for RNA synthesis, accounting for one of the toxic effects of cisplatin (Jordan and

Carmo-Fonseca®*, 2000) (Figure 4).

The NER pathway is the main repair pathway implicated in the response to
cisplatin (Figure 4, Figure 2A). Studies on ovarian, gastric and lung cancers have
shown that overexpression of the NER excision protein ERCC1 positively correlates
with resistance to cisplatin, underscoring the role of NER in repairing cisplatin-
induced DNA adducts (Dabholkar et al., 1994; Lord et al., 2002; Metzger et al., 1998).
Moreover, testis tumour cell lines exquisitely sensitive to cisplatin treatment showed

a reduced levels of different members of the NER pathway (Welsh et al., 2004).
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Figure 4. Mechanisms of response to cisplatin-DNA adducts.

The orange circle summarises the responses activated when cisplatin binds the DNA. In the yellow
circle are highlighted the consequences of activating specific pathways. In bold red are mechanisms
that could impede the cytotoxicity of cisplatin.

Another pathway activated upon cisplatin treatment is the MMR cascade. This
pathway plays a role in the removal of base-pair or insertion/deletion mismatches
introduced during DNA replication (Li, 2008). Cisplatin adducts cannot be repaired by
the MMR pathway, yet these proteins are still recruited at the site of the lesion,

where, unable to repair the damage, they prompt the apoptotic cascade (Figure 4).

Cell cycle checkpoints are fundamental to allow the cells to repair the damage
before progressing to the next phase of the cell cycle. Main players in the activation
of cell cycle checkpoints upon DNA damage are the ataxia-telangiectasia mutated
protein, ATM, and its related ataxia-telangiectasia and Rad3 related protein, ATR.
These proteins are activated in response to single-strand/double-strand DNA
junctions, which can be an intermediate of NER and stalled replication forks (Smith
et al., 2010). ATR seems to be the primary sensor induced by cisplatin treatment,
triggering p53 activation and cell cycle arrest (Damia et al., 2001). Induction of

apoptosis upon cisplatin treatment can be reached also by the activation of a p53-
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independent pathway. Gong et al. showed that there is a c-ABL/p73 parallel
apoptotic pathway, and that the amount of p73 increased in cells treated with
cisplatin (Gong et al., 1999). Other p53-independent pathways have been proposed,
underlining strong cell-type specificity (Bae et al., 2006). The presence of p53-
independent apoptotic pathways could explain the extreme chemosensitivity
observed in some SCLC patients, in which p53 is almost universally lost. These
differences in how the cells deal with the cytotoxic effect of cisplatin mirror the
complexity of this response that depend on the cellular context, as well as the
presence of additional genomic alteration or stresses that can prompt a cells towards

survival or apoptosis (Figure 4).

Carboplatin

Carboplatin is a cis-diammine (1,1-cyclobutanedicarboxylato)platinum(ll)
compound. Like cisplatin, it exhibits a Pt>* core and can intercalate with DNA, tubulin
and other proteins (Pasqua et al., 2012) (Figure 3B). Whilst the exact mode of action
of carboplatin has to be evaluated, carboplatin and cisplatin generate the same
cytotoxic effect and therefore can be considered broadly equivalent (Knox et al.,
1986). There are many controversies about the real improvements conferred by
carboplatin-based therapy in SCLC patients, with the main differences observed in
the adverse events produced: carboplatin primarily causes haematological toxicities,
and cisplatin nephrotoxicity and neurotoxicity (Rossi et al., 2012). Consideration of

these side effects are important during treatment selection.

1.2.2.2 Topoisomerase inhibitors
Etoposide

Etoposide, one of the first-line drugs used for SCLC patients, is an inhibitor of
topoisomerase Il (Figure 3C). Topoisomerases are enzymes that regulate the coiling
of the DNA helix during DNA compaction and when the DNA strands are separated
to allow replication or transcription (Champoux, 2001). They do so via a
transesterification reaction during which a tyrosyl oxygen of the enzyme covalently
binds to the phosphate group at the DNA break and, simultaneously, cleaves the
phosphodiester bond between adjacent nucleotides. The reverse reaction is

performed to re-join the DNA strand (Wang, 2002). In the absence of
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topoisomerases, the double-strand helix of the DNA can produce supercoiling
structures that block the process of replication and transcription or cause the
formation of abnormal DNA structures (Pommier et al., 2010). There are six different
topoisomerases encoded in the human genome that can be grouped into 3 families:
type 1A (TOP3a and TOP3), type 1B (TOP1 and TOP1mt) and type 2A (TOP2a and
TOP2B). These three families have different mode of action to cut and re-ligate the
DNA, however they all form a topoisomerase cleavage complex (TOPcc) with the
altered DNA helix (Pommier et al., 2016a). Etoposide targets the TOP2 cleavage
complex (TOP2cc) preventing the re-ligation of the DNA by the enzyme. This causes
a trapping of the TOP2cc on the DNA with subsequent inhibition of replication and
transcription, as well as the formation of single- and double-strand breaks (SSB and
DSB) (Nitiss, 2009). As a result, DNA damage response (DDR) pathways are activated
and failure to do so induces programmed cell death. The mechanism of cytotoxicity
caused by etoposide is not completely understood. Etoposide, compared with other
TOP2 poisons, does not act as DNA intercalating agent. It generates mainly SSB and
it traps both TOP2a and TOP2pB very effectively (Kerrigan et al., 1987; Long et al.,
1985; Willmore et al., 1998). The trapped TOP2cc has to be removed to allow
replication and transcription to continue. The repair pathways involved are not
completely characterised, but several proteins have been identified that implicate
non-homologous end joining (NHEJ) is the pathway of choice to repair this type of
damage (Adachi et al., 2003). Homologous recombination (HR) may also be activated
upon generation of DSB by TOP2 poisons, while SSB are probably repaired by the
single-strand annealing (SSA) pathway (Nitiss, 2009). Activation of the NHEJ pathway
upon treatment with etoposide has been linked to the main side effect of this drug:
the development of secondary cancers such as treatment-induced acute myelocytic
leukemia (t-AML) (Mistry et al., 2005). This effect has been preferentially associated
with the binding of etoposide to TOP2pB, therefore development of more TOP2a

specific drugs is encouraged (Azarova et al., 2007).

Topotecan
In contrast to etoposide, topotecan is a topoisomerase 1B inhibitor, administered

as second-line therapy in SCLC. It is a water-soluble derivative of the natural product
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camptothecin (CPT) (Pommier et al., 2010). Topotecan binds the TOP1cc and, as
etoposide, it inhibits the ability of TOP1 to re-ligate the DNA. The chemical structure
of topotecan presents a ring that mimics a DNA base pair, allowing its intercalation
in the DNA and interaction with both the upstream and downstream base pairs
(Figure 3D). In this way, topotecan acts as a uncompetitive inhibitor of TOP1 (Staker
et al., 2002). The crosslink induced by topotecan does not directly damage the DNA
but interferes with replication and transcription by causing the collapse of both the
replication fork and RNA polymerase. The process to repair the lesions induced by
topotecan are similar to the one exploited to repair etoposide-induced lesions (Lin et
al., 2009; Yang et al., 1996). Another mechanism involved in the repair of the lesions
induced by topotecan is the regression of the replication and transcription
complexes. This process is facilitated by the BLM helicase in association with TOP1A

(Pommier et al., 2006).

1.2.3 Mechanisms of chemoresistance to chemotherapies

As discussed above, the response of most SCLC patients to first-line chemotherapy
is impressive but relapse is inevitable and it is in the second-line setting that there is
a clear unmet clinical need. To find new second-line therapeutic options or to
improve the existing first-line regimens, it will be crucial to better understand the
mechanisms of chemotherapy resistance that frequently develop. Described below
are the main mechanisms of resistance to standard chemotherapy identified so farin
SCLC (summarised in Figure 5). These mechanisms can be divided in 4 groups,
depending on the process in which they are involved as suggested in the review by

Galluzzi et al (Galluzzi et al., 2012).

1.2.3.1 Pre-target mechanisms of chemoresistance

The most studied potential chemotherapy resistance mechanism in SCLC is the
reduced drug accumulation and increased drug efflux caused by the activity of the
drug pumps multidrug resistance protein 1 (MDR1, aka ABCB1 or P-glycoprotein 1),
multidrug resistance-associated proteins (MRPs) and lung resistance-associated
protein (LRP aka MVP). Substrates for these drug pumps include etoposide and
cisplatin and different studies have shown a correlation between pump expression

and response to these drugs in SCLC patients and PDX (Canitrot et al., 1998; Hsia et
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al., 2002; Poupon et al., 1993; Triller et al., 2006, 2006; Yeh et al., 2005). Despite the
putative role these pumps have in SCLC chemoresistance, clinical trials with the
MDR1 inhibitors verapamil or megesterol acetate in addition to chemotherapy during
first-line treatment failed to show improvement in response rate and survival (Milroy,

1993; Stewart, 2010; Wood et al., 1998).
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Figure 5. Suggested mechanisms of resistance to cisplatin and etoposide.

The main effect of cisplatin (Pt) and etoposide (VP) resides in their ability to induce DNA damage.
Increased efflux of these compounds as well as reduced intake may affect their efficacy. Moreover,
interaction of cisplatin with intracellular nucleophiles, like glutathione (GSH) and metallothionein
(MT), can sequester it from binding the DNA. Once in the nucleus, cisplatin and etoposide bind to
their target (DNA and TOP2, respectively) and trigger different DNA damage repair pathways.
Deficiency of the MMR or hyperactivation of NER, NHEJ and HR allow the cells to repair the damage
and survive. If the damage cannot be repaired, apoptosis can be induced by p53 or SLFN11.
Inactivation of these proteins by mutations or epigenetic silencing render the cells resistance to drug-
induced apoptosis. Moreover, overexpression of survival proteins, like BCL-2 or hyperactivation of the
PI3K pathway, can compete with induction of apoptosis. For more details, refer to the main text. NER,
nucleotide excision repair; HR: homologous recombination; NHEJ: non-homologous end joining; MMR:

mismatch repair; ECM: extracellular matrix; MT: metallothionein; GSH: glutathione; Pt: cisplatin; VP:
etoposide; p53MT: mutant p53; ATAp73: mutant p73; M: methylation.

Another potential mechanism of drug resistance is reduced drug uptake. An
important protein for cisplatin uptake is the copper transporter 1 (CTR1), a
transmembrane protein involved in the transport of copper in the cells. This
transporter has been involved in the uptake of platinum-based agents (Song et al.,

2004), and different studies have demonstrated that reduced level of CTR1

42



CHAPTER 1 INTRODUCTION

correlated with resistance to cisplatin and EP treatment in ovarian carcinoma cell
lines and stage Ill NSCLC patients (Chen et al., 2012; Holzer and Howell, 2006; Holzer
et al., 2004). Although this has not yet been observed in SCLC.

As mentioned previously, cisplatin requires aquation to become active. The
aquated cisplatin can interact in the cytoplasm with nucleophilic species, such as
glutathione (GSH), metallothionein (MT) or other cysteine-rich proteins (El-Khateeb
et al., 1999; Siddik, 2003). These cisplatin-protein interactions may play a role in the
cytotoxic effect of the drug. The sequestration of GSH molecules by cisplatin
decreases their availability for ROS detoxification, contributing partially to the toxic
effect of cisplatin. However, the interaction between cisplatin and GSH reduces the
amount of drug available to interact with the DNA. Increases in GSH levels or its
synthetase activity, or increased levels of metallothionein, have been correlated with
resistance to cisplatin in SCLC cell lines (Kasahara et al., 1991; Meijer et al., 1990).
Moreover, polymorphisms in the glutathione metabolic pathway were found in SCLC

patients and were associated with survival (Sun et al., 2010; Yang et al., 2006).

1.2.3.2 On-target mechanisms of chemoresistance

While cisplatin has a broad activity on several nucleophiles, etoposide specifically
targets TOP2 proteins. Therefore, changes in the nuclear availability of these proteins
can interfere with the cytotoxic activity of the drug. A few studies on SCLC patients
have correlated the expression of TOP2a and TOP2B to the response to
chemotherapy. In particular, high level of TOP2a protein or mRNA correlated with
worse survival and reduced response to EP treatment (Ceppi et al., 2008; Dingemans
et al., 1999; Karachaliou et al., 2013). Mutation in TOP2 genes may also generate
isoforms that are not efficiently recognised by the drug. In one study, analysis of
TOP2A gene sequence before and after treatment with etoposide-containing
regimen, showed that one SCLC patient had acquired two missense mutations on
TOP2A (Kubo et al., 1996). All these data suggest that alterations of TOP2 enzymes
can be selected during treatment and generate drug resistant diseases.

Cisplatin lesions have to be repaired for the cells to survive. The NER pathway is
the primary response of the cells to cisplatin-induced DNA damage and alterations in

some members of the pathway have been associated with cisplatin resistance in
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different tumours. A few studies demonstrated that a low level of the NER ssDNA
endonuclease, ERCC1, prior to treatment with cisplatin-based regimens was
predictive of better OS and PFS in LS patients (Ceppi et al., 2008; Karachaliou et al.,
2013; Lee et al., 2008; Sereno et al., 2012). However, more studies are required to
assess the role of the different members of the NER pathway in platinum resistance
in SCLC.

The MMR pathway is also involved in the recognition of the cisplatin-induced DNA
adducts, however, contrary to NER that can repair these types of lesions, MMR fails
and triggers the apoptotic response. Therefore, tumours with proficient MMR will be
more sensitive to cisplatin than tumours with deficiency in this pathway. Loss of
MMR members, such as hMLH1 and hMSH2, have been associated with resistance
to cisplatin-based chemotherapy in different tumours (Aebi et al., 1996; Watanabe
et al., 2001). However, no work has been published yet where the MMR pathway is
assessed in SCLC patients treated with EP regimens.

One study by Hansen et al assessed the role of HR in the response to etoposide in
SCLC cell lines. They demonstrated that cells with higher level of RAD51 were more
resistant to etoposide treatment (p-value < 0.05), suggesting that HR may play a role
in repairing etoposide induced DSBs (Hansen et al., 2003). This study fits with other
works performed on different tumour types where the roles of the HR and NHEJ
pathways in chemoresistance were proposed (Galluzzi et al., 2012; Stewart, 2010).
Recently, Cardnell et al performed a proteomic profile of SCLC cell lines and
generated a DNA repair score based on the average expression of 17 DNA repair
proteins. These proteins included MSH2, XRCC1, the MRN complex, phospho-CHK1
and RAD51. Interestingly, SCLC cells with high DNA repair score (and therefore higher
expression of these proteins) showed a trend towards increased sensitivity to
cisplatin (p-value = 0.046), suggesting that downregulation of some DNA repair
proteins could be involved in the resistance to cisplatin (Cardnell et al., 2013).

Validation of all these findings in SCLC patients is awaited.

1.2.3.3 Post-target mechanisms of chemoresistance
Platinum-based drugs, as well as topoisomerase inhibitors, act by inducing cell

death. Cancer cells can overcome treatment by suppressing this outcome. This can
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be achieved through a variety of mechanisms, including direct modulation of the
apoptotic cell death cascade. One of the main actors in the induction of apoptosis
upon DNA damage is p53 (Roos and Kaina, 2006). As mentioned previously, p53 is
almost universally altered in SCLC and seems poorly associated with chemotherapy
response (D’Amico et al., 1992; Lohmann et al., 1993). Mutant and WT p53 protein
expression has been assessed on several SCLC biopsies, but the correlation with the
response to chemotherapy was controversial (Kawasaki et al., 1998; Oshita et al.,
2004). A more recent genomic study on ES SCLC patients found that patients with
p53 mutations that interfere with the DNA binding domains of p53 or cause a stop-
codon had a better response to chemotherapy compared with patients with WT p53
(p-value = 0.049), however, PFS and OS were similar between the two groups
(Dowlati et al., 2016).

Unrepaired DNA damage after exposure to cisplatin and etoposide activates
different apoptotic pathways and strategies to avoid their activation could be
exploited by the tumour cells to survive. Overexpression of the anti-apoptotic protein
BCL-2 has been observed in almost 60% of SCLC and has been associated with
chemoresistance in some studies (lkegaki et al., 1994; Jiang et al., 1995; Kim et al.,
2006; Sartorius and Krammer, 2002; Zangemeister-Wittke et al., 1998). Indeed,
inhibition of BCL-2 with BCL2 antisense oligonucleotides (ODN) showed synergistic
effects with cisplatin, etoposide and doxorubicin, while overexpression of BCL2 in
BCL-2 low cells reduced sensitivity to cisplatin in vitro (Sartorius and Krammer, 2002;
Zangemeister-Wittke et al., 1998). BCL-2 expression correlated with worst survival in
an analysis performed on 93 chemonaive SCLC patients (p-value =0.02), but the same
correlation was not observed in a later study (Dingemans et al., 1999; Lee et al.,
2008). Biswas and co-workers, demonstrated that the cisplatin resistant variant of
the H69 cell line loses BCL-2 expression, arguing that BCL-2 is not the main driver of
cisplatin resistance in this cell line (Biswas et al., 2004). Moreover, clinical trials
testing BCL-2 inhibitors on unselected ES SCLC patients showed disappointing results
because of lack of efficacy (Rudin et al., 2008, 2012b).

Another mechanism of resistance to etoposide-induced apoptosis has been
suggested by Pardo et al. They showed, in SCLC cell lines, that FGF-2 growth factor

can induce the formation of the PKCe-BRAF-S6K2 complex able to upregulate the

45



CHAPTER 1 INTRODUCTION

anti-apoptotic proteins BCL-xL and XIAP (Pardo et al., 2006). Presence of high serum
level of basic FGF has been associated with poor prognosis in chemonaive SCLC
patients, implying a putative mechanism of intrinsic chemoresistance (Ruotsalainen
et al., 2002).

Major pathways in cell proliferation and survival are the MAPK/ERK and PI3K/AKT
pathways (Downward, 2004; Zhang and Liu, 2002). These pathways are frequently
hyperactivated in cancers, underscoring their importance in promoting survival
under several other stimuli (Dhillon et al., 2007; Fruman and Rommel, 2014). While
alteration of the MAPK/ERK pathways are rare in SCLC, a small percentage of SCLC
patients present with activating mutations in PIK3CA, AKT2/3 and MTOR, and loss of
function of PTEN (Dowlati et al., 2016; George et al., 2015; Umemura et al., 2014).
AKT can directly phosphorylate the pro-apoptotic protein BAD, preventing BAD from
blocking BCL-2 activity. Moreover, AKT can bind and phosphorylate MDM2 and
stimulate its inhibitory effect on p53, thus blocking p53-induced apoptosis
(Downward, 2004). Krystal et al demonstrated that constitutive activation of AKT in
SCLC cell lines reduced etoposide-induced apoptosis (Krystal et al., 2002). Moreover,
activation of the PI3K/AKT pathway via interaction with the extracellular matrix
(ECM) induces drug resistance to chemotherapies, in particular etoposide, in SCLC
cell lines (Hartmann et al., 2005; Hodkinson et al., 2006; Kraus et al., 2002; Tripathi
et al., 2017; Tsurutani et al., 2005). This effect was mainly driven by integrin-
mediated interaction of tumour cells with the ECM. Another association between the
activation of the PI3K pathway and response to cisplatin comes from the study of
Cardnell et al where they observed that SCLC cell lines with greater PI3K/AKT
activation (in particular higher phospho-AKT) were more resistant to cisplatin

(Cardnell et al., 2013).

1.2.3.4 Off-target mechanisms of chemoresistance

As mentioned before, the classification of SCLC as variant or classic is not
comprehensive of the complexity observed in the patients. More phenotypic
subgroups are emerging and their role in chemoresistance is not yet understood. Lim
and co-workers described a model in which the activation of the Notch pathway

generated a subpopulation of non-NE SCLC cells that proliferated slowly and were
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chemoresistant. Expression of HES1, a downstream target of NOTCH, in tumours
from SCLC patients negatively correlated with survival, suggesting NOCTH activation
in SCLC can contribute to chemotherapy resistance (Lim et al.,, 2017). The MYC-
overexpressing RPM GEMM (Mollaoglu et al., 2017) developed SCLC tumours which
contained cells with both classic and variant morphologies. Despite having a variant
morphology, these tumours were sensitive to cisplatin and etoposide treatment but
quickly developed resistance (Mollaoglu et al.,, 2017). The mechanism underlying
resistance to cisplatin/etoposide in the RPM mice was not defined, however it is
possible that Myc overexpression drives an ‘intermediate’ phenotype that can rapidly
evolve in chemoresistance. The MYC family members are considered proto-
oncogenes (Dang, 2012; Grandori and Eisenman, 1997), and initial studies on SCLC
cell lines suggested that amplification of the MYC family genes was more common in
cell lines derived from patients previously treated with chemotherapies (Johnson et
al., 1996).

McColl et al identified a new subpopulation of SCLC patients expressing the YAP
protein (McColl et al., 2017). In their study, they suggested that the YAP* group was
more chemoresistant than the YAP". This was correlated with the presence of a WT
RB, however they did not provide any mechanistic insight into this phenomenon
(McColl et al., 2017). The role of RB in SCLC chemoresistance is contradictory, with
some preclinical data suggesting that WT RB can induce resistance to cisplatin and
etoposide, however evidence in patients is not consistent (Shimizu et al., 1994).

Epigenetic plasticity can also account for the acquisition of resistance during
anticancer treatments (Liau et al., 2017; Sharma et al., 2010). Gardner et a/ generated
acquired chemoresistance in 10 SCLC PDX models by repeatedly treating
chemosensitive PDX with cisplatin/etoposide until resistance occurred (Gardner et
al., 2017). Transcriptomic comparison of the chemosensitive vs chemoresistant
paired PDX showed a recurrent downregulation of Schlafen family member 11
(SLFN11) in the chemoresistant models. The SLFN family has structural similarity with
the RNA helicases and SLFN11 has been shown to destabilise the RPA-ssDNA
complex, resulting in a lethal replication block and HR repair inhibition (Mu et al.,
2016; Murai et al., 2016, 2018). Gardner and co-workers showed that SLFN11

inhibition was driven by epigenetic silencing induced by EZH2, and treatment with
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the EZH2 inhibitor, EPZ011989, prevented the emergence of resistance and
augmented chemoresponse in vivo. Moreover, assessment of SLFN11 protein
expression on a tissue microarray (TMA) of SCLC patients showed that SLFN11 was
higher in patients who responded to chemotherapy, however no differences in the
OS of SLFN11 high and SLFN11 low patients was observed (Gardner et al., 2017).
Very few of the highlighted mechanisms have been tested in the clinic, and where
functional testing experiments have been performed, most of them were in
established cancer cell lines and GEMMs. Whether any of the mechanisms fully
account for resistance to chemotherapies in SCLC seems unlikely. Instead, several
mechanisms of resistance probably work in parallel to render SCLC cells insensitive
to chemotherapy, and each tumour may utilise a different combination of
mechanisms. Recently, Bottger and co-workers demonstrated that different
mechanisms of cisplatin resistance can co-exist in the NFIB-amplified RPF GEMM
(Bottger et al., 2019). They demonstrated that the resistant phenotype was driven by
a population of CDH1"&"/CGRP&"/NFIB'°" cells. Interestingly, these cells growing in
the central compartment of the lung were different from the same population in the
alveolar lesions. While resistance in the first population was mainly driven by an AKT-
dependent metabolic switch and a more epithelial phenotype, the latter population
showed differential expression of proteins involved in drug metabolism (such as
cytochrome P450 and glutathione S-transferase) (Bottger et al., 2019). It has to be
taken into consideration that the mechanisms of chemoresistance described in SCLC
GEMMs may not be the same as the one observed in the patient. However, if the
described scenarios do occur in patients, it becomes fundamental to identify
biomarkers that could comprehensively define the nature and number of
mechanism(s) of resistance present in a tumour to personalise treatment
accordingly. Also, it is unclear whether there is a difference between mechanisms of
intrinsic and acquired resistance in SCLC, and this will only become apparent as more
clinical samples are analysed. The similarity between DNA damage induced by
tobacco carcinogens and chemotherapies argues that an analogous selective
pressure is applied and could favour the emergence of similar mechanisms of

intrinsic and acquired resistance to chemotherapies.
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1.2.4 Alternative therapies for SCLC patients

The inevitable relapse of SCLC patients after first-line therapy, the poor response
rates, and the short duration of response in the second-line setting highlight the need
for new therapies to treat SCLC patients. This could either be a new first-line
treatment for a selected population of patients, a maintenance therapy to reduce
the probability of relapse after first-line therapy, or an alternative second-line
therapy, alone or in combination with topotecan. Several cytotoxic agents have been
compared with topotecan in relapsed SCLC patients. For instance, amrubicin (an third
generation anthracycline, inhibitor of topoisomerase Il) showed an ORR of 44% in the
amrubicin arm compared with 15% for the topotecan regimen in previously treated
chemosensitive patients (Jotte et al., 2010). In another phase Il study, a ORR of 21.3%
was also observed in chemoresistant and chemorefractory SCLC patients treated
with amrubicin (Ettinger et al., 2010). However, amrubicin failed to replace
topotecan as second-line therapy, as a phase Il trial showed no significant
improvement in the OS of the amrubicin arm compared with the topotecan group
(7.5 vs 7.8 months, respectively) (von Pawel et al., 2014). Temozolomide (TMZ) is an
alkylating agent commonly used in the treatment of glioma patients. TMZ generates
methyl adducts on DNA, with the main cytotoxic effect caused by N-7 methylation at
the level of ‘GGG’ motif. These lesions can be recognised and repaired by different
pathways including the O®-alkylguanine DNA alkyltransferase (AGT) encoded by the
MGMT gene, the MMR and the BER pathways (Newlands et al., 1997). A phase Il trial
tested the effect of TMZ as second-line therapy for SCLC patients with recurrent
disease. The trial did not reach significance for its primary endpoint, however TMZ
showed some activity in patients with brain metastasis and patients with methylated
MGMT promoter showed a greater response than the one with an unmethylated
promoter (Pietanza et al., 2012). TMZ has also been tested in combination with the
poly(ADP)-ribose polymerase (PARP) inhibitor talazoparib and olaparib on SCLC PDX
(Farago et al., 2019; Lok et al., 2017). PARP1 is involved in DNA damage sensing and
recruitment of repair proteins during SSB, DSB and replication damage repair
(Pommier et al., 2016b). Therefore, inhibition of PARP1 should impair the repairing
of the TMZ induced lesions and boost TMZ cytotoxicity. Combination of these

inhibitors with TMZ showed some combinatorial efficacy on SCLC PDX, and the

49



CHAPTER 1 INTRODUCTION

expression of SLFN11 and inflammatory response genes correlated with a better
response, while the EMT regulator SNA/2 was associated with resistance to this
combination (Farago et al.,, 2019; Lok et al., 2017). A phase |l trial to assess the
combination of TMZ with the PARP inhibitor veliparib in relapsed SCLC patients
showed similar median OS between the TMZ/veliparib and TMZ/placebo (8.2 vs 7.0
months, respectively), however the TMZ/veliparib group had a significantly better
ORR compared with the TMZ/placebo group (39% vs 14%, respectively, p-value =
0.016) (Pietanza et al., 2018). Promising initial results were also obtained from a
phase I/Il trial testing the combination of the PARP inhibitor olaparib with TMZ,
where response was observed in 10 out of 19 chemosensitive and 2 out 9
chemoresistant SCLC patients (Farago et al., 2018). The identification of biomarkers
of sensitivity to DNA damaging agents is an important step to properly assigned
patients to specific treatments. A few studies identified loss of SLFN11 as a predictive
biomarker of resistance to PARP inhibition (Lok et al., 2017; Murai et al., 2016; Polley
et al., 2016). On this matter, Pietanza and co-workers assessed the role of SLFN11,
PARP1 and MGMT promoter methylation as predictive biomarkers to TMZ and the
PARP inhibitor veliparib in SCLC patients. While no correlation was observed with
PARP1 level and MGMT methylation, the expression of SLFN11 positively correlated
with prolonged OS (p-value = 0.014) (Pietanza et al., 2018) (Table 2).

1.2.3.1 Targeted therapies in SCLC

Chemotherapeutic agents have their cytotoxic effect mainly by causing DNA
damage that when unrepaired lead to cell cycle arrest and cell death. Targeted
therapies developed from the emerging idea that unique features of tumours can be
targeted, giving rise to the concept of ‘precision medicine’. Genetic and molecular
approaches allowed identification of several signalling pathways deregulated in
cancer leading researchers to identify means to challenge these alterations (Chae et
al., 2017). Unfortunately, despite the emerging information on the molecular
alterations in SCLC, no targeted drugs have yet been able to produce significant

beneficial effects (Byers and Rudin, 2015) (Table 2).
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Table 2. Targeted therapies in SCLC.

Drug

Amrubicin

Temozolomide

Talazopari

Olaparib

Rucaparib

Velipari

Ponatinib

Lucitanib

Target

TOP2

DNA

PARP1/2

PARP1/2

PARP1/2

PARP1/2

pan-RTKs

VEGFR/FGFR

Clinical Trial Clinical study

Ettinger et al.,
2010; Jotte et
al., 2010; von
Pawel et al.,
2014
Farago et al.,
2018; Lazzari et
al., 2018;
Pietanza et al.,
2012, 2018

Bono et al.,
2017

Farago et al.,
2018; Woll et
al., 2017

Atrafi et al.,
2019; Lazzari et
al., 2018;
Owonikoko et
al., 2018;
Pietanza et al.,
2018

NCT01935336

NCT02109016
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Preclinical

Biomarkers
study

Unknown

Farago et

al., 2019;

Lok et al.,
2017

MGMT
methylation

Byers et
al., 2012;
Cardnell et
al., 2013
Byers et
al., 2012;
Cardnell et
al., 2013;
Farago et
al., 2019;
Lok et al.,
2017;
Murai et
al., 2014a,
2014b
Cardnell et
al., 2016;
Lok et al.,
2017;
Murai et
al., 2014b

SLFN11

SLFN11

SLFN11

Lok et al.,
2017;
Murai et
al., 2014a

SLFN11

Pardo et
al., 2006;
Sos et al.,
2012;
Wynes et
al., 2014
Pardo et
al., 2006;
Sos et al.,
2012;
Wynes et
al.,, 2014

FGFR1;
FGFR1

Unknown

Pardo et
al., 2006;



INJ-42756493

BIBF1120

Imatinib

Crizotinib

Ganitunab

Rilotumumab

Everolimus
Temsirolimus
NVP-LDE225
Vismodegib

Tarexumumab

ABT737

ABT263

vistusertib

rapamycin
AZD8055

GDC0941

Rovalpituzumab
tesirine

pan-FGFR

FGFR/VEGFR
/PDGFR

BCR-ABL/c-
KIT/PDGFR

MET/HGF

IGF-1R

IGF-1R

PKC/mTOR
PKC/mTOR
Smotheened
Smotheened

NOTCH2/3

BCL-2/BCL-
xL

BCL-2/BCL-
xL

mTORC1/2
mTORC1/2

mTORC1/2
PI3Ka/6
anti DLL3-

conjugated
antibody

NCT01441297

NCT01441297

NCT03366103

NCT03366103

NCT02819999;
NCT03033511;
NCT03026166;
NCT03061812
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Krug et al.,
2005; Schneider
et al., 2010;
Spigel et al.,
2007

Glisson et al.,
2017; Martinez
etal., 2014
Glisson et al.,
2017; Martinez
etal., 2014
Tarhini et al.,
2010
Pandya et al.,
2007
Pietanza et al.,
2016
Belani et al.,
2013
Daniel et al.,
2017

Rudin et al.,
2012b

Carbone et al.,
2018; Rudin et
al., 2017;
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Sos et al.,
2012;
Wynes et
al., 2014
Pardo et
al., 2006;
Sos et al.,
2012;
Wynes et
al.,, 2014

Wang et
al., 2000

Cafiadas et
al., 2014

Zinn et al.,
2013

Zinn et al.,
2013

Park et al.,
2011b

Gardner et
al., 2014;
Hann et
al., 2008;
Potter et
al., 2016
Faber et
al., 2015;
Potter et
al., 2016;

Shoemaker

et al., 2008

Gardner et
al., 2014
Faber et
al., 2015
Potter et
al., 2016

Saunders
etal., 2015

Unknown

Unknown

c-KIT

Unknown

Unknown

Unknown

Unknown

Unknown

SOX2

SOX2

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown

DLL3



Lorvotuzumab
mertansine

Alisertib

Barasertib/AZD
2811

PF-0384735

Danusertib
hydrochloride

LY3295668

ADI-PEG 20

Pegzilarginase

PF-06821497

THZ-1

Prexasertib
PF-477736
AZD7762
VE822

AZD6738
M6620

VX-970

AZD1775

anti CD56-
conjugated
antibody

AURKA/B

AURKB

AURKA/B

pan-AURK

AURKA

Arginine
metabolism

Arginine
metabolism

EZH2

CDK7/CDK12
/CDK13

CHK1

CHK1

CHK1
ATR

ATR
ATR

ATR

WEE1

NCT02579226

NCT03092934

NCT01266018

NCT03371979

NCT03460977

NCT02735980

NCT03896503

NCT02487095;
NCT02589522
NCT02482311;
NCT02937818;
NCT02482311;
NCT02593019;
NCT02511795;
NCT02688907
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TAHOE Trial,
2017

Socinski et al.,
2017

Melichar et al.,
2015;
Owonikoko et
al., 2017

Burris et al.,
2017

Schoffski et al.,
2015

Bauer et al.,
2016
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Whiteman
etal., 2014

Mollaoglu
etal., 2017

Helfrich et
al., 2016;
Mollaoglu
etal.,
2017; Oser
etal.,
2019; Sos
etal., 2012
Hook et
al., 2012

Gong et
al., 2019
Chalishaza
retal,
2019;
Huang et
al., 2018a

Gardner et
al., 2017
Christense
netal.,
2014
Sen et al.,
2017a
Doerr et
al., 2017
Doerr et
al., 2017
Doerr et
al., 2017
Doerr et
al., 2017

Sen et al.,
2017b

CD56

MYC

MYC; RB

MYC; MYCN,
MYCL

Unknown

RB1

MYC; ASCL1

MYC

Unknown

Unknown

MYC; CHK1

Unknown

Unknown

Unknown

Unknown
Unknown

Unknown

Unknown



CHAPTER 1 INTRODUCTION

Buchbinde
. Reck et al., r and
Ipilimumab CTLA-4 2013, 2016 Desai, Unknown
2016
. (Gadgeel et al.,
Pembrolizumab PD-1 2018) PDL-1
Antonia et al.,
2016;
Nivolumab PD-1 Img%zzi?éi?;g% Owonikoko et Unknown
al., 2019; Reck
etal., 2018
Atezolizumab PDL-1 | NCT02763579 H°r2”0:elga"' Unknown
Sabari et al., Weiskopf
Hu5F9-G4 CD47 2017 etal, 2016 Unknown

1.2.3.1.1 Tyrosine kinase receptor inhibitors

SCLC depends on several growth factors and paracrine/autocrine signals, such as
growth-hormone releasing hormone (GHRH), bombesin (GRP), hepatocyte growth
factor (HGF) and fibroblast growth factor 2 (FGF2) (van Meerbeeck et al., 2011). The
finding that FGF-2 has an anti-apoptotic effect on SCLC cells (Pardo et al., 2006), the
presence of recurrent amplification of FGFR1 in SCLC samples (George et al., 2015;
Peifer et al., 2012), and the observed paracrine signalling via Fgf2 and Mapk between
non-NE and NE SCLC cells (Kwon et al., 2015), support the hypothesis that inhibition
of the FGF receptor may prove efficacious in SCLC. Promising preclinical results were
obtained with the FGFR1/3 inhibitor, PD173074 although amplification of FGFR1 did
not always correlate with response (Pardo et al., 2009; Sos et al., 2012). Indeed,
subsequent studies demonstrated that mRNA and protein expression of FGFR1
correlated better with sensitivity to the multi RTK inhibitor ponatinib than gene copy
number in multiple lung cancer cell lines (Wynes et al., 2014). Clinical trial testing
ponatinib (NCT01935336), the VEGFR/FGFR inhibitor lucitanib (NCT02109016), the
pan-FGFR inhibitor, JNJ-42756493 (NCT01703481), and the multi-targeted drug
BIBF1120 that interferes with FGFR, VEGFR and PDGFR (NCT01441297), are under
clinical evaluation in lung cancer patients.
The BCR-ABL, c-KIT and PDGFR inhibitor, imatinib, was the first targeted compound
approved for the treatment of chronic myeloid leukemia (Druker et al., 2001),
prompting considerable optimism regarding targeted therapies. c-KIT is expressed in

a 30-50% of SCLC patients and mutations have been identified in 6% of SCLC patients

54



CHAPTER 1 INTRODUCTION

(Blackhall et al., 2003; George et al., 2015; Micke et al., 2003). Moreover, SCLC cell
lines co-expressing c-KIT and SCF are highly sensitive to imatinib inhibition in vitro
(Wang et al., 2000). These observations led into the establishment of trials in which
SCLC patients were treated with imatinib. Unfortunately, despite the promising
results obtained preclinically, none of the phase Il trials showed improvement in
patient OS and PFS, even when patients were stratified based on c-KIT expression
(Krug et al., 2005; Schneider et al., 2010; Spigel et al., 2007). Further negative results
were obtained from trials testing the inhibition of the MET/HGF axis, IGF-1R and the
PKC/mTOR pathways, despite promising preclinical results (Cafiadas et al., 2014;
Glisson et al., 2017; Pandya et al., 2007; Tarhini et al., 2010; Zinn et al., 2013).

1.2.3.1.2 NOTCH inhibition

The Hedgehog (Hh) and the NOTCH pathways have been implicated in lung
development (lto et al., 2000; Morimoto et al., 2012; Watkins et al., 2003) and roles
for these pathways in SCLC tumorigenesis have been described (Lim et al., 2017; Park
et al., 2011b). Constitutive activation of the Hh pathway by adding a constitutively
active mutant allele of Smo (Smoothened homolog) to RP mice accelerated the
formation of SCLC tumours, while loss of Smo in the TKO mouse model showed fewer
and smaller tumours. Moreover, treatment of a SCLC PDX with the Smo inhibitor,
NVP-LDE225, after one cycle of carboplatin/etoposide, prevented tumour recurrence
(Park et al., 2011b). In a phase | study, the Smo inhibitor sonidegib (LDE225) was
tested on chemonaive ES SCLC patients in combination with cisplatin/etoposide.
Partial responses were observed in 79% of the patients with one durable response in
a SOX2 amplified patient (Pietanza et al., 2016). SOX2 and PRKC1 co-amplification in
squamous cell lung cancers (LSCC) can activate the Hh pathway by PKCi-mediated
SOX2 phosphorylation, posing SOX2 as a putative biomarker of Hh activation
(Justilien et al., 2014). Unfortunately, a phase Il study comparing the efficacy of the
Smo inhibitor vismodegib in combination with cisplatin/etopside on previously
untreated ES SCLC patients did not show any improvement in PFS and OS compared
with cisplatin/etoposide alone (Belani et al., 2013). In a similar study, the NOTCH2/3
inhibitor tarexumumab in combination with cisplatin/etoposide showed no benefit

on the OS and PFS of chemonaive ES SCLC patients and the drug was discontinued
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because of toxicity (Daniel et al., 2017). Again, the absence of response observed in
the previous studies could be due to a lack of patient stratification. As suggested by
Pietanza and co-workers, SOX2 amplification may be used to stratify SCLC patients
(Pietanza et al., 2016). However, retrospective studies on a larger patient population
should be performed in order to confirm the role of SOX2 as predictive biomarker for

this treatment.

1.2.3.1.3 Activation of apoptosis

Inhibition of the apoptotic pathway is one of the hallmarks of cancer and can be
exploited to evade drug induced cell death (Hanahan and Weinberg, 2011). SCLC can
express high levels of the anti-apoptotic protein BCL-2 and therefore various
strategies to inhibit BCL-2 have been tested. Initial studies with the BCL2 antisense
oligonucleotides (ODN) were disappointing, probably because of insufficient
suppression of BCL-2 in vivo (Rudin et al., 2008). ABT737 and the orally bioavailable
ABT263 are more specific and more potent inhibitors of BCL-2 and BCL-xL. These
molecules are BH3-mimetics that can directly bind BCL-2 and BCL-xL and impede their
interaction with BIM (Oltersdorf et al., 2005; Tse et al., 2008). ABT737 and ABT263
have shown promising effects as single agents in some preclinical models of SCLC
(Hann et al., 2008; Shoemaker et al., 2008), however the clinical effect of ABT263 in
a phase Il study for recurrent SCLC patients was underwhelming (Rudin et al., 2012b).
To try to improve the apoptotic effect of these molecules, different investigators
attempted to identify effective combinatorial treatments. While limited efficacy has
been observed with ABT737 in combination with etoposide (Hann et al., 2008),
inhibition of the PI3K/AKT/mTOR pathway is more synergistic with BCL-2/BCL-xI
inhibition. Gardner and co-workers showed that combination of ABT737 with the
MTOR inhibitor rapamycin was synergistic in vitro and caused sustained tumour
response in vivo (Gardner et al., 2014). Faber et al combined ABT263 with the
mMTORC1/2 inhibitor AZD8055 and observed a synergistic effect in SCLC cell lines,
GEMM and PDX models. They argued that the observed effect was driven by MCL-1
downregulation (Faber et al., 2015). In a parallel study from our group, Potter et a/
showed that the effect of ABT263 can be increased by the addition of different

inhibitors of the PI3K pathway and described BMX, a TEC family member of non-
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receptor tyrosine kinase, as a new player in the interplay between PI3K and BCL-2 in
SCLC (Potter et al., 2016). Based on all these data a phase I/l trial has been initiated
to test the combination of ABT263 with the dual mTORC1/2 inhibitor vistusertib in
relapsed SCLC (NCT03366103).

1.2.3.1.4 Inhibition of cell survival signalling

Inhibition of the PI3K/mTOR pathway could be also a promising therapeutic target
for a small population of SCLC patients with activating mutations in this pathway
(Dowlati et al., 2016; George et al., 2015; Umemura et al., 2014). Based on the results
obtained by whole-exome sequencing (WES), Umemura and co-workers tested 4
inhibitors of the PI3K/AKT/mTOR pathway on SCLC cell lines: BEZ235 (PI3K/mTOR
inhibitor), BKM120 (PI3K inhibitor), INK128 (mTOR inhibitor) and MK2206 (AKT
inhibitor). Interestingly, all cell lines tested were sensitive to these compounds, with
a PIK3CA mutant cell line the most sensitive (Umemura et al., 2014). A clinical trial
testing the PI13K inhibitor BKM120 in combination with cisplatin/etoposide in SCLC
patients has been completed (NCT02194049) and another trial testing the effect of
the AKT inhibitor, MK2206, in PIK3CA-, AKT- and PTEN-aberrant SCLC is ongoing
(NCT01306045). As mentioned before, hyperactivation of the PI3K pathway allows
tumour cells to survive and likely promotes resistance to chemotherapies (Cardnell
et al.,, 2013; Kraus et al., 2002; Krystal et al., 2002), suggesting that targeting the
chemoresistant subclones with inhibitors of the PI3K/mTOR pathway could help
delaying the onset of resistance in SCLC patients. Indeed, in a proof-of-concept study,
Kolev and co-workers showed that treatment with the dual PI3K/mTOR inhibitor VS-
5584, after response to cisplatin/etoposide, delayed tumour recurrence in SCLC
xenografts and PDX (Kolev et al., 2015). They inferred that the delay observed in the
arm treated with the VS-5584 was caused by preferentially targeting of cancer stem

cells (CSC) dependent on the PI3K/mTOR pathway.

1.2.3.1.5 Targeting tumour initiating cells

Targeting tumour initiating cells (TIC) is an attractive strategy to interfere with the
repopulation of a tumour after drug-induced regression (Zhou et al., 2009). SCLC is
thought to emerge from the PNECs in the lung and different preclinical studies have

demonstrated that targeting mutations present in these NE cells allows the
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development of SCLC tumours in mice (Park et al., 2011a; Sutherland and Berns,
2010). Two studies on SCLC have identified a putative subpopulation of TIC with NE
characteristic in PDX and GEMM models, respectively. In the first study, Jiang and co-
workers identified a population of ASCL1*/CD133Me"/ALDH1A"8" SCLC cells with
enhanced tumorigenicity (Jiang et al., 2009). Later on, Jahchan et al identified a
population of cells with EPCAMMe&"/CD24"eh/CD44'°" expression in SCLC GEMM
(Jahchan et al., 2016). In both studies, the population identified had NE features, was
abundant and highly proliferative suggesting that TIC are prevalent in SCLC (~50% of
the tumour population). Saunders et al developed an antibody-drug conjugate
(SC16LD6.5 or rovalpituzumab tesirine) to deliver the cell cycle-independent
pyrrolobenzodiazepine (PBD) cytotoxin D6.5 to DLL3 expressing cells only and
observed complete and durable responses in DLL3 expressing SCLC PDX. Moreover,
SC16LD6.5 treatment of PDX progressing after cisplatin/etoposide, caused a
complete tumour response (Saunders et al., 2015). These data suggest that
SC16LD6.5 can target a subpopulation of tumour initiating cells unresponsive to SoC.
An initial phase | study has been conducted and showed improved PFS in the DLL3
high vs DLL3 low SCLC patients (4.5 vs 2.3 months) (Rudin et al., 2017). However, a
more recent phase lll trial testing rovalpituzumab tesirine as second line therapy on
advanced SCLC did not show any improvement in the OS of patients treated with
rovalpituzumab tesirine compared with topotecan (TAHOE Trial, 2017,
NCT03061812). Rovalpituzumab tesirine is under evaluation as frontline or
maintenance treatment for SCLC as well as in combination with immune-checkpoint

blockade (ICB) (NCT02819999, NCT03033511, NCT03026166).

Another conjugate tested in the clinic is lorvotuzumab mertansine (LM), an anti-
CD56 antibody linked to the cytotoxic maytansinoid effector molecule DM1. CD56 is
expressed on the majority of SCLC and it is used as diagnostic markers (van
Meerbeeck et al., 2011). Maytansinoid is a molecule able to suppress microtubule
dynamic (Lopus et al., 2010). LM has been shown to target preferentially CD56" cells
in vitro and in SCLC xenografts, with durable responses in combination with
chemotherapy (Whiteman et al., 2014). In the clinical setting, LM in combination with

carboplatin/etoposide did not show any improvement in PFS and OS compared with
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carboplatin/etoposide alone, and the incidence of adverse effects was higher in the

LM treated group. Therefore the study was discontinued (Socinski et al., 2017).

1.2.3.1.6 Exploiting metabolic dependencies

A recent study by Huang et al showed that ASCL1"&" vs ASCL1'°" human SCLC cell
lines had different metabolic profiles (Huang et al., 2018a). In particular, ASCL1'°%
cells expressed high levels of the IMPDH1 and IMPDH2 enzymes involved in de novo
purine synthesis (Zhao et al., 2015) and were sensitive to inhibition of IMPDH by
mycophenolic acid (MPA). In particular, the Myc-driven SCLC GEMM was dependent
on de novo purine synthesis for growth (Huang et al., 2018a). They hypothesised that
overexpression of MYC accounts for the dependency of some ASCL1'°" SCLC models
on de novo purine synthesis, suggesting that targeting of this pathway could be
beneficial for MYC-amplified SCLC patients (Huang et al., 2018a). Similarly,
Chalishazar and co-workers showed that MYC-driven but not MYCL- and MYCN-
driven SCLC cells were highly sensitive to arginine depletion (Chalishazar et al., 2019).
Depletion of arginine with pegylated arginine deiminase (ADI-PEG 20) in vivo reduced
tumour growth in both mouse and human MYC-positive SCLC tumours (Chalishazar
et al., 2019). ADI-PEG 20 was tested on an unselected population of relapsed SCLC
patients and stable disease was observed in 18% of the patients (NCT01266018).
Depletion of arginine in ES SCLC patients with pegzilarginase in combination with the
anti-PD-1 antibody, pembrolizumab, is ongoing (NCT03371979). Based on the
preclinical observation that MYC-driven tumours are dependent on arginine to

survive, stratification of SCLC patients based on their MYC status is warranted.

The de novo pyrimidine biosynthesis pathway has also been shown to be a key
vulnerability in SCLC GEMM, PDX and cell lines (Li et al., 2019). In particular, Li et al
demonstrated that pharmaceutical targeting of DHODH, an enzyme involved in the
generation of uridine monophosphate, reduced cell viability and induced tumour
regression in mice. Interestingly, the GEMMs used in this study are ASCL1 driven,
opening the possibility that while MYC-driven tumours are more dependent on the
purine biosynthesis, ASCL1-driven SCLC may be more sensitive to interference with

the pyrimidine pathway. Future studies will help dissecting the metabolic
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dependencies of the different SCLC subtypes, hopefully, helping the designing of

tailored treatment for each patient.

1.2.3.1.7 Downregulation of oncogenes

The main genetic alterations that drive SCLC are the loss of the tumour suppressor
TP53 and RB1. Compared with other lung cancers, activating mutations of oncogenes
such as KRAS, BRAF, PIK3CA and EGFR are rarely identified in SCLC patients (George
et al., 2015). On the other hand, SCLC displays the overexpression of different
transcription factors (TFs), which regulate neuroendocrine differentiation and
proliferation. TFs that regulate cell identity are frequently associated with large,
highly active, transcriptional regions called super-enhancers. Inhibition of
transcription has been shown to have a strong effect on these regions with particular
impact on oncogenic TFs (Hnisz et al.,, 2013; Lovén et al., 2013). CDK7 is a cyclin
dependent kinase involved in the regulation of the RNA polymerase Il during
transcription and its inhibition reduces the transcriptional activity of several TFs. In
SCLC, Christensen et al showed that inhibition of CDK7 with the covalent inhibitor
THZ-1 delayed tumour growth in vivo and caused cell death in vitro in different SCLC
preclinical models (Christensen et al., 2014). They found that super-enhancers were
associated with genes like MYC, MYCN, ASCL1, NEUROD1 and SOX2, and treatment
with THZ-1 reduced the expression of these TFs, highlighting their role in the biology
of SCLC. (Christensen et al., 2014).

Inhibition of ASCL1 transcription as also been achieved by inhibiting the
bromodomain and extra-terminal (BET) proteins. These proteins bind acetylated
histones and allow the recruitment of chromatin regulators to start transcription.
Lenhart et al observed that SCLC cell lines positive for ASCL1 were more sensitive to
the BET inhibitor JQ-1 than ASCL1 negative cells. Indeed, the BET protein BRD4
directly binds the enhancer region of ASCL1 and treatment with JQ1 reduced the
expression level of this transcription factor and survival of these cells (Lenhart et al.,

2015).

60



CHAPTER 1 INTRODUCTION

1.2.3.1.8 Re-expression of tumour suppressor genes

As mentioned previously, silencing of SLFN11 by the EZH2 subunit of the PRC2 is
acquired by SCLC tumours during chemotherapy to avoid DNA damage induced cell
death (Gardner et al., 2017). Considering the elevated level of EZH2 in SCLC and it is
putative role in chemoresistance (Byers et al., 2012; Gardner et al., 2017; Poirier et
al., 2015), combination of EZH2 inhibitors with chemotherapies could be a good
strategy to prevent or delay the emergence of resistance. A first phase | clinical trial
with the EZH2 inhibitor, PF-06821497, for the treatment of relapse/refractory SCLC
patients is ongoing (NCT03460977).

1.2.3.1.9 Modulation of DNA damage and replication stress response pathways

As highlighted in a recent review from Thomas and Pommier, the main hallmarks
of SCLC are high level of proliferation with unlimited replicative potential, obtained
by loss of RB1 and TP53, inhibition of the Notch pathway, upregulation of MYCs and
SOX2, and activation of the PI3K pathway; resistance to apoptosis and growth arrest,
thanks to TP53 and RB1 loss, and overexpression of BCL2; and high genomic
instability (Thomas and Pommier, 2016). Because tumours rely on these biological
capabilities (hallmarks) to survive, they can be exploited as vulnerabilities. All
therapies described above try to target one or more of these vulnerabilities. The
impressive initial response of SCLC to platinum and topoisomerase inhibitors
suggests that the biggest ‘weakness’ of this disease lies in its high degree of genomic
instability (Alexandrov et al.,, 2013). Although accumulation of mutations can
facilitate tumour evolution, a good balance between genomic alterations and repair
is necessary for tumour cell survival. Consistent with this notion, upregulation of
several DNA damage repair proteins has been observed in SCLC (Byers et al., 2012).
Moreover, the expression of oncogenes, such as MYC, generates a basal level of
replication stress (Kotsantis et al.,, 2018) that needs to be balanced to avoid
replication catastrophe and cell death (Toledo et al., 2017). Targeted therapies that
preferentially target regulators of DNA damage and replication stress, such as PARP
inhibitors, are starting to be investigated in SCLC, with some initially promising results

(Foy et al., 2017). Details on the role of different DNA damage repair, replication
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stress and cell cycle regulatory pathways in SCLC biology and response to targeted

therapies are given in chapter 1.4.

Inhibition of PARPs

Several preclinical studies have demonstrated that PARP can be a valuable target
in SCLC. PARP1 and PARP2 are involved in different DNA repair pathways (Pommier
et al., 2016b) (Figure 6). They act by catalysing the polymerisation of ADP-ribose units
from the enzyme cofactor B nicotine-amide adenine dinucleotide (B-NAD*) on target
proteins. The PAR chains allow recruitment of different effector proteins at the site
of the damage and the release of PARP1/2 from the DNA (Ray Chaudhuri and
Nussenzweig, 2017). While all PARP inhibitors have the same ability to interfere with
the catalytic domain of PARP1/2, they have different capacity to trap PARP to the
DNA. Talazoparib is the most potent compound in trapping PARP to the DNA, followed
by niraparib, olaparib and rucaparib (with similar trapping potency), and finally
veliparib (Pommier et al., 2016b). Trapping of PARP to the DNA happens via two
mechanisms: inhibition of PARylation, which impedes the release of PARP from the
DNA, and binding of the NAD* pocket by the drug, further enhancing the DNA binding
of PARP (Murai et al., 2012). Therefore, while inhibition of PARylation directly impair
DNA damage repair, PARP-DNA complexes interfere with the replication machinery
causing replication fork collapse and DNA damage (Pommier et al., 2016b) (Figure 6).
Byers and co-workers assessed the level of different proteins by RPPA on SCLC cell
lines and identified PARP1 to have a higher expression in SCLC compared with NSCLC,
and SCLC cells were more sensitive to PARP inhibition by treatment with olaparib
(AZD2281) or rucaparib (AG014699). Addition of chemotherapy after olaparib
treatment further increased the anticancer effect (Byers et al.,, 2012). Similarly,
Cardnell et al tested the effect of the more potent PARP1/2 inhibitor, talazoparib
(BMNG673), on SCLC cell lines. SCLC cells were highly sensitive to this drug, with
xenografts showing similar sensitivity to talazoparib and cisplatin treatment.
Interestingly, they observed that the SCLC cell lines more sensitive to talazoparib had

a higher expression of specific DNA repair proteins (high ‘DNA repair score’) and a
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lower activation of the PI3K pathway (low ‘PI3K score’), suggesting that activation of

the PI3K pathway could induce resistance to PARP inhibition (Cardnell et al., 2013).
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Figure 6. PARP1/2 inhibition.

A. Role of PARP1/2 in different DNA damage processes. B. Inhibition of PARylation by PARPi causes
impaired repair of SSBs, DSBs and replication fork damage, while PARP trapping induce replication fork
collapse and DNA damage. PARPi: PARP inhibitors.

Both studies hypothesise that the effect of PARP inhibition in SCLC is linked to the
role of PARP1 as an E2F1 co-activator (Byers et al., 2012; Cardnell et al., 2013;
Simbulan-Rosenthal et al., 2003). E2F1 can regulate the expression of different DNA
repair proteins and PARP1 can cooperate with E2F1 in the transcriptional activation
of different HR genes in prostate cancer (Biswas and Johnson, 2012; Schiewer et al.,
2018). Therefore, inhibition of PARP1 in SCLC may reduce the activity of E2F1 and
induce an HR deficient state that renders these cells more sensitive to DSB DNA
damage. PARP inhibition has been and is still being tested in several clinical trials
involving SCLC patients (Sen et al., 2018). A phase Il study with the PARP inhibitor
veliparib combined with cisplatin/etoposide in ES SCLC showed a modest increase in
PFS and OS in the cisplatin/etoposide plus veliparib group, compared with
chemotherapy plus placebo (6.1 vs 5.5 months for PFS and 10.3 vs 8.9 months for OS,
respectively) (Owonikoko et al., 2018). Similarly, a phase | study with veliparib in

combination with carboplatin/etoposide for ES SCLC patients showed response at the
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recommend phase Il dose in 5 out of 6 SCLC patients (Atrafi et al.,, 2019). A
preliminary phase | study testing the PARP inhibitors olaparib as a maintenance
therapy on chemosensitive SCLC patients, did not show any improvement in OS and
PSF compared with placebo (Woll et al., 2017). Talazoparib is under investigation on
previously treated SCLC patients and initial data showed partial response in 6 out of
23 patients (Bono et al., 2017). If different PARP inhibitors can be more effective in
specific subgroups of patients is not clear yet and will need further clinical
investigation. Combination of PARP inhibitors with chemotherapies or other
targeting agents, like PI3K inhibitors (Cardnell et al., 2016), are warranted to improve
the ORR and delay the emergence of progressive disease. Moreover, biomarkers to
stratify patients that can benefit from this treatment are under investigation (Lord

and Ashworth, 2017).

Inhibition of ATR/CHK1 axis

Another important regulator of DNA damage and replication is the ATR-CHK1 axis
(Smith et al., 2010). ATR is a sensor of DNA damage and it is recruited to the site of
damage by the accumulation of RPA on single stranded DNA (ssDNA). ATR activation
leads to the phosphorylation of CHK1. CHK1 in turn phosphorylates several
downstream effectors, like the cell cycle regulators CDC25A, CDC25C and WEE1
(Figure 7). ATR-CHK1 activation triggers a cascade of signals to allow cell cycle arrest,
fork stabilisation and DNA repair (Smith et al., 2010). Therefore inhibition of this
pathway can sensitise SCLC cells to DNA damage and replication stress. In their
proteomic profile, Byers et al identified different members of the DDR upregulated
in SCLC vs NSCLC, including PARP1, PCNA, DNA-PKcs and CHK1 (Byers et al., 2012).
CHK1 overexpression was confirmed at the protein and mRNA levels in SCLC cell lines
and tumours in two independent studies, prompting the possibility of targeting CHK1
in SCLC (Doerr et al., 2017; Sen et al., 2017a). In both studies, Sen et al and Doerr et
al demonstrated that mouse and human SCLC cell lines are highly sensitive to several
CHK1 and ATR inhibitors, while NSCLC tumours tend to be more resistant. The effects
of these inhibitors was due to an increased level of DNA damage without abrogation
of cell cycle progression, leading SCLC cells to accumulate lesions and undergo

apoptosis (Doerr et al., 2017; Sen et al., 2017a).
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Figure 7. Inhibitors of the DNA damage and cell cycle checkpoint pathways.

Schematic of the main DDR targets currently tested in SCLC clinical trials. A general overview of the
pathways and the overall role each target has on cell cycle and DNA repair/replication is shown. Yellow
boxes highlight the physiological processes controlled by the proteins. When an inhibitor is
administered, these processes are disrupted. Refer to text for more detail.

CHK1 inhibition was highly effective both as single agent and in combination with
cisplatin or the PARP inhibitor olaparib in both SCLC GEMM and xenografts.
Interestingly, they observed a good synergy between olaparib and the CHK1 inhibitor
prexasertib (LY2606368) also in the olaparib-resistant cell lines, probably because of
the ability of prexasertib to inhibit the AKT/mTOR pathway (known to induce PARP
inhibitor resistance, Cardnell et al., 2013). Sen and co-workers associated expression
of MYC with response to prexasertib (Sen et al., 2017a). Similarly, Nagel et al
demonstrated that Mycl-amplified GEMM tumours as well as MYC and MYCL
amplified SCLC cell lines were more sensitive to both CHK1 and ATR inhibition, and
combination of the ATR inhibitor VE822 with cisplatin greatly increased the survival
of SCLC xenografts (Nagel et al., 2019). The dependency observed in the MYC
expressing cells to the ATR/CHK1 checkpoint is an example of how replication stress
induced by oncogenes can be exploited to target such tumours, as discussed in
chapter 1.4. A phase Il study testing prexasertib on ES SCLC patients has been
completed and results are awaited (NCT02735980). Trials testing the efficacy of ATR
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inhibitors in combination with radiation or chemotherapy are also under evaluation

(NCT03896503, NCT02589522, NCT02487095).

1.2.3.1.10 Deregulation of cell cycle progression in SCLC
Aurora Kinases

Aurora kinases are important proteins involved in the regulation of cell division
during mitosis. There are 3 paralogues in mammals, Aurora A (AURKA), Aurora B
(AURKB) and Aurora C (AURKC) kinases. They have very distinct localisation and
functions, however sequence similarities suggest some overlapping functions
(Carmena and Earnshaw, 2003). Little is known about AURKC, while AURKA and
AURKB have been widely implicated in different process during mitosis: centrosome
separation and maturation, spindle assembly and spindle orientation for AURKA, and
chromosome bi-orientation, cytokinesis and spindle assembly checkpoint for AURKB
(Carmena and Earnshaw, 2003) (Figure 7). The interest for these kinases in SCLC
derived from the observation that MYC amplified SCLC tumours showed increased
response to both AURKA and AURKB inhibitors. Sos and co-workers performed a
large drug screen coupled with genomic characterisation of 60 SCLC cell lines and
observed that MYC amplified SCLC cells were sensitive to the pan-Aurora kinase
inhibitor VX680 and the Aurora B selective inhibitor, AZD1152 (barasertib). This
sensitivity was not observed in MYCL and MYCN amplified SCLC cells (Sos et al., 2012).
To corroborate these findings, Helfrich et al demonstrated that MYC amplified SCLC
cells were 16 times more sensitive to barasertib than non-MYC amplified cells
(including MYCL and MYCN amplified cells). While barasertib sensitive cells showed
polyploidy and endoreduplication after treatment with the compound, these
phenotypes were not seen in the resistant cells (Helfrich et al., 2016). Hook and
colleagues did not see differences between individual MYC family members and
sensitivity to the dual AURKA/B inhibitor PF-0384735, however when they tested the
inhibitor in vivo, the MYCN amplified H69 xenograft had a limited response compared
with the MYC amplified H82 xenograft (Hook et al., 2012). Moreover, Mollaoglu et
al. observed that the MYC-driven RPM GEMM was particularly sensitive to alisertib
treatment and combination with cisplatin/etoposide generated stable disease in >

60% of the animals with regression in 30% of them (Mollaoglu et al., 2017).

66



CHAPTER 1 INTRODUCTION

Considering the evidence that MYC amplified SCLC cells may be more dependent on
AURKB than AURKA (Sos et al., 2012), it would be interesting to see if treatment of
RPM mice in vivo with the AURKB-selective inhibitor barasertib plus chemotherapy
can further improve the benefit observed with alisertib. Clinical trials assessing the
effect of Aurora kinase inhibitors in SCLC are under evaluation. A phase Il trial testing
the effect of alisertib on recurrent SCLC patients showed a ORR of 21% (Melichar et
al., 2015). The multikinase Aurora inhibitor danusertib hydrochloride did not show
any progression-free survival at 4 months in recurrent SCLC patients (Schoffski et al.,
2015). Combination of alisertib with paclitaxel (another inhibitor of spindle function)
showed favourable PFS compared with paclitaxel alone in relapse SCLC patients (101
vs 66 days, respectively; (Owonikoko et al., 2017). The MYC protein expression was
assessed retrospectively in this study, however the results have not yet been
published. A further phase | study to assess safety, tolerability and pharmacokinetics
of the nanoparticle AZD2811 (previously AZD1152 or barasertib) in advanced solid
tumours is ongoing (Burris et al., 2017, NCT02579226). Considering the preclinical
data obtained to date, the coming clinical trials should test the role of MYC
expression as a putative predictive biomarker for the response to Aurora kinase
inhibitors. Recently, two parallel studies have been published showing a synthetic
lethal effect of AURKA and AURKB inhibition in RB null tumours (Gong et al., 2019;
Oser et al., 2019). In both studies, the authors claimed that the high sensitivity of
some SCLC preclinical model to inhibition of either AURKA to AURKB correlates with
RB1 status independently to the MYC status of the cells. Both studies exploited
selective inhibitors of AURKA (LY3295668, Gong et al., 2019) and AURKB (AZD2811,
Oser et al., 2019) with similar results. A phase I/l clinical trial to test LY3295668 on
RB1-deficient solid tumours is ongoing (NCT03092934).

WEE1 Kinase
WEE1 is another protein kinase involved in cell cycle checkpoints. WEE1 inhibits cell
cycle progression by phosphorylating Tyrl5 resulting in inhibition of CDK1 and
prevention of cells from entering mitosis. WEE1 can also phosphorylate Tyrl5 on
CDK2, controlling entry in S phase and therefore DNA replication (Do et al., 2013)
(Figure 7). Inhibition of WEE1 by the ATP-competitive small molecule inhibitor
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AZD1775 (previously MK1775) causes loss of the S and G2/M checkpoints leading to
uncontrolled mitotic entry, increased replication stress and inhibition of the
homologous recombination pathway (Beck et al., 2012; Dominguez-Kelly et al., 2011;
Krajewska et al., 2013). It has been demonstrated that AZD1775 is more potent in
tumours that have a defective G1 checkpoint (Geenen and Schellens, 2017; Hirai et
al., 2009; Rajeshkumar et al., 2011), although the link between p53 loss and response
to WEE1 inhibition is controversial (Cuneo et al., 2016; Geenen and Schellens, 2017;
Linden et al., 2013). A phase IB clinical trial tested the effect of AZD1775 in different
solid tumours including SCLC, showing partial response in 2 out of 4 SCLC patients
(Bauer et al., 2016, NCT02482311). Recent work from the Byers’ group showed that
SCLC cell lines have higher expression of WEE1 than NSCLC cell lines. They observed
that SCLC cell lines with high levels of the receptor tyrosine kinases AXL and MET can
overcome the inhibition of WEE1 by activating the AKT/mTOR and ERK/p90RSK
pathway to stimulate CHK1 (Sen et al., 2017b). At the moment, multiple clinical trials
testing AZD1775 alone or in combination with DNA damaging agents are ongoing
(NCT02937818, NCT02482311, NCT02593019, NCT02511795, NCT02688907),
however based on the data from Sen et al, combination with AXL or mTOR inhibitor

may be used to prevent or delay the emergence of resistance (Sen et al., 2017b).

1.2.3.1.11 Immunotherapy in SCLC

Suppression of the immune system is a hallmark of cancers (Hanahan and
Weinberg, 2011). It is now accepted that the immune system prevents tumour
growth. Tumours develop strategies to avoid immunosurveillance and immune cell
killing. The general hypothesis is that the acquisition of genetic alterations and the
overall transformation that tumour cells undergo cause them to express antigens
that are different from those presented by non-transformed cells. This diversity can
be recognised by a functional immune system to eliminate tumour cells or create a
state of dormancy (Schreiber et al., 2011). However, the genetic chaos present in the
tumours allows them to acquire alterations that lead to suppressed immune
recognition and/or increased resistance to the cytotoxic effects of the immune
system. Immunotherapy approaches attempt to restore immune responses to

tumours by increasing the number of immune effector cells, revealing tumour
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antigens and/or eliminating cancer-induced immunosuppressive mechanisms
(Schreiber et al., 2011). Considering the high mutational burden observed in SCLC
(Alexandrov et al., 2013), it has been hypothesised that these patients would express
a large number of tumour-specific antigens and therefore they would be responsive
to immunotherapy. CTLA-4 is a receptor expressed on the membrane of T cells that
competes with CD28 for binding CD80/86 molecules expressed by the antigen-
presenting cells (APC). Interaction between CTLA-4 and CD80/86 suppress T-cell
activation and can be exploited by tumour cells to elicit immunosuppression.
Similarly, PD-1 receptor can reduce T cell activation by binding the PDL-1 molecules
on target cells (Buchbinder and Desai, 2016). Antibodies against CTLA-4 and PD-1
have been generated to block the interaction with the corresponding inhibitory
molecule (CD80/86 and PDL-1) and stimulate T cell activation against tumour cells
(Figure 8). Ipilimumab is an anti-CTLA-4 antibody and it has been tested against
different tumour types, including SCLC (Buchbinder and Desai, 2016). Phase Il and
phase Il trials testing the combination of ipilimumab with paclitaxel/carboplatin
(phase 1l) or with cisplatin/etoposide (phase IIl) as first-line therapy for ES SCLC
patients were unable to show any improvement in PFS and OS (Reck et al., 2013,
2016). A maintenance phase Il study testing the anti-PD-1 antibody pembrolizumab
failed to show an improvement in PFS, however expression of PDL-1 seemed to
correlate with better PFS (Gadgeel et al.,, 2018). Another trial testing the PD-1
inhibitor nivolumab alone or in combination with ipilimumab in recurrent SCLC
patients (CheckMate032) showed promising results, with 33% and 43% of the
patients reaching 1-year OS on nivolumab monotherapy and combination,
respectively (Antonia et al., 2016). In this case, response was observed in both PDL-
1 positive and negative patients. Two phase lll trials tested nivolumab alone or with
ipilimumab as maintenance therapy after first-line chemotherapy in SCLC patients
(CheckMate 451, NCT02538666) or nivolumab vs single-agent chemotherapy as
second-line therapy in SCLC (CheckMate 331, NCT02481830). Both trials were unable
to show an improvement in OS, however the increased response observed in some
patients suggests that stratification may help selecting patients that can benefit from
these treatments (Owonikoko et al., 2019; Reck et al., 2018). In 2019, the U.S. Food

and Drug Administration (FDA) has approved the humanized monoclonal anti-PDL-1
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antibody, atezolizumab, in combination with carboplatin and etoposide as first-line
treatment for ES SCLC patients (U.S. Food and Drug Administration, 2019) (Figure 8).
This is the first time in 30 years that a different first-line regiment has been proposed
for ES SCLC patients. The approval was based on the IMPower133 phase lll clinical
trial where it has been shown that patients receiving atezolizumab in combination
with carboplatin/etoposide as first-line therapy, had a longer OS compared with the
carboplatin/etoposide only group (12.3 vs 10.3 months respectively) (Horn et al.,

2018).

Immune escape can be reached also by inhibiting the activation of the innate
rather than the adaptive immune system. For example, CD47 can bind the SIRPa
receptor expressed on the surface of macrophages and inhibit macrophage
phagocytosis of tumour cells (Jaiswal et al., 2010) (Figure 8). CD47 has been shown
to be overexpressed on SCLC PDX and CDX suggesting a putative immune escape
mechanism for these tumours (Weiskopf et al., 2016). Treatment of SCLC tumours
with anti-CD47 antibody, Hu5F9-G4, both in vitro and in vivo showed induction of
macrophage-mediated phagocytosis and tumour regression, suggesting the
possibility to combine CD47-blocking approaches with other ICB in SCLC (Weiskopf
et al., 2016). More clinical trials are under evaluation to assess the efficacy of ICB
alone or in combination with other therapies in SCLC (Sabari et al., 2017). Of
particular interest, is the recent observation that defects in the DDR can mediate the
ICB response in immunocompetent preclinical models, opening the path to new
combinatorial treatment with DDR inhibitors and ICB (Hiatt and MacPherson, 2019;
Mouw et al., 2017; Sen et al., 2019a, 2019b). One example is the phase Il clinical trial
testing the combination of the PARP inhibitor, olaparib, in combination with the PDL-
1 inhibitor, durvalumab. This trial showed a clinical benefit in 4/20 recurrent ES SCLC
patients, however, the pre-set benefit end-point was not met (NCT02484404,
Thomas et al., 2019).
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Figure 8. Immunotherapy in SCLC.

List of antibodies and their targets used in SCLC immunotherapy. In yellow are targets that reduce the
activity of T cells, while in red are targets that can inhibit the activation of macrophages. The light
coloured shapes are receptors, while the dark coloured shapes are the corresponding ligands.

1.3 Preclinical models for SCLC research

The overall failure of clinical trials testing new therapeutic targets in SCLC is in
contrast to the promising responses observed in preclinical studies. This lack of
clinical success should be a red-flag for researchers and clinicians. One reason for
these disappointing results could be related to the lack of patient stratification.
Several preclinical studies have demonstrated drug efficacy in specific cellular
backgrounds where models expressing a particular biomarker were more or less
sensitive to the studied treatment (Table 2). Therefore, clinical trials guided by
biomarkers should be preferred when possible. Another factor that limits the efficacy
of clinical trials is the lack of preclinical models that can fully recapitulate the
patient’s tumour. SCLC tumours are rarely resected leaving tissue biopsies as the only
options to directly study patient-derived disease. However, these biopsies are usually
small, can contain crush artefacts and are prioritised for diagnostic use, limiting the
tissue availability for research. This lack of tissue encouraged researchers to establish
different models of SCLC. All of the models described below contributed, to some
extent, to our knowledge of SCLC pathogenesis. However, it is important to be aware
of the advantages and limitations of each preclinical models in order to guide

research and the accurate interpretation of results.
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1.3.1 Small cell lung cancer cell lines

The most tractable and frequently used preclinical research models are
established cancer cell lines, many of which were generated decades ago, and
continue to be passaged and survive in in vitro culture conditions (Giard et al., 1973).
In the field of SCLC, the establishment of human cell lines was initially challenging
(Gazdar et al., 1980), but ultimately techniques were developed that allowed the
establishment and maintenance of SCLC cell lines (Simms et al., 1980). This led to the
generation of a comprehensive database of SCLC cell lines but with limited patient
information (Gazdar and Minna, 1996; Phelps et al., 1996). Because resection of
primary tumours is rarely performed, most cell lines were established from
metastatic sites including pleural effusions and lymph node resections (Gazdar and
Minna, 1996). The small size of the sample used to establish cell lines, as well as their
metastatic location make these cells representative of only a small population of
tumour cells with probably more fitness for culture on plastic and a more aggressive
phenotypes. Therefore, SCLC cell lines can be useful tools when studying advanced
disease, however they can give little information on the early stage. Nevertheless,
established cancer cell lines have the advantages of rapid proliferation and being
easy to manipulate, allowing researchers to perform a variety of experimental
procedures that are more challenging in other preclinical models. SCLC cell lines were
used to identify genomic alterations typical of SCLC, such as loss of TP53, RB1 and
chromosome 3p, and amplification of MYC (Harbour et al., 1988; Little et al., 1983;
Nau et al., 1985; Takahashi et al., 1989; Whang-Peng et al., 1982), and they have been
useful to classify SCLC into different phenotypic subtypes (Carney et al., 1985; Gazdar
et al., 1985; Rudin et al., 2019). Pleasance et al sequenced one SCLC cell line and
detected mutation signatures associated with tobacco smoking and identified new
putative drivers of SCLC (CREBBP-BTBD12 fusion, CHD7 rearrangements), later
confirmed in tissue specimens (Peifer et al., 2012; Pleasance et al., 2010; Rudin et al.,
2012a). Cell lines can be easily exploited to test large panels of compounds and
identify new candidate targets to treat specific tumours (Shoemaker, 2006). This is
particularly useful, especially for tumours like SCLC were tumour material is lacking.
Sos and co-workers exploited 60 SCLC cell lines to perform a combined genomic and

pharmacological vulnerability screen that allowed the identification of a dependency
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to Aurora kinases in MYC-amplified cell lines (Sos et al., 2012). Byers et al performed
a reverse-phase protein array (RPPA) to assess 193 total and phospho-proteins in 34
SCLC and 74 NSCLC cell lines and identified PARP1 as a therapeutic target for SCLC
patients (Byers et al., 2012). Cell lines are also largely exploited to assess mechanisms
of drug response, synthetic lethal dependencies and biological tumour behaviours.
Studies of RNA interference, gene knockout and protein expression are possible in
cell lines and can help discriminating passenger from driver alterations, or can be
used to identify druggable genes and/or players in drug resistance. Huang et al
performed a CRISPR screening on SCLC cell lines and identified POU2F3 as a master
regulator in a subset of SCLC cells with variant morphology (Huang et al., 2018b).
Recently, a genome wide CRISPR screen performed on SCLC cells showed a potential
vulnerability in the replication stress response that was confirmed by
pharmacological inhibition of ATR and CHK1 (Nagel et al., 2019). Another example
comes from the work from Oser and colleagues, who forced the expression of RB in
RB1 negative SCLC cells and exploited these isogenic cells to perform synthetic lethal
CRISPR screening. They identified AURKB loss as synthetic lethal with RB1 loss and
were able to use the isogenic cell lines to mechanistically explain the inter-

dependency between RB and AURKB (Oser et al., 2019).

Hence, SCLC cell lines have been fundamental for our initial understanding of SCLC
biology, and today they are still necessary when testing large panels of compounds
or assessing functional mechanisms. However, cell lines have several disadvantages
(Table 3). First, SCLC cell lines are a subpopulation of the original tumour and
consequently one cell line cannot really recapitulate the entire complexity of SCLC
tumour. Furthermore, the difficulty in establishing SCLC cell lines indicates that only
those cells with a more ‘robust’ phenotype adapt to culture conditions, inevitably
selecting for specific clones. Moreover, tumour cells cultured in vitro proliferate
rapidly, leading to the accumulation of additional molecular changes that could cause
genomic drift during culture (Gazdar et al., 2010). Analysing DNA methylation
patterns in SCLC primary tumours vs PDX vs cell lines, Poirier and co-workers
observed that cell lines had a different pattern of DNA methylation compared with

PDX and primary tumours, probably acquired during long term ex vivo culture, and
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thus, clustered further apart from the primary tumours (Poirier et al., 2015). Daniel
et al also demonstrated that during the transition to culture conditions, SCLC cells
obtained from a patient-derived xenografts (PDX) changed their gene expression
profile. Interestingly, when re-implanted in mice these PDX-derived cells were
tumorigenic but could not re-establish the expression profile lost during 6 months of
in vitro culture. When compared with the primary tissue, only the PDX model closely
resembled the donor tumour, while the PDX-derived cell lines presented irreversible
changes imposed by the culture conditions (Daniel et al., 2009). This divergence
between cell lines and primary tumours as well as the lack of efficacy of novel
therapies in the clinical setting can also derive from the lack of interactions with the
stroma and the extracellular matrix, with consequent changes in paracrine/autocrine
signals, lack of hypoxic regions, as well as metabolic changes (Ertel et al., 2006; Gillet

et al., 2011; Stein et al., 2004).

Table 3. Advantages and disadvantages of different SCLC preclinical models.

Preclinical .
Advantages Disadvantages Uses
model
Cell lines  easy to manipulate lack of stromal compartment genomic manipulation
. long-term exposures to rapid large-scale dru
quick growth & -p. P . g g
culture conditions screening
chea selection of clones during biological characterisation
P culture of SCLC drivers
not representative of the
less complex .
complexity of the human
background .
disease
GEMM presence of tumour simplified genetic study tumour pathogenesis
microenvironment background
. . - allow tumour-immune
immunocompetent not patient specific . . .
system interaction studies
recapitulate human long latency for tumour drug testing in specific
disease development genetic background
expensive
difficult to obtain for SCLC
patients
murine tumour
selection of clones during testing drugs in a patient
PDX patient specific passaging specific background
patient stroma at mouse stroma at late study patient-derived
early passages passage tumours
relatively fast . -
. Y immunodeficient
growing
expensive
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small biopsy not

representative of the entire

tumour
samples are easy to study mechanisms of

CDX P o .y immunodeficient resistance acquired by the
collect (liquid biopsy) .
patient
. . selection for more study tumour evolution

patient specific . .

aggressive clones over time
may better represent . . .

Y . P . testing drugs in a patient
patient's mostly late stage disease o
. specific background
heterogeneity
allow longitudinal allow studies of metastatic
. mouse stroma .
paired models disease
. study patient-derived
expensive
tumours
slow growing

All together these observations highlight some limitations of established cell lines
and potentially explain why, in part, SCLC cell lines are sensitive to drugs that are not
effective in the clinic. At the same time, SCLC cell lines are necessary for functional
experiments not achievable in in vivo settings. Researchers should be aware of the
limitations of the cultured cell lines and complement their findings in more complex

and clinically relevant models.

1.3.2 Small cell lung cancer genetically engineered mouse models.

Because of the limitations of established cell lines, several studies focused on the
development of in vivo murine models of cancer, in which autochthonous tumours
could grow in the appropriate lung environment and recapitulate the pathogenesis
observed in the patient. These models, called genetically engineered mouse models
(GEMMs), are immunocompetent mice genetically modified to mimic the
pathophysiological and molecular features of human diseases (Jonkers and Berns,
2002). GEMMs are generated via transgenic expression of mutant oncogenes or
through conditional deletion of tumour suppressor genes, in specific tissue or in the
entire mouse. GEMMs allow development of a tumour in its original
microenvironment where stromal interactions and the immune system are
maintained, making them particularly relevant and timely models to study novel
immunotherapy approaches. Furthermore, the possibility to introduce specific
molecular alterations known to be drivers of human cancers allows the study of gene-
function causality and tumour progression from the earlier stages (Jonkers and

Berns, 2002). The first GEMM of SCLC was generated by Meuwissen et al, who
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conditionally inactivated Trp53 and Rb1 specifically in the epithelium of the lung.
They exploited Cre-LoxP system to induce the somatic deletion of Trp53 and Rb1 in
the adult mouse after intra-tracheal instillation of Adeno-Cre (Ad-Cre) virus. The
tumours that developed showed SCLC-like morphology, were highly proliferative,
expressed NE markers and metastasised to the bone, brain, adrenal glands, ovaries
and liver (Meuwissen et al., 2003). With this study, they demonstrated that loss of
both Trp53 and Rb1 is necessary for the development of SCLC, setting the foundation
for the development of future research using SCLC GEMM:s. As already mentioned in
chapter 1.1.1, different groups developed cell-type specific conditional inactivation
of Trp53/Rb1 using Ad-Cre virus under the control of cell-type specific promoters: the
CGRP promoter for NE cells, the CC10 promoter for Clara cells and the SPC promoter
for AT2 cells (Park et al., 2011a; Sutherland and Berns, 2010). More GEMMs of SCLC
have been developed where specific genomic alterations were added to the loss of
Trp53 and Rb1 in order to characterise their role in promoting SCLC progression.
Most of these models and their biological relevance have already been described in
the previous sessions (Table 1). These SCLC GEMMs resemble human SCLC, and a
pathological analysis demonstrated that they cover a spectrum of high-grade NE
tumours of the lungs and can be exploited to study the early stage of these diseases
(Gazdar et al., 2015). Despite the utility of GEMMSs to study tumour evolution, they
also present some drawbacks (Table 3). Firstly, they are costly and time consuming,
with some tumours developing months after induction. Secondly, GEMM tumours
derive from a few genetic alterations and cannot completely recapitulate the
complexity of a human tumour. Comparison of the murine SCLC genome with human
SCLC showed comparable frequency of genomic re-arrangements and copy number
alterations, however the murine cancers harboured significantly fewer point
mutations (McFadden et al., 2014). This lack of point mutations was associated with
the absence of tobacco-associated mutagens in the development of these tumours
(McFadden et al., 2014). The lack of this mutational load in SCLC GEMMs reduces the
genomic complexity of these cancers and may have an impact in the response to
treatments. Moreover, GEMMs develop mouse tumours, and differences in drug
metabolism between mice and humans may impact the response to specific

compounds (Kersten et al., 2017). To date, there are no studies evaluating the ability
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of these models to properly predict clinical therapeutic response in SCLC, however
promising data have shown that Kras-driven NSCLC and pancreatic carcinoma

GEMMs closely modelled the human response (Singh et al., 2010).

1.3.3 Xenograft mouse models
1.3.3.1 Cell line-derived xenografts

The need for human specific models is partially overcome with xenograft mouse
models. These models use immunodeficient mice into which established SCLC cell
lines are implanted and grown (Morton and Houghton, 2007). There are several
immunodeficient mouse models that can be used, like T cell-deficient (nude mice), T
and B cell-deficient (scid mice) or hybrid strains like NOD-scid and the NOD-scid-IL2A-
receptor null (NSG) mice model in which the immune system is further compromised
(Belizario, 2009). The lack of a functional immune system allows the proliferation of
human tumour cells in a mouse background. The inoculation of cancer cell lines can
be done subcutaneously (heterotopic) or in the original anatomic compartment
(orthotopic). Whilst orthotopic models are thought to recapitulate more closely the
original tumour, implantation is technically challenging, time consuming, and costly
imaging analysis is required to monitor tumour growth (Richmond and Su, 2008).
Therefore, subcutaneous injection is the routine method for xenograft implantation,
despite the lack of the original microenvironment (Table 3). A further limitation of
this model is the lack of a competent immune system, making it impossible to assess
its impact on tumour growth and response to therapies. Moreover, xenografts are
derived from conventional cell lines with all the limitations previously described
(Daniel et al., 2009; Gillet et al., 2011; Poirier et al., 2015) (Table 3). Cell line-derived
xenografts have failed to predict response to several cancer therapeutics and hence,
should be used cautiously by the scientific community (Johnson et al., 2001). Despite
those limitations, the relatively reduced cost of these xenografts compared with
other mouse models, and their generally faster tumour growth, make them more

tractable to address different biological and translational questions (Day et al., 2015).

1.3.3.2 Patient-derived xenograft using patients’ tumour biopsies
Patient-derived xenografts (PDX) have been developed to overcome the

limitations imposed by established cell lines. PDX use immunodeficient mice in which
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fresh, small tumour fragments of primary or metastatic human cancers are directly
implanted subcutaneously or orthotopically (Kim et al., 2009; Morton and Houghton,
2007). This model recapitulates some of the handicaps of the cell line xenograft
models, such as the lack of the immune system and the difficulty in monitoring
orthotopic engraftments, but they do have several advantages (Table 3). PDX
maintain the parental stroma in the early passage, even when implanted
subcutaneously and the molecular and histological characteristics of the original
tumour are preserved (Hidalgo et al., 2014). Gene expression and genomic analysis
have also demonstrated a great concordance between PDX and the paired donor
tumours, with relatively minimal PDX-specific alterations (Hidalgo et al., 2014).
Several studies on different tumour types have demonstrated the high affinity
between PDX and the corresponding patients, with particular emphasis on the ability
of PDX to mimic the response to treatment observed in donor patients (Bertotti et
al., 2011; DeRose et al., 2011; Dong et al., 2010; Fichtner et al., 2008). Recently,
Izumchenko and co-workers sequenced 237 early passage PDX and compared the
results with The Cancer Genome Atlas (TCGA) database, showing strong overlap
between PDX and primary tumours. Then they looked into the response of 92 PDX
models to different therapeutic regimens and demonstrate that PDX can predict the
clinical outcome of the patients (Izumchenko et al., 2017). These studies underline
the significant opportunity offered by the PDX. These models can be exploited to
study specifically the patient’s tumour, its mechanisms of response or resistance to
therapy, and eventually could be a platform to test personalised treatment for such
patients (Hidalgo et al., 2014). As a proof of that, Gao et al performed an in vivo
compound screen in a panel of PDX (~ 1,000 models) with different genetic
backgrounds. They created a PDX clinical in which they tested different compounds
as single agents or in combination. Not only they were able to recapitulate responses
to targeted therapies observed in the clinic, but they have also been able to generate
PDX models of resistance and shown the feasibility of using these models to identify
and validate biomarkers of response (Gao et al., 2015). Therefore, the generation of
large panels of PDX covering several cancers with specific genomic backgrounds can
help to identify the best treatment for a given population of patients, to identify

biomarkers of response and also to generate paired models of resistance that can be
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of enormous help in understanding how tumours evolve and adapt to specific
treatments. Because of their ability to predict response to treatment, PDX have also
been proposed has ‘avatar’ models, in which one PDX is generated from a patient’s
tumour and that PDX is treated at the same time as the patient with the same and
other therapies (Hidalgo et al., 2011). In this way, the PDX may predict the emergence
of resistance and eventually may show response to a different therapy, allowing
clinicians to tailor patients’ treatment accordingly. However, despite the good
promise of this model, PDX are not perfect and, as for any other model, they show
some limitations (Table 3). First, PDX are expensive and although the time to
generate these models is shorter compared with some GEMMs, they can often take
longer than cell line xenografts to grow. Moreover, generation of PDX requires
availability of tumour tissue and this is not always possible, especially in tumours like
SCLC where surgery is very rarely performed and biopsies are limited. Additionally,
tumour fragments derived from a specific region of the tumour may not properly
recapitulate the complex clonal heterogeneity present throughout a patient tumour.
Itis also possible that propagation of tumour pieces in mice causes a natural selection
similar to that observed in vitro, where only those clones able to survive these
specific in vivo conditions proliferate (Hidalgo et al., 2014). A recent analysis of 1,110
PDX demonstrated that during passaging PDX tumours acquired CNA, distinct from
those acquired by the patient. These changes can pre-exist in the initial population
as low-frequency clones and be selected during passage, but de novo events may also
appear (Ben-David et al.,, 2017). This is of particular importance as it may cause
divergence in the response to therapies as compared to the donor patients. PDX are
grown in immunocompromised mice to avoid rejection from the host, therefore they
cannot be used to study the interaction between the tumour and the immune
system. Moreover while early passage PDX maintain the patient-derived stroma, this
stroma is quickly replaced by the murine counterpart after a few passages in vivo,
causing changes in the interaction between the tumours and the microenvironment
and these changes may also affect the response to therapies (Hidalgo et al., 2014).
Despite these limitations, PDX remain one of the most faithful models to recapitulate
patient tumours. In the setting of SCLC, the generation of PDX models has been

challenging due to the limited availability of tumour tissue, therefore these models
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have been frequently excluded from large scale studies. The largest comprehensive
characterisation of SCLC PDX has been performed recently by the Farago’s group
describing 17 PDX derived from SCLC tissue obtained before treatment or after
relapse. They demonstrated that SCLC PDX closely resemble the original donor
tumour both at the phenotypic and genomic level, and properly mimic the response
to EP and olaparib/temozolomide observed in the patient (Drapkin et al., 2018;
Farago et al., 2019). Poirier et al analysed the DNA methylation profile of 34 primary
SCLC tumours, 6 SCLC PDX and 7 SCLC cell lines and showed that SCLC PDX clustered
closer to the primary tumours than SCLC cell lines (Poirier et al., 2015). Other studies
exploited SCLC PDX to assess the response to novel targeted therapies and associated
mechanisms of acquired resistance, underlying the relevance of this model also in
SCLC setting (Faber et al., 2015; Gardner et al., 2014, 2017; Park et al., 2011b;
Saunders et al., 2015; Weiskopf et al., 2016). Generation of longitudinal PDX models
would be the best way to portray how SCLC evolves during treatment in human.
Drapkin et al were the first one describing the generation of longitudinal PDX derived
from the same patient before first-line therapy and after subsequent line of
treatment (Drapkin et al., 2018). They did not assess the mechanism of resistance for
this particular model, however comparison of the chemonaive PDX vs post-treatment
PDX can be used to identify patient-specific mechanisms of resistance. The reason
why the number of these longitudinal PDX is low is due to the fact that SCLC patients
rarely undergo biopsy after diagnosis, because of the invasive and potentially
dangerous nature of the procedure (Asano et al., 2012; Eapen et al., 2013) and the
poor health of many patients, drastically limiting the availability of tumour tissue

after first-line therapies.

1.3.3.3 Circulating-tumour cells derived explants

Tissue biopsies are an impediment to SCLC research. The discovery that cells and
molecules derived from the tumour can be detected in the peripheral blood of cancer
patients, opened new opportunities. These so called ‘liquid biopsies’ include
circulating tumour cells (CTC), circulating tumour DNA (ctDNA) and other tumour-
derived molecules released into the circulation (Siravegna et al.,, 2017). Liquid

biopsies can be used to determine the genomic profile of the tumour, monitor
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tumour response to treatment and emergence of resistant clones (Alix-Panabiéres
and Pantel, 2016; Siravegna et al., 2017). In particular, our laboratory showed that
CTCs are prevalent in SCLC patients and that the enumeration of EpCAM*CK*CD45
CTC using the FDA approved CellSearch system is an independent prognostic factor
for SCLC patients (Hou et al., 2009, 2012). Moreover, recently Carter et al sequenced
single CTC from pre-treatment SCLC blood patients and generated a CNA based
classifier. This classifier was able to pre-assign 83.3% of the patients as
chemosensitive or chemorefractory, highlighting the potential of CTC has biomarker
of response to standard chemotherapy (Carter et al., 2017). CTCs are released from
the primary tumour or the metastatic sites and are representative of the invasive
subpopulation of tumour cells (Pantel and Speicher, 2016). They are present in the
blood of most patients with malignant carcinoma but rarely identified in healthy
individuals (Allard et al., 2004). The molecular characterisation of CTCs demonstrated
that they mirror the original tumour (Pantel and Speicher, 2016). Given the
aggressive potential of CTCs and their prevalence in SCLC patients, these cells have
been exploited by our laboratory to generate new mouse models of SCLC, termed
circulating-tumour cell derived explant (CDX). Hodgkinson et al/ demonstrated that
CTCs, enriched from the blood of chemonaive ES SCLC patient are tumourigenic when
injected subcutaneously in the flanks of immunocompromised mice. The molecular
profiles of these CDX demonstrated broad similarity with the primary tumour and
matched single CTC. Most importantly from a pharmacological perspective, the
response of CDX to standard chemotherapies mirrored the donor patient’s response
to the same therapy (Hodgkinson et al., 2014). More recently, Drapkin and co-
workers generated and broadly characterised 17 CDX models from both chemonaive
and treated SCLC patients with particular emphasis on their genomic/transcriptomic
profile and response to treatments (Drapkin et al., 2018). Similarly, our group
generated an extensive characterisation of 39 CDX derived from 32 SCLC patients
including pre-treatment and post-treatment models. This study showed
heterogeneity across the phenotypes, covering both ‘classic’ and ‘variant’
morphologies, with some models showing mixed phenotypes. A comprehensive
transcriptomic and protein expression analysis of these models showed that the

different SCLC subtypes reviewed by Rudin et a/ (Rudin et al., 2019) were represented
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in our biobank of CDX (Simpson et al., 2019). Differential gene expression analysis
identified clusters driven by either ASCL1, NEUROD1 or POU2F3, and IHC staining
showed that the majority of CDX were ASCL1*/NEUROD1 (58%), 24% were
NEUROD1*/ASCL1™ and 9% expressed both ASCL1 and NEUROD1. Similarly, and in
accordance with the literature, some of our CDX expressed high level of the MYC
family member, with MYCL been the most frequently expressed (Simpson et al.,
2019). This comprehensive study of multiple CDX models highlight their similarity
with previously established SCLC preclinical models and strengthen their value as

accurate model of SCLC

CDX and PDX share a lot of characteristics with similar advantages and
disadvantages (Table 3), with the CDX approach providing an alternative for those
patients for whom tumour tissue is not available. Moreover, due to the non-invasive
nature of liquid biopsy, CTC can potentially be collected at different time point during
patient’s treatment and follow up, allowing generation of longitudinal models that
can recapitulate tumour evolution and interrogate mechanisms of intrinsic and
acquired resistance to therapies. As a proof of concept, we and others have
demonstrated the feasibility of generating matched treatment-naive and post-
therapy CDX models demonstrating reduced sensitivity to the selected treatment in
the progression model compared with the treatment-naive CDX (Drapkin et al., 2018;
Simpson et al.,, 2019). Moreover, a recent single-cell analysis of CTC from SCLC
patients has demonstrated that most mutations identified in the primary tumour and
metastasis were shared with the CTCs, demonstrating that CTCs can fully recapitulate
the genomic complexity of this disease (Su et al., 2019). This suggests that CDX
models may be more representative of the different subclones present in the
patient’s tumour than PDX, which derive from a small single biopsy. At the same time,
CTC are cells that have acquire the ability to survive in the circulation and invade
secondary sites, arguing that CDX may represent a more aggressive population of the
original tumour. CDX and PDX should be used as complementary models and where

possible generation of both models should be sought.
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1.4 DNA damage repair in SCLC

Targeting DNA damage repair and the replication stress response pathways in
SCLC may be an effective strategy to treat patients. The high mutational burden
induced by tobacco smoke together with the acquisition of specific genomic
alterations pushes the level of genomic instability in these cancers (Thomas and
Pommier, 2016). But how exactly can SCLC be so sensitive to DNA damage? Is this
high level of genomic instability at the base of the exquisite sensitivity to platinum-
based treatment observed in patients? And why do these tumours relapse so rapidly?
There are no clear answers to these questions. In this section, | would like to examine
the known players in SCLC genomic instability, how they can influence DNA damage
and replication stress responses and how an inappropriate balance of instability and

repair can be exploited to push these cells beyond their survival threshold.

1.4.1 Genomic Instability drives SCLC pathogenesis

Genomic instability characterises most cancers and can stem from different
mechanisms: mutations produced during DNA synthesis or defective repair,
inappropriate chromosome segregation and failure of mitotic checkpoints
(chromosome instability, CIN) or chromosomal rearrangements, copy number
variation, hyper-recombination and loss of heterozygosity (Aguilera and Garcia-
Muse, 2013). Most of these lesions are generated by failure of the replication
process, which leads to the accumulation of ssDNA and DSBs. The type of instability
generated depends on the timing (S-, G2- or M-phase) and nature of the breaks
(Aguilera and Garcia-Muse, 2013). Indeed, the way cells deal with a specific type of
DNA lesion not only depends on the type of damage, but also on the phase of the cell
cycle in which the error happens. Cyclin-dependent kinases (CDK) and the checkpoint
transducers ATR, ATM and DNA-PK feedback to each other in order to determine
which DNA repair pathway should be activated and stop cell cycle progression.
During DDR, different DNA lesions recruit specific repair proteins that activate the
checkpoint transducers to arrest the cell cycle and promote DNA repair. Which
checkpoints are activated depends on which repair proteins have been recruited and
this in turn is regulated differently according to the cell cycle phase (Branzei and

Foiani, 2008).
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Figure 9. Oncogene-induced DNA damage model for cancer development and progression.

Activated oncogenes induce DNA damage and replication stress that can degenerate in genomic
instability. This genetic chaos allows precancerous lesions to acquire hallmarks of cancer and develop
in a more aggressive phenotype. Figure was adapted from Halazonetis et al., 2008. Red arrows indicate
inhibition of the indicated processes.

In a normal cell, genomic instability is detrimental and activates apoptosis or
senescence, however in cancer cells, genomic instability is an ‘enabling characteristic’
that allows cells to accumulate the multiple hallmarks of cancer and survive in an
hostile environment (Hanahan and Weinberg, 2011). Negrini et al propose a model
in which genomic instability is acquired during tumorigenesis in sporadic cancers
(Negrini et al., 2010). The observation that the most frequently mutated genes in
human cancers are genes that regulate cell proliferation (oncogenes and tumour
suppressors) suggested that these genes may be the cause of genome instability,
laying the foundation for the oncogene-induced DNA damage model (Halazonetis et
al., 2008). In this model, precancerous lesions with activated oncogenes (or loss of
tumour suppressors) show oncogene-induced replication stress that triggers DDR and
subsequently apoptosis or senescence. Common fragile sites (CFS) are regions on
chromosomes particularly prone to gaps and breaks when DNA synthesis is perturbed
(Glover et al., 2017) (Figure 9). Oncogene-induced replication stress can induce CFS
breakage and prompt genomic instability. Indeed, incomplete replication of CFS can
lead to anaphase bridges, copy number variants (CNV), DSBs and chromosome
rearrangements, all of which participate in the acquisition of new oncogenes or loss
of tumour suppressors (Glover et al., 2017). These can results in the inactivation of

different checkpoints, such as p53 or ATM, allowing cancer cells to avoid DNA
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damage-induced apoptosis and cell cycle arrest, and acquire further alterations that
increase their fitness and contribute to the development of cancerous lesions
(Halazonetis et al., 2008). It is an open question if this process is true for all sporadic
cancers. Precancerous lesions are not observed in SCLC, suggesting that these
tumours may skip the senescence/apoptotic step (Wistuba and Gazdar, 2006;

Wistuba et al., 2000).

In SCLC, genomic instability can be induced by different factors: the high
mutational load caused by tobacco carcinogens, the loss of p53 and RB and the
expression of oncogenes (Figure 10). During SCLC development some or all of these
events may contribute to the high genomic instability observed in these cancers,
however, which event starts SCLC progression is not known. Continuous exposure to
tobacco carcinogens likely generates an inflammatory response in the lung
epithelium that together with the accumulation of DNA lesions can lead to cancer
pathogenesis. These initial changes in the lung microenvironment are not
recapitulated by current GEMMs, however the fact that loss of Trp53 and Rb1 are
sufficient to trigger SCLC in these models (Meuwissen et al., 2003), argues that these
events are enough to initiate SCLC. Interestingly, loss of Trp53 only induced the
development of adenocarcinoma, but when both alleles of Rb1 were lost, SCLC-like
tumours emerged (Meuwissen et al., 2003). Virtually all SCLC patients have a loss of
function of p53 (George et al., 2015); this observation together with the fact that the
spectrum of TP53 mutations in these patients is highly related to the effect of
tobacco’s carcinogens (Hainaut and Pfeifer, 2001), suggest that tumours develop
when the carcinogens hit TP53 by freeing these cells from the cell cycle and apoptotic

controls of p53.
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Figure 10. Putative mechanisms behind the increased replication stress observed in SCLC.

Tobacco carcinogens cause DNA lesions that are repaired by the error-prone NER and BER pathways.
The mutations acquired can bring to the loss of TP53 and RB1 in the early stage of the disease. Gain
of oncogenes may follow. Loss of TP53 and RB1 prompts to the acquisition of the main hallmarks of
SCLC (blue box, (Thomas and Pommier, 2016)) via deregulation of different cellular process (pink box).
All together these events bring to high level of replication stress, increased genomic instability and
the formation of SCLC.

It is not known whether TP53 loss occurs concomitantly, before or after RB1 loss.
However, the mouse data suggested that both genes should be deleted to generate
SCLC-like tumours. Sequencing analysis of Rb1fX/flox:Trp53flox/flox myrine SCLC
identified similar level of CNA and rearrangements compared with human SCLC
(McFadden et al., 2014), further proposing that genomic instability can be triggered
by simply deleting Rb1 and Trp53. Addition of oncogenes like MYC or NFIB
accelerates tumour growth in GEMMs (Mollaoglu et al., 2017; Semenova et al.,
2016). These events could be acquired, in human tumours, as a consequence of the
mutational load of cigarette smoke and the genomic chaos linked to TP53 and RB1

loss. These observations suggest that SCLC do not follow the typical multistep pattern
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of tumourigenesis and that loss of TP53 and RB1 are sufficient to cause a quick
accumulation of genomic alterations that bring normal epithelial cells to suddenly

transform into an aggressive cancer.

This genomic instability may allow SCLC to acquire de novo alterations, making it
a particularly difficult disease to treat. However, the presence of a chaotic genomes

could be exploited therapeutically, as discussed in the next sections.

1.4.2 Loss of TP53 and RB, and overexpression of oncogenes can cause genomic
instability

Genomic instability is a hallmark of SCLC, and it is probably driven initially by loss
of p53 and RB functions. p53 is central in the maintenance of the genome integrity
by regulating cell cycle arrest, induction of apoptosis but also by directly acting during
DNA repair. Indeed, p53 can modulate BER activity as well as bind several members
of the NER pathway and increase lesion detection. These two mechanisms are the
main pathways involved in the repair of tobacco induced DNA lesions (Hang, 2010;
Williams and Schumacher, 2016). Hence, it is plausible that loss of p53 in SCLC not
only allows cells to avoid apoptosis and keep cycling despite the presence of a high
DNA damage burden. Loss of p53 may also impair the ability of SCLC cells to repair
tobacco-induced lesions, thereby triggering genome instability (Figure 10). RB, as
mentioned previously, controls the transition from G1 to the S phase and it is an
important cell cycle checkpoint that the cells use to avoid DNA replication initiation
in the presence of specific types of DNA damage or stress (Weinberg, 1995).
Therefore, loss of RB can further increase genomic instability in SCLC by allowing cells
to bypass the G1 checkpoint. Moreover, loss of RB is associated with the CIN
phenotype observed in cancers. RB loss deregulates several components of the
mitotic checkpoint causing chromosomal aberrations. RB controls MAD2L1
expression through E2F and loss of RB caused upregulation of MAD2 with subsequent
inhibition of APC and increased aneuploidy (Hernando et al., 2004). RB also regulates
cohesin functions and its loss has been associated with reduced level of cohesin and
subsequent DNA damage, replication defects and chromosomal mis-segregation
(Manning et al., 2014a). Moreover, RB forms a complex with E2F1 and condensin Il

facilitating DNA replication and chromosome condensation. Therefore, loss of RB can
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affect proper replication and generate mitotic errors (Coschi et al., 2014) (Figure 10).
This role of RB in regulating correct mitotic progression and chromosomal
segregation may explain why SCLC cell lines with loss of RB are highly sensitive to
Aurora kinases inhibitors (Gong et al., 2019; Oser et al., 2019). Interestingly, high
levels of CIN were correlated with both loss of RB1 and TP53, suggesting that while
RB1 loss causes chromosomal aberration, only cells with loss of TP53 can tolerate

these alterations (Manning et al., 2014b).

Another source of genome instability is the overexpression of oncogenes that lead
to replication stress and subsequent DNA damage (Halazonetis et al., 2008).
Oncogenes can induce replication stress via different mechanisms that involve
dysregulation of origin firing, transcription-replication conflicts, alteration in
nucleotide metabolism and generation of reactive oxygen species (ROS) (Kotsantis et
al., 2018). The role of oncogenes in replication stress has not been assessed for all
known oncogenes and most of the studies focused on KRAS, CYCLIN E and MYC
overexpressing cells (Kotsantis et al., 2018). MYC is overexpressed in 4% of SCLC
(George et al., 2015; Kim et al., 2006) and may contribute to the increased genomic
instability. MYC can induce replication stress by deregulating cell cycle via differential
expression of CDKs and E2F factors and reducing origin firing (Bretones et al., 2015;
Kotsantis et al., 2018). MYC also controls DNA replication by interacting with the pre-
replicative complex and overexpression of MYC has been linked to unscheduled
origin firing and increased DNA damage (Dominguez-Sola et al., 2007; Srinivasan et
al., 2013). Moreover, MYC overexpression shortens the length of G1, causing firing
of intragenic origins that are usually inhibited by the transcriptional machinery. These
intragenic origins can easily collapse because of replication-transcription conflicts,
thus inducing DNA replication stress and DSB (Macheret and Halazonetis, 2018).
Overexpression of MYC can also induce ROS, in part due to increased proliferation
(Bretones et al.,, 2015), deoxyribonucleoside triphosphate (dNTP) metabolism
(Mannava et al., 2008) and transcription (Macheret and Halazonetis, 2018). When
not inactivated, ROS interact with different intracellular molecules, including DNA,
and induce lesions (Vafa et al., 2002). All of the above studies have focused on c-MYC,

however considering the higher expression of L-MYC in SCLC, it would be interesting
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to study the role played by other MYC family members in inducing replication stress

and genomic instability in SCLC.

BCL-2 is another oncogene overexpressed in a group of SCLC patients (~60%)
(Ben-Ezra et al., 1994; Byers et al., 2012; Poirier et al.,, 2015). It has been
demonstrated that BCL-2 can induce replication stress by interfering with nucleotide
metabolism. BCL-2 is able to directly bind to RRM2, the catalytic subunit of the
ribonucleotide reductase (RNR), decreasing the conversion from ribonucleoside
diphosphates (NDP) to deoxyribonucleoside diphosphates (dNDP). This reaction is
necessary to generate dNTPs used during DNA synthesis and DNA repair. Inhibition
of RNR by BCL-2 reduces the dNTP pool affecting fork progression and leading to DNA

replication stress (Xie et al., 2014).

Of the oncogenes known to have a putative role in genomic instability, AKT2 is
amplified in 4% of SCLC patients (Dowlati et al., 2016). AKT controls energy
metabolism and its activation increases oxygen consumption. Therefore,
hyperactivation of AKT can generate ROS and cause DNA damage and genomic

instability (Nogueira et al., 2008).

Whether oncogene-induced DNA damage has a preponderant role in the genomic
instability of SCLC is unknown. It is likely that oncogenes are selected mainly to
increase the overall ‘fitness’ of these cells while their genomic chaos remains a by-
product. These ‘weapons’ are used by the tumours to survive and proliferate, and
can be double-edged swords because of the impact oncogenes have on the genome.
It is appealing to hypothesise that, independent of the molecular characteristics of a
SCLC tumour, we can exploit its genomic instability to push these cells beyond their
survival threshold. This may be achievable by interfering with the repair machinery

and inducing replication and/or mitotic catastrophe.

1.4.3 Targeting cell cycle and mitotic checkpoint in SCLC

High levels of DNA damage together with increased replication stress in SCLC are
features that can potentially be exploited therapeutically. As suggested by O’Connor
in 2015, alterations in the DDR during tumourigenesis can be synthetic lethal with

pharmacological inhibition of unimpaired DDR pathways (O’Connor, 2015). Indeed,
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in SCLC loss of the G1 checkpoint function by lack of p53 and RB generates a
dependency in these tumours that rely more on S-phase and G2/M checkpoints to
avoid excessive accumulation of DNA lesions. The high level of replication stress in
these tumours needs to be tightly regulated in order to avoid replication catastrophe.
Replication catastrophe is an irreversible process in which cells exhaust their pool of
replication protein A (RPA) (a protein complex that binds ssDNA and protects it from
endonucleases), accumulate DSBs and undergo apoptosis or senescence (Toledo et
al., 2017). RPA levels are controlled by ATR that, through activation of CHK1 and
WEE], represses the firing of dormant origins and restricts the formation of ssDNA
(Toledo et al., 2013). An alternative replication stress-induced cell death has been
recently described by Murai et al. In their study it is suggested that SLFN11, in the
presence of replication stress, can bind RPA and persistently block replication forks
independently of ATR-CHK1 signals. In the presence of unscheduled origin firing, like
after ATR, CHK1 or WEE1 inhibition, SLFN11 can permanently block all activated
forks, thus inducing cell death (Murai et al., 2018). Therefore, inhibition of the S-
and/or G2/M-phase checkpoints, and/or induction of further DNA
damage/replication stress, can be exploited to drive cells toward replication or
mitotic catastrophe. As described in chapter 1.2.4, inhibition of ATR, CHK1 and WEE1
have been tested in SCLC with encouraging preclinical results (Doerr et al., 2017;
Nagel et al.,, 2019; Sen et al.,, 2017a, 2017b). In these studies, the induction of
replication catastrophe and the level of SLFN11 were not assessed. However, the
observed induction of DSBs and apoptosis after inhibition of ATR, CHK1 or WEE1
indicate possible replication catastrophe. In some of these studies, the correlation
between expression of MYC or MYCL and a higher sensitivity to ATR and CHK1
inhibitors was observed (Nagel et al., 2019; Sen et al.,, 2017a), confirming that
oncogene-expressing tumour cells have higher levels of replication stress and
therefore may rely more on the ATR-CHK1 axis to avoid replication catastrophe

(Halazonetis et al., 2008; Toledo et al., 2017).

Another promising strategy to target SCLC genomic instability is the inhibition of
the mitotic regulators, Aurora kinase A and B. Treatment with AURKB and AURKA

inhibitors induced apoptosis in SCLC preclinical models because they failed to
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properly exit mitosis (Gong et al., 2019; Mollaoglu et al., 2017; Oser et al., 2019).
While Mollaoglu and co-workers associated the observed phenotype to a synthetic
lethal correlation with MYC overexpression, Oser et al and Gong et al proposed a
model in which loss of RB is the main driver for this sensitivity. The synthetic lethality
between RB loss and AURKs inhibition seems to be associated with the role RB has
during mitotic progression (Coschi et al., 2014; Manning et al., 2014a). It is also
possible that the genomic instability and replication stress observed in the RB null
cells as well as in the MYC overexpressing cells have deleterious effects when these
cells are depleted of their mitotic checkpoints, thus inducing mitotic catastrophe.
This alternative hypothesis may explain why some RB null models were not sensitive
to AURKB inhibition (Oser et al., 2019). The presence of alternative pathways that
can protect these resistant cells from the genomic instability induced by RB loss may

account for their reduced sensitivity to AURK inhibition (Figure 11).

Genomic instability
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Figure 11. Aurora Kinases and other pathways can protect cancer cells from the mitotic failure
induced by RB loss and C-MYC overexpression.

RB loss and C-MYC overexpression increase the level of genomic instability that can degenerate into
mitotic failure. Aurora kinases act as mitotic checkpoint protecting the cells from mitotic failure. In
the absence of functional Aurora kinases, activation of alternative pathways, such as the PI3K/AKT
pathway, could compensate for the loss of this mitotic checkpoints.

This could be the case for the RPP model tested in Mollaoglu et al. These mice
have a deletion of Rb1, however cells derived from this model do not respond to
Aurora kinases inhibition in vitro (Mollaoglu et al., 2017). If activation of the PI3K/AKT

pathway can protect these cells from mitotic catastrophe it is not known, however
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roles of AKT/PTEN in regulating mitotic progression have been described (Hemstrom
et al., 2006; Hirose et al., 2005; Leonard et al., 2013). It would be interesting to assess
whether co-inhibition of the PI3K pathway and AURKs, would sensitise these cells to

this treatment.

The impressive initial response observed in most SCLC patients to first-line EP can
stem from the fact that these drugs generate DNA damage and replication stress,
thus pushing most SCLC cells beyond their survival limit. Unfortunately, resistance
mechanisms inevitably develop (as discussed in chapter 1.2.3). PARP inhibition acts
in a similar way, where PARP inhibitors cause DNA breaks by inhibiting PARylation
and trapping PARP to the DNA (Pommier et al., 2016b). PARP inhibitors as single
agents are synthetic lethal in cancers with deficiencies in the homologous
recombination repair pathway (McCabe et al., 2006), however efficacy of these
compounds on SCLC preclinical models did not correlate with any known HR
deficiency. Byers’ group suggests that the activation of E2F1 due to RB loss may cause
the overexpression of E2F1 targets, including some DNA repair proteins. They
postulate that SCLC relies on these DNA repair proteins to deal with DSB and
reduction of their level by inhibition of PARP1 (co-activator of E2F1) make them more
sensitive to DNA damage (Byers et al., 2012; Cardnell et al., 2013). At the moment,
clinical trials with PARP inhibitors in combination with EP in SCLC have shown very
limited efficacy, however none of them stratified patients based on their RB status
or expression of DNA repair proteins. Mutations in HR genes are rare in SCLC (Heeke
et al., 2018) and genomic scars indicative of HR deficiency did not correlate with the
response to different PARP inhibitors in SCLC preclinical models (Lok et al., 2017;
Stewart et al., 2017). Both studies reported that high level of SLFN11 correlated with
sensitivity to PARP inhibition, and propose SLFN11 as a promising biomarker to
stratify SCLC patients prior to treatment with PARP inhibitors. Interestingly, the
correlation was stronger for talazoparib treatment, the PARP inhibitor with the
strongest trapping ability (Lok et al., 2017; Murai et al., 2014b; Stewart et al., 2017).
PARP trapping can block replication fork progression and induce replication stress,
explaining why SLFN11 positive cells are more sensitive to talazoparib. Murai et a/

previously showed that DNA damage caused by PARP trapping, is not only repaired
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via HR but also via other repair pathways such as the Fanconi Anemia, template
switching and BER pathways (Murai et al., 2012). This raises the possibility that
deficiencies in other DNA repair pathways could be synthetic lethal with PARP
inhibition. Hence, stratification of SCLC patients by SLFN11 protein expression or
alterations in DNA repair pathways could be used to identify SCLC patients that may
respond to this type of treatment. Moreover, combination of PARP inhibitors with
some of the above-mentioned checkpoint inhibitors could be used to induce

replication catastrophe in patients which do not express SLFN11.

1.4.4 Conclusions

In conclusion, there is a strong rationale for targeting the DDR and mitotic
checkpoints in SCLC. The advantage of these treatments is that they target a common
vulnerability of disease, and should demonstrate efficacy in more patients compared
with other kinase inhibitors. However, at the moment the beneficial effects observed
in SCLC patients have been limited. This is probably due to the high complexity and
redundancy of the DDR pathways. Similarly to any other therapy, we need to
understand the functional mechanisms underpinning these responses to allow better
treatment design. The identification of clinically relevant biomarkers is warranted to
stratify patients that would benefit from a selected treatment. Moreover,
combination of multiple therapies targeting different aspects of the DDR and mitotic
checkpoints should be tested to limit the emergence of resistance and target a
broader population of SCLC patients. For example, Murai et al showed that resistance
to PARP inhibition by loss of SLFN11 can be overcome by inhibition of ATR (Murai et
al., 2016), while Stewart and co-workers demonstrated that ATM inhibition re-
sensitised SLFN11-low cells to PARP inhibitors (Stewart et al., 2017). It has also been
shown that lesions generated by different DNA damaging agents rely on PARP to
varying extent (Murai et al., 2014a), something that should be taken into account
when designing clinical trials. Combination of olaparib with EP did not show
impressive response in SCLC (Bono et al., 2017; Owonikoko et al., 2018; Woll et al.,
2017), while combination of olaparib or veliparib with TMZ was promising and
justified further investigation (Farago et al., 2018; Pietanza et al., 2018). This is

probably explained by the different lesions generated by these drugs: platinum and
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TOP2 inhibitors do not activate PARP or induce PARP trapping, while lesions
generated by TMZ are directly recognised by PARP1/2 (Murai et al., 2014a).

Recently, an important link between DDR and immune system function has been
drawn in SCLC. Byers’ lab observed that olaparib or prexasertib (CHK1 inhibitor)
enhanced PD-L1 expression in SCLC cell lines and GEMMs. The immune modulation
observed after PARP and CHK1 inhibition was due to the activation of the
STING/TBK1/IRF3 innate immune response pathway, and combination of olaparib or
prexasertib with PD-L1 blockade potentiated their anti-tumour effect (Sen et al.,
2019b). Interestingly, SFLN11-high SCLC patients have an enrichment of type | IFN
pathway genes (downstream of the STING pathway) and positively correlated with
PD-L1 expression (Stewart et al., 2017), suggesting that the high sensitivity of
SLFN11-high SCLC tumours to olaparib could be partly mediated by the activation of

the innate immune response.

There is little hope for a universal treatment for all SCLC patients. However, a
better understanding of the biology of these tumours and the mechanisms activated
in response to their high level of genomic instability can help us to identify

treatments and biomarkers to improve the survival of these patients.

1.5 Project Aims

The multitude of mechanisms of resistance identified to date in SCLC preclinical
models suggests high intrinsic level of heterogeneity. This heterogeneity may be at
the base of the overall failure of recent clinical trials. Even when dealing with a
common tumour characteristic, such as genomic instability, highly variable responses
have been observed (Byers and Rudin, 2015; Sen et al.,, 2018). Emergent
chemoresistance is the main challenge in the treatment of SCLC patients. The very
rapid progression of this tumour, regardless of the treatment applied, is discouraging
and challenges the development of novel therapies. Despite the promising results
observed in preclinical models, targeting DDR pathways has shown limited efficacy
in the clinical setting. Identification of biomarkers of response for these treatments,

as well as a better understanding of the mechanisms behind the heterogenous
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responses observed in patients, may aid in the design of superior clinical trials that
yield the greatest benefit for SCLC patients.

From previous research, we learnt that one preclinical model cannot recapitulate
the entire complexity of SCLC. By definition a model is “a simplified or idealised
description or conception of a particular system, situation, or process, [...], that is put
forward as a basis for theoretical or empirical understanding, or for calculations,
predictions, etc [...]” (OED online, 2019) arguing that a model is inherently unable to
entirely recapitulate the real situation. While GEMMs can be extremely useful to
dissect the early steps of SCLC pathogenesis, their relative homogeneity limits their
use in identifying new predictive biomarkers. Conversely, common cell lines and
patient-derived xenografts may be more useful for testing new therapeutics and
identify biomarkers of response, although limitations in these models have also to be
taken into consideration (Table 3). In our group, we have developed a large panel of
SCLC CDX that, at least partly, recapitulates the heterogeneity of SCLC subtypes
observed in the literature (Figure 12) (Rudin et al., 2019; Simpson et al., 2019). These
models have been the main pillar of my PhD and | have exploited them to address
two main questions:

1) Can CDX provide a faithful preclinical model to shape the response to DDR
inhibitors?
2) Are there any clinically relevant biomarkers that can predict the response to

such inhibitors?

Cell lines PDX and biopsies

Figure 12. SCLC subtypes observed in different preclinical models.

Circle plots describing the percentage of each SCLC subgroups in the CDX models (Simpson et al., 2019)
compared with the frequency of each subtypes in established SCLC cell lines, PDX and patient samples
(Rudin et al., 2019). The size of each circle is proportional to the percentage of model in each subgroup.
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To answer these questions, my project was divided in two main parts:

a. Development and full characterization of a short-term ex vivo culture system
of CDX-derived tumour cells in order to functionally test hypotheses and
screen novel compounds, bypassing restrictions imposed by in vivo models.

b. ldentification of putative biomarkers of response and combinatorial

treatments of DDR inhibitors with potential implications for SCLC patients.

Chapter 2: Material and Methods

2.1 Culture methods

2.1.1 General culture methods

Different media conditions were used depending on the cell lines (all from ATCC):
SCLC cancer cell lines NCI-H524, NCI-H69, NCI-H1694 and NCI-H526, and the
osteosarcoma cell line U20S were grown in RPMI 1640 containing glutamine (GIBCO,
Thermo Fisher Scientific, #21875091), supplemented with 10% Fetal Bovine Serum
(FBS, Labtech International Ltd). The Lenti-X™ 293T cell line (ClonTech; #632180) was
grown in DMEM with 10% FSB and GlutaMAX™ (GIBCO, Thermo Fisher Scientific,
#35050061). CDX-derived cells were grown in HITES media (Simms et al., 1980) made
up in RPMI 1640 (GIBCO, Thermo Fisher Scientific, #31870-074) with the addition of
with 50 pg/mL insulin (Sigma-Aldrich, #19278), 10 ug/mL human transferrin (Sigma-
Aldrich, #T8158), 10 nM R-estradiol (Sigma-Aldrich, #82758), 30 nM sodium selenite
(Sigma-Aldrich, #55261) and 10 nM hydrocortisone (Sigma-Aldrich, #H0888), as
previously described (Simms et al., 1980). The HITES media was then supplemented
with GlutaMAX™, gentamicin (Sigma-Aldrich, #G1272), 5 uM of the ROCK inhibitor Y-
27632 (Tocris, Bio-Techne, #1254) and when specified with 2.5% FBS or 50 nM
bombesin (Tocris, #1149).

Non-adherent cells were passaged by washing once in PBS then incubating the
cell pellet for 5-10 min at 37°C with StemPro Accutase (Thermo Fisher Scientific,
#A1110501). After dissociation of the clusters, cells were washed in PBS once and
resuspended in fresh media. For CDX-derived cells a 10-15 min treatment with DNase

| (STEMCELL technologies, #07469) was also performed before Accutase when a lot
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of debris and dead cells were observed in the media. Adherent cells were passaged
when they reached 75-90% confluency. Cells were detached using 0.25% Trypsin-
EDTA solution (GIBCO, Thermo Fisher Scientific, #25200056) for 5 min at 37°C and

then seeded in fresh media.

Cell viability was assessed with trypan blue staining (Sigma-Aldrich, #T8154) and
cells were counted with the C-Chip disposable Haemocytometer (LabTech, #DHC-
NO1). 10 pL of the mixture of cells and trypan blue was loaded on the chip and cells
were counted in each main square, as per manufacturer’s instructions. The sum of
the count obtained in each square was divided by the dilution factor (2) and

multiplied by 10* to yield the number of cells/mL.

CDX-derived cells were kept in culture for a maximum of five weeks to reduce
clonal selection. Similarly, all the other cancer cell lines were maintained in culture
for a maximum of ten passages. Human cell line authentication via STR profiling and
mycoplasma testing by PCR were routinely performed through the CRUK MI

Molecular Biology Core Facility.

2.1.2 Tumour disaggregation

Harvested tumours immediately underwent enzymatic dissociation with the
human tumour dissociation kit (Miltenyi Biotec, #130-095-929) according to
manufacturer’s instructions. Briefly, the tumours were chopped into small pieces and
dissociated in media containing a mixture of enzymes (collagenases and DNase)
provided with the kit. Dissociation was performed for 1hr at 37°C under continuous
rotation. Increased rotation speed to physically dissociate the tissue was performed
3 times for 30 sec during the incubation (program 37C_h_TDK_1 on the gentleMACS
Octo Dissociator, Miltenyi Biotec). After dissociation, the cell suspension was passed
through a 70 um cell strainer (VWR, #734-0003) to remove large fragments of tissue
and then washed with 20 mL of RPMI media and spun for 10 min at 300 x g. The cell
pellet was incubated for 5 min at RT with the Red Blood Cell Lysis Buffer (G-
Biosciences, #786-672) and then washed with PBS. After lysis of blood red cells, the
cell suspension was incubated in Annexin V binding buffer (Miltenyi Biotec, #130-092-
820) for 15 min at RT with microbeads conjugated with anti-MHC-I (H-2Kd/H-2Dd)
mouse antibody (eBioscience, #14-5998-81 and Miltenyi Biotec, #130-047-202) to
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deplete for mouse cells, and the dead cell removal kit (Miltenyi Biotec, #130-090-101)
to remove dead cells. After incubation the mixture was passed through a magnetic
column (Miltenyi Biotec, #130-042-401), washed 4 times with Annexin V binding
buffer and the elute was collected. The final cell suspension was counted with trypan
blue and seeded in HITES media with ROCKi without FBS to limit the growth of any

mouse fibroblast contamination. FBS was added after 5-7 days in culture.

2.2 Media Optimisation
2.2.1 Identification of the best media conditions

To identify the optimal culture media to grow CDX-derived cells, cell proliferation
was assessed by Cell Titer Glo 3D (Promega, G9683) reducing the final concentration
of the buffer to 1:10 instead of 1:2 as directed in the manufacturer’s instructions.
CDX-derived cells were seeded at different densities on 96 well plates and grown for

different times in specific media conditions. The conditions tested were:

i HITES media alone (H)
ii.  HITES media with 5 uM ROCK inhibitor (HRi)
iii. HITES media with 2.5% FBS (HF)
iv. HITES media with 2.5% FBS and 5 uM ROCKi (HFRi)
v.  HITES media with 50 nM bombesin (Tocris, #1149) (HB)
vi. HITES media with 50 nM bombesin and 5 uM ROCKi (HBRi)
Readout was obtained with the plate reader FLUOstart Omega (BMG LabTech) every

other day for a total follow up time of 14 days.

2.3 Drug screening
2.3.1 Drug screening optimisation
Drug screenings were performed to assess the sensitivity of different CDX cultures

to a panel of compounds.

2.3.1.1 Low-throughput screenings

Low-throughput screenings were performed on 96 well plates, testing up to 10
different drug concentrations (including untreated control) with three technical
replicates. CDX cells were seeded at a density of 10,000-15,000 cells per well and drug

treatments were performed 48hr after seeding, in order to allow the cells to settle
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after plating and cluster again. CDX cells were incubated with the drugs for a total of
7 days. For Figure 42A,B the concentrations of olaparib and AZD1775 tested ranged

from 0 and 30 uM with a 3-fold increment in-between each concentration.

2.3.1.2 Moderate-throughput screening

Moderate-throughput screenings were performed on 384 well plates where a
matrix of 6 x 6 drug concentrations of drug 1 and drug 2 was tested. The drugs were
dispensed by Mr. Christopher Clark from the CRUK MI Molecular Biology Core Facility
using the ECHO® acoustic liquid handler 550 (Labcyte). A total of 108 wells were
treated with the two drugs of interest. DMSO was added to each well to reach the
same DMSO concentration as in the wells treated with the highest concentration of

drugs. Each combination of concentrations was tested in triplicate.

For both low and moderate-throughput screens, readouts were obtained with

Cell Titer Glo 3D assay as previously described.

2.3.2 Drug formulation

A list of compounds and formulations used in this thesis is shown below:

Table 4. Compounds and stock concentrations used.

Other Stock Main

Compound name Vehicle (mM) target Seller cat. #
Cisplatin 0'9%. i 2 DNA Sigma-Aldrich P4394
saline
Etoposide DMSO 100 TOP2A Sigma-Aldrich E1384
AZD1775 WEE1i DMSO 10 WEE1 AstraZeneca NA
Olaparib PARPi DMSO 10 PARP-1 AstraZeneca NA
AZD6738 ATRi DMSO 10 ATR AstraZeneca NA
AZD7648 DNAPKi DMSO 10 DNA-PKcs AstraZeneca NA
AZD2811 AURKBi DMSO 10 AURKB AstraZeneca NA
GDC0941 DMSO 9.69 PI3Ka/5 Selleck 51065
Chemicals
ABT737 DMSO 10 Bcl-2/BclxL Selleck 51002
Chemicals
TH1579 DMSO 10 MTH1 Thomas NA
Helleday
EdU PBS 10 DNA Carbosynth NE08701
Y-27632 ROCKi PBS 10 p160ROCK Tocris 1254
IdU DMSO 100 DNA Sigma-Aldrich 17125
Cldu DMSO 100 DNA Sigma-Aldrich C6891
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2.4 Biochemical assays
2.4.1 Protein extraction
2.4.1.1 Protein extraction for cell lines

Cell pellets were quickly washed in cold PBS and then solubilised with ice-cold
lysis buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM Na,EDTA, 1 mM EGTA, 1%
Triton, 2.5 mM sodium pyrophosphate, 1 mM B-glycerophosphate, 1 mM NasVO,, 1
ug/mL leupeptin; Cell Signaling technology, #9803S) in the presence of Protease
Inhibitor Cocktail (1:100, Sigma-Aldrich, #P8340) and Phosphatase Inhibitor Cocktail
Il 'and Il (1:100, Sigma-Aldrich, #P5726 and #P0044). Lysis was performed for 30min
on ice and the samples were vortexed every 10 min. After incubation in lysis buffer,
samples were spun down for 15 min at 4°C at > 16,000 x g. The supernatant was

collected and stored at -80°C.

2.4.1.2 Protein extraction for tumour tissue

Snap-frozen tumours were homogenised in Fastprep tubes with lysing matrix A
(MP Biomedicals, #SKU116910050-CF) using the Tissuelyser LT (Qiagen) and ice-cold
lysis buffer (Cell Signaling technology, #9803S). Tissue was homogenised for 3 x 1 min
at 50 Hz and then the lysate was spun down at > 16,000 x g for 15 min at 4°C.

Supernatant was collected and stored at -80°C.

2.4.2 Protein quantification

Both protein extractions from cells and tissue were quantified with the
Bicinchoninic acid (BCA) assay kit (Thermo Fisher Scientific, #23225) as per
manufacturer’s instructions. A 1:10 dilution of the protein lysate was used to quantify
the protein content from cell lines, while a 1:50 dilution was used for tissue samples.

Standards were made up in matched lysis buffer.

2.4.3 Western Blotting

20ug of protein were mixed with 4x NUPAGE LDS buffer (Invitrogen, #NP0007) and
10x NuPAGE reducing agent (Invitrogen, #NP0004) and boiled for 10 min at 70°C
before loading on pre-casted NUPAGE 4%-12% Bis-Tris 1.0 mm gel (Invitrogen,
#NP0322/0321). Gels were run for 1.5-2hr in MOPS SDS running buffer (Invitrogen,
#NPQOO0O01) at 120V. Protein were transferred to Amersham Hybond ECL Nitrocellulose
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Membrane (GE Healthcare, #RPN203D) for 1hr at 100V in 10% v/v Tris/Glycine/SDS
transfer buffer (National Diagnostics, #EC-880) with 5% v/v methanol. Ponceau S
staining (Sigma-Aldrich, #P7170) was used to check the quality of the transfer.
Membranes were quickly incubated with Ponceau S and then washed with deionised
water (ddH20) before imaging. A final wash with TBS with 0.1% Tween20 (TBST,
Sigma-Aldrich, #T2700) was used to completely remove the red dye. Blocking was
performed for 2-4hr in TBST with 5% milk at room temperature (RT). Membranes
were incubated overnight at 4°C with the appropriate primary antibody diluted in
TBST with 5% milk or with 5% BSA when antibodies against phospho-epitopes were
used. The only exception was the phospho-RPA2 S33 antibody, which worked better
in 5% milk. For a list of antibodies used and their working dilution see Table 5. After
incubation with primary antibodies, membranes were washed 3 x 20 min in TBST at
RT and then probed with the corresponding horseradish peroxidase-coupled
secondary IgG (Dako, Agilent Technologies) in TBST with 5% milk for 1hr at RT. A final
3 washes x 20 min in TBST at RT were performed before detection on Amersham
Hyperfilm ECL (GE Healthcare, #28-9068) with the Western Lightning Plus-ECL system
(PerkinElmer, #NEL103001EA) or on the ChemiDoc™ XRS+ (BioRad). The acquired
images were processed with Affinity Designer v1.7.1 to generate the figures and Fiji
(Imagel v2.0.0) was used to quantify band intensity. Images of the membranes were
analysed with the “Gels” tool on Imagel. Equal squares were drawn around each band
and the area under the curve was calculated for each band’s intensity peak. These

values were plotted with Graphpad Prism v8.2.0.

For the cellular thermal shift assay (chapter 2.4.4), extracted proteins were mixed
with 4 x Laemmli buffer and then heated at 95 °C for 10 min. Samples were run on
SDS-PAGE gel followed by protein transfer to nitro-cellulose membranes.
Membranes were blocked in TBST and 5 % milk for 1 hour followed by incubation
with anti-MTH1 antibody and anti B-actin for 1 hr. Membranes were washed three
times in TBST followed by incubation with anti-rabbit-HRP and anti-mouse-HRP
antibodies for 1 hr. After washing 3 times in TBST the membranes were analysed

using Super signal west femto maximum sensitivity substrate (ThermoFisher
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Scientific, #34096) and measurements were performed using Odyssey Li-Cor system.

The bands were scanned and normalized to the band of the 25°C sample.

Table 5. List of antibodies used for Western Blot.

Antigen Vendor Cat. Number Clone Concentration
cleaved caspase 3 Cell Signaling Technology 9661 1:1000
phospho CDC2 Y15 Cell Signaling Technology 4539 10A11 1:1000

CDC2 Cell Signaling Technology 9116 POH1 1:1000

CHK1 Cell Signaling Technology 2360 2G1D5 1:1000
phospho CHK1 S317 Cell Signaling Technology 12302 D12H3 1:1000
phospho CHK1 S345 Cell Signaling Technology 2348 133D3 1:1000
PARP Cell Signaling Technology 9542 1:1000

pAKT S473 Cell Signaling Technology 9271 1:1000
AKT Cell Signaling Technology 2920 40D4 1:2000

pS6 S235/236 Cell Signaling Technology 4857 91B2 1:1000

S6 Cell Signaling Technology 2217 5G10 1:1000
a-tubulin Cell Signaling Technology 2144 1:2000
GAPDH Cell Signaling Technology 2118 14C10 1:2000
MTH1 Novus NB100-109 1:500
B-actin Cell Signaling Technology 3700 8H10D10 1:1000
Histone H3 Cell Signaling Technology 4499 D1H2 1:2000
pHH3 S10 Millipore 05-806 3H10 1:1000
CDK6 Abcam ab124821 EPR4515 1:1000
pRPA32 S33 Bethyl Laboratories A300-246A 1:1000
p21 BD Biosciences 556430 S$X118 1:200

RB1 Cell Signaling Technology 9309 4H1 1:2000

2.4.4 Cellular thermal shift assay

The cellular thermal shift assay (CESTA) was performed by Thomas Helleday’s
laboratory and was included in this thesis to complement the described data with
the MTH1 inhibitor, TH1579. The preparation of the samples was performed as
follow. Tumours from the pharmacodynamic arms (see chapter 2.9.3 for detail) were
mashed in liquid nitrogen and homogenized in 300 pL of TBS with protease inhibitor
cocktail (Roche, #11697498001). Each tumour suspension was aliquoted in 9 PCR
tubes, with 30 pL per tube. Eight of the tubes were heated for 3 min with a
temperature-gradient ranging from 48 to 63°C using the Biorad Thermocycler. One

tube was kept at room temperature (25°C). Samples were then frozen at -80°C and
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thawed three times to lyse the cells. Samples were then centrifugated at 17,000 x g

for 20 min. The supernatants were processed as described in chapter 2.4.3.

2.4.5 RNA isolation and sequencing
2.4.5.1 RNA extraction for cell cultures

Cells were spun down for 5 min at 300 x g and washed once with PBS. If the cells
were not processed immediately for RNA extraction, they were pelleted in 1.5 mL
eppendorf tube for 5 min at 300 x g, snapfrozen in liquid nitrogen and then stored at
-80°C. RNA extraction was performed with the RNeasy Mini Kit (Qiagen, #74106), as
per manufacturer’s instructions. Briefly, samples were defrosted on ice, quickly lysed
with RLT buffer and passed through a QlAshredder column, and processed on RNeasy
spin columns. Eluted RNA was then quantified with a Nanodrop spectrophotometer

(LabTech, #ND-1000) and stored at -80°C until ready for sequencing.

2.4.5.2 RNA extraction for tumour tissue

Total RNA was extracted from snap-frozen or RNA/ater® (Sigma-Aldrich, #R0901)
samples with the RNeasy Mini Kit (Qiagen, #74106) according to manufacturer’s
instructions. Samples were first defrosted on ice and then disrupted and
homogenised using Fastprep tubes with lysing matrix A and the RLT buffer with B-
mercaptoethanol on the Tissuelyser LT. Tissue was homogenised for 3 x 1 min at 50
Hertz and then the lysate was spun down at > 16,000 x g for 3 min at 4°C. Subsequent

steps were performed the same as for cell cultures.

2.4.5.3 Bulk RNA-sequencing

RNA-sequencing was carried out by John Weightman, Gillian Williams, and Emily
Hulme at the CRUK MI Molecular Biology Core Facility. RNA quality checks were
performed with the Agilent 2100 Bioanalyser and samples with RNA integrity number
> 7.6 were selected for downstream processing. Indexed PolyA libraries were
prepared using 200ng of total RNA and 14 or 15 cycles of amplification with the
Agilent SureSelect Strand Specific RNA Library Prep Kit for lllumina Sequencing
(Agilent, #G9691B). Libraries were quantified by gPCR using a Kapa Library

Quantification Kit for lllumina sequencing platforms (Kapa Biosystems Inc., #KK4835).
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Paired-end 75 or 150bp sequencing was carried out by clustering 1.8-2.3pM of the

pooled libraries on a NextSeq 500 sequencer (lllumina Inc.).

2.4.6 DNA isolation, Sanger sequencing and whole exome sequencing
2.4.6.1 DNA isolation from cell cultures

Genomic DNA was extracted from snap-frozen cell pellets with the QJAmp DNA
mini Kit (Qiagen, #51304) according to manufacturer’s instructions. Briefly, cell
pellets were defrosted on ice, digested in Proteinase and lysed at 56°C for 10 min.
Ethanol was added to the mixture and the solution was applied to the QIAmp Mini
spin column and processed. The eluted DNA was quantified with a Nanodrop

spectrophotometer and stored at -20°C.

2.4.6.2 DNA isolation from tumour tissue

Genomic DNA was extracted from snap-frozen tumours with the QIAmp DNA mini
Kit (Qiagen, #51304) according to manufacturer’s instructions. Briefly, a small piece
of the tumour was placed in 1.5mL Eppendorf and lysed in Proteinase K overnight on
a shaker at 300 rpm at 56°C. After lysis, the samples were incubated with RNAse A
(100mg/mL) (Qiagen, #1006657) for 2 min at RT. All subsequent steps were the same

as described for cell cultures.

2.4.6.3 PCR and primer design

The extracted genomic DNA was amplified by polymerase chain reaction (PCR)
using primers flanking relevant regions in the gene of interest. The PCR protocol for
Phusion® HighFidelity DNA Polymerase (New England Biolabs Inc, #M0530) was
followed as per manufacturer’s instructions and run on the Profile PCR system
(Applied Biosystems, Life Technologies) with the initial denaturation performed at
98°C for 30 sec, followed by several cycles of denaturation at 98°C for 10 sec,
annealing at the melting temperature (58°C for TP53 and 62°C for PALB2) for 30 sec
and extension at 72°C for 30 sec. The final extension was also done at 72°C. The

sequence of each primer and the PCR protocols are shown in Table 6 and Table 7.
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Table 6. List of primers.

Model Target forward primers reverse primers

CDX2 TP53 A440C CACTTGTGCCCTGACTTTCA CTCACAACCTCCGTCATGTG
CDX3 TP53 A263G CTCAGATAGCGATGGTGAGC CCCTTAGCCTCTGTAAGCTT
CDX4 TP53 G892T GTGGTTGGGAGTAGATGGAG TCCCAAGACTTAGTACCTGAAG
CDX3 PALB2 E178* AGCTGCCAAGCAGAAGAAAG TGGTTCTGGAGAATCTGGAAG
CDX4 PALB2 E178* AGCTGCCAAGCAGAAGAAAG TGGTTCTGGAGAATCTGGAAG

Table 7. PCR protocols.

Initial Melting Initial Final

Target denaturation Denaturation Temperature Extention extention Hold
TP53 o 2 o 24 o 24 o 2 o 2’7 o
A440C 98°C x 30 98°Cx 10 58°C x 30 72°Cx 30 72°Cx 30 4°C
TP53 98°C x 30" 98°C x 10” 58°C x 30” 72°Cx30” | 72°Cx30” 4°C

A263G X X X X X

TP33 98°C x 30" 98°C x 10” 58°C x 30” 72°Cx30” | 72°Cx30” 4°C
G892T

i’;\égf 98°C x 30" 98°C x 10” 62°C x 30” 72°Cx 30" 72°Cx 2’ 4°C

2.4.6.4 Sanger sequencing
The amplified DNA was Sanger sequenced with an ABI3130xI 16 capillary system
by the CRUK MI Molecular Biology Core Facility. Sanger sequencing results were

visualised with SnapGene® Viewer v4.3.7 (GSL Biotech; available at snapgene.com).

2.4.6.5 Whole-exome sequencing

For the whole exome sequencing (WES), 300ng of genomic DNA was sheared
using the Covaris S2 Ultrasonicator (Covaris Inc.) to an average size of 150-200bp.
Indexed libraries were prepared from 50ng of the sheared DNA using the NEB Next
Ultra Il DNA Library Prep Kit (New England Biolabs, #E7645S) with 4 cycles of
amplification. Libraries were quantified by gPCR using a Kapa Library Quantification
Kit for lllumina sequencing platforms (Kapa Biosystems Inc., #KK4835). Paired-end
75bp sequencing was carried out by clustering 1.7pM of the pooled libraries on a

NextSeq 500 sequencer (lllumina Inc.).
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2.5 Irradiation
2.5.1 Irradiation of CDX cultures ex vivo

CDX cultures were irradiated with specific amount (Gy) of ionising radiation (IR),
as stated in the text and figure legends. After irradiation, cells were kept on ice until
the media was refreshed or immediately processed. For the cell viability assay, cells
were grown for 5 days after treatment with increasing IR intensities (0, 4, 8 and 12

Gy) and then viability was assessed by Cell Titer Glo (as previously described).

2.6 Immunohistochemistry (IHC) assays
2.6.1 Samples preparation
2.6.1.1 Formalin fixed paraffin-embedded (FFPE) samples

Tumour tissues were collected in cold PBS and immediately cut in small
longitudinal sections of ~2 mm depth with a scalpel and fixed in 10% formalin for
24hr. After fixation, tumour pieces were put in 70% ethanol before being embedded
in paraffin by Usman Mahmood, Marta Madureira Da Gracia and Vasia Sykioti in the
CRUK M Histology Core Facility. For processing of cell cultures, cells were washed in
PBS and then spun for 10 min at 300 x g. The cell pellet was fixed with 4% PFA for 30
min at RT and then put in 70% ethanol before embedding in paraffin by Usman
Mahmood in the CRUK Ml Histology Core Facility.

2.6.1.2 Cytospin samples

CDX cultures were firstly dissociated with accutase for 5-10 min at 37°C, washed
twice in PBS and then diluted to 150,000 cells/mL in PBS. 200 pL of the diluted cell
suspension were loaded in the cytospin chamber and then spun for 5 min at 500 rpm
with the Cytospin 2 (Shadon). After spinning, the slides were fixed with 4% PFA for 20

min at RT and then stored in PBS at 4°C for a maximum of 5 days.

2.6.2 Haematoxylin and Eosin staining

Haematoxylin and Eosin staining was performed by Vasia Sykioti, Usman
Mahmood and Marta Madureira Da Gracia in the CRUK MI Histology Core Facility.
Sections of 4um were cut from FFPE blocks and processed in xylene 3 x 5 min to
remove paraffin. Slides were then re-hydrated with subsequent washes in decreasing

concentrations of ethanol: 3 x 1 min 100% ethanol, followed by 1 x 1 min 90% ethanol
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and 1 x 1 min in 70% ethanol. Slides were then washed in water for 1 min before
staining the nuclei with Gills 2 Hematoxylin (Thermoshandon, #6765008) for 3 min.
After staining, slides were washed in water once for 1 min, then slides were incubated
in acetic acid (ThermoFisher Scientific, #10394970) for 30 sec and washed in water
once for 1 min. Afterwards, slides were incubated in alkaline water for 1 min, washed
in water for another minute and then stained with eosin (Thermoshandon,
#6766008) for 1 min. Slides were then washed once in water for 1 min and
dehydrated in ethanol: 15 sec in 70% IMS, 15 sec in 90% IMS and 3 times 30 sec in
100% IMS followed by 1 min in xylene. Pertex (CellPath, #SEA-0100-00A) was used to

mount coverslips on the slides.

2.6.3 Chromogenic staining

All chromogenic stains were performed on 4 um slides cut from FFPE tumour
tissue or cell pellets on the BondMax/BondRX autostainers (Leica Biosystems) with
the Bond polymer refine detection system (Leica Biosystems, #DS9800) or the
Ventana Discovery Ultra autostainer and reagents (UltraView Universal DAB
Detection Kit, #760-500, Ventana) available at the CRUK MI Histology Core Facility.
Briefly, slides were dewaxed in xylene for 3 x 5 min, and re-hydrated in decreasing
concentrations of ethanol (3 x 3 min in 100%, 1 x 3 min in 90% and 1 x 3 min in 70%).
Slides were then blocked with 3-4% (v/v) hydrogen peroxide for 5 min at RT, washed
3 x 2 min in Bond Wash Solution (Leica Biosystem, #AR9590), incubated 15 min with
primary antibody diluted in the Bond Primary Antibody Diluent (Leica Biosystem,
#AR9352), washed 3 x 2 min with the Band Wash Solution and then incubated with
the rabbit anti-mouse 1gG, when needed, for 8 min at RT. Afterwards, slides were
washed again 4 x 2 min with the Bond Wash Solution and then incubated with the
anti-rabbit poly-HRP-IgG for 8 min at RT and washed again 4 x 2 min with the Bond
Wash Solution. Slides were then incubated with the mixed DAB Refine (66 mM 3,3’-
Diaminobenzidine tetrahydrochloride hydrate, < 0.1% (v/v) hydrogen peroxide and <
0.1% haematoxylin) for 10 min and washed in ddH20 for 5 min. Afterwards, slides
were dehydrated in increasing concentration of ethanol (1 x 1 min 70%, 1 x 1 min

90%, 3 x 1 min 100%) followed by 3 x 1 min washes in xylene. Pertex was used to
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mount the coverslip on the slides. A list of all antigens tested and the detection

technique used is shown in Table 8.

For 8-oxoguanine (8-oxo-G), slides were stained manually using the UltraVision LP
Detection System (ThermoFisher Scientific, #TL-015-HD) according to manufacturer’s
instructions. The staining was performed by loannis S. Pateras in Professor Vassilis G

Gorgoulis’ lab.

2.6.4 Immunofluorescence stainings

Immunofluorescence was performed on FFPE tissue or cell pellet sections (4 um)
using the BondMax/BondRX autostainer, or alternatively performed manually on cell
cytospin or Poly-D-Lysine coated 96 wells plates (VWR, #354640). Poly-D-lysine
coated plated were used to allow lying of the cells at the bottom of the plate limiting

the number of cells lost during washes and staining.

2.6.4.1 Automated stainings

Two main protocols were performed on the BondMax/RX autostainers. One used
Alexa fluorophores and the other one exploited the Opal system with Tyramide Signal
Amplification (TSA) (Bobrow et al., 1989, 1991; Pathology et al., 2018). When Alexa
fluorophores were used, samples were treated with a specific antigen retrieval buffer
(see Table 8) and then permeabilised with 0.5% Triton™ X-100 (Sigma-Aldrich,
#T8787) for 15 min at RT. After permeabilisation, samples were blocked with 5% goat
serum (Dako, #X090710-8) supplemented with 0.1% Triton™ X-100 for 1 hr at RT and
then incubated for 2 hr at RT with one or a cocktail of primary antibodies diluted in
the Primary Antibody Diluent BOND (Leica Biosystems, #AR9352). Incubation with
one or a cocktail of Alexa fluorophores was performed at RT for 1 hr always in the
Primary Antibody Diluent (Table 9). Different washing steps were performed with the
Wash Solution 10X Concentrate BOND (Leica Biosystems, #AR9590). DAPI staining
was done twice, the first one for 15 min, while the second one for 5 min at RT. Slides
were then coverslipped with Prolong™ Diamond Antifade Mountant (ThermoFisher
Scientific, #P36965) and air-dried for a few hours. For EdU staining on the Bond
autostainers, an additional step of 30 min incubation at RT with the Click Reaction

mixture (0.4% 1 M Copper(ll) sulphate pentahydrate, Acros #197730010, 0.05% of 10
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mM Sulfo-Cyanine 5 Azide, Lumiprobe #B3330, and 10% of 1 M L-ascorbic Acid

Sodium Salt, Acros #352685000) was performed before blocking.

Table 8. List of antibodies and detection methods used for IHC.
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CHAPTER 2 MATERIAL AND METHODS

For the Opal system, samples followed the same procedure as described above,
with a few differences. Blocking was performed at RT with 3% Hydrogen peroxide
solution (Sigma-Aldrich, H1009) followed by 10% Casein solution (Vector
Laboratories, #SP-5020), 10 min each. Incubation with primary antibodies was
performed sequentially: each antibody was left for 30 min, followed by an incubation
with the corresponding HRP conjugated secondary antibody (DAKO, #K4003 and
K4001) for 30min, followed by incubation with the Tyramide-fluorophore (1:200,
PerkinElmer, #NEL821001KT) for 10 min. If more than one epitope was detected, a
heat-inactivation step was performed after the Tyramine-fluorophore to allow the
binding of the new primary antibody. All steps were then repeated until all primary
antibodies were bound. DNA staining was performed with DAPI (two steps of 15 min
and 5 min at RT) and slides were coverslipped as described above. Table 8 and Table

10 summarised the antibodies and protocols used.

Table 9. List of Alexa fluorophores and concentrations used.

Antibody Vendor Cat. Number Concentration
Anti-rabbit Alexa488 ThermoFisher Scientific A11034 1:500
Anti-rabbit Alexab47 ThermoFisher Scientific A32733 1:400
Anti-rabbit Alexa555 ThermoFisher Scientific A21430 1:400
Anti-mouse Alexa488 ThermoFisher Scientific A32723 1:500
Anti-mouse Alexa647 ThermoFisher Scientific A21235 1:400
Anti-mouse Alexa555 ThermoFisher Scientific A32727 1:400

Table 10. Protocol used for TSA staining.

Antigen Concentration 1st(min)/2nd(min) Heat steps Position
phospho Histone H3 1:2000 Bond ER1(20)/ER1(10) Second
p21 1:200 Bond ER1(20)/ER1(10) First

2.6.4.2 On-the-bench stainings

Manual immunofluorescence was performed on samples after they were fixed
with 4% PFA (ThermoFisher Scientific, #15424589) for 15 min at RT or 20 min on ice
and then permeabilised for 10-15 min with 0.5% Triton™ X-100 (Sigma-Aldrich,
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#T8787) at RT. For staining with the chromatin-bound RPA1 antibody, samples
underwent a pre-extraction step in 0.2% ice-cold Triton™ X-100 for 1 min prior to
fixation. Washes in between steps were performed at RT or on ice with 10% FBS in
TBS with 0.2% Tween20 (TBST, Sigma-Aldrich, #T2700). For EdU staining, samples
were incubated for 30 min at RT protected from light with the Click Reaction mixture
(4mM CuSOas (Acros, #197730010), 5uM Sulfo-cyanine 5 azide (Lumiprobe, #83330)
and 100mM of sodium ascorbate (Acros, #352685000) in PBS) before incubation in
the blocking solution. Blocking was performed with 5% goat serum (Dako, #X090710-
8) supplemented with 0.1% Triton™ X-100 for 1 hr at RT. Staining with primary
antibodies was performed overnight at 4°C in the blocking solution. After primary,
samples were washed 3 x 5 min at RT or on ice with the washing buffer (10% FBS in
TBST) and then incubated for 1 hr at RT with the appropriate Alexa secondary
antibodies diluted in the blocking solution. Washes were performed as previously
described and an additional wash in TBST only was performed before staining with
500 nM of DAPI (ThermoFisher Scientific, #01306) for 5 min at RT. Samples were
washed 2 x 3 min in TBST and then the slides were coverslipped with Prolong™
Diamond Antifade Mountant (ThermoFisher Scientific, #P36965) and air-dried for a

few hours.

The same steps were performed for the staining of samples seeded on Poly-D-
Lysine coated plates. In between each step, the plates were quickly spun down (450
x g for 1 min) to reduce the loss of the cells during washes. Once stained with DAPI,
each well was washed twice in TBST and the samples were covered with PBS and
stored at 4°C until imaged. Table 8 and Table 9 summarise the antibody dilutions

used.

2.6.4.3 Fiber assay

The Fiber assay is divided in three main parts, the labelling, the DNA spreads and
the staining. For the labelling, 5-Chloro-2’-deoxyuridine (CldU, Sigma-Aldrich,
#C6891) and 5-lodo-2"-deoxyuridine (IdU, Sigma-Aldrich, #17125) were dissolved in
DMSO at a final concentration of 100 mM. A lysis solution was prepared with 200 mM
Tris-HCI (Sigma-Aldrich, #T3253), 50 mM EDTA (ThermoFisher Scientific, #15575020)
and 0.5% SDS (VWR, #A0675.0250), pH 7.4 to lyse the cells.
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To perform the assay, CDX cells were seeded 48hr before labelling, in order to
allow the cells to enter exponential growth. On the day of labelling, media and PBS
were pre-warmed at 37°C. The cells were labelled with 50 uM of CldU and incubated
at 37°C for 20 or 40 min. After incubation, the cells were washed once in warm PBS
and spun for 2 min at 450 x g. The cells were then resuspended in fresh warm media
with 50 uM of IdU, and incubated at 37°C for another 20 or 40 min. After incubation,
the cells were washed once in warm PBS and resuspended in media only for 1hr or
2hr and then exposed to another round of labelling with both thymidine analogues.
After labelling, the cells were dissociated with trypsin for 5 min at 37°C, washed and
resuspended in cold PBS. Cells were then counted and resuspended in ice cold PBS at
500 cells/uL. For the DNA spread, 2.5 pL of the cell suspension were gently mixed
with 7.5 pL of lysis buffer directly on the slide (Superfrost slides precleaned,
FisherBrand, #12-550-123). The mixture was pipetted 3 times with a P20 set at 5uL
and slides were let to sit horizontally at RT for 8 min. After that, the slides were tilted
to 15 degrees and air dried for 1hr. Once dry, the slides were fixed with fresh 3:1
methanol:acetic acid (ThermoFisher Scientific, #10675112 and #10394970) for 10
min. The slides were then dipped in ddH20 to rinse and let air dry for few hours. Once
dry, the slides were stored at -20°C overnight. Before staining, the slides were washed
twice in PBS for 3 min. A quality check was done, by quickly staining some of the slides
with 0.1 uM of YOYO-1 iodide (Invitrogen, #Y3601) diluted in PBS for 5min at RT
(Figure 13).

Figure 13. Example of YOYO-1 staining before DNA denaturation.

Slides were checked with a widefield Zeiss 200M Metamorph microscope to assess
the quality of the preparation. After washing, the remaining slides were incubated
with 2.5 M HCI (ThermoFisher Scientific, #H/1200/PB17) for 1hr to denature the DNA
and then washed three times in PBS with 0.05% Tween20 (PBST, Sigma-Aldrich,
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#T2700) for 5 min. At this point, the fibers were blocked with a fresh solution of 2%
BSA (Sigma-Aldrich, #A7906) and PBST for 40min at RT. After blocking, slides were
incubated with the primary antibodies in PBST with 1% BSA. The incubation was
performed for 1.5hr at RT (slides inverted on parafilm). Before incubation with the
secondary antibodies, the slides were washed three times in PBST, and once in the
blocking solution (5 min each wash). Secondary antibodies were diluted 1:300 in 1%
BSA/PBST and incubated for 1hr at RT covered by light (inverted on parafilm). Slides
were then washed three times in PBST, and once in the blocking solution (5 min each
wash). When the ssDNA was stained, the slides were incubated with 100 yL of the
primary antibody for ssDNA in 1% BSA/PBST for 45min at RT in the dark (inverted on
parafilm). Slides were then washed three times in PBST, and once in the blocking
solution (5 min each wash), and incubated with the secondary antibody, BV480 Goat
anti-mouse Ig, (1:200, BD Bioscience, #564877) in 1% BSA/PBST for 45min at RT in
the dark (inverted on parafilm). Slides were then washed three times in PBST for 5min
and then let air dry completely. Coverslips were mounted with prolong Diamond

mounting media (ThermoFisher Scientific, #P36961) and stored at -20°C.

Table 11. List of antibodies used for the Fiber assay.

Antibody Antigen Vendor Cat. number Concentration
YOYO-1 iodide dsDNA Invitrogen Y3601 1:10,000

Anti BrdU Cldu Novus NB500-169 1:500
Anti BrdU IdU BD Bioscience 347580 1:100
Anti-mouse Alexa647 ThermoFisher Scientific A11062 1:300
Anti-rat Alexa488 ThermoFisher Scientific A21470 1:300
Anti-DNA ssDNA Millipore MAB3034 1:200
BV480 BD Bioscience 564877 1:200

2.6.4.4 Comet assay
The Comet assay was performed following the manufacturer’s instructions of the

CometAssay Kit (Trevigen, #4250-050-K).

Briefly, irradiation was used to induce DNA damage in the CDX cultures, as

described in chapter 2.5.1. Once the cells were ready, they were washed once in PBS
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and then resuspended at 1 x 10° cells/mL in PBS. The obtained cell suspension was
then combined with the aliquoted melted LMAgarose in a 1:10 dilution (50 pL of cells
in 500 pL of LMAgarose) and spread onto the sample area of the pre-warmed
CometSlides. The nuclei were lysed overnight at 4°C and then the slides were placed
into the electrophoresis tank and ran at 21V for 45min at 4°C. After the run, slides
were immersed in 70% Ethanol for 5 min and then dried at 37°C for 10-15min. SYBR
Gold (Invitrogen, #10358492) was used at 1:10,000 in TE buffer, pH 7.5 (10 mM Tris
(pH 7.5) (Sigma-Aldrich, #T1503), 1 mM EDTA (ThermoFisher Scientific, #15575020))

to visualise the DNA.

2.8.5 Image acquisition

All IHC slides were imaged with microscopes provided by the CRUK MI Imaging
Core Facility thanks to the help of Dr. Isabel Peset, Heather Woodhouse and Kang
Zeng. Whole tissue sections of chromogenic stainings were acquired using the Leica
SCN400 scanner (Leica Microsystems) using a 20x magnification. For whole slide
scanning of immunofluorescent stainings, the Leica Aperio Versa 200 scanner (Leica
Microsystems) with either 20x or 40x magnification was used. Single region and DNA
fiber images were acquired with the widefield Zeiss 200M Metamorph or the confocal
Zeiss LSM880 (Zeiss). Acquisition of 96 well plates was obtained with the Opera
Phenix™ High Content Screening System (PerkinElmer). For the comet assay, each
region of the slides was scanned using a 10x magnification with the gSTED 2Photon

Confocal Leica TCS SP8 microscope.

2.7 Flow cytometry
2.7.1 Flow cytometry with 2’-Deoxy-5-ethynyluridine (EdU)
2.7.1.1 Cell proliferation

Proliferation was assess with EdU using the Click-iT Plus EdU Alexa Fluor 488 or
Pacific Blue Flow Cytometry Assay kit (Thermo Fisher Scientific, #C10632 or #C10636)
as per manufacturer’s instructions. Propidium iodide (PI/RNase, Cell Signaling
Technology, #4087) was used to quantify the DNA content. Briefly, CDX cultures were
incubated with 2.5 uM of EdU for 14 hours. After incubation, cells were dissociated

with accutase for 10 min at 37°C. Cells were then fixed and permeabilised before
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staining with the Click-iT™ Plus reaction cocktail. Staining with with 1x PI/RNase
staining solution (Cell Signalling Technologies, #4087) was then performed for 30 min
at RT protected from light. After staining, cells were immediately run on the flow
cytometer (LSRFortessa Il) and the percentage of cells in each gate was determined

using FlowJo software (v10).

2.7.1.1 Optimisation of thymidine analogues incorporation in CDX cultures

To optimise the fiber assay an in-house protocol for EdU detection was followed.
Briefly, CDX cells were incubated with 10uM of EdU for 30 min, 1hr, 2hr or two pulses
of 30 min with 2hr incubation in EdU-free media in between pulses. After incubation,
cells were dissociated with accutase for 10 min at 37°C and then washed once in cold
2mM EDTA (ThermoFisher Scientific, #15575020) in PBS. After wash, cells were fixed
in 4% PFA for 15min at RT. Cells were then washed once with cold 2mM EDTA PBS and
then permeabilised with the Click-iT™ fixative and 1X Click-iT™ saponin-based
permeabilization and wash reagent (from the Click-iT Plus EAU Flow Cytometry Assay
kit: Thermo Fisher Scientific, #C10632) for 15 min at RT. After permeabilisation, cells
were stained with the EdU reaction cocktail (4mM CuSQ4 (Acros, #197730010), 5uM
Sulfo-cyanine 5 azide (Lumiprobe, #83330) and 100mM of sodium ascorbate (Acros,
#352685000) in PBS) for 30min at RT protected from light. The samples were then
washed once with 3 mL of 2mM EDTA PBS and then incubated with 3uM of DAPI
(Invitrogen, #D1306) for 15min at RT protected from light. Cells were then passed
through the flowmi cell strainers (VWR, #734-5950) and analysed with the flow
cytometer (LSRFortessa Il). The percentage of cells in each gate was determined using

FlowJo software (v10).

2.7.2 Flow cytometry to assess WEE1 expression during cell cycle

CDX cells were processed as described in the previous chapter. After
permeabilization, cells were washed once with 3 mL of 5% FBS 2mM EDTA PBS. WEE1
antibody (Cell Signaling technology, #13084) was incubated with the cells for 1hr at
RT in 5% BSA 2mM EDTA at a dilution of 1:400. After incubation with the primary
antibody, cells were washed with 5% FBS 2mM EDTA PBS and then incubated with
the secondary antibody for 30min at RT in 5% BSA 2mM EDTA PBS protected from
light. Cells were then washed with 5% FBS 2mM EDTA PBS, incubated with DAPI,
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filtered and then analysed as previously described. The percentage of cells in each
gate was determined using FlowJo software (v10). Samples were gated in order to
remove debris and doublets, as shown in Figure 14 Gate 1 to 3, and subsequently the
G1 and G2 phase were selected (Gate 4) to quantify the percentage of WEE1 positive

and WEE1 negative cells in each phase or in the total population (Gate 5).

Gate 3| |Gate 1

FSC-A 4 Gate 4 i WEEL ] WEEL

X Gl G2 035 785
SSC-A 3

WEE1
WEE1

FSC-H

Unstained control |
T : Ty

DAPi R FSC-A

FSC-A

Figure 14. Gating strategy to identify WEE1 positive cells.

Gates were drawn to exclude debris (gate 1) and doublets (gate 2 and 3). Gate 4 allows to identify
cellsin G1 and G2, while Gate 5 defines the WEE1 positive population based on the unstained control.

2.8 Cloning methods
2.8.1 Cloning of CDKN1A guides into Lentiviral CRISPR plasmid
Guides to target exon 2 of CDKN1A were designed using the E-CRISP website

(http://www.e-crisp.org/E-CRISP/) where the top 4 ranking guides were selected.

The non-targeting guide was obtained from Joung et al (Joung et al., 2017). All guide
sequences are listed in Table 12. All oligos were designed in order to have the same
overhangs after BsmBIl digestion and were cloned into the lentiviral vector
lentiCRISPRv2 following their protocol. LentiCRISPRv2 was a gift from Feng Zhang
(Addgene, plasmid #52961) (Figure 15).

Table 12. CRISPR Guides sequences.

Name Where target? Sequence
(RN VIt £ FOm 2 GACTGTGATGCGCTAATGGC NGG
CDKN1A_guide_1 Exon 2/3 GGCAGGCCTTGCTGCCGCAT NGG
(RN VIt £ FOm 2 GATGTCCGTCAGAACCCATG NGG
CDKN1A_guide_1 Exon 2/3 GGCGCCATGTCAGAACCGGC NGG
Non-targeting 1 GeCKO A TAAACAAAAAGGAAATAGTT
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Figure 15. CRISPR targeting of CDKN1A.
Map of the lentiviral vector containing the Cas9 (Sanjana et al., 2014).

During digestion with BsmBI and dephosphorylation of the lentiviral CRISPR
plasmid, each pair of oligos was phosphorylated and annealed. After purification of
the lentiviral CRISPR plasmid, a ligation reaction was set to clone the paired oligos in

the lentiviral plasmid. All reagents used were the one advised in the protocol:
FastDigest Esp31, ThermoFisher Scientific, #D0454

FastAP, ThermoFisher Scientific, #HEF0654

FastDigest Buffer (10X), ThermoFisher Scientific, #B64

DTT, Sigma-Aldrich, #10197777001

Quick Ligation kit, New England Biolabs, #M2200S

After ligation, the product was transformed into NEB® 5-alpha (New England
Biolabs Inc., #C2987U) and 5 colonies from each construct were expanded. DNA was
extracted with the NucleoBond® Xtra Maxi EF (Macherey-Nagel, #740424.50)
according to manufacturer’s instructions. DNA was reconstituted in ddH20,

quantified by Nanodrop and the concentrations adjusted to 1 pg/uL.
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2.8.2 Viral production of CDKN1A CRISPR knockout

Once good quality DNA was obtained from transformed bacteria, Lenti-X™ 293T
cells were transfected to produce the viruses. Lenti-X™ 293T cells were grown to
reach > 70% confluence and then transfected with a 3" generation lentivirus formed
by VSVG (envelope, Addgene #12259), pMDL (packaging gag and pol, Addgene
#12251) and REV (packaging rev, Addgene #12253) and the CRISPR construct. All
reagents were mixed in the presence of FugeneHD transfection reagent (Promega,
#E2311, 3:1 Fugene:DNA) and Opti-MEM (ThermoFisher Scientific, #31985062) for
30 min at RT to optimise the transfection. The mixture was added drop by drop in the

media of the Lenti-X™ 293T cells and incubated for 36-48hr to allow viral production.

2.8.3 Transduction of CRISPR constructs

Fourty-eight hours after transfection, the supernatants containing the virus were
collected. Supernatants were filtered on Acrodisc syringe filters 0.45 uM (VWR,
#28144007) and then centrifuged to remove any remaining cell debris. The viral
supernatant was then snap frozen in liquid nitrogen (N2) and stored at -80°C or
immediately used to transduce cell lines. For transduction, cells were incubated with
the viral supernatant (1:1 with media) supplemented with 19.8 ug of Polybrene
(Sigma-Aldrich, #TR-1003-G) at 37°C for 6-18 hr. Alternatively, cells were spin-infected
at 450 x g for 45 minutes in a prewarmed centrifuge (37°C) and then incubated
overnight. The day after, the virus-containing media was replaced with fresh media
and 48hr after transduction the cells were subjected to selection with 1 pg/mL

puromycin (Sigma-Aldrich, #P8833).

2.9. Animal Studies

2.9.1 In vivo tumour growth

All procedure were carried out in accordance with the Home Office Regulation
(UK) and the UK Coordinating Committee on Cancer Research guidelines using
approved protocols (Home Office Project licence no. 70/8252 and Cancer Research
UK Manchester Institute Animal Welfare and Ethical Review Advisory Board). The
ARRIVE guidelines were followed to report all animal studies (Kilkenny et al., 2010).

Tumour pieces (approximately 3 x 3 x 3 mm?) or 100,000 disaggregated tumour cells
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from fresh or cryopreserved tissue were resuspended in a 1:1 mixture of ice-cold
Matrigel (VWR, International Ltd, #354130) and RPMI, and were implanted
subcutaneously (s.c.) into one or both flanks of 6- to 10-week-old
immunocompromised SCID-bg (CDB17.Cg-Prkdcs¢®Lyst?9/Crl, Harlan, Envigo
Laboratories Ltd) or NSG mice (NOD.Cg-Prkdc*“II2rgt™*"i'/Sz), Harlan, Envigo
Laboratories Ltd). Tumour pieces were implanted under general anaesthesia
following guidelines of good practice and aseptic technique. Mice were kept under
12 h light/12 h dark environment cycle and maintained at uniform temperature and
humidity. They were housed in individually-vented caging systems in groups of five
mice per cage. Mice were monitored for signs of tumour growth, and once a palpable
tumour was present, this was measured twice a week by callipers. Tumour volume
was calculated as 0.5*tumour length*(tumour width)?, where the length is defined
as the longest diameter and the width is the longest diameter that runs perpendicular
to the length, and roughly through the middle of the tumour. When the total tumour
burden was greater than 600 mm?3 or the animal showed signs of pain, the mice were
sacrificed following the Schedule 1 regulation under the Animals Scientific Procedure
Act 1986 and the tumours were harvested. Full necropsies were performed to assess

the presence of any anomaly when animals were found dead or unhealthy.

When CDX cells were re-implanted after ex vivo growth (pCEP237, pCEP276,
pCEP289, pCEP321 and pCEP422), 100,000- 150,000 cells from 1-5 week old CDX
cultures were resuspended in a 1:1 mixture of ice-cold matrigel and RPMI, and were
implanted subcutaneously into one or both flanks of 6-10 week old
immunocompromised SCID-bg mice. Tumour monitoring was performed as described

previously.

2.9.2 In vivo tolerance studies for TH1579

All animals were acclimatised for one week before the study started and had free
access to water, food and enrichment. Two tolerability studies were performed to
optimise the dosing. In both studies, a total of three SCID-bg non-tumour bearing
mice were used. In the first study (pCEP232), 30 mg/kg TH1579 were administered
by oral gavage (p.o.), twice daily (6 hours apart), for 21 consecutive days. The

formulation was prepared daily as a 3 mg/mL solution (administering 10 ml/kg), the
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vehicle components consisting of 5% v/v DMSO (Sigma-Aldrich, #D4540), 10% w/v
Tween®80 (Sigma-Aldrich, #P1754), 10% w/v Kolliphor® ELP (Sigma-Aldrich, #30906)
and 75% water. Daily monitoring was performed and weight data collected for each
animal to aid in assessment of compound tolerability. Animals were sacrificed via
Schedule 1, two weeks after end of treatment or if body weight dropped below 20%
of initial body weight or below 15-20% for three consecutive days. A full necropsy was

performed to assess the condition of the animal at the conclusion of the study.

The second tolerability study (pCEP247) assessed 90 mg/kg TH1579 p.o., twice
daily (6 hours apart) for three cycles consisting of 3 days on and 4 days off. The
formulation was prepared daily as a 9 mg/mL solution (administering 10 mL/kg). The
formulation was the same as previously described, with the addition of 10% v/v

ethanol. Daily monitoring tolerability was performed as above.

2.9.3 In vivo efficacy studies
2.9.3.1 Efficacy study with TH1579

Pharmacological assessment of the effect of TH1579 in vivo was performed on a
total of 20 SCID-bg mice bearing CDX3 tumours (pCEP242). When the total tumour
burden was between 150-250 mm?3, mice were randomised to either vehicle or
TH1579 treatment arm. Mice were dosed twice daily (6 hours apart), 3 days on and 4
days off, for 3 cycles. Details of the dosing and drug formulation are given in Table 13.
Mice were monitored as previously described. The endpoint of the study was reached
when the tumour burden reached 1,000 mm3 or when the mice survived 6 months
after the first dose if no tumour was present. Upon reaching the endpoint, mice
were culled by cardiac puncture under deep non-recoverable anaesthesia in the
presence of 0.1M EDTA (Thermo Fisher Scientific, #15575020). Both tumour and
plasma were collected and processed as follows: tumour samples were cut into four
pieces, one formalin fixed then paraffin embedded (FFPE), one snap frozen, one for
DNA analysis stored in CellSave:HBSS (Hyclone, 1:33) at -80°C and one for RNA
analysis collected in RNA/ater® solution (Sigma-Aldrich, #R0901) and stored at -80°C;
plasma collected from the blood was also stored at -80°C. A total of 10 mice were
used to collect pharmacodynamic samples after 3 days of treatment with either

compound or vehicle. On the fourth day mice received the last dose and 2h later both
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tumour and plasma were collected. Tumours were cut into two pieces, one for FFPE
and the second one was snap frozen. Plasma was used to perform pharmacokinetic

analysis at the Karolinska Institute in collaboration with Prof. Thomas Helleday.

2.9.3.2 Efficacy study with cisplatin/etoposide on tumours derived from CDX3
cultures

To determine if CDX3 cells grown on plastic maintained the same response as the
original CDX3 tumour to the SoC cisplatin/etoposide, 100,000 cells from a 5 weeks
CDX3 culture, were injected s.c. single flank into 10 NSG mice (pCEP293). Animals
were randomised to either vehicle or cisplatin/etoposide treatment once the
tumours reached 200-250 mm3. Mice were monitored as previously described. The
endpoint of the study and the samples collection were performed as described
above. The two compounds were administered via intraperitoneal injection (i.p.) with
one dose of cisplatin on day 1 and one dose of etoposide on day 1, 2 and 3. 0.9%
saline was used as vehicle control. Details of the dosing and drug formulation are

given in Table 13.

2.9.3.3 Efficacy study with ABT263 and GDC0941

The efficacy study with ABT263 and GDC0941 was performed by our in vivo team.
CDX4 bearing mice were treated with the BH3 mimetic, ABT263, and the PI3K
inhibitor, GDC0941, to confirm the response observed ex vivo (pCEP310). Forty SCID-
bg mice were injected s.c. with 100,000 cryopreserved CDX4 cells and randomised

when the tumours reached 200-250 mm? into 4 treatment groups:

1. ABT263 vehicle + GDC0941 vehicle
2. ABT263 + GDC0941 vehicle

3. GDC0941 + ABT263 vehicle

4. GDC0941 + ABT263

The two drugs were given 1 hour apart for 21 consecutive days. Details of the

dosing and drug formulation are given in Table 13.

Forty more mice were randomised into eight pharmacodynamic groups once the

tumours reached 500-600 mm?:

5. 1x ABT263 vehicle + GDC0941 vehicle and sacrifice 4 hours later
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6. 1x ABT263 + GDC0941 vehicle and sacrifice 4 hours later

7.  1x GDCO0941 + ABT263 vehicle and sacrifice 4 hours later

8. 1x GDCO0941 + ABT263 and sacrifice 4 hours later

9. 1x ABT263 vehicle + GDC0941 vehicle and sacrifice 24 hours later

10. 1x ABT263 + GDC0941 vehicle and sacrifice 24 hours later

11. 1x GDC0941 + ABT263 vehicle and sacrifice 24 hours later

12. 1x GDC0941 + ABT263 and sacrifice 24 hours later

Mice were monitored as previously described. Body weight was measured daily

during the course of the treatment and then twice a week during the recovery period.
The endpoint for the efficacy study was achieved when the tumour reached 4 x Initial
Tumour Volume (ITV) or when mice approached the severity limit as detailed in the
project license. The harvested tumour tissue was half snap frozen and half formalin

fixed before paraffin embedding.

For the pharmacodynamic study, mice were culled by cardiac puncture under
deep non-recoverable anaesthesia in the presence of 0.1M EDTA. Plasma was
extracted from the blood and stored at -80°C. Tumour tissue was half snap frozen and

half formalin fixed before paraffin embedding.

2.9.3.4 Efficacy study with AZD1775 and olaparib

The efficacy study to test the response to the WEE1 inhibitor, AZD1775, and the
PARP inhibitor, olaparib, were performed by our in vivo team. Forty SCID-bg mice
were injected s.c. with 100,000 cryopreserved CDX cells and randomised when the

tumours reached 150-250 mm? into 4 treatment groups:

AZD1775 + olaparib vehicle
Olaparib + AZD1775 vehicle

w N e

AZD1775 + olaparib

4. AZD1775 vehicle + olaparib vehicle
AZD1775 was given by oral gavage daily, 5 days on and 2 days off, for 3 cycles, while
olaparib was given by oral gavage daily for 21 consecutive days. On days when both
drugs were administered, olaparib was administered 1hr after AZD1775. Information
about the formulation of the drugs are given in Table 13. Mice were monitored as

previously described. Body weight was measured daily during the course of the
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treatment and then twice a week during the recovery period. The endpoint for the
efficacy study was achieved when the tumour reached 4 x ITV or when mice
approached the severity limit as detailed in the project license. The harvested tumour

tissue was half snap frozen and half formalin fixed before paraffin embedding.

Table 13. Drug dosing and formulation.

pCEP # Drug(s) Dose Formulation

5% DMSO, 10% Tween80, 10%

30me/kg p.o. b.i.dx21 Kolliphor EPL, 75% water for

232 TH1579

G injection
. 5% DMSO, 10% Tween80, 10%
247; 242 THis7g | 0me/kepo.bid3days |\ Ll en) 0% ethanol, 65%

in/4 days off x 3 cycles water for injection

293;289 Cisplatin 5mg/kgi.p. day 1 0.9% saline
citric acid monohydrate, methyl-2-

293;289 Etoposide 8mg/kgi.p.day1,2,3 oyrrolidinone, 0.9% saline
10% D 9 2 % 0.9
310 GDC0941 75mg/kg p.o. x 21 days Lo i) SASZ\II;I::” Tp 0 ek
0, 0,
310 ABT263 100mg/kg p.o. x 21 days 60% Phosal 50 PG, 30% polyethylene

glycol 400, 10% ethanol

223;224;254; 120mg/kg p.o. 5 days on/2

ZD1 '
255; 249 AZD1775 R e G 0.5 methycellulose
2223512?;95 | olaparib 50mg/kg p.o. x 21 days 10% DMSO, 30% KLEPTOSE HPBCD

p.o. = gavage; i.p. = intraperitoneal injection; b.i.d = twice daily

Catalogue numbers:

cisplatin (Sigma-Aldrich, #P4394)

0.9% saline (NaCl 0.9% w/v, VWR, #A1671.0100).
etoposide (Sigma-Aldrich, #£1383)

citric acid monohydrate (Sigma-Aldrich, #C1909)
1-methyl-2-pyrrolidinone (NMP, Sigma-Aldrich, #328634)
60% Phosal 50 PG (American Lecithin Company)

30% polyethylene glycol 400 (Sigma-Aldrich, #807485)
0.5% methylcellulose (Sigma-Aldrich, #M7140)

30% KLEPTOSE HPBCD (60% stock solution prepared in-house by VWR)
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2.10 General data analysis

2.10.1 Image analysis
2.10.1.1 Cleaved PARP and phospho-56 chromogenic staining

For cleaved PARP and phospho-S6 staining, whole slide images were analysed
using Definiens Developer XD and the Tissue Studio Portal version 3.51 (Definiens
AG). A classifier was generated, training the software to discriminate between
tumour, stroma and necrotic regions. Subsequently, a nuclear detection was perform
to be able to count the number of single cells in the tissue. In the tumour region only,
the percentage of staining positive cells was calculated and plotted with GraphPad

Prism v8.1.1.

2.10.1.2 8-oxoguanine chromogenic staining

8-oxoguanine staining was evaluated by Professor Vassilis G Gorgoulis’ lab. Three
independent observers examined the slides to reduce inter-observer variability. The
percentage of positive cells was obtained counting 100 cells in five different field per

slides (total number = 500 cells).

2.10.1.3 RAD51 and yH2AX foci immunofluorescent staining

RAD51 and yH2AX foci were quantified using CellProfiler and CellProfiler Analyst
(Dao et al., 2016; Lamprecht et al., 2007). A pipeline was optimised on CellProfiler to
recognise single cells and yH2AX or RAD51 foci. Single cells were identified by shape
and DAPI staining using the Otsu approach to calculate the threshold separating
foreground from background (Otsu, 1979), similarly foci were defined as small object
inside the nucleus (Figure 16). CellProfiler Analyst was then trained with the ‘Fast
Gentle Boosting’ algorithm to recognise real single cells from cluster and debris. Foci
were counted in the single cells only and a cell was considered positive for RAD51

when > 5 foci were observed.
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EnhancedyH2AX
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Figure 16. Example of foci detection with CellProfiler.

A. Example of nuclear detection performed with CellProfiler v3.1.5 (Lamprecht et al., 2007). B.
Example of the result obtained from applying the EnhanceOrSuppressFeatures in CellProfiler. The
feature speckles was used in order to remove the morphological grayscale opening from the image
and enhance the foci. C. Example of the foci detection from CellProfiler. The red squares in A and B
highlight the region described in B and C.

2.10.1.4 Chromatin-bound RPA, yH2AX and EdU nuclear immunofluorescent
staining

Chromatin-bound RPA, yH2AX and EdU nuclear intensity were quantified using
CellProfiler and CellProfiler Analyst (Dao et al., 2016; Lamprecht et al., 2007). A
pipeline was optimised on CellProfiler to recognise single cells and measure the
nuclear intensity of each staining. Single cells were identified by shape and DAPI
staining using the Otsu approach to calculate the threshold separating foreground
from background (Otsu, 1979). CellProfiler Analyst was then trained with the ‘Fast
Gentle Boosting’ algorithm to recognise real single cells from cluster and debris. The
R platform was used to analyse the single cell data and define a cut-off of positivity
(R Core Team, 2018). Intensity values were log10 transformed. The Gaussian mixture
model was used to identify the negative and positive population making the
assumption that the intensity values were normally distributed (Benaglia et al., 2009).
The threshold was defined as the intersection of the two Gaussian distributions. It
was calculated by subtracting the two Gaussians and identifying where the result was
equal to 0 in the interval between the means of the two Gaussian. The uniroot

function of the R package ‘stats’” was used to identify this intersection. Figure 17
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shows the distribution of the intensities and the identified thresholds for each
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Figure 17. Distribution of chromatin-bound RPA, yH2AX and EdU intensities.

Distribution of chromatin-bound RPA (A,C), yH2AX (B,D) and EdU (E) intensities across all samples
before and after treatment with HU (A,B,E) or HU + VE822 (C,D). Vertical red lines delineate the
intersection between the positive and negative population. Vertical dotted red line indicate the
threshold for chromatin-bound RPA-high defined in Figure 18. Black lines highlight the total (dashed),
positive (dotted) and negative (solid) populations calculated by the gaussian mixture model.
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To account for the high level of chromatin-bound RPA in the untreated samples, |
defined a gate to highlight a population of chromatin-bound RPA high cells, in order
to focus the analysis only on cells affected by HU and VE822. The gating was defined
looking at the values for chromatin-bound RPA intensity vs DAPI intensities (Figure
18). Treatment with VE822 and HU demarcated a clear population with high levels of
RPA that were used to set the threshold. The red dotted line in the density plot for

RPA distribution shows the location of the threshold used to define this population.

CDX18 CDX23

paleasjun

Population
lensity

10

5

Log10 chromatin-bound RPA1
yre

5 10 15 20 5 10 15 20 5 10 15 20
Dapi

Figure 18. Definition of the chromatin-bound RPA-high population.

Quantitative image-based cytometry single-cell analysis (QIBC) of chromatin-bound RPA against the
Dapi before and after treatment with 100 nM VE822 + 2mM HU. 900 random cells were selected from
each condition and plotted. Black dotted line define the threshold for chromatin-bound RPA positivity
while red dotted lines indicate the threshold to define the population of chromatin-bound RPA-high
cells.

2.10.1.5 p21 and pHH3 nuclear immunofluorescent staining with TSA

p21 and pHH3 staining was quantified on whole slide images using QuPath
software (Bankhead et al., 2017). Two or three biological replicates were analysed for
each model. In this case, nuclear detection was performed before defining a classifier.
After nuclear detection with the ‘Cell detection’ algorithm, DAPI staining and cell
shape were used to separate the stroma and necrotic regions form the tumour cells.
p21 and pHH3 intensity levels were evaluated in the tumour cells only. The R platform
was used to analyse the single cell data and define a cut-off of positivity (R Core Team,
2018). The Gaussian mixture model to identify the thresholds and separate the

positive from the negative population was performed as described above. The
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Gaussian mixture model was applied to all models tested, excluding the control cell
lines. The results were further validated looking at the intensity of p21 in the

corresponding slides (Appendix Figure 1A).

Figure 19. Distribution of p21 intensity values.
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Distribution of p21 intensities across a panel of CDX (batch 1 (A) and batch 2 (B)). Red lines indicate
where the thresholds calculated with the Gaussian mixture model fall. Black lines highlight the total
(dashed), positive (dotted) and negative (solid) populations calculated by the Gaussian mixture model.
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As shown in Figure 19A, the calculated Gaussian distribution partly overlapped
with the control populations (where H69 and H524 were combined to highlight the
positive and negative peaks), suggesting that the identified distribution were able to
separate negative and positive cells. | did not have a positive and negative control for
pHH3, however the staining was very clean with limited background, making it easy
to identify the real positive cells from false positive ones. Figure 20A shows the

gaussian distributions calculated for pHH3 intensities and the calculated threshold

for the first batch (equivalent to an intensity of 13.7, red solid line).
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Figure 20. Distribution of pHH3 intensity values.

Distribution of pHH3 intensities across a panel of CDX (batch 1 (A) and batch 2 (B)). Red lines indicate
where the thresholds calculated with the Gaussian mixture model fall. Dotted red lines indicate the
manually selected threshold. Black lines highlight the total (dashed), positive (dotted) and negative

(solid) populations calculated by the Gaussian mixture model.

As shown in Appendix Figure 1A, this threshold caused the inclusion of
completely negative cells (white triangle), therefore, based on the analysis of several
slides, | have decided to manually set the threshold at 30, to only include weak but
not negative cells (Appendix Figure 1A, yellow triangle). The red dotted line in Figure
20A shows the position of the new threshold in the pHH3 distributions. The same

approach was used for the second batch of CDX (Figure 19B and 20B).

2.10.1.6 The comet analysis

Each images was processed with the OpenComet plugin in Imagel (Gyori et al.,
2014). Each analysed image was reviewed to exclude the mis-assigned comets and
the results were exported for downstream analysis (Figure 21). Of all validated
comets, the intensity of the fluorescence was calculated for each tail relative to the
intensity of the head (% tail DNA). This parameter correlates with the break
frequency and also gives an indication about the shape of the comets (Collins, 2004).
The R platform was used to generate the plots summarising the results obtained. In
particular, the raincloud plot was used (Allen et al., 2019). This plot permitted the
visualisation of the raw data (dot plot), together with the summary statistics (box
plot) and the distribution of the probability (half violin plot). The box plots show the
median, the vertical size of the boxes are the interquartile range (IQR), and the
whiskers are the minimum and maximum values that do not exceed 1.5 x IQR from

the middle 50% of the data.

-

——
head tail

Figure 21. Example of comets identified by OpenComet.

Lines delineate comets accepted (red) or excluded (grey) from the analysis with OpenComet. Scale
bar =100 um.
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2.10.2 Analysis of RNAseq data

Raw sequencing data were processed by Drs. Garima Khandelwal, Sakshi Gulati
and Ruth Stoney. Reads were aligned to Genome Reference Consortium Human Build
38 (GRCh38) and Genome Reference Consortium Mouse Build 38 (GRCm38) assembly
using Mapsplice (version 2.1.6, (Wang et al., 2010)) and filtered via an in-house
algorithm (Khandelwal et al., 2017) to discriminate between human and mouse
transcripts. The aligned reads were used to generate count data using the R package

‘Rsubread’ (version 1.16.1, Liao et al., 2013) and the Ensembl 77 GTF file.

The raw count were analysed with the R package ‘DESeq2’ by myself (Love et al.,
2014). The DESeq object was generated to perform differential gene expression
analysis. Protein coding genes with FDR < 0.05, log2 fold change > | 1| were selected
for gene ontology, pathway overrepresentation and gene set enrichment analyses
using the ‘ReactomePA’, ‘clusterProfiler’ and ‘fgsea’ packages in R (Sergushichev,
2016; Yu and He, 2016; Yu et al., 2012). For the network representation shown in
Figure 83B, the cluster of drug-resistant CDX (blue, Figure 83A) was compared with
the cluster of drug-sensitive CDX (red, Figure 83A). Differentially protein coding genes
were identified using ‘DESeq2’ and sorted by decreasing order (based on log2 fold
change) for the downstream analysis. The function ‘enrichPathway’ from
‘ReactomePA’ was used to assess if the number of selected genes associated with a
reactome pathway was larger than expected. This function returned a list of over-
represented reactome pathways. Each pathway had an associated p-value calculated
based on the hypergeometric model of Boyle et al (Boyle et al., 2004). Bonferroni
correction was used to control for false positive events during the multiple
comparisons. The results obtained were used in the ‘emapplot’ function in
‘ReactomePA’ to generate the enrichment network map shown in Figure 83B. This
map showed the top 30 over-represented gene sets and their degree of overlap. The
function ‘cnetplot’ in ‘ReactomePA’ was then used to extract the complex association

between the genes of the top 5 reactome pathways identified (Figure 84).

For Figure 85, the specified reactome gene sets were downloaded from the GSEA

website (http://software.broadinstitute.org/gsea/msigdb/genesets.jsp). The ‘fgsea’

R package was used for the analysis. The differentially expressed genes identified
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using DESeq2 between drug-resistant CDX and drug-sensitive CDX were used for the
gene set enrichment analysis. The function ‘fgsea’ in the ‘fgsea’ package was used to
perform the analysis. All genes were included with their respective statistical metric
value (column ‘stat’ in the DESeq object), and a total of 1,000 permutation were
performed. The function returned a table containing the reactome gene sets
analysed, an enriched p-value, a Bonferroni adjusted p-value, the enrichment score
(ES) and the normalised enrichment score (NES). ES are representative of the degree
to which each gene set is overrepresented in the list of genes given. NES is calculated
to account for differences in the gene set size and allow to compare the results across
gene sets. The adjusted p-value is computed based on the probability that the NES
derived for each gene set is a false positive (Subramanian et al., 2005). The ‘ggplot’
function was used to plot the NES results for each gene sets. The same workflow was
applied to calculate and visualise differential gene expression and pathway
enrichment analysis for CDX considered resistant or sensitive to each combination of
DDRi tested. For these analyses, a CDX was considered resistant if the average Glso >

1 uM, otherwise it was classified as sensitive (Table 16).

Pathway enrichment analsysis was also performed in Figure 26 and 28, using the
‘enrichPathway’ function from ‘ReactomePA’ inside the ‘compareCluster’ function
from ‘clusterProfiler’. The GeneRatio was used to define the fraction of unique genes
in the input list that overlapped with a specific gene set and that overlapped with all

the members of the collection of gene sets.

The ‘regularised log transformation’ or the ‘variance stabilizing transformation’ from
the ‘DESeq2’ package was used to normalise the data for visualisation and clustering.
Both transformations reduce the dependence of the variance on the mean and they
account for library size (Love et al., 2014). Normalised data were used to perform the
Principal Component Analysis (PCA) using the R packages ‘stats’ and ‘ggplot2’ (R Core
Team, 2018; Wickham, 2009). Data were scaled and centred during PCA. The
multidimensional scaling (MDS) plot was generated with the R package ‘limma’
(Ritchie et al., 2015). The heatmaps were produced using the R packages ‘pheatmap’
and ‘ComplexHeatmap’ (Gu et al., 2016; Kolde R., 2019). For the heatmap shown in

Figure 24, the top 5,000 variable genes across all samples were selected using the
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‘rowVars’ function in ‘matrixStats’. This function estimates the variance (therefore
difference in the expression) for each row (gene) across all columns (samples) in the
matrix.
For the heatmap shown in Figure 26, the top 1,000 differentially expressed genes
between the original CDX3 tumours and the 4 weeks CDX3 cultures were selected
(based FDR < 0.05). These genes were identified extracting the results obtained
comparing the gene expression profile of CDX3 tumour vs CDX3 4 weeks culture with
‘DESeq?2’.
For the heatmap shown in Figure 28, the top 1,000 differentially expressed protein-
coding genes between the original CDX3 tumours and CDX3 cultures were selected
(based on FDR £0.05). These genes were identified with ‘DESeq2’ as described above.
For the heatmap shown in Figure 51 and Appendix Figure 5, the expression of the
genes selected in the Peng et al HRD signature was assessed across the CDX (Peng et
al., 2014). The heatmap in Figure 51 was split in 7 clusters. These clusters were
calculated with the ‘pam’ function of the R package ‘cluster’. This function perform a
K-means clustering around medoids (Maechler M et al., 2019).
The heatmaps shown in Figure 55, 64, 66 depict the expression of the selected genes
across the CDX.
In all heatmaps shown, hierarchical clustering with the ‘complete linkage’ method
was applied and Euclidean distances were used to find similar clusters across genes
and samples.

The R package ‘UpSetR’ was used to generate the UpSet plot (Conway et al.,
2017). Only genes with p-value < 0.05 from the Pearson correlation analysis were

included (see chapter 2.10.6 for details).

2.10.3 Visualisation of RNA sequencing reads

The Integrative Genomics Viewer software v2.3 (IGV, Robinson et al., 2011, 2017)
was used to visualised RNA sequencing data and confirm the E178* mutation on
PALB2 in CDX3. Aligned BAM files were sorted and indexed with Samtools (Li et al.,
2009) and then uploaded on IGV were the human genome reference GRCh38 was

uploaded.
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2.10.4 Analysis of combinatorial drug screening results

Raw data from the plate readers were quality checked before performing the
analysis. The average of the technical replicate for each run was calculated and the
data were normalised to the DMSO control (0-100). For visualisation of combinatorial
drug screening, the Glso were used to generate the heatmap with the R package
‘pheatmap’ (Kolde R., 2019). To calculate the Glsp, the drm() function in the R package
‘drc’ was used (Ritz et al., 2015). This function applied a 4-parameter log-logistic
distribution to calculate the 50% growth inhibition (Glsg). This was performed on
every drug as single agent or in combination with a fixed concentration of the second
drug. The heatmaps show the log10 transformation of the Glso for each treatment
tested. For visualisation, hierarchical clustering using the ‘complete linkage’ method
was applied. This method used the Euclidean distance to find similar clusters. The
synergy analysis was performed with the R package ‘SynergyFinder’ (He et al., 2018).
Normalised data were used to define the dose response matrix for each biological
replicate and these matrices were used to calculate the synergy with the ZIP
reference model (Yadav et al., 2015). Dose response matrices and synergy response

landscapes were plotted with the internal functions of the package.

2.10.5 Analysis of WES data

WES data were analysed by Dr. Garima Khandelwal. The data were aligned to
Human GRCh37 and Mouse GRCm37 assembly with bwa-mem (version 0.7.12).
Deduplication, re-alignment and recalibration were performed on the aligned data
using Picard (version 1.96) and GATK tools (version 3.3), as stated in the GATK best
practices. The reads aligning the mouse genome were removed using an in-house
algorithm (Khandelwal et al., 2017). Somatic mutation calling was done on the
filtered reads using Mutect (version 1.1.7), and the mutation calls were annotated
using Ensemble Variant Effect Predictor. To visualize the mutations of interest | have
used ‘oncoprinter’ tool on the cBioPortal website

(http://www.cbioportal.org/oncoprinter.jsp#).

2.10.6 Statistical Analysis
All statistical analyses were performed using Prism v8.1.1 (GraphPad) or in R (v.

3.5.1) (R Core Team, 2018). All data from the proliferation assay and the low
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throughput drug screening are presented as means * SD of at least three independent
experiments, each with three experimental replicates. The only exception are the
drug screening of CDX4 culture treated with cisplatin and etoposide or the
combination, where only two biological replicates were performed, and the viability
assay after irradiation with CDX8p, where only one biological replicate was
performed. Doubling times were calculated by non-linear curve fitting of an
exponential growth equation. For moderate-throughput drug screenings at least two
biological replicates for each combination were analysed, with three internal
technical replicates. Plot showing linear correlation were performed with Graphpad
using the simple linear regression function with the Pearson correlation algorithm, or
with the ‘cor’ function in the R package ‘stats’. Data are presented as means + SD for
the ex vivo data and as means + SEM for the in vivo data. For the Pearson correlation
of the gene expression with the Glsp the ‘cor’ function in the R package ‘stats’ was
used and the data were plotted with the R package ‘ggplot2’. For the quantification
of the yH2AX and the RAD51 foci, p-values were calculated with the student t-test. In
vivo experimental data points represent individual relative tumour volumes
(percentage of change from baseline). Event-free survival was defined as the time for
the tumour to reach four times the ITV. Survival analysis was performed with
comparison of survival curves by log-rank (Mantle Cox) test with GraphPad. For
pharmacodynamics analysis, an unpaired Wilcoxon test was applied to compare the
vehicle versus the treated arm. Box and whisker plots were used to show the
distribution of the sample. Boxes indicate median, first and third quartiles, while

whiskers indicate maximum and minimum values.

Chapter 3: Establishment and characterisation of an ex vivo culture of

CDX-derived cells

3.1 Introduction

Since 2007, more than 100 clinical trials have investigated new therapeutic
targets for SCLC, but positive results have been very limited (Koinis et al., 2016).
Unfortunately, SCLC tumour tissues derived from surgery or biopsy are rare and often

limited to diagnostic analyses (Koinis et al., 2016), thus making it challenging to
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identify candidate biomarkers for patient stratification. We recently demonstrated
that the CDX models mimic closely the pathology and response to chemotherapy of
the donor patient, and can be passaged to provide a continuous source of tumour
material (Hodgkinson et al., 2014). More importantly, CDX can be generated pre-
chemotherapy (baseline) and again at different time points during a patient’s follow
up (Simpson et al., 2019). These paired models are extraordinary patient-derived
tools to study differences in the tumour biology before and after treatment. Given
the clinical need of identifying new therapeutic options for SCLC patients, we decided
to exploit our biobank of CDX as a patient-relevant model to identify potential
candidate drugs alone or in combination.

The observation that PARP1 is overexpressed in SCLC compared with NSCLC and
the promising responses observed in SCLC cell lines after treatment with different
PARP inhibitors (Byers et al., 2012; Cardnell et al., 2013), prompted us to test the
effect of PARP1/2 inhibition on our CDX. Considering the universal loss of the G1
checkpoint in SCLC and the resulting high level of genomic instability, we
hypothesised that the effect of PARP inhibition could be exacerbated by the
concomitant inhibition of the cell cycle checkpoint mediator WEE1.

In collaboration with AstraZeneca, we decided to investigate the effect of the FDA-
approved PARP inhibitor, olaparib that shows an intermediate PARP trapping ability.
The only clinically available WEE1 inhibitor is the small molecule AZD1775. We
hypothesised that the ability of AZD1775 to impair homologous recombination could
synergise with PARP inhibition in a cancer where mutation in HR genes are rare
(Heeke et al., 2018; Krajewska et al., 2013). Moreover, because WEE1 regulates cell
cycle progression downstream of ATR, we speculated that inhibition of this protein in
a tumour with high intrinsic level of replication stress, exacerbated by PARP trapping,
would induce replication catastrophe (Toledo et al., 2013). We decided to test the
efficacy of this combination on 4 CDX models. CDX3 and CDX4 were previously
characterised (Hodgkinson et al., 2014). The CTCs that generated these models have
been collected at baseline prior to initiation of first-line chemotherapy. CDX3 was
derived from a chemosensitive patient that survived 10.5 months, while CDX4 was
derived from a chemorefractory patient that never responded to first-line therapies

and passed away 1.8 months after the start of the treatment. CDX8 and CDX8p are

136



CHAPTER 3 RESULTS

paired models, derived from the same chemorefractory patient at different
timepoints during disease evolution. CDX8 was derived from CTCs collected before
first-line treatment, while CDX8p was developed from CTCs taken following disease
progression. Table 14 summarises the clinical history of the patients that generated
the CDX used in this thesis. These 4 models mirrored the patient response to EP
treatment. CDX3 showed a complete tumour regression after treatment with
cisplatin/etoposide, while CDX4 tumours were completely refractory. CDX8 showed
an initial partial response with ~50% regression, and as expected, CDX8p was
completely resistant to cisplatin/etoposide treatment (Hodgkinson et al., 2014; Lallo
et al., 2018). This small panel of CDX allowed us to investigate the effect of PARP1/2
and WEEL1 inhibition in both a chemosensitive and a chemorefractory background. In
particular, the paired models, CDX8 and CDX8p, helped to assess the differences in
response observed when this combination was administered as first-line (CDX8) or
second-line (CDX8p) regimen. The dosing schedule for AZD1775 and olaparib was
discussed with AstraZeneca prior the start of the study and is described in Chapter
2.9.3.4and Table 13. These doses were chosen because they have shown to optimally
achieve target inhibition, they were tolerated when given in combination, and are
clinically relevant (data provided from AstraZeneca). We have initially tested these
regimens in a tolerance study in which SCID-bg mice were treated with the
compounds, as single agents or in combination, for a total of 21 days and
subsequently monitored for 2 weeks off-treatment. The study was successful, with
only minimal body weight loss in the AZD1775-treated mice (average loss -8.7%, data
not shown). The body weight loss in the AZD1775-treated animals was solved by
changing the daily dosing to a 5 days on, 2 days off schedule for 3 cycles. This new
schedule was applied to the efficacy studies described in the Thesis (Table 13).
Single agent olaparib and AZD1775 showed the best response in CDX3 with
complete or modest regression during treatment, but all tumours grew back within 2
months after last dosing. The combination was curative in 5/7 mice with a tumour-
free survival of > 100 days in the two mice in which the tumours regrow. Conversely,
CDX4 was completely refractory to olaparib and treatment with the AZD1775 either
alone or in combination led to tumour stabilization during the treatment window (21

days), suggesting that the main effect was driven by the WEE1 inhibitor. Olaparib
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alone had almost no effect on CDX8, while AZD1775 single agent treatment stabilised
CDX8 growth. As observed in CDX3, the combination was synergistic with a complete
regression in most of the mice, even if all tumours grew back within 75 days. CDX8p
did not respond to olaparib and AZD1775 single agents, however the combination
slightly delayed tumour growth compared with vehicle. Overall, the combination
improved the mice OS compared with cisplatin/etoposide treatment, in all models
tested, and has been summarized in Figure 22 (Lallo et al., 2018). Based on these
data, | decided to investigate the pathways involved in the response to this
combination to understand the range of sensitivities we observed in vivo, and identify

putative biomarkers of response.

A B
4007 1000
v <
Q
& b=
& 3007 ¢
2 ]
5 g 100
X 200 £z
2 100 T 3
o 2 10 T
- c
[
o
-100” = 1
CDX3 CDX4 CDX8 CDX8p CcDX3 CcCDX4 cDX8 CDX8p
[Ccisplatin/etoposide [MAZD1775 [ cisplatin/etoposide M AZD1775
Colaparib Ecombo O olaparib B combo

Figure 22. Treatment with olaparib/AZD1775 is effective in SCLC CDX and shows superior activity
than cisplatin/etoposide.

A. Barplot showing the average best response (+ SD) for cisplatin/etoposide (white), AZD1775 (red),
olaparib (green) and AZD1775/olaparib (blue). Best response: percentage of tumour volume change
at the end of the treatment (21 days) compared with the tumour volume measured at the start of the
treatment. B. Barplot showing the average duration of response for each treatment over the vehicle.
Cohort size are > 7 (Lallo et al., 2018).

As mentioned in chapter 1.3, mechanistic analyses are easier to perform in vitro
on cancer cell lines than directly in vivo. Moreover, testing hypotheses in vitro utilises
fewer mice in accordance with the 3Rs (Russel W.M.S. and Burch R.L.,, 1959).
However, due to the faithfulness of the CDX models for the donor patients compared
with common cancer cell lines, | was mainly interested in the mechanisms of
response intrinsic to the CDX. Moreover, the continuous lack of drug efficacy in the
clinic further highlight the limitation of common SCLC cell lines. Therefore, to

overcome the difficulties related to the in vivo models and established cell lines, |
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established short-term ex vivo cultures of CDX-derived cells and this work was
recently published (Lallo et al., 2019). Knowing that cell cultures established from
SCLC PDX can undergo irreversible changes over time (Daniel et al., 2009), | wanted
to fully characterize these cells in order to ascertain the differences and similarities

that these cultures have with the original CDX tumour.

3.2 Results

3.2.1 Establishment of a short-term ex vivo culture of CDX-derived tumour cells

To optimise culture conditions | selected three distinct CDX models. CDX3 and
CDX4 have already been described in the previous paragraph. CDX2 was firstly
characterised in Hodgkinson et al. Like CDX4, this model was derived from a
chemorefractory patient, however CDX2 experienced a partial response to
cisplatin/etoposide in vivo with 50% regression. This properly recapitulated the
differences in survival observed between donor patients 2 and 4, with an OS of 3.9

months for patient 2 vs 1.8 months for patient 4 (Hodgkinson et al., 2014, Table 14).

Table 14. Clinical information of the CDX donor patients.

CDX SCLC Pt " . Pt Treatment Chemo- PF
Gender Time-point e survival
# Stage Treatment Response sensitivity (mo)
. P i
2 Female ES Carbo/etop baseline rogresswe refractory 3.9
Disease
Partial
3 Male ES Carbo/etop baseline artia sensitive 10.5
Response
Partial
3 Mal ES Carbo/et i N/A 10.5
p ale arbo/etop | progression Response /
4 Female ES Carbo baseline Progresswe refractory 1.8
Disease
. Partial
8 Female ES Carbo baseline artia refractory 6.5
Response
Partial
F I E i N .
8p emale S Carbo progression Response /A 6.5
. Partial e
10 Male ES Carbo/etop baseline artia sensitive 19.7
Response
. Partial
12 Male ES Carbo/etop baseline artia refractory 5.2
Response
Partial
14 F I ES Carbo/et I N/A 9.5
p | Female arbo/etop relapse Response /
Partial
15 F I LS Carbo/et I N/A 21.2
p | Female arbo/etop relapse Response /
Partial
1 F I L I N 21.2
5p | Female S Carbo/etop relapse Response /A
. Partial
17 | Female ES Carbo/etop baseline artia N/A 6.3
Response
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. Partial
17 F E N .
p | Female S Carbo/etop | progression Response /A 6.3
18 Male ES Carbo/etop baseline FeIrEE] N/A 6.6
Response
Partial
18p Male ES Carbo/etop follow-up Response N/A 6.6
20 Male ES Carbo baseline Stable Disease | refractory 2.7
20p Male ES Carbo follow-up Stable Disease N/A 2.7
23 | Female ES Carbo/etop baseline SE1AG refractory 5.1
Response
Partial
24 Male ES Carbo/etop baseline artia sensitive 13.6
Response
25 Male ES Carbo baseline Progresswe refractory 2.4
Disease
29 Female LS Carbo/etop baseline Partial sensitive 8.9
Response
31 | Female ES Carbo/eto rogression SE1AG N/A 5.1
| Prog Response '
Partial
37 Male ES Carbo/etop follow-up Response N/A 13.6
Partial
38 | Female ES Carbo/etop baseline artia N/A 7.3
Response

mo = months; Pt = patients; ES = extensive stage; LS = limited stage; Carbo = carboplatin; etop =
etoposide

To establish the ex vivo culture conditions, CDX tumours were collected and
immediately processed following an in-house protocol (see chapter 2.1.2). This
protocol yielded a single cell suspension enriched with viable human tumour cells
that were depleted of mouse stromal cells (Figure 23A). The derived cells were
counted and seeded at various densities in different media conditions. All tested
media contained the components of the HITES media described by Simms et al
(Simms et al., 1980), with or without the addition of further supplements included to
improve the culture success rate. Bombesin was tested because it has been shown to
support SCLC growth both in vitro and in vivo (Cuttitta et al., 1985). Alternatively, a
low concentration of FBS was used (see chapter 2.2.1 for details). All of these
combinations were tested with or without the addition of the ROCK inhibitor, Y-27632
to improve cells viability after tissue dissociation (Watanabe et al., 2007). As shown
in Figure 23B, CDX2 and CDX4 have a similar proliferation rate in most media tested,
while CDX3 proliferated significantly better when FBS was added to the HITES,
especially if combined with Y-27632 (with p =0.034 H vs HF and p = 0.0001 H vs HFRIi)
(Figure 23B).
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Figure 23. CDX-derived cells can grow ex vivo.

A. Schematic of the different steps from CTC to CDX cultures. B. Comparison of the increase in cell
number after 11 days in different media conditions. C. Representative picture of CDX3 (light purple),
CDX2 (blue) and CDX4 (dark purple) cultures compared with the common SCLC cell line H69 (black).
D-F. Representative examples of CDX2 (D), CDX3 (F), CDX4 (G) growth in culture with HFRi media. G.
Doubling time of CDX2, 3 and 4 cultures in HFR media. Each data point represent an independent
culture. Different plating densities have been included. H. Proliferation of CDX2, 3 and 4 growing in
HFR media was assessed by EdU incorporation after 15hr of labelling. The graph depicts the average
percentage of EdU positive cells from 3 independent experiments. In all panels, error bars represent
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SD. * and *** refer to a p-value of 0.034 and 0.0001, respectively. H = HITES, HRi = HITES + Y-27632,
HB = HITES + bombesin, HF = HITES + FBS, HFRi = HITES + FBS + Y-27632, HBRi = HITES + bombesin + Y-
27632.

Based on these data, HITES media supplemented with FBS and Y-27632 was
selected as the condition of choice to grow ex vivo CDX tumour cells. In this media,
CDX2, CDX3 and CDX4 grew as non-adherent cell clusters of variable size and shape,
similar to common SCLC cell lines with classic morphology (Carney et al., 1985)
(Figure 23C). Analysis of cellular ATP content at different timepoints in culture over a
2 weeks window showed that CDX-derived cells are metabolically active in HFRi
media (Figure 23D-F). Non-linear fitting of exponential curves showed a doubling
time of ~ 4 days, consistent with what has been described for classic SCLC cell lines
(Gazdar et al., 1985)(Figure 23G).

To further confirm the ability of these cells to replicate in this culture condition,
EdU incorporation was assessed. Replicating cells ranged between 8% (CDX4) and
18% (CDX3) of the live cells population (Figure 23H). All experiments described have
a high level of variability across biological replicates, as shown by the width of the
error bars and the shift in the proliferation profiles observed in Figure 23D-F. This
heterogeneity suggested that clones with different fitness could be selected,
highlighting the importance of characterising this system thoroughly.

To evaluate the effect of adding the ROCKi in the culture media | examined its
effect on RNA expression. CDX3 and CDX4 cultures were grown for 24hr in HITES
media with or without the addiction of Y-27632, and RNA was extracted to perform
RNA sequencing (Figure 24A). Distance matrix analysis showed a correlation between
samples derived from the same CDX model, suggesting that treatment with the ROCK
inhibitor had limited impact on the transcriptomic profiles of these cells (Figure 24B).
Visualisation of different principal components showed how the cells treated with or
without the ROCK inhibitors tended to cluster together, with PC3 displaying the
strongest separation between minus and plus Y-27632 across the models (Figure
24C). Analysis of the top 1,000 genes contributing to PC3 identified 488 protein coding
genes (Supplementary Data 1). Pathway enrichment analysis with KEGG and
Reactome databases only detected one pathway common to 5 of the identified genes

(“One carbon pool by folate”/”metabolism of folate and pterines” pathway). GO
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terms of these 488 protein coding genes included “tetrahydrofolate interconversion”
(x 5 genes), “folic acid-containing compound metabolic process” (x 7 genes),
“tetrahtdrofolate metabolic process” (x 6 genes) and “pteridine-containing
compound metabolic process” (x 7 genes). Alterations in this metabolic pathway
suggested that the CDX cells adapt their metabolism when grown ex vivo, as already
observed for human stem cells (Vernardis et al., 2017). Overall the very low number
of protein coding genes involved in these pathways suggested that inhibition of ROCK

at the concentration used in this culture did not affect largely the behaviours of the

CDX cells.
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Figure 24. Effect of ROCK inhibition on the transcriptomic profile of CDX cultures.

A. Schematic of the experimental design. B. Distance matrix to correlate each sample with each other.
Raw counts were normalised with the regularised transformation function of DESeq2 before
calculating the distances. C. Paired PC plots to show the distribution of the samples when different
principal components are investigated. D. Unsupervised hierarchical clustering showing the most
5,000 variable genes across all samples. Genes were scaled by row. The colour key represents the
regularised transformation of the raw counts. Both CDX3 (dark pink) and CDX4 (light blue) grown in
the presence (orange) or absence (brown) of the ROCK inhibitor are shown in the heatmap.

Similarly, plotting of the top 5,000 differentially expressed genes across all the
samples did not show any strong variation between each CDX treated with or without
the ROCK inhibitor (Figure 24D, Supplementary Data 2). Differential gene expression
analysis only identified seven protein-coding genes differentially expressed in CDX3
cultured without Y-27632 compared with CDX3 cultured with Y-27632. Similarly, CDX4
cultures grown in the absence of Y-27632 had only 125 genes differentially expressed
compared with CDX4 cells grown in the presence of Y-27632 (Supplementary Table
2). All together these data, validate the use of the HITES media supplemented with
FBS and Y-27632 to grow CDX-derived cells ex vivo.

3.2.2 CDX ex vivo culture show similar phenotypes than the corresponding tumour

Previous work form Prof. Rudin’s group showed that tumour cells derived from
SCLC PDX accumulated several changes during several months of passage in culture
(Daniel et al., 2009). To try to limit the adaptation that cells undergo during 2D
growth, | grew the CDX-derived cells for a maximum of 5 weeks in plastic. During this
time, cells were collected and processed in multiple ways in order to perform a full
characterisation. First, to evaluate if the culture conditions affected the expression of
the typical SCLC markers, | collected samples from a 2 weeks culture of each CDX and
assess the expression of the epithelial marker, cytokeratins (pan-CK), and the NE
markers, synaptophysin (SYP) and CD56 (NCAM). In parallel, tumours from the
corresponding models were assessed for the same markers. As already described in
Hodgkinson et al, CDX2, CDX3 and CDX4 expressed CKs, SYP and CD56, similarly to
what was observed in the corresponding patient’s biopsy (Hodgkinson et al., 2014). A
different set of FFPE blocks for CDX2, CDX3 and CDX4 was used to validate the findings
from Hodgkinson et al and as direct comparison to the cultures. To increase the panel
of markers tested and look at different features of SCLC, | decided to test also vimentin

(VIM). Vimentin is usually weakly or not expressed in SCLC and has been associated
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with a more variant phenotype (Broers et al., 1986; Zhang et al., 2018). CDX2, CDX3
and CDX4 showed classic morphology in vivo with small nuclei (Figure 25A) and grew
as non-adherent clusters ex vivo (Figure 23C) (Carney et al., 1985), therefore | was
expecting low VIM expression. As anticipated, CDX2, CDX3 and CDX4 tumours were
positive for CKs, SYP and CD56. CDX2 and CDX3 tumours were negative for VIM, while
CDX4 tumour showed a few VIM positive cells suggesting a more mesenchymal
phenotype (Figure 25B). In accordance with the in vivo data, CDX2, CDX3 and CDX4
cultures were positive for the epithelial and neuroendocrine markers tested.
Moreover, while CDX2 and CDX3 cultures were completely negative for VIM, CDX4
cultures showed a mixture of positive and negative cells, suggesting that the culture

condition used did not affect the differentiation state of the cells (Figure 25B).
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Figure 25. CDX-derived cells mimic the corresponding CDX tumours.

A. Representative H&E pictures of CDX2, CDX3 and CDX4 tumours. Scale bar: 20 um B. Representative
images of chromogenic staining for epithelial (pan-CK), neuroendocrine (SYP and CD56) and
mesenchymal (VIM) markers in CDX2, CDX3 and CDX4 cell pellets, derived from 2 weeks cultures, and
corresponding CDX tumours. Scale bar: 25 um. C. Chromatograms highlighting the TP53 mutations
detected on CDX2-, CDX3- and CDX4-derived cultures.
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3.2.3 Analysis of transcriptomic changes applied by the culture system

To further characterise the impact of the culture conditions on the CDX-derived
cells, | looked at the TP53 mutational status. p53 is universally inactivated in SCLC
(George et al., 2015) and we have previously shown that CDX2 and CDX3 harboured
a missense mutation on TP53 (c.440A>C and ¢.263A>G, respectively), while CDX4 had
a nonsense mutation (c.892G>T) (Hodgkinson et al., 2014). As expected, the same
TP53 mutations were identified in the corresponding cells after 2 weeks of culture
(Figure 25C), suggesting that this salient feature of SCLC is not lost during culturing.
While | was not expecting any genomic selection after only a few weeks of cultures, |
wanted to evaluate if the transcriptomic changes observed by Daniel et al were also
present at early time points in the CDX cultures (Daniel et al., 2009). First, | wanted to
assess overall gene expression differences between each CDX and the derived
cultures. CDX2, CDX3 and CDX4 were cultured for 2 weeks and processed for RNA
sequencing. Multidimensional scaling was used to look at the similarities between
tumour/culture pairs. As shown in Figure 26A, CDX cultures closely resembled the
matched CDX tumours. This suggests that two weeks after culture, the derived
tumour cells maintained a transcriptomic profile very similar to that of the donor
tumours. To look at the changes imposed by the culture, | performed a pathway
enrichment analysis focusing on the genes with at least two fold changes of difference
between the tumour and the corresponding culture. There were 22 pathways
commonly altered across the models. Most of these pathways were involved in
synthesis and assembly of collagen and organisation and degradation of the
extracellular matrix (Supplementary Data 3), highlighting the effect of growing these
cells in an environment that lack interaction with the stromal compartment (Figure
26B). Model-specific changes included alterations in protein biosynthesis in CDX2 and
protein-protein interactions at synapses in CDX3 and CDX4.

To understand if the changes observed after 2 weeks of culture were maintained
in the short-term, CDX3 was cultured for 4 weeks and samples were collected every
week for RNA sequencing. Of a total of 31,652 expressed genes analysed, 35%
(equivalent to 11,135 genes) were differentially expressed, of which 4,920 were
protein coding genes and 6,215 were non-coding (Supplementary Data 4). To look at

the dynamics of these variations, | selected the top 1,000 differentially expressed
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genes between CDX3 tumours and the derived cells after 4 weeks of culture and
examined how these genes changed overtime. Interestingly, most of the changes
appeared by week 2 and were stable up to week 4 in culture, suggesting that, at least
in this short time frame, it was possible to limit the strong clonal selection observed

by others (Daniel et al., 2009) (Figure 26C-D).

[ CDX2 tumour @
CDX2 culture ®@ Viral mRNA translation ]
24 ‘ CDX3 tumour© Peptide chain elongation .
~N Non sense mediated decay independent of
I CDX3 culture ® the exon junction complex ®
k] CDX4 tumour @ Cholesterol biosynthesis . .
I3} CDX4 cul ) . . GeneRatio
g culture @ Eukaryotic translation elongation ° 00,02
o 1
o Extracellular matrix organisation [ ] [ ] [ ] :g'g';
0 Neuronal system [ ] [ ] [ ] :
'g Collagen biosynthesis and modifying enzymes . . L] p-adjust
3 0 Degradation of the extracellular matrix L] (] ° 0.01
0.02
‘ Collagen formation . . ° 0.03
' Transmission across chemical synapsest L[] [ ] 0.04
Assembly of collagen fibrils and other, Iy . I’y
19 multimeric structures
O Serotonin neurotransmitter release cycle .
@ Protein-protein interactions at synapses 3 3
® h o8 o
T T T T T
1 3 i 3 3 (1794) (2252) )
C Leading logFC dim 1 D
Normalised regularised
. . transformation of counts
Il Protein Coding 2010 1 2
[INon Coding
Gene

- ENSG00000100302
- ENSG00000227203

ﬁ

Tumour 1wk 2wk 3 wk 4 wk

")
[

Tumours 1wk 2wk 4wk 3wk
Cultures

Figure 26. CDX-derived cells adapt to culture by rewiring part of their gene expression.

A. Multidimensional scaling to compare the transcriptomic profile of CDX2-, CDX3- and CDX4-derived
cultures with the corresponding tumours. The root mean square of the log2 fold changes between the
samples is shown. Dark purple, pink and red dots represent CDX2, CDX3 and CDX4 tumours,
respectively, while light-coloured dots represent the corresponding CDX-derived cells after 2 weeks
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of culture. B. Pathway enriched in each comparison (CDX tumour vs derived culture) for each model
tested. Dots are coloured relative to adjusted p-value of the enriched pathway and their size depend
on the GeneRatio (chapter 2.10.2 for details). The number below each CDX refers to the total number
of protein coding genes used in the analysis. C. Unsupervised hierarchical clustering of the top 1,000
differentially expressed genes (FDR < 0.05) between CDX3 tumours and the derived cultures over time.
Genes were scaled by row. Both protein-coding (brown) and non-coding (yellow) genes are depicted.
D. Example of count variation over time of two of the top 10 differentially expressed genes between
the tumours and the cultures. wk: week.

3.2.4 CDX cultures maintain their tumourigenic potential in vivo

One of the advantages of commonly used established cell lines is the possibility to
easily modify them in vitro and then implant them in vivo to observe the effect of the
modification on tumour growth and response to drugs. While other members of the
lab were working on optimizing a way to transduce CDX-derived cells, | wanted to
verify that these cells were still tumourigenic in vivo. CDX3- and CDX2-derived cells
were implanted in immunocompromised mice after 4-5 weeks of culture. Both
models were able to repopulate a tumour, with tumours derived from CDX3 cultures
growing at a similar rate than CDX3 tumour derived from cells that have never been
in culture (average 5.8 vs 7 weeks to reach ~ 150mm?, respectively) (Figure 27A). For
CDX2, it took an average of 9.3 weeks to observe tumours at ~150mm?3 in mice
implanted with CDX2 cultures, twice the time needed to have tumours at the same
size  in  mice implanted with uncultured CDX2 cells (Figure 27B).
Immunohistochemistry analysis of the CDX3 tumours derived from the culture
showed similar morphology to the matched original CDX3 as assessed by H&E.
Expression of CKs, CD56, SYP and VIM was also maintained in the tumours derived
from CDX3 culture, further highlighting the stability of these features in vivo and ex
vivo (Figure 27C). Once confirmed that the cultures can form tumours in vivo, | wanted
to determine if the transcriptomic changes observed during culture were irreversible
and maintained once the cells were re-implanted in immunocompromised mice, as
observed by Daniel et al (Daniel et al., 2009). To assess this hypothesis, CDX3 cells
were cultured for 2 weeks and RNA was extracted. In parallel, RNA was extracted from
CDX3 tumours derived from a 5 weeks CDX3 culture (culture-derived CDX tumour).
Bulk RNA sequencing was performed on these samples and the raw data were
combined with the available RNAseq from the original CDX3 tumours. Differential
gene expression analysis was performed between the original CDX3 tumours and the

two derived models, as shown in Figure 28A (Supplementary Data 5).
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Figure 27. CDX culture are tumourigenic in vivo.

A,B. CDX3 (A) and CDX2 (B) cells directly passaged from CDX3 and CDX2 tumours (black and grey,
respectively) or maintained in culture for four weeks (red and blue, respectively) were subcutaneously
implanted into SCID-bg mice. Each line represents an individual tumour. C. Immunohistochemical
analysis of SCLC marker expression in both original and culture-derived CDX3 tumours. Pan-CK: pan-
cytokeratin, SYN: synaptophysin, VIM: vimentin. Scale bar: 50 um.

The top 1,000 protein coding genes differentially expressed in CDX3-derived cultures
compared with the original CDX3 tumours (comparison 1) were selected to look at
how these genes changed in the culture-derived CDX3 tumours compared with the
original CDX3 tumours (comparison 2). Interestingly, 51.9% of the top 1,000 protein
coding genes differentially expressed in comparison 1 were unchanged in the culture-
derived CDX3 tumours, suggesting that some of the changes imposed by the cultures
were reversible once the cells were re-implanted in immunocompromised mice
(Figure 28B). In total 27.2% of the genes (both protein coding and non-coding) were
differentially expressed in comparison 2, while almost twice that number of genes
(43.8%) were differentially expressed between the CDX3 cultures and the original
CDX3 tumours (comparison 1). Indeed, principal component analysis showed that
culture-derived CDX3 tumours clustered closer to the original CDX3 than to CDX3-
derived cultures (Figure 28C). Pathway enrichment analysis showed no pathway

overlap between the pathways enriched in comparison 1 vs comparison 2, suggesting
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that the main pathways altered during culture were back to the same level as in the

original CDX3 tumours when the cells were re-injected in immunocompromised mice

(Figure 28D).
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Figure 28. Tumours derived from CDX culture re-acquire some of the features lost in vitro.

A. Unsupervised hierarchical clustering of the top 1,000 differentially expressed protein-coding genes
(FDR £0.05) is illustrated in the heatmap. Genes were scaled by row. B. Schematic of the comparison
analised in C and D. C. Principal component analysis to compare the transcriptomic profile of the
original CDX3, CDX3-derived culture and culture-derived CDX3 tumours. D. Pathway enriched in each
comparison 1 and 2. Dots are coloured relative to adjusted p-value of the enriched pathway and their
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size depends on the GeneRatio (chapter 2.10.2 for details). The number below each comparison refers
to the total number of protein coding genes used in the analysis.

3.2.5 CDX cultures show the same response to standard-of-care than the donor CDX

To complete the validation of the CDX ex vivo culture, | wanted to assess if these
cells were able to maintain a similar response to cisplatin and etoposide. The efficacy
of these drugs in CDX2, CDX3 and CDX4 tumours was previously described
(Hodgkinson et al., 2014). CDX3 tumours showed almost complete tumour regression
(~ 90% maximum regression) after treatment with cisplatin/etoposide. CDX2 tumours
partially regressed (~ 50% maximum regression) after treatment, while CDX4 tumours
did not respond to cisplatin/etoposide treatment. To initially validate that the
response of CDX cultures to cisplatin and etoposide would not change with time in
cultures, | treated CDX3 cells with increasing concentrations of cisplatin and
etoposide after they had been in culture for 3 days, 1 week or 3 weeks. As shown in
Figure 29A and B, CDX3 cells maintained a similar sensitivity to these drugs at all time
point tested, suggesting that short-term culture of these cells does not change their

response to drugs.
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Figure 29. Drug screening on CDX cultures.

A,B. CDX3 in vitro response to cisplatin (A) and etoposide (B) after 3 days (dark pink), 1 week (pink)
and 3 weeks (light pink) in culture. C-E. Pilot study to determine the best concentration of cisplatin in
combination with etoposide. All response curves show the response to increasing concentration of

151



CHAPTER 3 RESULTS

etoposide (pink, purple and violet lines) or cisplatin (grey line). For the etoposide treatment a fixed
concentration of cisplatin was added. The same colour code is applied to the three graphs.

To test if ex vivo, CDX-derived cells were able to maintain a similar sensitivity to
cisplatin and etoposide compared with the corresponding CDX tumour, two to five
weeks CDX cultures were treated with increasing concentrations of cisplatin and
etoposide as single agents and in combination. | performed a preliminary pilot study
to determine the best concentration of cisplatin to be combined with etoposide in
order to obtain a response representative of the in vivo data. Three fixed
concentrations of cisplatin were selected based on the initial 50% growth inhibition
(Glso) obtained with cisplatin treatment alone. CDX2 and CDX3 showed a Glso of 0.5
and 0.12 uM, respectively, while CDX4 showed a Glso of 7.5 uM. Because CDX3 was
the most sensitive, | selected a value close to its Glsg, and tested one concentration
10 times higher and another one 10 times lower. As shown in Figure 29C-E, etoposide
treatment with 2 uM of cisplatin was very toxic in CDX2 and CDX3, while etoposide
combined with 0.02 uM of cisplatin showed an intermediate response in both CDX2
and CDX3. Addition of 0.2 uM of cisplatin was more effective in CDX3 than CDX2,
while CDX4 was resistant to all conditions tested. Because | knew that CDX2 displayed
a more resistant phenotype than CDX3 in vivo, | identified 0.2 uM of cisplatin as better
representative of the in vivo data. When | repeated these experiments focusing on
the monotherapies and on etoposide combined with 0.2 uM of cisplatin, CDX2 and
CDX3 were more sensitive to both cisplatin and etoposide than CDX4, with CDX3
showing the greatest sensitivity to all treatment conditions (Figure 30A). CDX3
showed an average Glsp of 0.09 uM, 0.03 uM and 0.0007 uM for cisplatin, etoposide
and the combination respectively. This is consistent with the strong response to
cisplatin/etoposide observed in CDX3 tumours in vivo and the chemosensitivity
observed in patient 3 (Hodgkinson et al., 2014). CDX4-derived cultures, on the other
side, were far more resistant to cisplatin, etoposide and the combination, with
average Glspof 3.15 uM, 6.54 uM and 4.2 uM, respectively (Figure 30B). CDX2-derived
cultures showed an intermediate response to the combination, with average Glso of
0.03 uM. Interestingly, the response of CDX2 cells to the combination was mainly
driven by etoposide, with single agent etoposide eliciting a similar effect compared

with the combination (average Glsp 0.03 puM). This is also shown by the overlap of the
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response curves for etoposide and the combination in Figure 30C. Although we have
not tested the in vivo efficacy of etoposide monotherapy, these data suggest that the
initial regression of CDX2 tumours in vivo could be related to its sensitivity to

etoposide alone rather than the combination of the two drugs.
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Figure 30. CDX cultures mimic the response to SoC of the corresponding donor tumour.

A-C. In vitro response of CDX3 (A), CDX4 (B) and CDX2 (C) cultures to cisplatin (pink), etoposide (light
blue) or the combination (blue) after 1 week of treatment. For combination experiments, 0.2 uM
cisplatin were added to etoposide. One of at least three representative experiments for each model
is shown. D. Culture-derived CDX3 tumours were treated with cisplatin/etoposide (red) or vehicle
(blue). Each line represents an individual relative tumour volume. Yellow shaded box demarcates the
treatment period. E-F. CDX2 cells were treated with cisplatin (E) or etoposide (F). Both graph are
coloured coded as explained in F. See text for details. Wks = weeks.

To further validate the culture system, 5 week CDX3 cultures were re-injected in
immunocompromised mice and tumours were treated with one cycle of
cisplatin/etoposide or vehicle, as previously performed by Hodgkinson et al
(Hodgkinson et al., 2014) (see chapter 2.9.3 for details). The culture-derived CDX3
tumours were highly sensitive to cisplatin/etoposide treatment, with complete
tumour regression, similar to what was observed with the CDX3 tumours derived
from uncultured cells (Figure 30D, Hodgkinson et al., 2014). The drug treatment was

not performed on the CDX2 cells re-implanted in mice, however as proof of principle,
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| have expanded in culture one of the CDX2 tumours derived from CDX2 culture.
These cells were treated with cisplatin or etoposide and the response was compared
with the response to cisplatin and etoposide observed on the original CDX2 cells that
were not re-implanted in mice. As expected, the response to cisplatin and etoposide

was maintained after passaging in vivo and over time in culture (Figure 30E,F).

3.3 Conclusions

CDX have been shown to faithfully mirror the donor patient tumour and are
representative of the main SCLC subtypes described in the literature (Hodgkinson et
al., 2014; Simpson et al., 2019). We exploited the CDX models to test the efficacy of
combining the PARP inhibitor olaparib with the WEE1 inhibitor AZD1775 in both
chemosensitive and chemorefractory CDX, as well as in paired chemonaive and
chemotreated models (Lallo et al., 2018)(Figure 22). Even if the response to this
combination was overall better than the response to cisplatin/etoposide, we
observed different patterns of sensitivity, suggesting that each model may have a
distinct mechanism of response to these drugs. To investigate this hypothesis, | have
developed an ex vivo culture system of CDX-derived cells in order to facilitate
functional testing and identification of putative biomarkers of response. This short-
term cultures maintained most of the salient features of the donor tumours, making
them a tractable system to study the response to olaparib/AZD1775. The addition of
the ROCK inhibitor and FBS to the original HITES media did not alter the phenotype
of these cells which grow as non-adherent clusters similar to most SCLC cell lines
(Gazdar and Oie, 1986). These factors rather encouraged the survival of the CDX-
derived cells, possibly reducing the induction of anoikis caused by the dissociation of
the tumour (Watanabe et al., 2007). The media conditions selected to grow these
cells did not affect their NE differentiation and did not seem to select for specific
mutant clones in the short-term. Gene expression data showed that culturing of CDX
has an effect on ECM organization and collagen biosynthesis probably due to the loss
of ECM and stromal compartment. Although these alterations appeared to be
reversible when the cultures were re-implanted in mice, they have to be taken into
consideration when experiments are performed ex vivo. Moreover, the discrepancy

between the growth rate of CDX2 tumours and culture-derived CDX2 tumours implies
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that some models are more affected than others by the culturing (Figure 27B).
Indeed, differently from CDX3 and CDX4, CDX2 cultures showed a major number of
pathways altered in the cultures compared with the donor tumour (Figure 26B).
Together with changes in the processing of collagens, CDX2 cultures showed
alteration in the elongation step during protein translation. These changes could have
had an impact on the tumourigenic potential of these cells, explaining the delay
observed in tumour growth in vivo. Despite the observed differences between the
cultures and the tumours, overall these changes did not affect the response these
cells had to SoC. Moreover, compared with what has been published for PDX-derived
cultures, there were no tumour-related pathways affected by the culturing, arguing
that short-term culturing of CDX cells did not affect important hallmarks of cancer
(Daniel et al., 2009). One of the advantages of these cultures compared with common
cancer cell lines is their vicinity with the in vivo model making them a tractable system
to assess patient-derived response to drugs. Moreover, because CDX tumours can be
continuously generated by passaging the cells in mice, there is no need to passage
the CDX culture for long terms. Rather, tumours can be dissociated when needed and
the cells can be used for the experiments of interest within 1-2 weeks. This will limit
the adaptation imposed by culture conditions. Compared with CDX tumours, the
derived cells have the advantage to be relatively easy to manipulate allowing
functional characterization of tumour evolution and drug response. The observation
that these cells re-acquire some of the features lost in culture when re-implanted in
immunocompromise mice, make them particularly interesting to study mechanisms
of metastasis formation, tumour evolution and response to therapies. Indeed, these
cells could be easily transduced with fluorescent reporters in vitro and subsequently
grown in vivo to follow cell dissemination. Furthermore, these cultures could be
genetically modified in vitro and then implanted in vivo to assess the effect of the
modification in a more relevant system. Of particular interest for my project is the
fact that these cultures can be used to rapidly screen multiple compounds and

initially dissect the mechanisms behind the observed response in vitro.
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Chapter 4: Drug screening of CDX culture

4.1 Introduction

CDX ex vivo cultures maintain the main characteristics of the donor CDX tumours
and therefore can be a useful tool to rapidly screen different compounds. The results
described in the previous chapter suggested that despite some differences between
the culture and the donor tumours, these cells can retain a similar sensitivity to SoC
and hence, can be used to predict the response in vivo. To further validate this
hypothesis and confirm that these cultures can also predict the response to different
type of drugs, | have screened the CDX cultures with different compounds and
compared the response observed in vitro with the one obtained in vivo.

It was recently published in our group that CDX2 is sensitive to the combination
of the PI3K inhibitor GDC0941 and the BH3 mimetic ABT263, in vivo. In this study,
Potter et al treated CDX2 tumours with GDC0941, ABT263 or the combination of the
two. GDC0941 is a class | PI3K inhibitor targeting the p110a and B catalytic subunits
of PI3K and suppressing its activity (Salphati et al., 2011). ABT263 targets BCL-2 and
BCL-xL and impedes their anti-apoptotic effect (Oltersdorf et al., 2005; Tse et al.,
2008). While the PI3K inhibitor alone had barely no effect on CDX2 tumour growth,
the BH3 mimetic caused 80% regression during the treatment period and this effect

was extended when combined with GDC0941 (Potter et al., 2016).
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Figure 31. MTH1 role in dNTP sanitation.

ROS can oxidase dNTP that can be mis-incorporated into DNA and induce mutagenesis. MTH1 sanitises
the dNTP pool by hydrolysing the oxidised purine nucleoside triphosphates to monophosphates.
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Prof. Thomas Helleday developed several inhibitors of MTH1, showing promising
results in a panel of cancer cell lines (Gad et al., 2014; Warpman Berglund et al.,
2016). MTH1 (or MutT homolog-1) is an 8-oxo-dGTPase that localises in the nucleus
and mitochondria. It belongs to the Nudix hydrolase superfamily and acts by
sanitising the oxidised dNTP pool (Yoshimura et al., 2003). This pool is highly sensitive
to ROS. ROS can oxidise the free bases into 2-OH-dATP, 8-OH-dATP, 8-oxo-dGTP and
8-0x0-GTP, which can be incorporated into DNA and generate specific lesions
(Svensson et al., 2011). In particular 8-oxo-GTP tends to form base pairs with cytosine
and adenine, causing G:C to T:A transversion, while the 8-oxo-dGTP produces A:T to
C:G, as well as G:C to T:A transversion (Tsuzuki et al., 2007) (Figure 31). MTH1 drives
the hydrolysis of these oxidised bases into monophosphates, thus preventing their
integration into the genome. MTH1 inhibitors act by binding the catalytic pocket of
MTH1 as an 8-oxo-GTP analogue. In this way, MTH1 is no longer able to recognise
the oxidised dNTPs, causing their accumulation and incorporation into the genome.
The MTH1 inhibitors have no effect on untransformed cells, suggesting a higher level
of ROS regulation and/or a reduced level of ROS production in this setting (Gad et al.,
2014). Cancer cells, instead, showed a strong sensitivity to this drug. This was
probably due to the higher metabolic and proliferative rate observed in cancers
leading to increased ROS production. Thus, MTH1 acts as an essential checkpoint in
cancer cells to balance the level of ROS, explaining why several cancer cell lines do
not tolerate its inhibition (Gad et al., 2014).

The BH3 mimetic as well as PI3K and MTH1 inhibitors were used to validate the
predictive value of the CDX-derived cultures. | have then optimized an assay to test
combination of compounds in order to better characterize the response to
AZD1775/olaparib ex vivo. In particular, given the patient clinical information, | was
able to use cisplatin/etoposide as a reference to assess the cultures ability to

recapitulate the patient response to this treatment.

4.2 Results

4.2.1 CDX cultures can recapitulate the response to targeted therapies
Knowing the in vivo efficacy of ABT263 and GDC0941 in CDX2, | decided to

determine whether CDX2 cultures exhibited a similar response ex vivo. CDX2 cultures
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were treated with increasing concentrations of GDC0941, ABT737 (the tool
compound equivalent to ABT263) or a combination of the two, and viability was
measured 7 days after treatment. CDX2 cultures showed a similar trend of response
compared with the corresponding CDX2 tumours treated in vivo (Figure 32A, Potter
et al., 2016). CDX2 cultures were more responsive to ABT737 as single agent than to
GDC0941 (average Glsp of 0.03 uM vs 0.4 uM, respectively) and they showed the
highest sensitivity to the combination with an Glso 10,000x lower (average Glso

0.00003 uM) (Figure 32A).
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Figure 32. CDX ex vivo cultures can predict the response to novel targeted therapies.

A-C. CDX2 (A), CDX3 (B) and CDX4 (C) cultures were treated with increasing concentrations of ABT737
(pink), GDCO941 (light blue) or the combination (dark blue). For the combination, 150 nM of ABT737
were added to increasing concentrations of GDC0941. One of three representative experiments is
shown for each culture. D. CDX2, CDX3 and CDX4 cultures were treated with DMSO or 0.5 uM of the
indicated compounds for 8 hr. The indicated proteins were probed as biomarkers of ABT737 and
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GDC0941 activity. E. cPARP band intensity quantification from CDX2 culture in panel D. F. Ratio of
pAKT and AKT band intensities from CDX2 culture in panel D. In all panels, error bars represent SD.

Western blot analysis of CDX2 cultures treated with ABT737, GDC0941 or the
combination, confirmed the synergistic effect of ABT737 and GDC0941, as shown by
increased levels of cleaved PARP in the combination (Figure 32D left panel, Figure
32E). As expected, inhibition of PI3K strongly reduced the phosphorylation of its
downstream targets, AKT and S6 (Figure 32D left panel). Of note, the level of pAKT
was also reduced in the presence of ABT737 only (Figure 32D left panel, Figure 32F).
AKT has been shown to be a direct target of caspase-3 during apoptosis (Widmann
et al., 1998), suggesting that AKT degradation synergizes with the inhibition of PI3K
by GDC0941, partially accounting for the increased effect observed with the
combination (Figure 32D left panel, Figure 32F). Because the data observed with
CDX2 mirrored the response observed in vivo, | wanted to test the effects of this
combination on CDX3 and CDX4 cultures. While the combination did not have much
effect on CDX4 compared with CDX3 and CDX2 cultures (average Glsg 0.02 uM vs
0.0003 uM vs 0.00003 M, respectively, Figure 32A-C), CDX4 cell viability was greatly
reduced compared with the effect elicited by cisplatin/etoposide (Glso of 0.02 puM
and 4.2 uM for ABT737/GDC0941 and cisplatin/etoposide, respectively). Of note,
CDX3 cultures were the only culture that lacked AKT phosphorylation at baseline and
this was translated to a lower dependency on the PI3K pathway as shown by a more
resistant phenotype in the presence of the GDC0941 (average Glsp 1 uM vs 0.4 uM
and 0.2uM in CDX3, CDX2 and CDX4 respectively) (Figure 32A-C, Figure 32D mid
panel). These results are in accordance with the observation that cisplatin resistant
cells, like CDX2 and CDX4, tend to rely more on the PI3K pathway for survival
(Cardnell et al., 2013). To further validate the predictive value of the cultures, | have
treated CDX4 tumours derived from uncultured cells with GDC0941, ABT263, the
combination or vehicle. As expected, the combination did not add much compared
with GDC0941 alone with OS of 34.5 vs 32 days, respectively (Figure 33A,B). However,
GDC0941/ABT263 significantly improved survival compared with vehicle (p-value =
0.009) and cisplatin/etoposide treatment (median OS 20 vs 34.5 days in the
cisplatin/etoposide vs ABT263/GDC0941 group, respectively, (Hodgkinson et al.,

2014). Immunohistochemistry analysis of cPARP showed increased apoptosis when
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CDX4 tumours were treated with ABT263 and the combination (Figure 33C),
comparable with what has been observed in culture (Figure 32D, right panel).
Similarly, both pS6 and pAKT were reduced after treatment with GDC0941 and the

combination, as shown by western blot and immunohistochemistry (Figure 33D,E).
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Figure 33. GDC0941 stabilized CDX4 tumour growth during treatment.

A. CDX4 tumours were treated with vehicle (grey), ABT263 (pink), GDC0941 (light blue) or the
combination (dark blue) as specified in chapter 2.9.3. Each line represents an individual relative
tumour volume. Yellow shaded box demarcates the treatment period. B. Kaplan-Meier analysis
comparing the survival of vehicle (grey), GDC0941 and combination treated mice (light and dark blue).
C. Immunohistochemistry staining for cPARP on CDX4 tumours treated for 24hr with one dose of
vehicle or the indicated compounds. Representative images are shown. Scale bar: 20 um. Error bars
represent SD and each dot is a biological replicate. D. Immunohistochemistry staining for pS6 on CDX4
tumours treated for 4hr with one dose of vehicle or the indicated compounds. Representative images
are shown. Scale bar: 20 um. Error bars represent SD and each dot is a biological replicate. E.
Immunoblot analysis of duplicate CDX4 tumour lysates for the indicated proteins. Each tumours was
treated with one dose of vehicle or the indicated drugs and collected 4 hr after dosing.
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These data, as already shown by others (Cardnell et al., 2013; Faber et al., 2015;
Gardner et al., 2014; Potter et al., 2016), highlight the potential of inhibiting the PI3K
pathway in chemorefractory SCLC patients to overcome cisplatin resistance.
However, PI3K inhibition on its own is not enough to induce tumour regression in
CDX4, implying that a combination of drugs targeting different pathways should be
tested. Promotion of apoptosis together with inhibition of PI3K is effective in the
chemorefractory CDX2 (Potter et al., 2016, Figure 32A), however this is not the case
for the chemorefractory CDX4. AKT protein was less affected by ABT737 in CDX4
compared with CDX3 and CDX2 cultures, as shown by reduced AKT degradation and
sustained phosphorylation of AKT and S6 in the ABT737 treated cells in CDX4 cultures
(Figure 32D). In vivo, pAKT was slightly reduced after treatment with the BH3-
mimetic, and there was limited effect on total AKT, suggesting that in CDX4 AKT may
not be degraded after treatment with the BH3-mimetic, allowing these cells to
oppose the pro-apoptotic pathway activated by this drug (Downward, 2004). Overall,
the above data supports the feasibility of using CDX cultures to predict the response

to novel targeted therapies.

4.2.2 The MTH1 inhibitor, TH1579, as novel treatment for chemosensitive SCLC

In collaboration with Prof. Thomas Helleday, | had the opportunity to test the
novel MTH1 inhibitor, TH1579. Considering the high proliferative rate and intrinsic
genomic instability of SCLC, we hypothesised that SCLC tumours should have high
levels of ROS and therefore should be more dependent on metabolic checkpoints,
like MTH1. To test this hypothesis, | have treated CDX2, CDX3 and CDX4 cultures with
increasing concentrations of the MTH1 inhibitor, TH1579 (Figure 34A). All three
models showed similar sensitivity to TH1579, with CDX4 cultures showing the most
variability across replicates (Figure 34B). Before testing the efficacy of this drug in
vivo, | further investigated the nature of the observed reduced viability in vitro.
Considering the stronger effect on CDX2 and CDX3, | have select these two models
to look at induction of apoptosis. CDX2 and CDX3 cells were treated for 72hr with
TH1579 and cleaved PARP was assessed by western blot. Both models showed
increased cleaved PARP expression compared with the DMSO treated controls,

indicating that TH1579 treatment was cytotoxic on these models (Figure 34C). Before
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examining TH1579 in vivo efficacy, | first evaluated its tolerability in SCID-bg mice. In
the first study, three SCID-bg non-tumour bearing mice were orally gavaged twice a

day with 30 mg/kg for 21 consecutive days (Figure 35A).
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Figure 34. MTHL1 inhibition is effective on chemosensitive and chemorefractory CDX.

A. CDX2 (dark blue), CDX3 (purple) and CDX4 (dark red) cultures were treated with increasing
concentrations of TH1579. One of three representative experiments is shown for each culture. B. Bar
plot of the Glso obtained from treatment of CDX2 (dark blue), CDX3 (purple) and CDX4 (dark red)
cultures with TH1579 for 7 consecutive days. Each dot is a biological replicate. C. Immunoblot analysis
of CDX3 culture treated with DMSO or 0.5 uM of TH1579 for 72hr. Protein lysates were probed for
cleaved PARP as marker of apoptosis and AKT was used as loading control.

This initial dosing caused a pronounced reduction in body weight (less 10%) in the
first week that was overcome by introducing a mash diet and a water-based lubricant
applied to the gavage tube prior to dose administration. This suggested that the loss
of weight was caused by the gavage twice a day and not because of drug toxicity. The
second tolerance study employed a 90 mg/kg oral gavage twice-daily dosing, 3 days
on and 4 days off. This cycle was repeated three times (Figure 35B). During the
second tolerance study the mice did not lose more than 5% of weight, suggesting a
better tolerability. Based on this data, the second schedule was applied to test the
efficacy of the drug on tumour growth. Treatment of CDX3-bearing mice with TH1579
elicited tumour regression in 8 out of 9 mice, with average maximum tumour
regression of 54% (Figure 35C). The mice started to regrow as soon as the treatment
was ended, however MTH1 inhibition brought an improvement in overall survival
with median OS of 48 days vs 30 days in the TH1579 and vehicle treated cohort,
respectively (p-value = 0.0002, Figure 35D). Immunohistochemical staining
demonstrated accumulation of 8-oxo-G and a concomitant increase in apoptosis in

the TH1579 treated cohort (Figure 36A,B).
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Figure 35. TH1579 efficacy in vivo.

A,B Tolerance studies performed to test the toxicity of TH1579 in vivo. Yellow shaded boxes indicate
the treatment period: 21 consecutive days for pCEP232 (A) and 3 cycles of 3 consecutive days for
pCEP247 (B). The treatment schedule is described in chapter 2.9.2. Each line represent a mouse. C.
Spider plot showing the percentage of tumour change compared with day 0. CDX3 tumours were
treated with TH1579 (red) or vehicle (blue), as specified in chapter 2.9.3. Each line represents an
individual relative tumour volume. Yellow shaded boxes demarcate the treatment period. D. Kaplan-
Meier analysis showing the time until tumours reached 4 times ITV after treatment with 3 cycles of
vehicle (blue) or TH1579 (red).

Moreover, the cellular thermal shift assay performed on the plasma and tumour
lysates after treatment with either TH1579 or vehicle, showed that MTH1 was
strongly engaged by TH1579, further validating the on-target effect of the inhibitor
(Figure 36C,D). These preliminary data showed a promising effect in the
chemosensitive model CDX3. The dose used in this study was well tolerated by the
mice and therefore studies to increase the treatment window to further delay
tumour progression are warranted. Moreover, based on the in vitro data, CDX2

should be similarly sensitive to this drug, highlighting the possibility of using this
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treatment also on some chemorefractory SCLC patients. CDX4 cells had an
heterogeneous response to the TH1579, showing on average Glso of 0.94 uM
compared with 0.23 uM and 0.27 uM for CDX3 and CDX2 respectively. Even though
CDX4 was more resistant to MTH1 inhibition than CDX2 and CDX3, the response to
this compound in vitro was greater than the response to cisplatin/etoposide (average
Glsp 4.2 uM), further suggesting that MTH1 could be a potential therapeutic target

for chemorefractory SCLC patients.
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Figure 36. Pharmacodynamic assessment of TH1579 activity.

A. Immunohistochemistry analysis of cleaved PARP on CDX3 tumours treated with one cycle (3 days)
of vehicle (blue) or TH1579 (red). Samples were collected 24hr after the last dose. One representative
image is shown for each cohort. Scale bar: 25 um. B. Immunohistochemistry analysis of 8-oxo-G on
CDX3 tumours treated with one cycle (3 days) of vehicle (blue) or TH1579 (red). Samples were
collected 24hr after the last dose. Samples were stained and quantified by loannis S. Pateras in
Professor Vassilis G Gorgoulis’ lab. One representative chromogenic image is shown for each cohort.
Scale bar: 25 um. C. MTH1 degradation at increasing temperature to assess the target engagement of
TH1579 in CDX3. Samples were collected 2hr after the last dose. Helleday’s group performed the
assay. D. Quantification of MTH1 signal at 56°C from C. In all panel box and whisker plots show median,
first and third quartiles and maximum and minimum values. Each dot is a biological replicate. Un-
paired Wilcox-test was applied for statistical analysis.
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4.2.3 Moderate-throughput drug screening on CDX cultures as a platform to
identify candidate drugs

During the treatment history of SCLC, it was demonstrated that combination of
chemotherapies were more effective than monotherapies (Evans et al.,, 1985;
Mascaux et al., 2000; Pujol et al., 2000). The rational for combining several drugs is
based on two main hypotheses. Initially, combinatorial therapies were developed to
exploit drugs with non-overlapping dose-limiting toxicities. With the advent of the
genomic era and new targeted therapies, researchers realised that the high
heterogeneity observed intra-patients increased the chance of selecting clones that
were resistant to a specific compound. This brought the hypothesis that combination
of drugs that act on multiple pathways can reduce the ability of cancer cells to
develop resistance by activating bypassing pathways (Al-Lazikani et al., 2012).
Moreover, combining drugs can also be exploited to address the inter-patient
heterogeneity. Indeed, patients resistant to one treatment could have a chance to
respond to the second one (Palmer and Sorger, 2017). An important aspect of
combinatorial treatment is also linked to the so called ‘synthetic lethality’. Synthetic
lethality refers to a situation in which a defect in one gene is compatible with cell
viability, but can degenerate into cell death when combined with defect in another
gene (Lord et al.,, 2015). In cancer therapy, synthetic lethality can be achieved
targeting the dependency generated by the presence of a specific genetic alteration.
One example is the synthetic lethal effect of PARP inhibition in the presence of
BRCA1/2 mutations (Lord et al., 2015). BRCA1/2 are main players in the HR pathway
and when lost, cells rely on alternative error-prone pathways to repair DNA lesions.
Inhibition of PARP in this background leads to reduced DNA repair, uncontrolled
accumulation of DNA damage and subsequent apoptosis. Another way to achieve
synthetic lethality with therapies is by combining a drug that generates a specific
dependency in cancer cells with another drug that targets this addiction and pushes
cancer cells beyond their survival limit (Figure 37A). While theoretically we could
combine any drugs with each other, the identification of combinatorial treatments
that can have real benefit for the patient is challenging. Large drug screens are not
always feasible in vivo, limiting the discovery to in vitro models. One of the main

assays to identify promising combinatorial treatments are dose-response matrices.

165



CHAPTER 4 RESULTS

These matrices are generated by combining multiple concentrations of two drugs of
interest, giving information about the effect each drug has as a single agent and in
combination. Mathematical models are used to define whether two drugs have a
greater (synergistic), equal (additivity) or lower (antagonistic) impact on cell viability
than the effect observed with monotherapies (Foucquier and Guedj, 2015) (Figure
37B). A synergistic interaction is what clinicians aim to achieve in the patients.
However, there are several challenges in identifying these synergistic effects,
including technical difficulties associated with the experimental design, the selection
of the proper mathematical model used to define the synergy and the difficulty in

translating the results to more complex systems (Foucquier and Guedj, 2015).
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Figure 37. Combinatorial drug screening treatment.

A. Schematic of pharmacological induced synthetic lethality: inhibitor 1 inhibits pathway A (e.g. PARP
inhibition) and creates a dependency to pathway B (double arrows) on the cancer cells only. This
happens for example when further DNA damage (e.g. by PARP inhibition) is induced in cancer cells
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that are already genomic unstable (e.g. by TP53 and RB1 loss). These cells will rely more on DNA
damage repair pathways and cell cycle checkpoints (pathway B) than normal cells to survive. Inhibition
of pathway B (e.g. cell cycle checkpoint) causes only limited effect on both normal and cancer cells.
However, when both pathways are inhibited cancer cells will not be able to compensate for pathway
B loss anymore and will undergo apoptosis, while normal cells will survive. B. Schematic of the concept
of drug synergy, additivity and antagonism. During synergy, the dose of each drug needed to reach
the same effect caused by one drug is lower. If antagonism is observed, the two drugs do not interact
and higher concentrations of both drugs are needed to reach the same effect as in monotherapy.
Additivity is observed when the two drugs together act independently, as they were given as
monotherapy. This figure was adapted from Weinstein et al., 2017.

The close relationship between CDX and donor tumours suggests that
identification of an effective combination of drugs in vivo could be translated into
promising candidate treatments for SCLC patients. Short-term cultures of CDX can be
exploited to perform preliminary screening of compounds in order to select the most
encouraging combinations for further validation in vivo. Therefore, | have optimised
a dose-response matrix to test a 6 x 6 combination of two compounds on the ex vivo
CDX cultures. | have initially focused on the combination of cisplatin/etoposide for
the validation of the assay. This combination is the SoC for SCLC and it has been
already widely studied, making it the perfect control to test the ability of the cultures
to predict the response to novel combinatorial treatments.

As shown in Figure 38A and B, the response to single agent cisplatin and etoposide
is variable across the models, with 4/7 progression models showing a similar
sensitivity compared with baseline models. Indeed, 3/7 progression models, such as
CDX18p and CDX20p, were generated from CTCs collected after the patient received
the last cycle of chemotherapies but before a relapse was confirmed by CT scan
(called follow-up sample, Table 14). Therefore, it is possible that the CTCs collected
at this time point were not yet representative of the chemoresistant relapsed
tumour. Also, it has been demonstrated that some SCLC patients who had a
prolonged response to first-line, can be successfully treated with a second round of
first-line chemotherapy (Giaccone et al., 1987; Vincent et al., 1988), suggesting that
CTCs collected at relapse may still be sensitive to EP treatment. Figure 38C shows the
response to cisplatin of CDX20/CDX20p and CDX8/CDX8p as representative
examples. Patient 8 and patient 20 were treated with carboplatin as first line therapy.
While patient 8 showed a partial response before relapse (OS 6.5 months), patient 20
did not respond, and experience tumour stabilisation before relapse occurred (0S 2.7

months, Table 14). In vitro treatment of CDX20, CDX20p, CDX8 and CDX8p with
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cisplatin (equivalent platinum agent of carboplatin) confirmed that CDX8 is more
sensitive to cisplatin than CDX20 (average Glso 0.2 vs 9.3 uM, respectively). As
expected, CDX8p is almost 3 times more resistant than CDX8 (average Glso 0.7 vs 0.2
UM, respectively), suggesting acquired resistance to platinum compounds during
treatment. CDX20p was more sensitive to cisplatin than CDX20 ex vivo (average Glso
1.7 vs 9.3 uM), however, both models were > 2 times more resistant than CDX8 and
CDX8p (Figure 38D), highlighting the more resistant phenotype of this patient. These
data further confirm that single agent chemotherapy ex vivo can be used to model

the response observed in patients.
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Figure 38. Single agent activity of cisplatin and etoposide on a panel of CDX cultures.

A,B. Dose-response curves for all CDX model tested with increasing concentration of cisplatin (A) or
etoposide (B). Each dot represent a biological replicate. Line were colour coded based on whether the
CDX was derived from a chemonaive blood sample (baseline) or after first-line therapy (progression).
C. Dose-response curves for CDX20 (dotted pink), CDX20p (pink), CDX8 (dotted blue) and CDX8p (blue)
treated with increasing concentration of cisplatin. D. Summary Glso for CDX20, CDX20p, CDX8 and
CDX8p from C. Box and whisker plot shows median, first and third quartiles and maximum and
minimum values. Each dot is a biological replicate. Dose-response curves were obtained combining
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the data from all biological replicates tested. Replicates with values > 0.99 quantiles were considered
outliers and removed from the analysis.

Because most SCLC patients are treated with a combination of a platinum-based
agent and etoposide (EP treatment), | was interested in assessing the reliability of this
assay in predicting the response to cisplatin/etoposide combination in vitro. Figure
39A and B show an example of response to cisplatin/etoposide for the
chemosensitive CDX3 and the chemorefractory CDX4. To compare the effect each

drug had on the different CDX, | have used the Glsp (see chapter 2.10.4 for details).
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Figure 39. Combination of cisplatin and etoposide on CDX cultures.

A,B. Response matrices for CDX3 (A) and CDX4 (B) cultures treated with increasing concentrations of
cisplatin and etoposide. The level of growth inhibition (%) for each combination of drugs compared to
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untreated control is shown. One representative biological replicate is shown. C,D. Unsupervised
hierarchical clustering of log10 Glso obtained from the panel of CDX cultures treated with increasing
concentrations of cisplatin (C) or etoposide (D) with or without a fixed concentration of the other drug.

Etoposide was overall more toxic than cisplatin as shown by the different uM scale
in the heatmaps (Figure 39C vs D). In both heatmaps, unsupervised hierarchical
clustering identified two main groups. The larger group (predominantly green
shading) contains models more sensitive to these drugs, while the second smaller
group (predominantly pink shading) consisted of CDX cultures less responsive to
these combinations. In particular, CDX4 and CDX25 were resistant to almost all
combinations tested. Indeed, patient 4 and patient 25 had very short survival with
1.8 and 2.4 months, respectively (Table 14). Both patients received only carboplatin
as first-line treatment, however the weak response observed in vitro to etoposide
treatment alone or in combination with cisplatin suggested that these patients would
have been refractory to etoposide as well. On the contrary, patient 20, who also had
a survival of less than 3 months and has been treated with carboplatin only, may have
benefited from the combination of carboplatin with etoposide. Indeed, CDX20 and
CDX20p were much more sensitive to etoposide than cisplatin (Figure 39C,D). As
expected, in both conditions (cisplatin combined with fixed concentration of
etoposide, or etoposide combined with fixed concentration of cisplatin) the addition
of higher concentrations of the fixed drug caused increased cytotoxicity, with both 8
and 4 uM doses having the strongest effect. Platinum-based agents are the backbone
of SCLC SoC, therefore the condition with cisplatin combined with fixed
concentrations of etoposide should better depict the real situation. Comparison of
patient’s OS with the Glsg of the corresponding CDX culture showed a trend towards
a significant negative correlation when low concentrations of etoposide were used,
however this correlation was lost with higher concentrations (Figure 40A). The lack
of a significant correlation with higher etoposide concentrations could reflect the fact
that not all patients received the combination as first-line treatment and therefore
the OS may not reflect the response that those patient would have had if they were
treated with EP regimen (Table 14). Linear regression analysis was also performed on

the data derived from the treatments where etoposide was the main drug and
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cisplatin was added at fixed concentrations. None of these conditions showed a

significant trend and are described in Appendix Figure 2.
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Figure 40. Correlation patient survival and ex vivo response to cisplatin/etoposide.

A. Linear modelling to correlate the patient survival (months) with the Glso (M) of response to
cisplatin combined with different concentrations of etoposide ex vivo.

As mentioned previously, combinatorial treatments are preferred when the
observed effect is greater (synergistic) than the effect expected if the tested drugs
were used as monotherapy (non-interaction effect). Synergy can be quantified with

different reference models, each of which has a distinct way to describe the non-

171



CHAPTER 4 RESULTS

interaction effect. The three main models are the Highest Single Agent (HSA), the
Loewe additivity and the Bliss Independence models. The HSA assumes that two
drugs are interacting when the observed effect is greater than the higher effect of
each drug alone. In the Loewe additivity model the non-interaction effect is obtained
when one drug is combined with itself, while in the Bliss independence model, drugs
are assumed to act independently and do not interfere with each other (Foucquier

and Guedj, 2015).
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Figure 41. Synergistic interaction between cisplatin and etoposide.

A. Cisplatin-etoposide dose-response landscapes for three responsive and three resistance CDX
cultures. Synergy is defined as a positive deviation (positive delta) from the effect expected if the two
drugs would not interact. B. Summary of the average delta score for a panel of CDX cultures treated
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cisplatin/etoposide. Average delta is the mean of all delta scores obtained for each dose combination
in the matrix. The combination is considered synergistic if the median of the average delta score of all
biological replicates is > 0 (red coloured). Box and whisker plot shows median, first and third quartiles
and maximum and minimum values. Each dot is a biological replicate and red dot indicates an outlier.

Recently a new model has been described, called the zero interaction potency
(zIP), which attempts to combine the advantages of both the Loewe and the Bliss
models (Yadav et al., 2015). This model is based on the assumption that two non-
interacting drugs will incur minimal changes in their dose-response curves when
combined together. The delta score is calculated to identify the deviation from the
dose-response curves observed when the drugs are used as single agents. | have
applied the ZIP model to cisplatin/etoposide screening in order to assess if their
combination was synergistic in the studied models. Figure 41A shows representative
interaction landscapes for this combination in sensitive vs resistant CDX. Although
synergy was observed in several CDX cultures, the level of synergy in the models
tested was minimal with a maximum median delta score of 2.6% in CDX8p (Figure
41B). These data suggest that cisplatin and etoposide do not strongly interact in vitro,
and that their impressive effect in patients may reflect their cytotoxicity profile rather
than a mechanistic synergy. This is not surprising considering that both drugs act by
inducing DNA damage, and their combination would predominantly increase DNA
damage without really causing a synthetic lethal effect. The results obtained also
demonstrate that it is possible to perform moderate-throughput drug screening on
the CDX cultures maintaining some similarity with the response observed in the

patients, and therefore can be used to predict the response to novel compounds.

4.2 .4 Effect of PARP and WEE1 inhibition in a panel of CDX ex vivo

We have shown that PARP and WEE1 inhibition are promising targets for the
treatment of SCLC patients, however not all CDX tumours regressed after treatment
with this combination (Figure 22). To better understand which subgroup of patients
would benefit from this treatment, | have screened a panel of CDX cultures for their
response to AZD1775 and olaparib. Initially, | have tested a range of concentrations
between 0 and 30 uM to assess the response of a small panel of CDX cultures to
AZD1775 and olaparib single agents. Most CDX cultures showed a Glsp < 0.4 uM in

response to AZD1775, suggesting that concentration higher than 0.4 uM would have
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been highly cytotoxic for the cells (Figure 42A). Therefore | have decided to select a
range of AZD1775 concentrations that varies from 0 to 4 uM with a 10-fold increase
in-between each concentration for the mid-throughput screen. This range of
concentrations also included the AZD1775 clinically relevant doses assessed by
AstraZeneca (Table 15). The response to olaparib was weaker with 5/9 models tested
showing a Glsp > 0.4 uM (Figure 42B). Based on this result, | have decided to double
the doses used for olaparib in order to facilitate the separation between sensitive
and resistant models. This range included 6 doses that varies between 0 and 8 uM
and included the olaparib clinically relevant concentrations assessed by AstraZeneca
(Table 15). These concentrations allowed me to obtained sigmoidal dose-response

curves for the calculation of Glso (Gadagkar and Call, 2015).
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Figure 42. Preliminary drug screening with AZD1775 and olaparib single agents.

A, B. Barplots summarising the Glso obtained from treatment of the stated CDX with AZD1775 (A) or
olaparib (B) for 7 consecutive days. Each dot is a biological replicate.

Mid-throughput screen of 20 CDX cultures demonstrated that, as observed in the
preliminary screen, AZD1775 alone is generally more cytotoxic than olaparib in vitro,
as shown by the left shift of AZD1775 response curves compared with olaparib in
most models (Figure 43A). As expected from the in vivo data, CDX3 was more
sensitive than CDX4 to olaparib with average Glso of 0.091 for CDX3 and 4.8 uM for
CDX4 (Figure 43B). CDX8p had an intermediate response to olaparib and was ~5x
more resistant than CDX8 (average Glsp 0.173 vs 0.032 uM). Despite the trend of
response to olaparib between CDX8 and CDX8p mirrored the response observed in

vivo (Figure 22), CDX8 and CDX8p showed a Glsg similar to CDX3 suggesting that these
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two models are particularly sensitive to this combination ex vivo. It was possible to
observe some modulation in the response to olaparib ex vivo, however, this was not
true for AZD1775, where all four models had similar Glsg in vitro (average Glsp of 0.27
uM for CDX3, 0.27 uM for CDX4, 0.22 uM for CDX8 and 0.12 uM for CDX8p) (Figure
43B). This made it difficult to directly compare the trends observed in vitro with the

best response observed in vivo to AZD1775.

Table 15. AstraZeneca clinically relevant concentrations of DDRi.

Drug Concentrations (uM)
Olaparib (PARPi) 03,1,3
AZD1775 (WEELi) 0.25,0.5,1
AZD6738 (ATRi) 0.1,0.3,1

AZD7648 (DNAPKi) 0.1,0.3,1
AZD2811 (AURKBI) 0.01,0.03,0.1,0.3

To check if there was a correlation with the single agent responses in vivo and ex
vivo, | have compared the average Glso of AZD1775 and olaparib calculated ex vivo
with the maximum tumour response at the end of the treatment in vivo. CDX10 was
added to the analysis to increase the significance of the results. The in vivo study
looking at the efficacy of AZD1775, olaparib and the combination in CDX10 was
performed by our in vivo team and the results are summarised in Figure 44. CDX10
was overall resistant to all treatments, with limited tumour growth inhibition after
treatment with AZD1775 or the combination (34.4% and 48.2% growth inhibition at
day 21, respectively). Ex vivo, CDX10 showed a similar response to AZD1775 as the
other models tested, but was resistant to olaparib treatment, as observed in vivo
(Figure 43A,B and Figure 44). Linear regression analysis showed a positive correlation
between the olaparib Glso derived ex vivo and the maximum tumour regression at
day 21, highlighting the ability of the cultures to predict the response observed in
vivo (R? = 0.2264, p-value = 0.001, Figure 43C). As expected, the correlation was not
predictive for AZD1775 response in vivo (R? = 0.2355, p-value = 0.001, Figure 43D).
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Figure 43. Single agent activity of olaparib and AZD1775 on a panel of CDX cultures.

A. Dose-response curves for all CDX model treated with AZD1775 (dark pink) or olaparib (blue). Each
dot represent a biological replicate. Dose-response curves have been fitted combining the data from
all biological replicates tested. Replicates with values > 0.99 quantiles were considered outliers and
removed from the analysis. B. Summary Glso for CDX3, CDX4, CDX8, CDX8p and CDX10 treated with
AZD1775 or olaparib. Box and whisker plot shows median, first and third quartiles and maximum and
minimum values. Each dot is a biological replicate. C,D. Linear modelling to correlate the best response
in vivo to olaparib (C) and AZD1775 (D) with the average Glso (LM).
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Despite the cytotoxic effect of AZD1775 ex vivo, the trend of response to these two
drugs was similar in vivo and ex vivo. CDX3 and CDX8p had similar level of response
to AZD1775 and olaparib, both in vitro and in vivo, while CDX4 and CDX10 showed a
better response to AZD1775 than olaparib in both conditions. The only model that
showed a different trend of response was CDX8, which was more responsive to
olaparib in vitro compared with AZD1775, while in vivo CDX8 was more sensitive to

AZD1775 than olaparib (Figure 43B, Figure 22A and Figure 44B).

A B
CDX10
300
— )
& &
@
g 5 200+
2 G
3 8
3 g 100+
£ )
< & oL
95| —venicie Olaparib § veh 1775 olap combo
= AZD1775 ==combo
-100 T T T T T 1 -50
0 25 50 75 100 125 150 N

Days post-randomisation

Figure 44. CDX10 response to AZD1775 and olaparib in vivo.

A. CDX10 tumours were treated with vehicle (black), AZD1775 (red), olaparib (green) or the
combination (blue) as specified in chapter 2.9.3. Each line represents an individual relative tumour
volume. Treatment was ended at day 21. B. Barplot showing the average best response (+ SD) for
vehicle (black), AZD1775 (red), olaparib (green) and AZD1775/olaparib (blue) obtained at day 21. This
study was performed by the in vivo team in our group.

As mentioned before, combinatorial treatment can be used to delay the onset of
resistance and eventually exploit synthetic lethal effects. The Glso generated from
AZD1775 treatment with or without the addition of a fixed concentration of olaparib
(Figure 45A) showed high level of cytotoxicity, with most CDX showing an average
log10 Glsp < 0.3 uM (16/20 CDX). On the contrary, only 5/20 CDX had average log10
Glsp < 0.3 uM when treated with olaparib alone or with increasing concentration of
AZD1775 (Figure 45B). The reduced cytotoxicity of olaparib allowed to determine two
main clusters of response. The one on the far left contained CDX that were overall

resistant to olaparib as monotherapy or in combination with AZD1775 (magenta).
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Figure 45. Combination of AZD1775 and olaparib on CDX cultures.

A,B. Unsupervised hierarchical clustering of log10 Glso obtained from the panel of CDX cultures treated
with AZD1775 (A) or olaparib (B) with or without a fixed concentration of the other drug. C.
Immunoblot of the indicated proteins was performed on H524 protein lysates. Vinculin (VIN) was used
as loading control. D. Linear modelling to correlate the best response in vivo to olaparib/AZD1775 with
the average Glso (LM) of response to olaparib combined with 40 nM AZD1775.

This cluster included CDX4 as expected but did not include CDX8p. Indeed, CDX8p
showed a very heterogenous response in vitro, and most attempts to culture these
cells for more than 10 days failed. This may explain why CDX8p was generally
sensitive to all drugs tested despite its very resistant profile in vivo. The same was
observed for CDX8 and exemplifies the challenges associated with primary cultures

rather than established cell lines. In the ‘resistant’ cluster were present many of the
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models that were also resistant to cisplatin/etoposide treatment, such as CDX17p,
CDX25 and CDX31. Interestingly, CDX10, a chemosensitive model, was in the
‘resistant’ cluster. This suggested the presence of an intrinsic mechanism of
resistance to PARP inhibition that did not affect the response to EP regimen. The
‘sensitive’ cluster could be further subdivided into ‘sensitive’ and ‘intermediate’
(green and blue, respectively, Figure 45B). In the ‘intermediate’ group were models
partly resistant to olaparib as monotherapy, but that benefited from the addition of
AZD1775. On the other hand, the sensitive group included CDX very responsive to
olaparib single agent and in combination with AZD1775.

The high cytotoxicity observed with AZD1775 treatment highlighted the need to
identify a concentration of this drug that was not too cytotoxic, in order to avoid
biasing the data when AZD1775 was combined with olaparib. To assess whether
lower concentration of AZD1775 were able to properly inhibit WEE1 in vitro, | have
treated the H524 cell lines with increasing concentrations of AZD1775 and collected
samples at different time point after treatment. CDK1 is phosphorylated by WEE1
during cell cycle and loss of phospho-CDK1 Tyrl5 is a direct marker of WEE1
inhibition. As expected, the inhibition of phospho-CDK1 Tyr15 was very effective with
high concentration of AZD1775 (500 nM) and the pathway was completely
suppressed already 4 hr after treatment. With lower concentration of AZD1775 it
took longer to achieve complete WEE1 inhibition, but eventually, 72hr after
treatment the level of phosho-CDK1 was strongly reduced (Figure 45C). This
happened well before drug efficacy was assessed ex vivo, confirming that 150 nM and
50 nM of AZD1775 are enough to affect WEE1 activity. Based on this data, | have
selected 40 nM of AZD1775 combined with olaparib as reference for this
combination. As validation, | correlated the Glso obtained with olaparib combined
with 40 nM of AZD1775 with the in vivo best response to the combination and
observed a positive linear correlation between the in vivo and ex vivo response
(Figure 45D, R? = 0.3, p-value = 0.0001). Combinatorial assessment of synergy
between AZD1775 and olaparib with the ZIP model showed a stronger synergistic
effect in the CDX compared with what has been observed with cisplatin/etoposide

(Figure 46A).
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Figure 46. Synergistic interaction between AZD1775 and olaparib.

A. Summary of the average delta scores for the panel of CDX cultures treated with AZD1775/olaparib.
Average delta score is the mean of all delta scores obtained for each dose combination in the matrix.
The combination is considered synergistic if the median of the average delta score of all biological
replicates is > 0 (red coloured). Box and whisker plot shows median, first and third quartiles and
maximum and minimum values. Each dot is a biological replicate and red dots indicate outliers. B.

AZD1775/olaparib dose-response

landscapes for three CDX cultures compared with the

corresponding landscapes obtained after treatment with cisplatin/etoposide. C. AZD1775/olaparib
dose-response landscapes highlighting the response to 40 nM AZD1775.

In general, there was a high level of variability between biological replicates,

highlighting the high heterogeneity of these models. In the CDX in which synergy was
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not observed, the overall effect was close to additivity (delta score = 0%) and never
showed strong antagonistic effect (lower median delta score = -2.5% for CDX25).
Figure 46B shows response landscapes of CDX treated with AZD1775/olaparib or
cisplatin/etoposide to highlight the stronger response observed with the first
treatment. For both treatments in vitro, there was not always a linear correlation
between the response (Glsp) and the delta score. For example, CDX20, which is mainly
resistant to olaparib and AZD1775, had a weak synergistic delta score (median delta
= 3.9%) while CDX10 that was relatively sensitive to cisplatin/etoposide, had a
median delta score of -0.7%. This discrepancy suggests that the delta score may not
be as informative as the Glso to define if a model is sensitive or resistant to a specific
combination. However, the response landscape generated by the ZIP model can give
a lot of information about the interaction each drug has with each other at a specific
concentration. This can be very useful when looking at the lowest concentrations at
which two drugs synergise. Looking at the response landscapes to AZD1775/olaparib
of the different CDX, it appeared evident that in almost all models, 40 nM of AZD1775
had a synergistic effect when combined with olaparib (Figure 46C). This data
corroborates the observation made previously, where | found that 50 nM of AZD1775
are sufficient to inhibit WEE1 and therefore could be used in combination with

olaparib to predict the response in vivo.

4.3 Conclusions

Identification of the effective drug treatments for cancer patients is one of the
main obstacles of clinical care. With the discovery of new gene functions and a better
understanding of tumour biology, more and more compounds are developed every
year. However, despite this increase very few have shown real benefit when
translated in the clinical setting. This is partly due to the fact that most clinical trials
have been designed based on results obtained on common cancer cell lines, with only
2 or 3 PDX used to validate the findings. However, the high level of inter- and intra-
patient heterogeneity observed in cancers suggests that multiple patient-derived
models should be tested to account for this variability. Our biobank of CDX provides
the opportunity to test several patient-derived models, covering different SCLC

phenotypic subgroups (Simpson et al., 2019).
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From the preliminary data with the PI3K inhibitor and the BH3 mimetics, it
appeared evident that while chemoresistant tumours may be more sensitive to PI3K
inhibition, the mechanisms of response to this drug can be different, as observed
with CDX2 and CDX4. This highlights the need to better understand the divergences
between chemorefractory patients that would and would not benefit from this
treatment. Sustained phosphorylation of AKT and S6 after treatment with the BH3
mimetics in CDX4 cells could be biomarkers of resistance to this treatment. Generally,
tumour material is not accessible once the patient has started treatment, but the
possibility to track the phosphorylation of AKT or S6 in CTCs after treatment with PI3K
inhibitors could be a valuable option for SCLC patients. The MTH1 inhibitor has also
shown promising effect on all tested models ex vivo, confirming the ability of this
drug to reduce cell viability. A few papers have questioned the ability of the MTH1
inhibitors to induce cell death by targeting MTH1, suggesting that the real target of
the MTH1 inhibitors developed by Prof. Thomas Helleday was tubulin polymerisation
(Kawamura et al., 2016; Kettle et al., 2016; Petrocchi et al., 2016). With the
development of TH1579, Helleday’s laboratory denied these publications
demonstrating that the cytotoxic effects observed with TH588 and TH1579 were
driven by MTH1 inhibition and subsequent incorporation of oxidised dNTP into the
DNA. TH1579 is able to inhibit MTH1 at nM concentrations and it is highly selective
for MTH1 compared with other kinases (Warpman Berglund et al., 2016). The data
showed in this chapter demonstrated that TH1579 induced the accumulation of 8-
oxo-G in the nucleus of the cells and the CESTA experiment further confirmed the on-
target effect of this drug in CDX3 tumours. In particular, the response and the limited
adverse effects observed on CDX3 highlighted the possibility to exploit this target in
a chemosensitive setting. More experiments are warranted to characterise the
mechanism behind the observed response in order to validate this drug as a
candidate treatment for SCLC patients.

To facilitate the identification of biomarkers, the feasibility of testing multiple
patient-derived tumours can be used to define groups of responders and non-
responders. Comparison of the molecular and clinical features of these 2 groups,
together with some knowledge of the mechanism of action of the drugs used, can be

exploited to scale down the number of candidate biomarkers. Moderate and high-
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throughput drug screening can be very useful when testing several models at once
and/or when multiple combinatorial treatments are under investigation. Dose-
response matrices for cisplatin/etoposide demonstrated the feasibility of performing
moderate-throughput screening on panel of CDX recapitulating the patient’s
response to SoC. The data obtained with olaparib/AZD1775 identified three groups
with distinct level of response to this combination. This clustering could be exploited
to identify biomarkers of response with focus on what is differentially expressed in
one group over the others and will be the focus of chapter 6.

To better characterise these combinations, | have used the ZIP reference model
to generate interaction landscapes for both combinations and the results suggested
weak synergy for cisplatin/etoposide. For AZD1775/olaparib a good synergistic effect
was observed in 5/20 CDX (delta score > 5), however the variability in the delta score
implied that distinct molecular backgrounds can have specific influence on the ability
of these two drugs to interact. The lack of perfect match between the synergy score
and cell viability was not surprising. It has been demonstrated that several
combinatorial treatments tested in clinical trials had therapeutic benefit not because
of drug additivity or synergy, but mainly because patient that did not respond to one
drug had a chance to respond to the other one (Palmer and Sorger, 2017). This could
have been the case also for this panel of CDX.

Another important observation derived from these data is that there is not always
a perfect correlation between the data observed in vivo and ex vivo. This is
exemplified by CDX8 and CDX8p as described in the results. It is possible to see a
difference in drug response between the baseline and progression model, with
higher sensitivity in CDX8 compared with CDX8p, however, overall CDX8p is relatively
sensitive to all drug tested compared with other CDX. This contrast with the very
aggressive phenotype observed in vivo. The problem observed with CDX8 and CDX8p
exemplifies the challenges associated with primary cultures compared with
established cell lines and has to be taken into consideration when designing

experiments.
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Chapter 5: Validation of biomarkers of response to AZD1775 and

olaparib

5.1 Introduction

Combination of olaparib with AZD1775 has been tested in patients with
refractory solid tumours, including SCLC, in a phase Ib study (NCT02511795, Hamilton
et al., 2019) and showed some anti-tumour activity. However, based on our
preclinical data, we would not expect all SCLC tumours to respond to this
combination. Therefore stratification based on predictive biomarkers may increase
the chance of benefiting patients. | have exploited our panel of CDX models to
identify these biomarkers, as they encompass different SCLC subtypes (Simpson et

al., 2019) (Figure 12).
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Figure 47. Homologous recombination pathway.

When the CDK activity is low (G1 and early S phases), 53BP1 inhibits BRCA1 and promotes NHEJ to
repair DSBs. When the CDK activity increases and sister chromatids are available as template, CDKs
phosphorylate the MNR complex and BRCA1 to promote HR over NHEJ. CDKs also phosphorylate
multiple repair proteins, including the exonuclease, EXO1, that perform the end-resection. End-
resection is the signal to recruit RPA and subsequently RAD51. Together with PALB2 and BRCA2,
RAD51 can invade the homologue strands and allow the repair of the DNA damage.

The only clinically approved predictive biomarkers for PARP inhibitors are
germline or somatic deleterious mutations in either breast cancer type 1 or type 2
susceptibility protein (BRCA1 or BRCA2). More candidates are under evaluation, such
as deleterious mutations in further members of the HR or other DNA repair
pathways, as well as the identification of transcriptomic signatures or genomic ’scars’
of HR deficiency (Lord and Ashworth, 2017). These biomarkers are based on
molecular profiling of the tumours and while they can suggest that the tumour has
been defective in HR during its progression, they cannot assess whether the tumour
remains HR deficient at the time of treatment (Lord and Ashworth, 2017). Functional
assays to measure activation of HR pathways are better suited for this purpose. The
most studied functional biomarker of response to PARP inhibition is the formation of
RADS51 foci after induction of DNA damage. RAD51 is a crucial regulator of the HR
pathway (Figure 47). HR is activated in the presence of DSBs, ssDNA gaps and
interstrand crosslinks (Krejci et al., 2012), and competes with the non-homologous
end joining (NHEJ) and the single-strand annealing (SSA) pathways for repair. The HR
pathway is preferred when sister chromatids are available as template donors. It is
tightly regulated throughout the cell cycle and usually occurs in late S, G2 and M
phases (Branzei and Foiani, 2008). High level of CDKs promote DSB resection allowing
the generation of ssDNA 3’ overhangs, the target of RPA. RPA protects ssDNA from
endonucleases and is replaced by RAD51 via the help of different mediators, like
BRCA2 and RAD51 paralogues. RAD51 forms pre-synaptic filaments, performs a
homology search and allows physical interaction between the invading substrate and
the homologous template (Krejci et al., 2012) (Figure 47). At this point, DNA can be
synthesised via three different pathways: synthesis-dependent strand annealing
(SDSA), break-induced replication (BIR) and double-strand break repair (DSBR).
Considering the role RAD51 has during HR, its accumulation upon DNA damage is a

marker of proficient HR repair, while its loss delineates a situation in which HR cannot
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be activated. Deficiency in HR is synthetic lethal with PARP inhibition, making RAD51
loss anideal functional biomarker of response to this treatment (McCabe et al., 2006;
Naipal et al., 2014). Moreover, the increasing number of genes discovered to be
involved in the HR pathway, suggest that assessment of functional biomarkers, such
as RAD51, would be the best way to define the HR status of a tumour, if clinical

samples allowing its measurement are available.
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Figure 48. Replication stress response.

When the DNA polymerases encounter a lesion they stop, while the helicase continues to unwind the
DNA helix. This cause a stalled replication fork and RPA is recruited to protect the ssDNA exposed by
the helicase. Accumulation of RPA activates ATR that in turn phosphorylates multiple downstream
targets to arrest cell cycle progression and allow the cells to repair the damage.

There are fewer published studies that focus on the identification of predictive
biomarkers of response in the setting of WEE1 inhibition. Loss of the G1-S checkpoint,
in particular loss of TP53, has generally been associated with a better responses to
this compound, albeit not in every case (Cuneo et al., 2016; Geenen and Schellens,
2017; Linden et al.,, 2013). WEE1 inhibition can cause replication stress by

uncontrolled activation of CDK1 and CDK2. Lack of controlled CDK activity induces
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increased replication initiation, a shortage of nucleotides, reduced replication fork
speed and subsequent DSBs (Beck et al., 2012). Therefore, cells with an intrinsic high
level of replication stress are predicted to be more sensitive to WEE1 inhibition.
Biomarkers of replication stress may be useful in identifying those patients likely to
benefit from this treatment. Replication stress occurs when the replication
machinery encounters damaged DNA and temporarily arrests (Figure 48). When this
happens, RPA is recruited to stalled replication forks to protect ssDNA. Accumulation
of RPA activates the ATR-CHK1 axis leading to cell cycle arrest and activation of DNA
repair processes (Dobbelstein and Sgrensen, 2015). Therefore, high levels of
chromatin-bound RPA and RPA phosphorylation by ATR can be used as biomarkers
of replication stress (Liu et al., 2012; Vassin et al., 2009).

To better understand the mechanisms behind the response to olaparib and
AZD1775 treatment observed in the CDX models, | have investigated the potential of
multiple candidate biomarkers. Although the complex nature of most of these
biomarker assays would restrict their use to the preclinical research setting, once
properly validated some could be translated into clinical use (Castroviejo-Bermejo et

al., 2018).

5.2 Results

5.2.1 HR deficiency is observed in a subset of CDX

As an initial question, | wanted to ask whether HR is functional in our CDX models.
First, | assessed the accumulation of RAD51 foci after irradiation of CDX cells. X-rays
are known to induce DSBs that are usually repaired via the HR pathway (Vignard et
al., 2013). Cell viability of CDX2, CDX3, CDX4, CDX8 and CDX8p cultures was
determined five days after treatment with increasing doses of IR. CDX3 and CDX8
were particularly sensitive to IR, with 23% and 39% cell viability following irradiation
with 8 Gy (Figure 49A,B). Of note, CDX3 and CDX8 were also very responsive to
cisplatin/etoposide and AZD1775/olaparib, suggesting that they may be defective in
DNA repair pathway(s). On the contrary, the chemorefractory CDX4 was unaffected
by any amount of IR tested, underpinning its very resistant phenotype to different
types of DNA damaging agents. Similarly, CDX8p was very resistant to all IR doses

tested. CDX2 showed an intermediate response to AZD1775/olaparib and was partly
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resistant to olaparib monotherapy (Figure 45B). Despite this result CDX2 cells were
very sensitive to IR, suggesting that IR induced DSBs are particularly toxic for these
cells. Phosphorylation of the histone H2 variant at serine 139 (yH2AX) is carried out
by ATM, ATR and DNA-PKcs to mark DSBs and initiation of the repair (Kinner et al.,
2008). Therefore, accumulation of yH2AX in the cell nuclei can be used as biomarker
of DSB. Semi-automated quantification of yH2AX foci revealed that CDX2, CDX3 and
CDX8 exhibited sustained yH2AX foci 24hr post irradiation, compared with CDX4 that

had minimal yH2AX detectable at this time point (Figure 49C,D and Appendix Figure
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Figure 49. Radiosensitivity in a small panel of CDX cultures.
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A. Inhibition of viability 5 days after treatment with increasing level of IR. B. Percentage of viable cells
5 days after 8 Gy irradiation, compared with untreated control. C. Representative images of yH2AX
foci formation on CDX2 and CDX4 cells untreated or 24hr after irradiation (10 Gy). Scale bar: 10 um.
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D. yH2AX foci quantification in CDX cultures 24hr post irradiation. A student t-test has been performed
between untreated and treated samples for each model after 30 random events have been selected
from each conditions. SD and mean are shown. P-value: * < 0.05, ** < 0.01, *** < 0.001. Unt =
untreated.

The maintained phosphorylation of H2AX in CDX2, CDX3 and CDX8 suggests that
these cells needed more time to repair the DNA, highlighting the presence of possible
deficiency in DSB repair compared with CDX4. The level of yH2AX was intrinsically
high in untreated CDX8 cells implying high levels of endogenous DNA damage
(Appendix Figure 3A). Having confirmed that irradiation induced DSB in the CDX
models, | wanted to assess if these models were able to resolve the lesions activating
the HR pathway. Toward this end, | examined RAD51 focus formation in G2/M cells
marked by Geminin (or GMNN). As shown in Figure 50A, Geminin-positive CDX4 cells
also expressed RAD51 foci following IR. Furthermore, the percentage of RAD51-
positive CDX4 cells decreased over time (20% at 24hr vs 4.3% at 48hr post IR),
suggesting that these cells were able to repair the DNA by activating the HR pathway
(Figure 50B). On the contrary, CDX3 and CDX2 cells did not form RAD51 foci after IR,
consistent with their inability to resolve yH2AX foci 24hr after IR (Figure 50A,B,
Appendix Figure 4A). CDX8 cells had very low levels of RAD51 foci in both untreated
and irradiated conditions, with increasing RAD51 positive cells at later time point
(1.2%, 0.75% and 7.6% cells at baseline, 24hr and 48hr post IR, respectively) (Figure
50B, Appendix Figure 4B). This observation was consistent with the intrinsically high
levels of yH2AX in untreated CDX8 cells. Because the level of RAD51 did not increase
following irradiation in CDX8 as much as it did in CDX4, it is difficult to determine
whether this model is truly HR-proficient based on this assay. These pilot
experiments reveal heterogeneity in the DSBR response to IR, highlighting some
discrepancies between olaparib sensitivity, response to IR and HR status. Lack of
RADS51 foci in CDX3 correlates with the strong sensitivity to all DNA damaging agents
tested, suggesting a lack of HR activation. On the contrary, there was no correlation
with the response to olaparib observed with CDX2 and the lack of expression of
RAD51. After treatment with olaparib and AZD1775, CDX2 clustered in the
intermediate group and showed an average Glsp of 2.6 UM in response to olaparib
alone, closer to the Glsg of the olaparib-resistant CDX4 (average Glso 4.8 uM) than to
the olaparib-sensitive CDX3 (average Glso 0.05 uM) (Figure 45B). Therefore, the lack
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of RAD51 in CDX2 highlights that in some models, HR deficiency does not synergise
with response to PARP inhibition, and therefore, one biomarker is insufficient to

predict the response to AZD1775/olaparib.
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Figure 50. Activation of the homologous recombination pathway in CDX after irradiation.

A. Representative images of RAD51 foci formation on CDX3 and CDX4 cells irradiated with 10 Gy.
Geminin staining was used as control to identify cells in late S/G2 phases. Scale bar: 10 um. B. RAD51
foci quantification in CDX cultures 24hr and 48hr post irradiation. Dotted line indicates the threshold
of 5 foci. A student t-test has been performed between untreated and treated samples for each model.
SD and mean are shown. P-value: * < 0.05, ** < 0.01, *** <0.001, ns: non significant. Unt = untreated.
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5.2.2 Deleterious mutations in genes involved in the HR pathway can be found in

SCLC

5Loss of RAD51 focus formation in CDX3 and CDX2 suggested a deficiency in the

HR pathway. To better understand the mechanisms behind these results, | looked at

the available WES data for 15/45 CDX. Analysis of the mutations detected in CDX3

compared with the germline sample collected from the same patient, revealed a

truncating mutation in PALB2. PALB2 (Partner And Localizer of BRCA2) is a known

member of the HR pathway that promotes RAD51 function (Figure 47).
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Figure 51. Deficiency in homologous recombination in CDX3.

A. Sanger sequencing for the PALB2 E178* mutation observed in CDX3. CDX4 was used as wild-type
control. B. Schematic of the PALB2 protein domains and the region where the stop codon is generated
by the E178* mutation in CDX3. C. CDX3 RNA reads covering the region of PALB2 containing the
mutated nucleotides. D. Unsupervised hierarchical clustering of a selected list of published genes
(Peng et al., 2014). E. Negative log10 of the adjusted p-value for the identified GO terms. Red bars
indicate terms from genes that were highly expressed in CDX8 and CDX4 (cluster 4), while the blue bar
represent the term from genes highly expressed in CDX3 and CDX2 (cluster 3).

PALB2 enhances RAD51 strand invasion most likely via interaction and
stabilization of RAD51 filaments (Buisson et al., 2010). This interaction is supported
by the N-terminal 200 amino acids of PALB2 containing a coiled-coil and a DNA
binding domain that mediates binding to RAD51 and DNA. The observed PALB2
mutation in CDX3 creates a stop codon at amino acid 178, disrupting these domains
(Figure 51A,B). Therefore, loss of RAD51 foci in CDX3 could be linked to the inability
of PALB2 to properly bind both RAD51 and the DNA. PALB2 mutations have already
been associated with HR deficiency and sensitivity to PARP inhibitors in pancreatic
and ovarian cancers, further validating our hypothesis (Lord and Ashworth, 2016).
Moreover, all reads in the RNAseq data harboured this mutation in PALB2, suggesting
a complete loss of the WT allele (Figure 51C). CDX2 harboured missense mutations in
BARD1 (rs2070094, V507M) and RAD51C (rs28363317, T287A), both of which have
been implicated in HR, however none of the observed variants were known to
correlate with deleterious defects in these genes (Akbari et al., 2010; Capasso et al.,
2009). The low level of RAD51 in CDX8 cells suggested that this model may not be
completely HR-deficient and cells may need more time to resolve DNA damage. WES
did not reveal any alterations in genes known to be involved in the HR pathway. To
further assess the presence of HR deficiency in CDX, | have applied a published
homologous-recombination deficiency (HRD) signature to the CDX transcriptomic
data (Peng et al., 2014). This signature was generated by selecting 230 genes that
were differentially expressed between MCF-10A parental or deficient in BRCAI,
RAD51 or BRIT1. This list included genes involved in cell cycle, DNA replication,
recombination and repair (Peng et al., 2014). Despite the lack of RAD51 foci
formation in two of the models tested, RNAseq analysis for the HRD signature did not
reveal any clear pattern of HR deficiency (Figure 51D). There were some differences

between the models and the two RAD51-deficient models clustered together (CDX2
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and CDX3). However, the presence of a deleterious mutation on PALB2 in CDX3 did
not seem to correlate with an apparent pattern of expression of the selected genes
compared with CDX4. Two clusters were identified that separated HR proficient
tumours (CDX4 and CDX8) from the HR deficient (CDX3 and CDX2). Cluster 4
contained genes highly expressed in CDX4 and CDX8, while cluster 3 contained genes
highly expressed in CDX3 and CDX2. Three of the nine genes in cluster 4 were involved
in nucleosome and chromatin assembly (Figure 51E). Of the genes included in cluster
3, five out of 13 participate in the aging process. The fact that only two small clusters
were able to separate the HR deficient from the HR proficient models suggests that
in SCLC this list of genes is inadequate to identify tumours with HR deficiency. When
tested on a larger panel of models, the signature generated two main groups of CDX
(Appendix Figure 5). Group 1 contained CDX4, suggesting that the models present in
this group have functional HR and are therefore resistant to olaparib. However, when
compared with the response to olaparib observed ex vivo, there was no distinct
separation between the models that responded (sensitive) and the ones that did not
respond (resistant/intermediate). Moreover, CDX2 was included in the same group
as CDX4, further suggesting that this signature is not able to separate HR proficient
from HR deficient SCLC CDX.
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Figure 52. Published mechanisms of olaparib resistance.

A,B. Protein lysates from CDX3, CDX4, CDX8 and CDX8p tumours were probed for the indicated
proteins. Tubulin and GAPDH were used as loading control. Biological replicates are shown. C. RPKM
value for PARP1 derived from 3 biological replicates. All three panels were published (Lallo et al.,
2018).

Others have demonstrated that there is no correlation between the response to
PARP inhibitors and HRD genomic scars in SCLC (Lok et al., 2017), and the HRD
mutation frequency in SCLC is lower than in other tumour types (Heeke et al., 2018).
These data highlight the possibility that in SCLC, the response to PARP inhibitors is
not dependent on the loss of common HR-related genes. In our team, we explored
other known biomarkers of response to PARP inhibition, including SLFN11 and PARP1
expression (Lok et al., 2017; Murai et al., 2016; Stewart, 2010, Figure 52A), PI3K or
MET pathway activation (Cardnell et al., 2013; Du et al., 2016, Figure 52B), and
restoration of DNA end resection (Jaspers et al., 2013; Xu et al., 2015, Figure 52A,C).
None of the investigated pathways showed a recurrent pattern in the CDX tested

(Lallo et al., 2018).

5.2.3 Loss of the G1 checkpoint does not correlate with response to
AZD1775/olaparib

Several studies reported that inhibition of WEE1 can have a synergistic effect with
DNA damaging agents in cells lacking the G1-S checkpoint (Geenen and Schellens,
2017; Hirai et al.,, 2009; Rajeshkumar et al., 2011). Consistent with most SCLC
tumours, CDX3, CDX4, CDX8 and CDX8p bear loss of function mutations in TP53 and
RB1 suggesting that the G1-S checkpoint is not functional in these models (Figure
53A) (the deleterious effect of these mutations was confirmed on the p53 mutations

database: http://p53.iarc.fr/). It is well established that many loss-of-function p53

mutants are more stable than WT p53 due to the inability to transactivate MDM2
expression (Gannon et al., 1990). Indeed, CDX3, CDX8 and CDX8p maintain p53
expression (Figure 53B). To further validate that p53 was not functional in these
models, | treated CDX3 and CDX10 cultures with doxorubicin to induce DNA damage
and activate the p53 checkpoint. CDX10 was used as a positive control for p53
activation, given that this model had TP53 WT by WES. As expected, doxorubicin
induced p53 expression in CDX10 but not in CDX3 and the activation of p53 was

confirmed by increased expression of the downstream target, p21 (Figure 53C). This
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data confirmed that p53 is not functional in CDX3. Loss of the G1 checkpoint is also
accentuated by loss of RB in all models tested, as confirmed by WES and protein
expression (Figure 53A,B). Therefore, considering that all models seemed to have an
impaired G1 checkpoint but different responses to AZD1775 and olaparib (Figure 22),
it seems unlikely that loss of this checkpoint could be used as a predictive biomarker

for the response to this combination in SCLC.
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Figure 53. Loss of G1 checkpoint in the CDX models.

A. Summary of the TP53 and RB1 mutations identified in a panel of CDX models by WES. B.
Immunoblot showing the expression of p53 and RB on tumour lysates form the stated CDX models.
Each column is a biological replicate C. Immunoblot depicting the expression of p53 and p21 on
protein lysates from CDX3 and CDX10 cultures treated for 15 hr with 1 uM of doxorubicin.

5.2.4 Intrinsic replication stress as predictive biomarker of AZD1775 response

As mentioned previously, WEE1 inhibition triggers an over-activation of CDKs that
leads to increased initiation of replication, subsequent nucleotide shortage and
replication stress (Beck et al., 2012; Duda et al., 2016) (Figure 54). Therefore, tumours
with intrinsic higher level of replication stress are potentially more prone to undergo
replication and/or mitotic catastrophe when WEE1 is inhibited. To assess the level of
replication stress at baseline in the CDX, | measured phospho-RPA. RPA is a
heterotrimer composed of RPA1 (or RPA70), RPA2 (or RPA32) and RPA3 (or RPA14)
subunits, which can be phosphorylated on different sites. Increased levels of
chromatin-bound RPA activates the ATR-CHK1 axis and ATR starts phosphorylating

several downstream effectors, including RPA, to promote cell cycle arrest and DNA
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repair (Olson et al., 2006; Zou and Elledge, 2003, Figure 48). The consensus
sequences for ATR phosphorylation reside in the N-terminal 33 residues of RPA2,
where serine 33 is one of the first sites to be phosphorylated following replication
stress and DNA damage (Anantha et al., 2007). Hydroxyurea (HU) is a ribonucleotide

reductase inhibitor frequently used to induce replication stress (Alvino et al., 2007).
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Figure 54. Roles of WEEL1 in regulating initiation of replication and mitotic entry.

A. Schematic of the main physiological effects WEE1 has by inhibiting CDK1 and CDK2 during cell cycle.
B. Schematic of the effects WEE1 inhibition can have on replication and mitosis (Aarts et al., 2012;
Beck et al., 2012; Duda et al., 2016).

HU prevents conversion of ribonucleotides to dNTPs, thereby depleting cells of
dNTPs and limiting DNA synthesis. U20S cell lines have been widely used to look at
replication stress (Toledo et al., 2013), therefore to confirm phospho-RPA as good
biomarker, | treated these cells with HU and examined RPA phosphorylation by
western blot. As expected, phospho-RPA Ser33 was induced after treatment with HU
(Figure 55A). | have therefore assessed phospho-RPA Ser33 levels in CDX3, CDX4,
CDX8 and CDX8p tumours. Protein lysates from CDX3 showed the highest baseline
expression of phospho-RPA Ser33 compared with CDX4, CDX8 and CDX8p tumours
(Figure 55B). These data indicate that CDX3 has an intrinsically high level of
replication stress. Treatment with AZD1775 further increased phospho-RPA Ser33
levels in CDX3 tumours, while there was almost no effect on CDX4 (Figure 55C). This

observation highlights the possibility that the response to AZD1775 observed in CDX3

196



CHAPTER 5 RESULTS

could be associated with its intrinsic level of replication stress. CDX8 did not show
any baseline level of phospho-RPA, and this model was less sensitive to AZD1775
than CDX3 in vivo, suggesting that baseline phospho-RPA level can be used to select

patients more likely to show a good response to this drug.
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Figure 55. Baseline level of replication stress in the CDX model.

A. Immunoblot showing the induction of phospho-RPA2 at serine 33 after treatment with 2 mM of HU
for 80min. B. Characterisation of the protein level of the indicated protein on CDX tumour lysates.
Each column represents a biological replicate. C. Assessment of phospho-RPA2 S33 induction 2hr after
one dose of AZD1775 on tumour lysates of CDX3 and CDX4. Each column represents a biological
replicate. D. Summary of the MYC genes alterations identified in a panel of CDX models by WES. E.
Unsupervised hierarchical clustering for each MYC family members in the CDX. F. Boxplot showing the
normalized counts for the MYC family members in a selected panel of CDX. G. Western blot to confirm
the protein expression of each MYC paralogues. GAPDH was used as loading control. H524 were used
as positive control for C-MYC, H526 for N-MYC and H1694 for L-MYC.

Replication stress can be induced via different mechanisms, including expression

of oncogenes (Kotsantis et al., 2018; Macheret and Halazonetis, 2018). The MYC
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family oncogenes are frequently amplified or overexpressed in SCLC, implying that
alterations in one of the MYC genes could be a potential cause of replication stress in
SCLC (George et al., 2015; Thomas and Pommier, 2016). Genomic and transcriptomic
analysis of our panel of CDX demonstrated that the MYC genes were frequently
altered (Figure 55D,E). In particular, MYC is amplified (> 3 copies) in CDX8 and CDX8p
and it is gained (= 3 copies) in CDX4 and CDX3. As expected, MYC expression was
higher in CDX8 and CDX8p (normalised count 1.59 vs 1.06, respectively) compared
with CDX3 and CDX4 (normalised count -0.53 vs 0.88, respectively), however none of
these models expressed C-MYC at the protein level (Figure 55B). CDX3 showed a gain
(= 3 copies) also in the other MYC family members, but had high mRNA levels only for
MYCL (normalised count 1.65 vs -1.02 vs -0.53 for MYCL, MYCN and MYC). Indeed,
CDX3 was the only model expressing L-MYC by western blot (Figure 55B). Although
there are no reports showing that L-MYC overexpression can induce replication stress
in tumours, the high level of this oncogene in CDX3 could partly account for the high
baseline levels of phosho-RPA Ser33. The lack of correlation between the RNAseq
data and C-MYC protein expression in CDX8 and CDX8p warranted further
investigation of MYC family member protein levels in the models that expressed the
highest transcript levels. CDX13 and CDX17p showed some of the highest levels of
MYC mRNA (normalised count 6.9 and 5.2, respectively) and expressed C-MYC
protein as shown by western blot (Figure 55F,G). Similarly, CDX17p expressed high
levels of MYCL (normalised count 5.3) and this was confirmed by western blot. Of
note, CDX17, the baseline counterpart of CDX17p, expresses L-MYC rather than C-
MYC both by western blot and RNAseq (normalised count 4.9 vs 0.2). These results
suggest that during acquisition of chemoresistance, minor C-MYC clones were
positively selected in patient 17. Finally, CDX26 and CDX29 showed intermediate and
high levels of MYCN transcript and protein (normalised count 3.1 and 7.7) (Figure
55G), respectively. All of these data confirmed that the MYC family members tend to
be overexpressed in SCLC patients and therefore could be a source of intrinsic
replication stress. Assessment of phospho-RPA in the CDX with overexpression of at

least one of the MYC paralogues would support this hypothesis.
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Figure 56. Depletion of the RPA pool causes replication catastrophe.

A. The amount of RPA is fixed in the cells. In physiological conditions, RPA level is sufficient to protect
ssDNA generated during normal processes, like replication, R-loops formation and endogenous stress.
In the presence of external stressors the amount of ssDNA can increase, exhausting the RPA pool. In
the absence of RPA, ssDNA is attacked by endonucleases causing DSBs and replication catastrophe
(adapted from Toledo et al., 2017). B. Induction of replication catastrophe can be monitored by the
concomitant expression of chromatin-bound RPA and yH2AX. When cells become positive to
chromatin-bound RPA only, it indicates that the cells are undergoing replication stress. However, if
chromatin-bound RPA positive cells become also positive for yH2AX, it indicates that the pool of RPA
has been exhausted inducing DSBs (adapted from Toledo et al., 2017).

Another indicator of replicative stress is the accumulation of chromatin-bound
RPA in the nucleus of the cells. Replicative stress generates ssDNA that has to be
protected by RPA in order to avoid breakage by endonucleases (Figure 48). When the
level of replication stress-induced ssDNA exceeds the amount of RPA, the pool of RPA
becomes exhausted, resulting in excessive DNA damage and replication catastrophe
(Toledo et al., 2013) (Figure 56A). Cells with high baseline levels of chromatin-bound
RPA may undergo a shortage of RPA quicker than cells with no intrinsic replication

stress. Similarly, cells with alterations in the DNA damage and replication stress
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response pathways can be more sensitive to stress induced by drug treatment and
undergo replication catastrophe more easily (Toledo et al., 2017). To assess the level
of chromatin-bound RPA in CDX cultures at baseline or at different time points after
induction of replication stress, | developed a moderate-throughput screening to
evaluate the expression of markers of replication stress and DNA damage using
guantitative immunofluorescence. yH2AX was used to mark the cells undergoing

DNA damage.
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Figure 57. Inhibition of replication stress by hydroxyurea.

A. Quantitative image-based cytometry single-cell analysis (QIBC) of EdU labelled CDX cells before and
after treatment with 2mM HU. 1,600 random cells were selected from each condition and plotted.
Dotted lines show the threshold for EdU positivity defined in chapter 2.10.1. Only one biological
replicate was performed for this assay. B. Quantification of the percentage of EdU positive cells in
each condition using the threshold defined in chapter 2.10.1. C. Representative images of EdU* cells.
Scale bar = 25 um. Unt = untreated; HU = HU treated for 24hr.

CDX18, CDX23 and CDX31 were used as they were available at the time of the
assay optimization. Initially, | treated CDX23 and CDX31 with HU for 3 and 24hr to
assess the induction of replication stress. Incorporation of EdU was used to confirm
the inhibition of DNA synthesis caused by HU. EdU is a thymidine analogue that can
be incorporated in the nascent DNA by the DNA polymerase during replication, and
therefore can be used to assess the ability of a cell to properly replicate the DNA
(Salic and Mitchison, 2008). Within 3hr of treatment both models stopped
replicating, as shown by the reduced amount of EdU labelled cells in the HU treated
samples (Figure 57A-C). CDX31 was able to re-activate the replication machinery 24hr
after treatment, implying it can overcome the dNTP depletion imposed by HU and
recover from replication stress.
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Figure 58. Chromatin-bound RPA as a marker of replication stress in CDX cultures.

A. QIBC of CDX cells stained for chromatin-bound RPA1 and yH2AX before and after treatment with
2mM HU. 2,500 random cells were selected from each condition and plotted. Dotted lines show the
thresholds for chromatin-bound RPA1 and yH2AX positivity defined in chapter 2.10.1. Only one
biological replicate was performed for this experiment. B. Representative images of single and double
positive cells. Scale bar = 25 um. Unt = untreated; HU = HU treated for 24hr.
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Twenty-four hour after treatment with HU, the number of cells positive for
chromatin-bound RPA remained low in CDX31 (4.5% of the entire chromatin-bound
RPA positive population), while in CDX23 the chromatin-bound RPA positive cells
reached 26% (Figure 58A,B). Similarly, CDX31 showed a minimal induction of cells
positive for both chromatin-bound RPA and yH2AX (4%), while in CDX23 the double
positive population accounted for 22% of the cells. Double positive cells mark a
population of cells prone to undergo replication catastrophe (Toledo et al., 2013)
(Figure 56B). The observation that cells positive for both chromatin-bound RPA and
YH2AX represented a very small percentage in CDX31 is suggesting that the level of
replication catastrophe induced by HU in this model was limited compared with
CDX23 (Figure 58A).

Toledo and co-workers demonstrated that ATR delays the depletion of RPA during
replication stress, limiting its loading onto ssDNA (Toledo et al., 2013). Inhibition of
both ATR and the ribonucleotide reductase resulted in a faster depletion of the RPA
pool and subsequent formation of DSBs (Figure 56B). To test whether this was also
the case in the CDX models, | treated CDX18, CDX23 and CDX31 with HU and the ATR
inhibitor, VE822, for different lengths of time. Compared with the results obtained in
the previous experiment, CDX23 and CDX31 untreated samples appeared to express
higher levels of chromatin-bound RPA at baseline (Figure 59A, Appendix Figure 6B,C).
CDX18 cells also expressed relatively high level of chromatin-bound RPA at baseline,
as shown in Figure 59A and Appendix Figure 6A. The variability between the baseline
level of chromatin-bound RPA in CDX23 and CDX31 could be due to an intrinsic
heterogeneity between replicates or a technical variation of the staining. Taking into
account this high level of baseline chromatin-bound RPA, | decided to investigate
chromatin-bound RPA-high cells only in order to focus the analysis on cells affected
by the treatment (threshold defined by the dotted red line in Figure 59A). | observed
an increase in the chromatin-bound RPA-high population within 30 min of treatment
in all models tested (Figure 59B). At later time points, some of these cells were also
positive for yH2AX, suggesting that they were prone to undergo replication
catastrophe (Figure 59A,B and Figure 56B). Almost all CDX18 cells became chromatin-
bound RPA-high (81%) or double positive (48%) 24hr post-treatment. CDX23 had a

response consistent with what was observed with HU treatment only, showing a 2.9x
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increase in the chromatin-bound RPA-high compared with the untreated control.
However, the double positive population increased of 5x compared to 2.7x in the HU
treatment only, suggesting that this treatment induced more replication catastrophe
than HU alone. CDX31 had a similar induction of double positive cells after both
treatments (5x increase compared with untreated control), however the percentage
of double positive cells was higher after HU + ATRi treatment (26% vs 4%). Altogether,
these results suggest HU combined with ATRi can induced replication catastrophe in
the tested models.

Having confirmed the possibility to detect replication catastrophe in the CDX, |
wanted to assess if treatment with AZD1775 induced replication catastrophe in these
models. CDX23 and CDX31 are particularly sensitive to AZD1775 treatment, with an
average Glsp of 0.06 and 0.12 uM, respectively. CDX18, in contrast, showed a more
resistant phenotype with an average Glsp of 0.64 uM. Treatment with 100 nM
AZD1775 caused an increased level of chromatin-bound RPA in all models tested
reaching a peak 1.5hr after treatment (Figure 59C,D). At this time point, the number
of double positive cells increased by almost 3 times in CDX23 and CDX31, but not in
CDX18. CDX18 is the less AZD1775 sensitive model suggesting that activation of the
replication stress response and subsequent replication catastrophe by AZD1775
could be specific to tumours sensitive to this drug. CDX18 did not exhibit any strong
induction of double positive cells, although this model showed the highest increase
in the chromatin-bound RPA-high population (from 9% to 32% of positive cells, Figure
59C,D). This observation suggests that WEE1 inhibition induced replication stress in
these cells, however, they seemed able to properly deal with the stress and recover
before depletion of the RPA pool. CDX31 showed a sustained induction of chromatin-
bound RPA and yH2AX 24hr after treatment, while this population decreased in
CDX23. Although these experiments require confirmation and extension to
additional models, this initial result indicates that AZD1775 induces replication

catastrophe in some CDX, partly accounting for their sensitivity to this drug.
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Figure 59. Induction of replication catastrophe after treatment with different inhibitors of the
replication stress response.

A. QIBC of CDX cells stained for chromatin-bound RPA1 and yH2AX before and after treatment with
2mM HU + 100nM VE822. 900 random cells were selected from each condition and plotted. Dotted
lines show the thresholds for chromatin-bound RPA1 and yH2AX positivity. Only one biological
replicate was performed for this experiment. B. Line plot showing the evolution of the percentage of
cells positive for chromatin-bound RPA (red line), yH2AX (green line) and both markers (blue line) over
time as defined in A. C. QIBC of CDX cells stained for chromatin-bound RPA1 and yH2AX before and
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after treatment with 100nM AZD1775. 900 random cells were selected from each condition and
plotted. Dotted lines show the thresholds for chromatin-bound RPA1 and yH2AX positivity. Only one
biological replicate was performed for this experiment. D. Line plot showing the evolution of the
percentage of cells positive for chromatin-bound RPA (red line), yH2AX (green line) and both markers
(blue line) over time as defined in C. All thresholds are computed in chapter 2.10.1.

5.2.5 Optimisation of functional assays to characterise the mechanisms of response
to AZD1775/olaparib

In the previous chapters, | have evidenced a certain degree of heterogeneity
across the CDX in their ability to respond to AZD1775/olaparib. It is clear that some
models have a deficiency in DNA repair pathways and/or have intrinsic high level of
replicative stress, however none of the biomarkers tested seemed to be able to
completely separate responsive vs unresponsive CDX. This is probably due to the fact
that the assays performed focused on specific pathways, such as HR and replication
stress response, lacking information about the activity of all the other repair
mechanisms that can operate in a cell. While it would be ideal to have a panel of
biomarkers that cover as many repair pathways as possible, their high redundancy
and the lack of detailed knowledge about their mechanisms of action, make this
particularly challenging. Nevertheless, there are specific assays that can give general
information about the ability of a cell to repair DNA lesions and/or undergo
replicative stress, without focusing on specific biomarkers. Unfortunately, these
techniques require some in vitro manipulation, and therefore they cannot be easily
translated as clinical biomarkers. They can, however, be useful to understand the

underlying mechanisms of response to this combination.

5.2.5.1 DNA fiber assay

The DNA fiber assay provides information about replication fork dynamics at the
single molecule level (Quinet et al., 2017). Understanding the dynamic of replication
fork in a specific tumour at baseline can give information about the presence of
intrinsic deficiencies that would render these cells more sensitive to induced
replication stress. Moreover, replication fork dynamics can be studied after
treatment with specific compounds, to assess the ability of a tumour to deal with a
defined type of stress (Figure 60). This assay is based on the ability of the cells to
incorporate thymidine analogues, which can be specifically detected, into replicating

DNA. When a cell is under stress, the stalling or collapse of the replication fork will
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impede or slow incorporation of thymidine analogues, creating patterns of
incorporation specific to the stress encountered by the fork (Figure 60B). A lot of
information can be extrapolated by a thorough analysis of these patterns, such as
fork progression, restart, termination and new origin firing (Quinet et al., 2017,

Técher et al., 2013).

Cldu IdU

1st pul 2nd pul
Labelling scheme (1stpulse) (2nd pulse)

Possible patterns observed:
Progressing fork (both label incorporated)

— Stalled/terminated fork (ended during 1st pulse)

New origin (fired during 2nd pulse)

Bidirectional fork/new origin (fired during 1st pulse)

Termination (fork collision)

Wash Possible patterns observed:

+ Treatment
s aoaoaomeamose —— Normal fork progression

- = Slowed fork progression

Wash Wash
Drug

G D G G CEEEEE——— anm— Stalled fork

:| Restarted fork

Figure 60. Schematic of different replication events detectable with the DNA fiber assay.

A. Some replication parameters observed with the DNA fiber assay and their interpretations. B.
Examples of the effect specific compounds can have on replication dynamic. The panel shows possible
experimental designs and putative effects on replication forks. This figure was adapted from Quinet
etal., 2017. Green line: CldU pulse; red line: IdU pulse; dotted red line: £ treatment + IdU pulse; dotted
grey line: drug only.

To understand if there was any specific replication fork pattern in the CDX that
were sensitive or resistant to AZD1775/olaparib treatment, | applied this assay to our
CDX models. As an initial experiment, | performed a pilot study to test the ability of
the CDX to incorporate EdU, as a surrogate for the thymidine analogues IdU and CIdU,
after different incubation times (pulse). CDX cultures were labelled with EdU for 30
min, 1hr, 2hr or two pulses of 30 min with a 2hr wash out between pulses (Figure
61A). As expected longer pulses resulted in more EdU incorporation. However,
considering that two pulses of 30 min gave better results that one pulse of 30min or

1hr (Figure 61B,C), | have decided to use two short pulses for the assay optimization.
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Figure 61. Pilot study to define the ability of CDX culture to incorporate EdU.

A. Schematic to summarise the EdU labelling pulses tested. B,C. CDX10 (B) and CDX29 (C) were tested
for EdU incorporation at different time point and assayed by flow cytometry. Pl was used to mark DNA
content. Percentages are indicative of the amount of EdU positive cells in the designed gate.

Initially, | tested a couple of conditions to assess the quality of the DNA fibers. |
pulsed CDX cells with CldU first, followed by a pulse with IdU. The cells were then left
in thymidine analogues-free media for 2hr, before repeating the round of labelling
(Figure 62A). Twenty minutes pulses (condition a) generated shorter fibers than the
40 min pulses (condition b) (Figure 62B). In both cases the quality of the fibers
appeared good, apart from some overlap between IdU and CldU staining, which may
be resolved by increasing the concentration of the second thymidine analogue

(Quinet et al., 2017).
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b) 40' 40 2hr 40' 40
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condition a

condition b

condition ¢
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Figure 62. Optimisation of the DNA fiber assay.

A. Schematic to summarise the IdU/CIdU labelling pulses tested. Red: IdU; green: CldU; grey: media
only. B. Representative images of labelled DNA fiber following the conditions stated in A. Examples of
different pattern of replication dynamic are indicated by coloured triangles. Yellow = replication
termination, pink = progressing forks. White triangles indicate overlapping staining for IdU and CldU.
Scale bar: 10 um. C. Representative images of labelled DNA fibers, with counterstaining for ssDNA,
following the conditions stated in A. An example of progressing forks belonging to the same molecule
is highlighted by the pink triangles. Scale bar: 10 um.
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Although the assay may require further optimisation, it was possible to observe
aberrant replication dynamics, including termination (probably because of fork
collision, yellow triangle), progressing forks (pink triangle) and new origins (fired
during the second label, blue triangle) in the sample tested (Figure 62C). Once
confirmed that | was able to detect DNA fibers from the CDX cultures, | added a
counterstain for ssDNA. Counterstaining is crucial to help understanding if two
replication events belong to the same molecule and that the DNA fiber is not broken.
ssDNA counterstaining allowed visualization of all DNA fibers making it easier to
detect events that belong to the same molecule, as shown in condition c, where two

progressing forks are detected on the same fiber (pink triangles) (Figure 62C).

5.2.5.2 Comet assay

The fiber assay specifically examines the dynamics of DNA replication, however
the ability of cells to repair specific lesions contributes to the way they respond to
AZD1775/olaparib. To investigate DNA repair efficiency of CDX, | performed the
comet assay. The comet assay is a single-cell electrophoresis method that detects and
guantifies SSB and DSB lesions (Olive and Banath, 2006). Lysis of undamaged cells
frees supercoiled DNA that remains static, whereas presence of breaks releases the
supercoils resulting in DNA that migrates toward the anode. This pattern creates
comet like configuration, in which the head is representative of the undamaged DNA,
while the tail contains all relaxed and broken DNA ends (Collins, 2004) (Figure 63A).
All CDX tested showed an increase in the percentage of DNA in the tail straight after
IR (10" post IR), with subsequent reduction 3hr post irradiation (Figure 63B).
Interestingly, CDX3 and CDX2 were less efficient in repairing the breaks induced by
the x-rays compared with the other models, confirming the data showing sustained
vH2AX foci 24hr post IR (Figure 63B and 49D). Moreover, both models were unable
to form RAD51 foci after IR, suggesting that their impaired ability to repair IR-induced
DSBs is linked to their inability to activate the HR pathway. Another characteristic of

CDX2 and CDX3 was the presence of higher level of damaged DNA at baseline
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(untreated sample) compared with CDX4, CDX8 and CDX8p. This could also be

indicative of a deficiency in the ability to repair DNA lesions.

A
5
B untreated 10' post IR 3hr post IR CDX2

100 T
75 7

50

CDX2

25

100

— 0| —T
O
>
w

CDX3

50

2 B
T

100
[

75 ‘

75

50

100

CDX4

75

L a1 a

CDX8p

CDX8

100
75

50

| EL b

% DNA in the tail

unt 10' 3hr

Figure 63. Optimisation of the comet assay.

A. Representative images of comets with different level of DNA damage. Percentages refer to the
amount of DNA in the tail (broken DNA) relative to the head (undamaged DNA). Scale bar = 50 um. B.
Representative images of comets at different time points. White triangles mark comets with damaged
DNA. The raincloud plots are used to show the percentage of DNA in the tail from 130 randomly
selected comets in each sample. For detail see chapter 2.10.1. Scale bar = 100 um.
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The induction of DNA breaks in CDX8 was particularly pronounced, with almost all
cells displaying a comet tail. In contrast, CDX8p showed an even distribution of
comets, with various level of DNA breaks (Figure 63B). The presence of undamaged
cells after IR in CDX8p, but not in the chemosensitive counterpart, CDX8, could
represent an IR-resistant population selected in the patient during first-line
treatment. However, in both models the repair of the damage was very efficient, with
most cells showing intact nuclei 3hr after irradiation (Figure 63B).

This data opposed the observation made previously, where CDX8 appeared to be
very sensitive to irradiation and showed an impaired recruitment of RAD51 foci
together with high baseline level of yH2AX. These cells may have an intrinsic ability
to deal with DNA damage that could explain why the patient has become resistant to
chemotherapies. Compared with CDX2, CDX3 and CDX8, CDX4 appeared to be
completely insensitive to irradiation and was able to quickly repair most DNA breaks
within 3hr of IR. The fact that models with distinct responses to IR had a similar ability
to repair the damage, suggests that the differences between the irradiation sensitive
CDX8 and the irradiation resistant CDX4 may be very subtle and can be only observed

when specific pathways are investigated.

5.2.5.3 WEE1 expression

It is well known that changes in the level of the drug target can affect the drug
response observed in tumours. We have shown that mRNA level of PARP1 were
similar in CDX3, CDX4, CDX8 and CDX8p (Figure 52C, Lallo et al., 2018), suggesting
that PARP1 expression does not explain the differences in response to olaparib in the
model tested. Recently, it was demonstrated that overexpression of the Protein
Kinase Membrane Associated Tyrosine/Threonine 1 (PKMYT1 or Mytl kinase) is a
putative mechanism of acquired resistance to WEE1 inhibition in breast cancer (Lewis
et al., 2019). Similar to WEE1, Myt1 kinase inhibits CDK1 activity by phosphorylating
Tyr14 and 15 and controlling cell cycle progression (Figure 54A). Lewis et al suggested
that in the absence of an active WEE1, cells can respond by overexpressing Myt1
kinase in order to keep the level of CDK1 activity under control and avoid mitotic

catastrophe (Lewis et al., 2019). Initial analysis of WEE1 and Myt1 kinase expression
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levels in our CDX cohort identified 4 groups: tumours expressing both genes, double

negative tumours and tumours expressing either one or the other gene (Figure 64A).
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Figure 64. WEE1 and PKMYT1 mRNA expression in the CDX.

A. Unsupervised hierarchical clustering for WEE1 and PKMYT1 expression in the CDX. B-E. Linear
modelling to correlate the Glso (UM) for AZD1775 (B,C) or olaparib + 40nM AZD1775 (D,E) with the
normalized count for WEE1 (B,D) and PKMYT1 (C,E).

In vivo, AZD1775 monotherapy induced tumour regression in CDX3 only, it had a
stabilizing effect on tumour growth in CDX8 and CDX4 and no effect on CDX8p. WEE1
expression was higher in CDX8, CDX8p and CDX4 compared with CDX3, suggesting
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that the strong response observed in CDX3 could be related to a lower pool of WEE1
protein. Moreover, CDX3 also expressed low level of PKMYT1 further validating the
hypothesis that CDX3 may be more sensitive to WEE1 inhibition because of the low
level of these proteins. Reduced expression of these two cell cycle checkpoints could

also explain the higher level of replication stress observed in CDX3.
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Figure 65. WEE1 protein expression increases at later phase of cell cycle.

A. Percentages are indicative of the amount of WEE1 positive cells in the single cell population. B,C.
Expression of WEE1 protein in cells progressing through G1 and G2 assessed by flow cytometry.
Barplot summarise the percentage of WEE1 positive cells in the G1 and G2 gates (chapter 2.7.2 for
details). Red asterisk indicates CDX resistant to AZD1775/olaparib ex vivo. Error bars indicate SD
calculated from two biological replicates.

To compare the response to AZD1775 and the relative expression of WEE1 and
PKMYT1 in the CDX model treated with AZD1775 ex vivo, | have correlated the Glso of
AZD1775 treatment with the mRNA level of each gene. There was no direct
correlation between the response to AZD1775 and the expression of either genes,
with just a small trend toward higher level of WEE1 and a more resistant phenotype

(Figure 64B,C). There was also no significant correlation when the expression of WEE1
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and PKMYT1 were compared with the response to olaparib/AZD1775 (Figure 64D,E).
Because WEE1 is normally regulated during cell cycle, | wanted to assess if changes
in the expression of this protein in the different cell cycle phases could correlate with
the response to AZD1775 and olaparib. A small panel of CDX was tested for the
expression of WEE1 by flow cytometry throughout the cell cycle phase. All models
tested expressed a similar level of WEE1 in the total population, with 60-80% of WEE1
positive cells (Figure 65A). When WEE1 expression was plotted against the DNA
content, it became clear that WEE1 is more highly expressed at later phases of the
cell cycle, with almost 100% of cells in G2 positive for WEE1, compared with an
average of 50% WEE1 positive cells in G1 (Figure 65B,C). This is consistent with the
role of WEE1 in regulating progression into mitosis. In the tested panel, CDX10 is the
less responsive models to AZD1775/olaparib in vitro, and yet the distribution of WEE1
expression during cell cycle was very similar to the other CDX. These preliminary data
suggest that WEE1 expression does not have any influence on the response to
AZD1775/olaparib. It would be interesting to see if a similar trend is observed with
Myt1 kinase or if differences in the expression of this protein can predict the response

to AZD1775.

5.2.5.4 Heterogenous expression of p21 in the CDX models

One of the mechanisms of action of AZD1775 combined with the DNA damaging
agent gemcitabine is the induction of unscheduled mitosis in arrested S-phase cells
(Aartsetal., 2012). Gemcitabine inhibits DNA synthesis causing S-phase arrest. In p53
WT cells, p53 can activate the cyclin dependent kinase inhibitor p21 and prevent
unscheduled mitosis by inhibiting the expression of mitotic cyclins. In the absence of
p53-p21 signaling, cells rely on WEE1 to restrain CDK1 activity and avoid entry into
mitosis with damaged DNA (Figure 54). Inhibition of WEE1 in combination with
gemcitabine is synergistic in p53 mutant breast cancer cells by causing forced mitotic
entry (Aarts et al., 2012). Moreover, AZD1775 also acts by inducing unscheduled firing
of replication origins, leading to DNA damage and replication catastrophe (Toledo et
al., 2013). p21 can protect p53 WT cell lines from replication stress and DNA damage
induced by WEE1 inhibition (Hauge et al., 2019). Although the mechanism for the

protective effect of p21 is not completely understood, it seems to play a role during
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S phase. On the other side, in a p53-null background, chronic expression of p21 can
outcompete PCNA binding cofactors, interfering with the regulation of replication
and triggering endoreduplication and genomic instability (Galanos et al., 2016). This
dual role of p21, both as an oncogene and a tumour suppressor, has been widely
studied (Abbas and Dutta, 2009; Georgakilas et al., 2017) and suggests that p21 could
have a p53-independent role in inducing resistance to different DNA damaging
agents. Considering the roles of WEE1 and PARP in regulating cell cycle progression,
DNA repair and replication, it is possible that overexpression of p21 in the CDX could

serve as a biomarker of resistance to AZD1775/olaparib treatment.
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Figure 66. p21 expression in SCLC cell lines.

A. Transcript per Kilobase Million (TPM) values for CDKN1A in SCLC cell lines from the Cancer Cell Line
Encyclopedia. B,C. Protein expression of p21 in H69 and H524 showed by western blot (B) and
immunohistochemistry (C). Scale bar = 50um.

Before assessing the expression of p21 in the CDX models, | used the Expression
Atlas tool from EMBL-EBI to look at the mRNA expression of the p21 gene (CDKN1A)
in a panel of 48 SCLC cell lines available from the Cancer Cell Line Encyclopedia (Figure
66A). NCI-H69 (H69) expresses the highest level of CDKN1A, while NCI-H524 (H524)
had one of the lowest values. Based on these data, | selected these two cell lines as
positive (H69) and negative (H524) controls for p21 expression. The expression of p21
in these two cell lines was confirmed by western blot and immunohistochemistry

(Figure 66B,C). To assess p21 expression in CDX, | optimised an immunofluorescent
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assay to look at the expression of both p21 and pHH3. Phosphorylation of Histone H3
on Ser10 was used to assess the percentage of mitotic cells in each model.
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Figure 67. p21 and pHH3 expression in a small panel of CDX.

A. Distribution of p21 intensities in the selected CDX. The dotted black line demarcates the threshold
to separate the positive from the negative population. Each distribution represent a biological
replicate. B. Representative images of p21 and pHH3 staining on the selected CDX. Scale bar = 50 um.
C. Distribution of p21 intensities in the control cell lines. The dotted black line demarcates the
threshold to separate the positive from the negative population. D. Representative images of p21 and
pHH3 staining on the control cell lines. Scale bar = 50 um. E. Distribution of pHH3 intensities in the
selected CDX. The dotted black line demarcates the threshold to separate the positive from the
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negative population (see Method for detail, chapter 2.10.1).

Figure 67A,C,E shows the distribution of p21 and pHH3 intensities in CDX3, CDX4,
CDX8, CDX8p and CDX10, and the control cell lines. A representative image from each
sample is shown in Figure 67B,C. Single channel images are shown in Appendix Figure
8. After having defined the percentage of p21 and pHH3 positive cells in each model,
| used the percentage of positive cells as well as the average protein intensity level to

assess if there was a correlation with the response to AZD1775/olaparib, in vivo and

ex vivo.
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Figure 68. Percentage of p21 and pHH3 positive cells correlate with the response to
AZD1775/olaparib.

A,B. Fraction of p21 (A) and pHH3 (B) positive and negative cells for each CDX tested. C,D. Linear
modelling to correlate the best tumour response at day 21 in vivo (C) or the Glsp in response to olaparib
with 40nM AZD1775 ex vivo (D) with the percentage of p21 positive cells. E,F. Linear modelling to
correlate the best tumour response at day 21 in vivo (E) or the Glsg in response to olaparib with 40nM
AZD1775 ex vivo (F) with the percentage of pHH3 positive cells.

In general, there was a trend towards increased p21 expression and a more
resistant phenotype, while the inverse was observed for pHH3 (Figure 68A,B). There
was a positive linear correlation when the percentage of p21 positive cells and the
average p21 intensity for each model were plotted against the best response
observed in vivo (R?> = 0.65, p-value < 0.0001 and R? = 0.66, p-value < 0.0001,
respectively) (Figure 68C, Figure 69A).
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Figure 69. Correlation between the average p21 and pHH3 intensity and the response to
AZD1775/olaparib.

A,B. Linear modelling to correlate the best response to AZD1775/olaparib in vivo (A) and the Glsg in
response to olaparib plus 40nM of AZD1775 ex vivo (B) with the average p21 intensity. C,D. Linear
modelling to correlate the best response to AZD1775/olaparib in vivo (C) and the Glso in response to
olaparib plus 40nM of AZD1775 ex vivo (D) with the average pHH3 intensity.
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When compared with the ex vivo Glso in response to olaparib/AZD1775, the trend
was the same but because of the low Glsp of CDX8p compared with its resistant
phenotype in vivo, the correlation was not statistically significant (R? = 0.13, p-value
= 0.2 and R? = 0.15, p-value = 0.17 for p21 percentage and average intensity,
respectively) (Figure 68D, Figure 69B). On the contrary, there was a statistically
significant negative correlation between the Glsp and the percentage of cells positive
for pHH3 (R?2=0.39, p-value = 0.017) or the average pHH3 intensity (R*> = 0.39, p-value
= 0.017) (Figure 68F, Figure 69D). When the percentage of pHH3 positive cells was
compared with the best response observed in vivo, the negative correlation was
maintained, but not with the average pHH3 intensity (R? = 0.15, p-value = 0.0081 and
R? = 0.0005, p-value = 0.88, respectively) (Figure 68E, Figure 69C).

Figure 70. Expression of p21 and pHH3 in a panel of CDX.
A. Representative images of p21 and pHH3 staining on the stated CDX. Scale bar = 50 um.
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Despite the weak correlation between p21 expression and the response to
olaparib and AZD1775 ex vivo, the presence of a positive trend, confirmed in vivo,
suggested that higher expression of p21 could confer resistance to this drug
combination. To test this hypothesis, | have expanded the panel of CDX tumours
stained for both markers. The list of CDX used and the corresponding patient’s clinical
data are summarized in Table 14. Figure 70A shows representative images for each
model. Single colour images are shown in Appendix Figure 8 and 8.1, while Appendix
Figure 9 shows the distribution of intensity for each marker in all biological replicates
tested. There was a heterogeneous expression of p21 in the models tested, with very
high p21 expression in CDX12, CDX17, CDX24 and CDX37, with more than 50% of p21
positive cells in CDX24. The progression models CDX17p and CDX18p expressed lower
level of p21 compared with the baseline model (CDX17, CDX18), suggesting that p21
expressing cell clones may have been negatively selected during EP treatment (Figure
71A). High levels of p21 were expected in models like CDX10 and CDX12, where p53
is not mutated and there is a high level of endogenous DNA damage, but it was
surprising to see such a strong levels of p21 in several TP53/RB1 deficient models.
Phospho-histone H3 expression was limited to a small percentage of cells in all model
tested (Figure 71B). The low percentage of cells positive for pHH3 in the CDX could
be related to their high level of p21 and its role in cell cycle arrest (Abbas and Dutta,
2009). However, this was not true for all models. 2/8 CDX with the highest percentage
of p21 positive cells, also had the highest percentage of pHH3 positive cells (e.g.
CDX17 and CDX24), highlighting the possibility that p21 may have distinct roles in
SCLC that are not always involved in cell cycle arrest. Moreover, it has to be
considered that pHH3 staining is a static measure of a dynamic process, suggesting
that distinct levels of pHH3 in the analysed samples may not results in statistically

different tumour growth rates.
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Figure 71. p21 intensity weakly correlates with response to AZD1775/olaparib ex vivo.

A,B. Fraction of p21 (A) and pHH3 (B) positive and negative cells for all CDX tested. C,D. Linear
modelling to correlate Glsg in response to olaparib with 40nM AZD1775 ex vivo with the percentage
of p21 (C) and pHH3 (D) positive cells. E,F. Linear modelling to correlate the Glso in response to olaparib
plus 40nM of AZD1775 ex vivo with the average intensity of p21 (E) and pHH3 (F).
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To assess whether p21 expression had a role in the ex vivo response to
AZD1775/olaparib, | correlated Glsp in response to olaparib/AZD1775 with the
percentage of p21 positive cells in each model. Contrary to what has been observed
previously, neither p21 nor pHH3 correlated with the response to this combination
ex vivo (R? = 0.002, p-value = 0.75 and R? = 0.0003, p-value = 0.91 for p21 and pHH3
respectively) (Figure 71C,D). When | looked at the average intensity of p21, a very
weak trend was observed. This trend was similar to that observed before, with higher
expression of p21 associated with a worse response to this treatment, however this
was not the case for every model (Figure 71E, R? = 0.006, p-value = 0.6). No
correlation was observed with the average intensity of pHH3 (Figure 71F, R = 0.0005,
p-value = 0.9). These data suggest that high p21 may correlate with response to

AZD1775/olaparib and/or may play a role in the response to these drugs in only a

subset of CDX.
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Figure 72. p21 correlates with the response to cisplatin/etoposide ex vivo.

A,B. Linear modelling to correlate Glso in response to cisplatin with 4nM etoposide ex vivo with the
average p21 intensity (A) and the percentage of p21 (B) positive cells. A,B. Linear modelling to
correlate Glso in response to cisplatin with 4nM etoposide ex vivo with the average pHH3 intensity (A)
and the percentage of pHH3 (B) positive cells.
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Figure 73. Knock-out of CDKN1A in CDX4.

A. Immunoblot showing the expression of p53 and p21 on protein cell lysates from transduced Lenti-
X™ 293T treated with or without 1 uM of doxorubicin. GAPDH was used as loading control. B.
Schematic of CDKN1A gene and p21 protein, highlighting p21 interaction domains. C. CDX4 tumour
WT (black lines), infected with CDKN1A CRISPR guides (blue lines) or infected with a NT guide (red
lines) were subcutaneously implanted into NSG mice. Each line represents an individual tumour. D.
Immunohistochemistry for p21 level in CDX4 tumours WT, infected with the NT virus or infected with
guide 3 (g3). Dotted squares delineate the region highlighted on the right hand side of the figure. Scale
bar for the low magnification images is 250 um, while for the high magnification images is 50 um. gNT:
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guide non-targeting, gCDKN1A: guide against CDKN1A; p21KO: tumours infected with gCDKN1A.3 and
gCDKN1A.4; g3: gCDKN1A.3.

Because of the differences in p21 expression observed between three paired models
(CDX8/CDX8p, CDX17/CDX17p and CDX18/CDX18p), | wanted to determine whether
there was any correlation with response to cisplatin/etoposide ex vivo. There was a
slightly stronger positive correlation, where models responding less well to
cisplatin/etoposide, expressed higher levels of p21 (R? = 0.05, p-value = 0.12, Figure
72A). The correlation was completely lost when the percentage of p21 positive cells
was considered (R? = 0.008, p-value = 0.52, Figure 72B). There was no correlation
with pHH3 average expression (R? = 0.01, p-value = 0.5), although, when looking at
the percentage of pHH3 positive cells, there was a trend towards a positive
correlation (Figure 72C,D, R? = 0.07, p-value = 0.08).

Despite the lack of correlation with p21 expression and the response to different
treatments, | was intrigued by the relatively high level of this protein in several
TP53/RB1 mutant CDX. Considering the multiple roles p21 can have in promoting or
suppressing tumour growth (Abbas and Dutta, 2009; Georgakilas et al., 2017), |
wanted to assess the role of this protein in SCLC utilising CRISPR-Cas9 gene editing
(Cong et al., 2013). | lentivirally transduced 293T cells with CDKNIA or a non-
targeting (NT) guide and the cells were treated with or without 1 uM of doxorubicin
for 24hr in order to induce the expression of p21. Guide 3 and 4 generated a better
knock-out and therefore were selected to transduce CDX4 cultures (Figure 73A). Both
guides targeted exon 2, thus potentially destroying the interaction domains with E2F,
cyclins and CDKs (Figure 73B). CDX4 cells were transduced with lentivirus containing
the two guides and the NT control. Puromycin-resistant CDX4 cells were
subsequently implanted in mice to facilitate cell expansion. CDX4 tumours infected
with guides against CDKN1A showed a delay in tumour establishment compared with
the NT control and WT CDX4 tumours (Figure 73C). Due to the heterogeneity
observed in the growth of the WT CDX4 tumours, it was not possible to determine
whether the growth rates of the p21 knock-out and the NT control tumours were
significantly different. However, if replicated, these data could suggest that p21 plays
an oncogenic role in CDX4. Once the tumours reached size, p21 levels were assessed

by IHC. Despite the clear lack of p21 in large regions of the tumours, there were some
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clones of cells strongly expressing p21 (Figure 73D, Appendix Figure 10A). It is
possible that the delay in tumour growth observed in the presence of the knock-out
was linked to the time needed for these p21 positive clones to establish in the knock-
out population. There were insufficient cells to examine p21 expression in CDX4
cultures before implantation in mice. It is therefore difficult to determine whether
the p21 positive cells were pre-existent in the implanted cell population, or if some
CDKN1A knock-out cells found a way to bypass the mutations induced at exon 2. It is
also possible that the mutations induced by the CRISPR system did not result in a
deleterious frameshift. Further optimisation of the knock-out and sequencing of the
infected CDX4 tumours was not possible because of time constraints, however it
would be of real interest to understand whether p21 has a role in the development

and/or response to SoC in a subpopulation of SCLC patients.

5.3 Conclusions

In this chapter | sought to identify mechanisms and candidate biomarkers to predict
response to AZD1775/olaparib combination. RAD51 focus formation has been
extensively validated in the literature as a predictive biomarker to olaparib response
(Naipal et al., 2014). This assay was able to predict the response to olaparib in 3 out
of 4 models tested and to the combination in 2 out of 4 CDX. More CDX should be
tested to reinforce the predictive potential of RAD51 as biomarker of response to
AZD1775/olaparib. It is foreseeable that a combination of RAD51 foci with other
biomarkers will be needed to improve the predictive potential of RAD51 foci. One of
the advantages of RAD51 foci formation is that this assay can be ‘easily’ translated in
the clinical setting. CTCs collected from SCLC patients could be irradiated and
subsequently stained to assess their RAD51 status. Moreover, recent publications
have demonstrated that RAD51 foci can be detected on FFPE tissue (Castroviejo-
Bermejo et al., 2018; Cruz et al., 2018). They showed that RAD51 foci can be observed
on baseline samples of breast cancer tumours, without the need of prior induction
of DNA damage, and their presence correlated with the response to PARP inhibitors.
These data highlight the potential of using baseline patient samples to directly test

tumour HR status. It would be of interest to test whether this is true also for SCLC
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patients. The information obtained from the ongoing clinical trials testing different
PARP inhibitors in SCLC patients could be used for this purpose.

The lack of expression of RAD51 in CDX2 was in contrast with its olaparib-resistant
phenotype. | was unable to find reports in the literature showing that other HR
deficient models can be resistant to PARP inhibition. Moreover, the sensitivity to
irradiation observed with CDX2 and its reduced ability to resolved DSBs, further
suggests that this model has a defect in repairing DNA. BRCA-deficient tumours can
acquire resistance to olaparib by overexpressing drug efflux transporters such as the
MDR1/P-gp (Rottenberg et al., 2008), so it would be interesting to assess if high level
of these transporters in CDX2 can explain the lack of response to olaparib ex vivo.

HR deficiency was confirmed in CDX3, with the deleterious mutation observed on
PALB2, however no obvious alterations in genes involved in the HR pathway were
found in CDX2. The lack of correlation with the HRD genomic scars described by Lok
et al and the weak expression of most of the genes selected in Peng’s signature
suggest that in the CDX, the response to PARP inhibitors may not always be linked to
HR deficiency (Lok et al., 2017; Peng et al., 2014). To confirm this hypothesis, the
results from the randomized, double-blind, phase 3 trial in advanced ovarian cancer
patients treated with the PARP inhibitor niraparib after first-line platinum-based
chemotherapy, demonstrated that response to niraparib was independent of patient
HR status (Gonzalez-Martin et al., 2019). These data highlight the need to increase
the panel of candidate biomarkers in response to olaparib.

Another way to study the ability of a tumour to deal with DNA damage is via the
comet assay. Although this assay may be more difficult to translate in the clinic, the
small number of cells required make it feasible for CTCs analysis. Development of ex
vivo CTC cultures is currently ongoing in our group and could be used to expand the
CTCs sufficiently to allow testing of multiple conditions. From my pilot experiments
on the CDX, CDX2 and CDX3 were less efficient in repairing the damaged DNA
compared with CDX8, CDX4 and CDX8p. This is particularly interesting considering
the lack of RAD51 focus formation and the sustained yH2AX foci 24hr after irradiation
in CDX2 and CDX3. On the contrary, the quick response observed in CDX8 suggests
that this model is particularly efficient at repairing DSB and may explain why CDX8

does not respond to olaparib monotherapy in vivo. In contrast with these results,
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CDX8 cultures seemed sensitive to irradiation, albeit the wide error bars suggested
an heterogenous response to this treatment.

While DNA damage repair efficiency may better predict the response to olaparib,
the response to WEE1 inhibition can be directly related to the ability of tumour cells
to tolerate replication stress. Several of the alterations commonly found in SCLC can
interfere with the replication machinery, therefore the increased replication stress
imposed by WEE1 inhibition could be lethal (Thomas and Pommier, 2016).

CDX3, the most AZD1775 sensitive model, showed high intrinsic level of
replication stress, not observed in CDX8. Single agent activity of AZD1775 on CDX8
was not as effective as in CDX3, however CDX8 responded very well to the
combination. This indicates that the presence of intrinsic replication stress could be
predictive of the response to AZD1775 monotherapies, but is not enough to
anticipate the response to the combination. Despite the lack of response of CDX8 to
both monotherapies, the strong effect observed with the combination suggests that
something should be defective in this model compared with the resistant CDX8p.
Induction of replication catastrophe after treatment with AZD1775/olaparib or the
ability of AZD1775 to impair HR could be a possible explanations for the synergy
observed in vivo in CDX8. Assessment of replication catastrophe can be performed
by looking at the accumulation of chromatin-bound RPA and yH2AX in the nuclei of
the cells. The results | have described here, suggest that treatment with AZD1775 can
induce replication catastrophe in 2/3 models partly contributing to its cytotoxicity.
Additional experiments should be performed to properly define the role replication
catastrophe has in the response to these drugs. These should particularly focus on
studying the accumulation of chromatin-bound RPA and yH2AX after treatment with
AZD1775 and olaparib alone or in combination, in a panel of CDX.

The fiber assay can also be used to determine the role of replication in response
to AZD1775/olaparib in the CDX models. In this chapter, | have shown that it is
possible to label CDX cultures with IdU and CldU and identify DNA fibers. However,
the assay still requires further optimisation. The quality of the fibers is frequently
reduced by a non-homogenous spread of the fibers on the coverslip. To overcome
this problem, the DNA combing assay has been developed. This assay exploit a

mechanical device that can comb the DNA onto coverslips at a controlled constant
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speed (Quinet et al., 2017; Técher et al., 2013). This allows a proper deposition of
DNA fibers on the coverslip, reducing fibers overlap and facilitating the downstream
analysis. Another obstacle observed in my pilot study was the very low percentage
of replicating cells observed in most CDX cultures. One way to overcome this issue
could be to synchronise the cells to enrich for S-phase cells. CDX cells grow in low
serum conditions, therefore serum starvation cannot be used for synchronisation.
Moreover, the lack of p53 and RB functions are likely to render these tumours
insensitive to G1 synchronization with CDK inhibitors. Treatment with nocodazole or
induction of thymidine blocks have been successfully exploited to stop the cells in
G2/M and G1/S (Harper, 2005), and could be tested on the CDX cultures. The ability
to synchronise the cells could also be exploited to properly characterise the cell cycle
profile of each model and their ability to progress through the different phases of the
cell cycle. Indeed, differences in cell cycle progression could explain the diverse
responses to AZD1775/olaparib observed across the CDX ex vivo.

Another candidate biomarker tested was p21. p21 roles as a tumour suppressor
or an oncogene have been controversial suggesting that it can act differently based
on specific background and stimuli. However, p21 expression in the absence of p53
appeared to have more of an oncogenic rather than a tumour suppressive role,
suggesting that this may also be the case in SCLC (Abbas and Dutta, 2009; Georgakilas
et al., 2017). In the models tested, p21 was higher in two baseline CDX compared
with the corresponding progression pairs: CDX18 vs CDX18p and CDX17 vs CDX17p.
This data suggested that expression of p21 was not necessary for the survival of the
tumour after first-line treatment. Expression of p21 in a p53-null background has
been shown to induce genomic instability and allow the cells to acquire a more
aggressive and resistant phenotype (Galanos et al., 2016). It is possible that in
tumours with high level of p21 at baseline, p21 plays a role in the establishment of
the tumour but became superfluous at later stages, explaining why p21 levels were
reduced after treatment in patient 17 and 18. The same could have been true for the
chemoresistant model, CDX4. In the pilot study | have performed, CDKN1A knock-out
in CDX4 cells caused a delay in the establishment of the tumour in vivo, suggesting
that p21 may be necessary for the early stages of CDX4 development. On the other

hand, some tumours may acquire p21 expressing cells as a mechanism of resistance
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to EP treatment. This may have been the case for patient 8, whose tumours
expressed more p21 at relapse (CDX8p) than before treatment (CDX8). It has been
demonstrated that p21 can inhibit apoptosis induced by genotoxic agents (Abbas and
Dutta, 2009), and therefore could be exploited by the cells to survive the treatment.
Both hypotheses suggest that p21 could have an oncogenic role in SCLC, either by
promoting tumour development or resistance to cytotoxic stress. If the above
hypotheses are confirmed, assessment of p21 expression on biopsy or CTCs could be
used to identify SCLC patients with a reduced chance to respond to EP treatment.
Moreover, if p21 can be acquired during treatment, it could be possible to use the
emergence of p21 positive CTCs during follow-up sampling as a biomarker of tumour
progression.

Within this chapter | wanted to overview several candidate biomarkers and assays
that could be used to understand and predict the response to AZD1775/olaparib in
SCLC. The challenges encountered during the optimization of these assays were
substantial. For most of the described assays, the small number of biological
replicates and the limited number of models investigated make it difficult to properly
determine whether any of the assays tested could accurately be used to predict the
response to this combination. Moreover, the strong heterogeneity of the CDX
compared with established cell lines partly contributed to these difficulties. Several
of the biomarkers tested in this chapter have been validated on common cell lines
and eventually on a few PDX. CDX are derived from a population of cells that has
acquired the ability to survive in the circulation. These cells recapitulate the more
advanced stages of SCLC and therefore they better mimic the situation observed in
the patients enrolled in second or third line clinical trials. This feature of the CDX
compared with PDX and SCLC cell lines, may partly explain the inability to identify
common biomarkers of response to these treatments. However, considering that
most alternative therapies are administered to ES SCLC patients, it becomes even
more important to exploit large panel of CDX to identify and validate biomarkers of

response that could be effective in this advanced setting.
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Chapter 6: Efficacy of multiple DNA damage response inhibitors in

SCLC CDX and identification of putative biomarkers of response

6.1 Introduction

Genomic instability is a hallmarks of SCLC (Thomas and Pommier, 2016). The
universal loss of TP53 and RB1, together with the acquisition of oncogenes like C-MYC
create a perfect storm in which genomic instability and replication stress ‘nourish’
each other (Figure 10). Our group showed that treatment with PARP and WEE1
inhibitors can be synergistic in some SCLC CDX, such as CDX3 and CDX8, however not
all models regressed after treatment. The complexity and redundancy of the DNA
repair network suggests that compensatory pathways can be activated when WEE1
and PARP are inhibited. Depending on the molecular background of each tumour,
distinct mechanisms can be activated to allow cells to survive in the presence of these
drugs. Combinations of different DDR inhibitors (DDRi) could be used to bypass these
resistances. In collaboration with AstraZeneca, we initiated a preclinical in vivo and
ex vivo study (termed, Decapus study) to test the effect of several DDRi alone or in
combination with olaparib in order to assess the response in our CDX. The response
data will be combined with whole-exome sequencing and transcriptomics CDX data
to help identify biomarkers of response. In vivo efficacy studies are ongoing at the
time of writing this thesis, therefore these data will be not discussed. My contribution
to the Decapus study was to assess the ex vivo responses of a panel of CDX to these
drugs as single agents and in selected combinations. As soon as the tumour responses
will be available, they could be correlated with the ex vivo responses described below
to further validate my results.

The Decapus study consists in testing the activity of the WEE1 inhibitor AZD1775,
the ATR inhibitor AZD6738, the Aurora Kinase B inhibitor AZD2811, and the DNA-
dependent protein kinase catalytic subunit (DNA-PKcs) inhibitor, AZD7648 either
alone or in combination with the PARP inhibitor olaparib. In addition to a variety of
preclinical data suggesting these inhibitors may work in combination with olaparib
(Fang et al., 2019; Fok et al., 2019; Kim et al., 2017; Murai et al., 2016; Parsels et al.,
2018; Pilié et al., 2019), PARP inhibitors are the most clinically advanced of these
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compounds and therefore the most likely to be tested in combinations in the short
term (Pilié et al., 2019). Additionally, we are examining the combination of the ATR
inhibitor together with the Aurora Kinase B inhibitor. Figure 74 summarises the main

role each drug target has on DNA damage and cell cycle regulation.
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Figure 74. Roles of the different DDR targets.

A. PARP is primarily involved in the recognition of SSBs and regulates the recruitment of multiple DNA
repair proteins. DNAPK and ATR are damage sensors. They both recognise different types of DNA
damage and activate specific downstream pathways. DNAPK is activated by DSBs and promotes the
NHEJ, while ATR can orchestrate several signalling promoting DNA repair and cell cycle arrest. In
specific situation, DNAPK can compensate for ATR lack of function. WEE1 regulates cell cycle
progression at the level of both S and G2 phases. AURKB plays a role in the proper organisation of
chromosomes during mitosis.

PARP and WEE1 have already been extensively described previously. DNA-PKcs is
part of the family of phosphoinositide 3-kinase (PI3K)-related kinases (PIKKs), that
also includes the ataxia telangiectasia mutated (ATM) and ATR proteins. All three
molecules have a distinct and overlapping role in DDR (Blackford and Jackson, 2017).
DNA-PK is recruited to DSBs by Ku80 where its main role is to promote the non-
homologous end-joining pathway (NHEJ). DNA-PK promotes DNA-end tethering and
recruits the endonuclease Artemis to facilitate DNA-end processing, both important
steps in NHEJ. Moreover, it has been shown that DNA-PK can activate the stress
response pathway by phosphorylating CHK1 in the absence of ATR (Buisson et al.,
2015). ATR is activated by the formation of large tracts of ssDNA coated with RPA,
therefore ATR is involved in both DNA damage and replication stress response. One
of the main activities of ATR is to delay cell cycle progression by phosphorylating and

activating CHK1 that in turn inhibits CDKs (Smith et al., 2010). ATR-dependent
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inhibition of CDKs is also important to prevent the firing of replication origins in order
to avoid exhaustion of replication and repair factors (Toledo et al., 2013), as well as
re-replication of origins (Liu et al., 2007) (Figure 7). Moreover, ATR also stimulates
RRM2 to increase deoxynucleotide levels during early S-phase and avoid dNTP
depletion (Buisson et al., 2015). Aurora kinase B is essential for a number of processes
during mitosis. This protein regulates chromosomal condensation, kinetochore
function, cytokinesis and the spindle assembly checkpoints. Its activity is enhanced
by the co-factors INCENP and survivin (or BIRC5) and dysregulation of this kinase can
lead to aneuploidy (Figure 7) (Carmena and Earnshaw, 2003).

All of these proteins work as DDR checkpoints and their inhibition leads to DNA
damage accumulation, replication stress and chromosomal aberrations. When
combined with PARP inhibition, the loss of any of these checkpoints can have
deleterious effects on cell survival. Inhibition of these proteins in tumours that lack
functional p53 and RB activities results in intrinsic DNA damage, replication stress and
mitotic abnormalities. In particular, replication stress induced by ATR inhibition can
degenerate into DNA damage that, in the absence of PARP, will not be repaired
efficiently, pushing the cells to accumulate damage and eventually undergo
apoptosis. Moreover, PARP-resistance induced by inactivation of SLFN11 can be
overcome by ATR inhibition, suggesting that the combination of these two drugs can
delay tumour progression compared with single agent treatments (Murai et al.,
2016). When Aurora kinase B is inhibited, the accumulation of chromosomal
aberrations during mitosis will not be controlled by p53 and RB in G1 and the cells
will proceed into S phase where these aberrations can interfere with DNA replication
and generate genomic instability. The absence of PARP will impair the repair of these
lesions and increase the cytotoxic effect of the Aurora kinase B inhibitor. The
combination of olaparib with the DNA-PKcs inhibitor works slightly differently, where
both drugs reduce the ability of the cells to repair DNA lesions. In particular, PARP is
primarily involved in SSB repair, while DNA-PKcs regulates DSB repair via the NHEJ
pathway. Inhibition of both proteins should sensitise the cells to a wider range of DNA
lesions. Finally, the rational of combining the Aurora kinase B inhibitor with the ATR
inhibitor relies on the fact that when both ATR and Aurora kinase B are lost, the cells

undergo mitosis despite the presence of replication errors. This will lead to mitotic
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catastrophe and subsequent cell death. PARP, ATR as well as Aurora kinases inhibitors
have already been tested in SCLC, with some promising preclinical results (Byers et
al., 2012; Cardnell et al., 2013; Doerr et al., 2017; Gong et al., 2019; Mollaoglu et al.,
2017; Nagel et al., 2019; Oser et al., 2019; Sen et al., 2017a; Sos et al., 2012) (see
Table 2). Based on these data and on our preliminary results obtained with
AZD1775/olaparib treatment in vivo, we designed Decapus to examine the response

of 40 of our CDX to these DDRI.

6.2 Results

The ex vivo response to AZD1775 (WEE1i) in combination with olaparib (PARPI)

was already described in chapter 4. Here, | report the results obtained combining:

vii. AZD6738 (ATRi) with olaparib or AZD2811 (AURKBI)

viii. AZD2811 (AURKBI) with olaparib

ix. AZD7648 (DNAPKi) with olaparib
To be able to directly compare the CDX response to AZD1775 with the response to
the other DDR inhibitors, | have used the same range of concentrations (from 0 to 4
uM) used for AZD1775 in the mid-throughput screen. For simplicity the abbreviations

stated above will be used instead of the drug name to describe the results.

6.2.1 CDX models showed heterogenous responses to single agent treatment with
DDR inhibitors.

Analysis of the single agent activity of the ATRi, DNAPKi and AURKBI, in
comparison with the effect of the WEE1i showed that inhibition of WEE1 and Aurora
kinase B were generally more effective than the other inhibitors (Figure 75A).

DNA-PK inhibition seemed to have the weakest effect as shown by the shift on
the right of the response curves. This was expected, as DNA-PK is involved in the
repair of DSB and in the absence of DNA breakage, inhibition of DNA-PK should not
be too toxic for the cells. Based on the Glsg values, CDX23, CDX29, CDX17 and CDX10
were the less sensitive to AURKBI (Figure 75B). CDX17 and CDX29 overexpresses L-
MYC and N-MYC, respectively (Figure 55G), confirming previous studies that
suggested that inhibition of Aurora kinase B is not synergistic in L-MYC and N-MYC
expressing tumours (Helfrich et al., 2016; Sos et al., 2012). AURKBi is, however,
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synergistic with C-MYC overexpression or loss of RB in SCLC models (Helfrich et al.,
2016; Mollaoglu et al., 2017; Oser et al., 2019; Sos et al., 2012). Of note, the CDX17
paired progression model, CDX17p, overexpressed C-MYC (Figure 55G) and was more

sensitive to AURKBi than CDX17.
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Figure 75. Single agent activity of multiple DDRi on a panel of CDX cultures.

A. Dose-response curves for all CDX models treated for 7 days with increasing concentration of WEE1i
(dark blue), ATRi (light blue), DNAPKi (light pink) or AURKBI (dark pink). Each dot represent a biological
replicate. Dose-response curves have been fitted with the 4-parametric log-logistic function in the drc
package (Ritz et al., 2015), combining the data from all biological replicates tested. Replicates with
values > 0.99 quantiles were considered outliers and removed from the analysis. B. Unsupervised
hierarchical clustering of log10 Glso obtained from the panel of CDX cultures treated with increasing

234



CHAPTER 6 RESULTS

concentrations of each drug. WEEli = AZD1775; ATRi = AZD6738; DNAPKi = AZD7648; AURKBi =
AZD2811.

RB loss is almost universal in SCLC and was not expressed in the CDX tested, with
the exception of CDX23 and CDX24. CDX23 is one of the most resistant models to this
drug suggesting that the reduced effect could be due to a functional RB protein
(Figure 76A). At the time of writing, it was not known whether RB in CDX23 and CDX24

was WT and functional, making it difficult to correlate with the observed response.

CDX10 CDX29 CDX23 CDX31 CDX18 CDX18p CDX24 CDX24pp

134kDa
100kDa

58kDa

32kDa

Figure 76. RB protein expression does not always correlate with response to AURKBi.

A. Immunoblot analysis of CDX tumour lysates for the indicated proteins. Each line is a biological
replicate. GAPDH was used as loading control.

Although ATR and WEE1 inhibition have a similar effect on the regulation of CDK
activity and replication, their effects on DNA damage and cell death have been shown
to be different (Young et al., 2019), partly explaining why CDX response to the ATRi
was less pronounced than the WEE1Li. Models like CDX25, CDX20p, CDX4, CDX2,
CDX17 and CDX3p were more resistant to ATR inhibition than the other CDX (Figure
75B), suggesting that these models may be able to bypass ATR loss through activation
of complementary pathways (Buisson et al., 2015).

Some of the paired models tested showed a differential response to these
inhibitors. CDX3 was more sensitive than CDX3p to ATR and DNA-PK inhibition (Figure
75B), possibly indicating that clones with a better ability to deal with DSB breaks and
replication stress were selected during EP treatment. On the contrary, CDX17p
appeared to be more responsive to several DDRi compared with CDX17, in particular
in response to ATR and WEE1 inhibition. It is appealing to posit that while selection
of C-MYC positive clones during first-line therapy has allowed this tumour to adapt
and relapse, it may have also led to an increased production of ROS and replication
stress, explaining the stronger sensitivity of CDX17p to DDRi. Despite some level of

heterogeneity in the response to these DDRi in the CDX, the observation that every
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model was responsive to at least two of these inhibitors reinforces the idea that SCLC

are dependent on the DNA damage response pathways to survive.

6.2.2 DDR inhibitors synergised with olaparib in the CDX

Afterwards, | determined whether combinations of these DDRi could further
improve the observed responses. In almost all tested combinations, high
concentrations (= 400nM) of the DDRi were highly cytotoxic, suggesting that when
used in combination the concentration of these inhibitors should be lowered (Figure
77 and 78). Based on this observation, | focused the analysis on the concentrations
that ranged from 0-40 nM or 0-80 nM for the combinations that did not include the
AURKBI, while for the AURKBI, | have focused on concentrations ranging from 0 to 4
nM.

As for olaparib and WEE1i, | have divided each combination to evaluate the ability
of olaparib to sensitise the cells to the DDRi tested (left hand side of Figure 77 and
78) and to assess if the addiction of any DDRi was able to improve the effect
generated by olaparib treatment (right hand side of Figure 77 and 78). Overall,
olaparib did not improve significantly the response observed with ATRi and AURKBI
single agents (Figure 77A, 78A), however 80 nM treatment with olaparib increased
the cytotoxic effect induced by DNAPKi in 9/20 CDX (e.g. CDX37, CDX3p, CDX8, CDX20
and CDX29, Figure 77C). ATRi or DNAPKi enhanced olaparib cytotoxicity only in 4/20
CDX (e.g. CDX20), further highlighting the need to identify biomarkers of response
(Figure 77B,D). Of note, 4 nM of the AURKBI synergised with olaparib and improved
the response to this drug in almost all olaparib-resistant CDX (Figure 78B). In
particular, addition of the AURKBI to olaparib treatment was effective in CDX20 and
CDX24 where only 0.4 nM AURKBi reduced cell viability compared to olaparib

monotherapy.
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Figure 77. Interaction between PARPi and ATR or DNA-PK inhibition in a panel of CDX cultures.

A-D. Unsupervised hierarchical clustering of log10 Glso obtained from the panel of CDX cultures treated
with increasing concentrations ATRi (A) or DNAPKi (C) and fixed concentrations of PARPi. The
responses to increasing concentrations of PARPi and fixed concentrations of ATRi (B) or DNAPKi (D)
are also shown. ATRi = AZD6738; DNAPKi = AZD7648; PARPi = olaparib.
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Figure 78. Interaction between PARPi and AURKBI or ATRi and AURKBI in a panel of CDX cultures.

A-D. Unsupervised hierarchical clustering of log10 Glso obtained from the panel of CDX cultures treated
with increasing concentrations AURKBi and fixed concentrations of PARPi (A) or ATRi (C). The
responses to increasing concentrations of PARPi and fixed concentrations of AURKBI (B) or increasing
concentrations of ATRi and fixed concentrations of AURKBi (D) are also shown. ATRi = AZD6738;
AURKBi = AZD2811; PARPi = olaparib.

The combination of the AURKBi with the ATRi had overall similar effects than the

single drug treatments (Figure 78C,D). However, these results also revealed model
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specific sensitivity. For example, CDX23 was resistant to the AURKBi combined with
80 nM olaparib (Figure 78A, Glsp 1.8 uM), however combination of AURKBi with 40
nM ATRi reduced CDX23 cell viability (Figure 78C, Glsp 0.9 uM). This observation
highlights that CDX23 may depend on ATR to repair replication stress induced DNA
damage before entering mitosis. Preliminary data with chromatin-bound RPA
staining suggested that CDX23 has intrinsic high level of replication stress and may
explain the sensitivity to this combination (refer to Figure 59). The cytotoxic effect of
the ATRi were partly increased by the combination with the AURKBI (Figure 78D),
with an improved benefit compared with the combination of ATRi and olaparib in
4/20 models (Figure 77A, e.g. CDX20p Glso 1.8 uM vs 0.04 uM for ATRi + 80 nM
olaparib and ATRi + 4 nM AURKBI, respectively). Even though, the monotherapies
were particularly effective in several CDX, the advantage of combining multiple drugs
together are several. Personal communication from Astrazeneca defined specific
concentrations of each DDRi as clinically relevant doses (Table 15). These
concentrations are higher than most of the concentrations | used, suggesting that
combination of these drugs can be exploited to decrease the final dose administered
to patients and reduce the adverse effects. Moreover, combination of drugs can
target a wider range of tumour subclones, improving the benefit for the patients
(Palmer and Sorger, 2017). Finally, while | was not able to assess the long-term effect
of these combinations, it is possible that combination of two different DDRi will delay
the onset of resistance, as already shown with PARP and ATR inhibition (Murai et al.,
2016).
6.2.3 Identification of synergistic concentrations of DDRi

As mentioned previously, synergy can be used to identify the concentrations at
which two drugs interact generating a response greater than the response observed
with only one drug. Figure 79A shows representative response landscapes for models
that were more resistant (CDX25, CDX2 and CDX17) or more sensitive (CDX38,
CDX18p and CDX29) to olaparib/ATRi. The three ‘sensitive’ models showed a peak of
synergy around 40 nM ATRi, whereas the more resistant models showed a peak
around 400 nM ATRi, further highlighting the possibility that high concentrations of

the ATRi are non-specifically toxic (Figure 79A). The average delta scores for each CDX
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showed that these drugs have some weak synergistic activity in 11/20 of the CDX
tested (delta score > 0, Figure 79B).
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Figure 79. Synergistic interaction between ATRi and olaparib.

A. ATRi-olaparib dose-response landscapes. Dotted squares highlight the concentration of ATRi that
creates a peak of synergy. B. Summary of the average delta score for the panel of CDX cultures treated
with ATRi and olaparib. Average delta is the mean of all delta scores obtained for each dose
combination in the matrix. The combination is considered synergistic if the median the average delta
scores of all biological replicates is > 0 (red coloured boxes). Box and whisker plots show median, first
and third quartiles and maximum and minimum values. Each dot is a biological replicate and red dots
are showing outliers.

Figure 80A shows the response landscapes of three ‘sensitive’ models (CDX8p,
CDX8, CDX37) and three ‘resistant’” models (CDX20p, CDX23, CDX17p) to
olaparib/DNAPKi. The more sensitive models showed a peak of synergy at 40 nM
DNAPKi, similar to what has been obtained for the ATRi and the WEE1i. Figure 80B
summarises the synergy scores calculated for each biological replicates, highlighting
a certain degree of heterogeneity. The average synergy for this combination was
lower than the one observed with the ATRi (delta score < 5), even though, some

replicates showed a strong synergy score (delta score > 10).
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Figure 80. Synergistic interaction between DNAPKi and olaparib.

A. DNAPKi-olaparib dose-response landscapes. Dotted squares highlight the concentration of DNAPKi
that creates a peak of synergy. B. Summary of the average delta score for the panel of CDX cultures
treated with DNAPKi and olaparib. Average delta is the mean of all delta scores obtained for each dose
combination in the matrix. The combination is considered synergistic if the median of the average
delta scores of all biological replicates is > 0 (red coloured boxes). Box and whisker plots show median,
first and third quartiles and maximum and minimum values. Each dot is a biological replicate and red
dots are showing outliers.

The AURKBi was more cytotoxic than any other DDRi tested with peak of synergy
observed around 4 nM (Figure 81A). Surprisingly, despite the strong effect observed
on cell viability, the combination of olaparib with the AURKBI did not seem to be very
synergistic, with average delta score < 3 (Figure 81B). For the last combination, |
examined the concentration of AURKBI that synergises with the ATRiI. All sensitive
models showed a peak of synergy at 0.4 nM AURKBI (Figure 82A). As shown for the
combination of the AURKBI with olaparib, the average score for this combination was
overall lower than the one observed with the other DDRi, with most models having

an average delta score < 3 (Figure 82B). This reduced synergy in the presence of the
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AURKBI could be due to a real lack of interaction between the two drugs, or could be
caused by putative off-target effects of the AURKBI..
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Figure 81. Synergistic interaction between AURKBi and olaparib.

A. AURKBI-olaparib dose-response landscapes. Synergy is defined as a positive deviation (positive A)
from the expected effect the two drugs would have if they did not interact. Dotted squares highlight
the concentration of AURKBI that creates a peak of synergy. B. Summary of the average delta score
for the panel of CDX cultures treated with AURKBI and olaparib. Average delta is the mean of all delta
scores obtained for each dose combination in the matrix. The combination is considered synergistic if
the median of the average delta scores of all biological replicates is > 0 (red coloured boxes). Box and
whisker plots show median, first and third quartiles and maximum and minimum values. Each dot is a
biological replicate and red dots are showing outliers.

6.2.4 Identification of pathways involved in the response to DDR inhibitors

As for the WEE1i/olaparib treatment, | used the concentrations identified in the
synergy landscapes to select one representative combination per drug treatment. For
olaparib and the WEE1i, | identified the combination of 40 nM AZD1775 combined
with olaparib as a representative condition for this treatment (Figure 46). The same
concentration of DNAPKi and ATRi was used to represent the combination of olaparib
with the DNAPKi and ATRi. For the AURKBIi, 4 nM was used in combination with
olaparib, while 0.4 nM was selected for the combination with the ATRi. This allowed

me to compare the 5 combinations together (Figure 83A).
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Figure 82. Synergistic interaction between AURKBi and ATRi.

A. AURKBI- ATRi dose-response landscapes. Synergy is defined as a positive deviation (positive A) from
the expected effect the two drugs would have if they did not interact. Dotted squares highlight the
concentration of AURKBI that creates a peak of synergy. B. Summary of the average delta score for the
panel of CDX cultures treated with AURKBi and ATRi. Average delta is the mean of all delta scores
obtained for each dose combination in the matrix. The combination is considered synergistic if the
median of the average delta scores of all biological replicates is > 0 (red coloured boxes). Box and
whisker plots show median, first and third quartiles and maximum and minimum values. Each dot is a
biological replicate and red dots are showing outliers.

Two main clusters of CDX were identified. The first contained CDX resistant to
almost all combinations tested (resistant group: CDX17, CDX17p, CDX4, CDX24,
CDX10 and CDX25) and the second cluster contained CDX that were partially
sensitive. This second cluster could be further subdivided in a group of CDX sensitive
to every combination (sensitive group: CDX37, CDX18p, CDX3p, CDX8, CDX29, CDX8p,
CDX3, CDX38) and a group with models resistant to at least one combination
(intermediate group: CDX20, CDX31, CDX2, CDX20p, CDX18, CDX23). The presence of
models sensitive or resistant to every drug tested suggested the presence of a

common mechanism(s) of response to these inhibitors.
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Figure 83. Pathway enrichment analysis between ‘resistant’ and ‘sensitive’ CDX.

A. Unsupervised hierarchical clustering of log10 Glso obtained from the panel of CDX cultures treated
with increasing concentrations PARPi or ATRi and a fixed concentration of the stated drugs. B.
Reactome pathways enriched in the group of ‘resistant’ vs ‘sensitive’ CDX. Size is relative to the
number of mapped genes present in each pathway. P.adjust indicates the adjusted p-value to define
the probability a pathway has to be randomly identified. Genes with log2 fold change > |1| and FDR <
0.05 were selected (see Chapter 2.10.2 for details).
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To try to identify shared alterations in pathways involved in the response to these
drugs, | performed differential gene expression analysis comparing the
transcriptional profiles of the ‘resistant’ group with that of the ‘sensitive’ group.
There were 2,646 differentially expressed protein coding genes (Supplementary Data
6). Of these, 1,194 were down regulated and 1,452 were upregulated in the ‘resistant’
group. Pathway enrichment analysis on all 2,646 protein coding genes identified 53
pathways (Supplementary Data 7). Most pathways converged on 3 main nodes
involving the modulation of the ECM, the G protein signalling, and the neuronal
system (Figure 83B). Interestingly most of the genes involved in these three groups
were upregulated, suggesting that these pathways were enriched in the ‘resistant’

models (Figure 84A).
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CHAPTER 6 RESULTS

Figure 84. Level of expression and interaction of the genes enriched in the pathway differentially
expressed between ‘sensitive’ and ‘resistant’ CDX.

A. Network analysis of the main genes differentially expressed between the resistant and sensitive
groups. The colour of the dots is relative to the fold change, while the size of the pathway node is
related to the number of genes included (see Chapter 2.10.2 for details).

To assess whether any of the main DNA damage repair pathways and cell cycle
regulatory networks were altered in the resistant models, | performed gene set
enrichment analysis. None of the gene sets tested was statistically enriched in the
'sensitive’ or ‘resistance’ groups, however genes involved in mitosis, cell cycle
checkpoint, DNA replication and ATR mediated replication stress response, were
mainly downregulated in the ‘resistant’ group (Figure 85A). The observation that
genes involved in these processes are differentially expressed in the CDX suggests
that they could participate in the response to these compounds in SCLC, and merits

further investigation.
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Figure 85. Gene set enrichment analysis between ‘resistant’ and ‘sensitive’ CDX.

A. GSEA analysis of different gene sets in the ‘resistant’ vs ‘sensitive’ CDX. The normalized enrichment
score and associated adjusted p-value are used to compare the enrichment scores across gene sets
(Subramanian et al., 2005) (see Chapter 2.10.2 for details).

246



CHAPTER 6 RESULTS

6.2.5 Identification of putative biomarkers of response

CDX20, CDX31, CDX2, CDX20p, CDX18 and CDX23 were excluded from the
previous analysis because of their variable responses to the different inhibitors. To
include these models and increase the power of the analysis, | have examined each
combination separately. First, | chose a threshold of 1 um (equivalent to a log10 Glsg
of 0.3) to allocate each CDX to the ‘resistant’ or ‘sensitive’ group for each
combination. Then, | performed multiple analyses to compare gene expression of the
resistant vs the sensitive groups for each treatment.
6.2.5.1 Olaparib/AZD1775 (WEE1i)

In response to olaparib combined with 40 nM WEE1i, CDX4, CDX10, CDX17,
CDX17p, CDX18, CDX20, CDX24, CDX25 and CDX31 showed a Glso> 1 uM and were
therefore included in the ‘resistant’ group. CDX2, CDX3, CDX3p, CDX8, CDX8p,
CDX18p, CDX20p, CDX23, CDX29, CDX37 and CDX38 had an average Glsp < 1 uM and
were allocated to the ‘sensitive’ group (Table 16). Differential gene expression
analysis identified 2,112 differentially expressed protein coding genes, enriched in
pathways similar to the one identified with the previous analysis (which was expected
considering that only three models were added in each group for this analysis).
Supplementary Data 6 and Data 7 list the differentially expressed genes and reactome
pathways identified. Gene set enrichment analysis also showed similar results, with
no significant enrichment for any of the gene sets tested (Figure 86A).

To identify genes that could be strongly associated with the ex vivo response to
this combination, | correlated the expression of each gene with the average Glso of
each CDX in response to olaparib combined with 40 nM AZD1775. Genes that
positively correlated with the Glsp were highly expressed in the more resistant
models, while a negative correlation identified genes highly expressed in the more
sensitive CDX (Figure 86B). Ten percent of the genes that correlated with the Glso had
a p-value £ 0.05 (Supplementary Data 8). Several genes involved in DNA replication,

replication fork stabilisation and DNA repairs positively correlated with the Glso.
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Table 16. Summary of CDX responses to the tested combination*.

Model | PARPi/WEE1li | PARPi/ATRi | PARPi/DNAPKi | PARPi/AURKBi | ATRi/AURKBi
CDX4 resistant resistant resistant sensitive resistant
CDX10 resistant resistant resistant resistant sensitive
CDX17 resistant resistant resistant resistant resistant
CDX17p resistant resistant resistant resistant sensitive
CDX18 resistant resistant resistant resistant sensitive
CDX20 resistant sensitive sensitive sensitive sensitive
CDX24 resistant resistant resistant resistant sensitive
CDX25 resistant resistant resistant resistant sensitive
CDX31 resistant resistant sensitive sensitive sensitive
CDX2 sensitive resistant resistant resistant sensitive
CDX3 sensitive sensitive sensitive sensitive resistant
CDX3p sensitive sensitive sensitive sensitive sensitive
CDX8 sensitive sensitive sensitive sensitive sensitive
CDX8p sensitive sensitive sensitive sensitive sensitive
CDX18p sensitive sensitive sensitive sensitive sensitive
CDX20p sensitive resistant resistant sensitive sensitive
CDX23 sensitive resistant resistant resistant sensitive
CDX37 sensitive sensitive sensitive resistant sensitive
CDX29 sensitive sensitive sensitive sensitive sensitive
CDX38 sensitive sensitive sensitive sensitive sensitive

*GI50 2 1 uM was used as cut-off for resistance

POLI showed the strongest correlation, with R = 0.80 and p-value < 0.00005. POL/
encodes for the error-prone DNA polymerase lota, involved in translesion DNA
synthesis (Goodman and Woodgate, 2013). Little is known about this polymerase and
it could be involved in the bypass of lesion during replication in a p53-dependent
manner (Hampp et al., 2016). More genes involved in the protection and resolution
of stalled replication forks appeared to positively correlate with Glso, such as ATRIP,
the ATR interacting partner (R? = 0.64 and p-value = 0.002), and RECQL5, a helicase
involved in fork stabilisation (R? = 0.58 and p-value = 0.008) (Kim et al., 2015). RAD17,
also recruited to stalled replication forks to trigger ATR activity (Smith et al., 2010),
as well as the endonuclease EME2, the double strand break repair protein RAD50, the
cyclin-dependent kinase 7 (CDK7) and the S-phase cyclin-dependent kinase 3 (CDK3),

positively correlated with the Glso (Figure 86B,C), further suggesting that resistant

248



CHAPTER 6 RESULTS

models may have a better ability to regulate the repair of stalled replication forks

than the sensitive ones.
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Figure 86. Identification of genes specifically expressed in

olaparib/WEEL1i.

CDX resistant/sensitive to

A. GSEA analysis of different gene sets in the ‘resistant’ vs ‘sensitive’ CDX for WEE1i/PARPi. The
normalized enrichment score and associated adjusted p-value are used to compare the enrichment
scores across gene sets (Subramanian et al., 2005) (see Chapter 2.10.2 for details). B. Pearson
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coefficients for each gene relative to the Glso in response to olaparib/WEELi. Big white dots highlight
the location of the genes described in the text. C. Table summarizing the Pearson coefficients and the
p-values of the genes highlighted in B.

While genes involved in stabilisation and repair of stalled replication forks were
prevalent in CDX showing a reduced response to this combination, genes like RRM2,
the inosine monophosphate dehydrogenase 1 (IMPDH1) and the nudix hydrolase 1
(NUDT1) negatively correlated with Glsg (Figure 86B,C). Reduction of RRM2 has been
shown to be a direct consequence of WEE1 inhibition and partially account for the
toxic effect of this drug (Pfister et al., 2015). The higher level of RRM2 in the more
sensitive models suggests that these CDX may be more dependent on nucleotide
metabolic pathways to survive, and therefore they could be more susceptible to
WEE1 inhibition. Increased expression of IMPDH1 highlights the possibility that these
models rely more on the guanosine monophosphate synthesis. A recent publication
showed that ASCL1-low/NEUROD1-high SCLC models are more dependent on the
purine than pyrimidine synthesis, and these models were sensitive to IMPDH
inhibitors (Huang et al., 2018a). In agreement with Huang et al, the sensitive models
also expressed higher level of NEURODI1, further suggesting that ASCL1-
low/NEUROD1-high SCLC models are dependent on the purine metabolic pathway.
Together with NEUROD1, another neuroendocrine marker, INSM1, negatively
correlated with the Glso. INSM1 participates in the differentiation of PNECs,
particularly by repressing HES1 (Jia et al., 2015). INSM1 is used as diagnostic marker
for SCLC and it can coexist with NEUROD1 and/or ASCL1 in SCLC cell lines (McColl et
al., 2017; Travis et al., 2004). If this observation is confirmed it may indicate that
multiple subpopulations of SCLC, in particular NE tumours, can be more dependent
on this metabolic pathway. Moreover, these data suggest that dNTP depletion caused
by WEE1 inhibition may have a stronger impact on tumours dependent on the purine
metabolism. Finally, another group of genes that seemed to negatively correlate with
the Glso included genes involved in DSB repair, in particular the NHEJ pathway. The
DNA-PKcs regulatory subunit Ku80 (XRCC5) and the NHEJ polymerase, TdT (DNTT)
(Chang et al., 2017) negatively correlated with the Glso. The catalytic subunit of DNA-
PK (PRKDC) also negatively correlated with the Glso, although the p-value was > 0.05

(Figure 86C). Other genes that strongly inversely correlated with Glsp were RNF168
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and RNF111, E3 ubiquitin ligases involved in the repair of DSBs. In particular, RNF168
is required for the recruitment of several DNA repair proteins to DSB (Hustedt and
Durocher, 2017), while RNF111 is necessary for the recruitment of RNF168 to DSB
and RNF111-mediated neddylation promotes NHEJ over HR repair (Jimeno et al.,
2015; Ma et al., 2013). All together, these data suggest that a specific metabolic
dependency as well as a preference for the NHEJ pathway may be biomarkers of

response to this treatment.

6.2.5.2 Olaparib combined with the other DDR inhibitors

A similar analysis was performed for olaparib combined with 40 nM ATRi, 40 nM
DNAPKi and 4 nM AURKBi. As for olaparib/WEE1i, CDX with Glsop > 1 pM were
classified as ‘resistant’, while the remaining models were classified as ‘sensitive’
(Table 16). CDX20 was resistant to olaparib/WEE1i, however it was sensitive to all
other combinations tested. The olaparib/WEE1i sensitive, CDX2, CDX20p and CDX23
were resistant to olaparib/ATRi. The response to olaparib/DNAPKi was very similar to
that observed with the ATRi, with almost the same models classified as ‘resistant’ or
‘sensitive’. The only exception was CDX31, which was sensitive to the combination
with the DNAPKi, while was resistant when treated with the ATRi (Table 16). Similarly,
the CDX classified as ‘resistant’ to the combination of olaparib/AURKBi mostly
matched the ‘resistant’ models observed in response to olaparib/ATRi, with the
difference of CDX4, CDX20p and CDX31, which were classified as ‘sensitive’, and
CDX37, which was classified as ‘resistant’ (Table 16).

The high overlap between the ‘resistant’ and ‘sensitive’ models suggests that it
will be difficult to identify pathways differentially expressed in a specific combination
compared with the others. Pathway enrichment analysis performed comparing the
‘resistant’ vs the ‘sensitive’ group for each combination tested, detected the same
pathways identified for olaparib/WEE1i (Supplementary Data 7). As for the previous
analysis, none of the DNA repair and cell cycle gene sets analysed were significantly
enriched in the ‘resistant’ or ‘sensitive’ groups (Figure 87A,B and Figure 88A).
However, the normalized enrichment score (NES) changed for each comparison, with
fewer gene sets enriched in the sensitive groups compared with olaparib/WEE1i. For

olaparib/ATRi and olaparib/DNAPKi, the gene sets enriched in the sensitive groups
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included genes involved in DNA replication, mitosis and G1 phase, while for the

olaparib/AURKBi genes involved in cell cycle checkpoints and resolution of AP sites

were more enriched.
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Figure 87. Gene set enrichment analysis of DNA repair and cell cycle pathways in CDX resistant and

sensitive to different DDRI.

A,B. GSEA analysis of genes differentially expressed between CDX resistant and sensitive to
ATRi/olaparib (A) and DNAPKi/olaparib (B). The normalized enrichment score and associated adjusted
p-value are used to compare the enrichment scores across gene sets (Subramanian et al., 2005) (see

Chapter 2.10.2 for details).
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Figure 88. Gene set enrichment analysis of DNA repair and cell cycle pathways in CDX resistant and
sensitive to AURKBi and olaparib.

A. GSEA analysis of genes differentially expressed between CDX resistant and sensitive to
AURKBI/olaparib. The normalized enrichment score and associated adjusted p-value are used to
compare the enrichment scores across gene sets (Subramanian et al., 2005) (see Chapter 2.10.2 for
details).

When the Pearson correlation between the Glsp and gene expression was performed
for each combination, a few changes across the different treatments were observed.
In response to olaparib/ATRi, 1,383 genes (7.6% of the total) significantly correlated
with the Glso (p-value < 0.05). There was a positive enrichment of genes involved in
the regulation of entry into mitosis. These genes included the APC/C co-activator,
fizzy and cell division cycle 20 related 1 (FZR1), the cell division cycle 23 (CDC23) and
the cell division cycle 25B (CDC25B) (Figure 89A, Supplementary Data 3). As expected,
some genes that positively correlated with the response to olaparib/WEE1i, also
positively correlated with the response to olaparib/ATRi, like ATRIP, POLI and CDK?7.
Yes associated protein 1 (YAP1) correlated with higher Glsg, suggesting that the
subgroup of YAP1* SCLC patients (Rudin et al., 2019) may be intrinsically resistant to
olaparib/ATRi. Similarly, Atonal BHLH Transcription Factor 1 (ATHO1), a regulator of
neuronal differentiation shown to mark a subset of our CDX (Figure 12, Simpson et

al., 2019), positively correlated with the response to this treatment. Several genes
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that negatively correlated with the response to olaparib/WEE1i also negatively
correlated with the response to olaparib/ATRi, suggesting that NHEJ and dNTP

metabolism may also be involved in the response to this combination (Figure 89A).
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Figure 89. Pearson correlation between RNAseq and Glso.

A-D. Plots showing the Pearson coefficients calculated for each gene relative to the Glsg in response to
olaparib/ATRi (A), olaparib/DNAPKi (B), olaparib/AURKBi (C) and ATRi/AURKBi (D). Big white dots
highlight the location of the genes described in the text. E. UpSet plot showing the intersections of the
genes significantly correlating with the Glso for each combination tested. The numbers above the bars
indicate the size of the intersection (number of genes included). Intersection of genes shared in all
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combinations (dark violet), in all olaparib-containing treatments (pink), in all ATRi-containing
combinations (light blue) and in all AURKBi-containing treatments (dark blue) are highlighted.

In the combination with the DNAPKIi, 1,612 genes significantly correlated with the
Glso (8.8% of the total, p-value < 0.05). ATRIP, POLI and CDK7 were again some of
genes with the strongest positive correlation (Figure 89B, Supplementary Data 8).
Also another TLS polymerase, POLH, positively correlated with the response to this
combination, as well as, the G1 cell cycle regulator, CDKN2B, the damage sensor XPC
involved in NER, ATOH1 and the NOTCH downstream target, HES1. As for the previous
combinations, RNF111 and RNF168 negatively correlated with the Glsg. Members of
the DNA replication process also seemed to be involved in the response to
olaparib/DNAPKi. The novel ATR activator, ETAA1 (Feng et al., 2016; Haahr et al.,
2016), negatively correlates with the Glsp together with the GIN complex subunit 2
(GINS2). Similar to the olaparib/WEE1i combination, genes involved in nucleotide
metabolism (e.g. IMPDH1 and NUDT1) negatively correlated with the response to
olaparib/DNAPKi. Finally, the methyltransferase EZH2 was more expressed in CDX,
which responded better to this treatment (Figure 89B).

The frequency of common genes correlating with the Glso of different
combinatorial treatments was not surprising considering that all combinations
contained olaparib and that many ‘resistant’ and ‘sensitive’ CDX were shared in the
different treatments. When the combination of olaparib and AURKBi was correlated
with the gene expression, 2,052 genes (11.2% of the total) had a p-value < 0.05,
similar to the percentage observed with the other combinations. As shown before,
RNF111, negatively correlated with the Glsp, while ATHO1 showed a positive
correlation (Figure 89C, Supplementary Data 8). Specific to the response of this
combination were SLFN11 and NFB1 that negatively correlated with the Glso,
suggesting that SCLC tumours expressing higher level of these genes could be more
sensitive to treatment with olaparib/AURKBI. Interestingly, MYCL was among the
genes that positively correlated with the Glso. This further confirmed that the Aurora
B kinase inhibitor is more effective in MYC than MYCL and MYCN expressing SCLC
models (Helfrich et al., 2016; Sos et al., 2012). Other genes putatively involved in the
resistance to this combination were genes implicated in mitotic entry and mitotic

regulation. In particular, AURKA, CDC25B and the anaphase promoting complex

255



CHAPTER 6 RESULTS

subunit 5 and 7 (ANAPC5, ANAPC7). Furthermore, the transcription factor SOX2 and
genes involved in the G1 checkpoint, such as RBL1, CDKN2B and CCNA1, positively
correlated with the Glso (Figure 89C).

Finally, for the AURKBIi/ATRi combination, | did not perform the differential gene
expression and gene set enrichment analyses because most CDX appeared to be
particularly sensitive to this combination, limiting the resistant group to only 3
models (Table 16). However, | was able to perform the Pearson correlation analysis
because it did not required a priori classification of the CDX into ‘resistant’ or
‘sensitive’ models. This combination was the only one without the PARP inhibitor and
fewer genes that correlate with the Glsp were shared with the other combinations
(Figure 89D, Supplementary Data 8). 2,143 genes (11.7% of the total) significantly
correlate with the Glsp (p-value < 0.05). Of these, genes associated with a non-NE
phenotype positively correlated with the Glso, such as REST, YAP1 and VIM (McColl et
al., 2017; Simpson et al., 2019). | did not identify any group of genes involved in
specific cell cycle checkpoint pathways, however MYCL, PIK3CA and BMX also
positively correlated with the Glso. Activation of the PI3K pathway and BMX
overexpression has been associated with chemoresistance in SCLC cell lines (Guo et
al., 2010; Krystal et al., 2002; Potter et al., 2016), suggesting that it may be associated
with a more aggressive phenotype. Lower Glso correlated with higher expression of
genes involved in RNA transcription and DNA replication, such as the ribonuclease H1
(RNASEH1), GINS2, E2F transcription factor 2 (E2F2) and cyclin T2 (CCNT2). Moreover,
the WEE1 paralog PKMYT1 and MYCN inversely correlate with the Glso. If validated
on a larger panel of CDX, proteins like Mytl kinase (PKMYT1) and N-MYC (MYCN)
could be used as biomarkers to select the population of SCLC patient that may better
respond to this treatment (Figure 88D).

Overall, these correlations have identified genes that could potentially be used as
biomarkers of response. While | have mainly highlighted genes that could have a
mechanistic role in the response to these drugs, other genes that correlate with the
response to these combination could be used as biomarkers to stratify patients, such
as L-MYC, REST, NEUROD1 or genes coding for membranes protein for which
antibodies have already been validated. There were 31 genes significantly correlated

with the Glsp in all combinations tested, 240 genes were shared in all olaparib-
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containing combinations, 60 genes significantly correlated in all ATRi-containing
combinations, while 52 genes were shared between the AURKBi-containing
combinations (Figure 89E). These data highlight the number of candidate biomarkers
that could be identified using this analytic strategy. Any of the genes present in these
lists could potentially be further validated as a biomarker of response to one or more
treatments. It has to be highlighted that the false discovery rate for these correlations
is probably high because of the low number of CDX compared with the number of
genes tested. Nevertheless, these preliminary analyses suggest several promising

genes and pathways for future follow up and functional validation.

6.3 Conclusion

As shown in the literature, treatment of SCLC preclinical models with inhibitors of
the DNA damage response pathways are showing some promise. In the panel of CDX
| tested, inhibition of WEE1 and Aurora kinase B were the most effective when used
as single agents. In combination, most of these DDRi showed a limited level of
synergistic activity, with only the olaparib/WEE1i and olaparib/ATRi showing an
average delta score 2 5 in at least one CDX. Based on the original paper describing
the ZIP reference model, combination of drugs with average delta score < 5 were
considered insignificant (Yadav et al., 2015). However, despite the low average delta
score (< 3) the combinations containing the AURKBi were the most effective in the
panel of CDX tested. It is possible that the strong efficacy of AURKBI as single agent
hides putative synergistic effect with the other drugs, however it is also possible that
the compound (AZD2811) has off-target effects at low concentrations. If this was the
case, the observed sensitivity could be biased by the toxicity introduced by the
compound rather than a real dependence to Aurora kinase B. Little is known about
the putative off-target effects of the AURKBi (AZD2811), although it is highly selective
for Aurora Kinase B (Mortlock et al., 2007). Therefore, more experiments should be
performed to confirm this hypothesis.

Generally, models sensitive to olaparib monotherapy (e.g. CDX3, CDX8, and
CDX29) were also sensitive to all combinations tested. The same applied to some
olaparib-resistant CDX (e.g. CDX4, CDX25, CDX17 and CDX17p), in which sensitivity to

olaparib only improved when very high concentrations of ATRi or DNAPKi were used

257



CHAPTER 6 RESULTS

or in the presence of AURKBi. The reduced efficacy of DNAPKi as single agent
compared with the other DDRI could be explained by the fact that to rely on DNA-PK,
cells need to undergo DSBs, therefore with no further insult, the DNAPKi has only
limited cytotoxicity on the cells. The DNA damage induced by PARP inhibition seemed
to increase the cytotoxicity of the DNAPKi in 3/4 DNAPKi-resistant CDX (CDX38,
CDX3p and CDX8, Figure 77C). However olaparib-resistant CDX did not benefit from
the additional inhibition of DNA-PK, suggesting that this combination should only be
proposed to patients who are sensitive to PARPi (Figure 77D).

When considering the response to olaparib and ATRi, only CDX20 seemed to
benefit from the addition of ATRi to PARP inhibition (Figure 77B). All other models
showed improved response only with higher concentrations of the ATRi, suggesting
that most of the observed effects could be due to off-target toxicity rather than
synergy between the two compounds. Even though a similar pattern of response was
observed with the WEE1i, where treatment with 2400 nM AZD1775 showed very high
responses in most models tested, 5/12 of the olaparib-resistant CDX benefited also
from lower concentrations of AZD1775 (‘intermediate’ group in Figure 45B).
Therefore, in these models, WEE1i synergises with olaparib better than the ATRi. In
particular, the CDX included in the ‘intermediate’ group showed a slight improvement
when treated with olaparib combined with 40 nM ATRi (1.2-2.4x decrease in the Glsg
compared with olaparib single agents, Figure 77B), suggesting that the effects of
inhibiting ATR partly overlapped with the one induced by WEE1 inhibition, but were
not enough to trigger the same level of response as with olaparib/WEE1i treatment
(1.7-4.6x decrease in the Glsp compared with olaparib single agents, Figure 45B).

Differential gene expression analysis of ‘resistant’ vs ‘sensitive’ CDX identified
genes involved in the organization of the ECM, GPCR signalling and neuronal system
to be more enriched in the resistant models. The higher expression of genes involved
in differential processing of the ECM suggests that the resistant CDX may have a more
aggressive phenotype and the ability to interact with the surrounding ECM to migrate
or promote angiogenesis (Lu et al., 2011). G protein-coupled receptors (GPCRs) are
integral membrane proteins involved in a variety of cellular processing. Once
activated by their ligands, these receptors interact with the G proteins to promote

GTP loading. The Gq subunit binds to GTP, dissociates from Gg, and activates

258



CHAPTER 6 RESULTS

downstream effectors (Weis and Kobilka, 2018). In particular, Goq proteins stimulate
the B-subunit of the phospholipase C (PLC) leading to intracellular Ca* mobilisation,
activation of the protein kinase C (Mizuno and Itoh, 2009). This signalling triggers
multiple cellular responses, including integrin and RhoA activation and inhibition of
PI3K. Gqi proteins counteract the stimulatory effect of Gos protein by inhibiting the
adenylate cyclase, leading to a decrease in the activity of cAMP dependent kinases
(Dessauer et al., 2002). Moreover, Gq can interact with the catalytic domain of c-Src
facilitating the access of the c-Src ligands and it has been demonstrated that activated
mutant Gq proteins are oncogenic and can activate the MAPK pathway (Ma et al.,
2000; Pace et al., 1995). The complexity of the signalling regulated by the G proteins
make it difficult to assess which, if any, of the downstream pathways is involved in
the resistance to these inhibitors. While there is no clear direct role for these
pathways in the response to the tested combinations, it is possible that they are
involved in the establishment of a more aggressive phenotype, making these tumours
overall more resistant to different type of treatments. The lack of enrichment of
genes significantly associated with different DNA repair and cell cycle checkpoint
pathways does not mean that this pathways do not participate in the response to
these combinations. The degree of genes expression, measured at the mRNA level,
involved in DNA repair and cell cycle related pathways may not be the best indicator
of their activation or inhibition, which highlights further the importance of developing
functional assays to study these processes. Moreover, changes in the expression of
these genes after treatment with DDRi may better highlight deficiency in DNA repair
and cell cycle regulation compared with their baseline expression.

To help selecting putative biomarkers of response, | have performed a Pearson
correlation across each gene, in respect to the response (Glso) each CDX had to the
different combinations. This analysis allowed to point out genes that directly
correlated with the response, and when possible extrapolate putative mechanisms
of response. In particular, in the response to olaparib/WEE1i, it was interesting to
observe that genes involved in the resolution of stalled replication forks positively
correlated with a lower response to this treatment. Similarly, the result obtained
suggested that tumours with a dependency for the purine metabolism could be more

responsive to this combination. Because of the effect that inhibition of WEE1 has on
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DNA replication and the dNTPs pool (Beck et al., 2012; Pfister et al., 2015), it was
reassuring to identify these group of genes in the analysis. Genes involved in the NHEJ
pathway were also recurrently expressed in the more sensitive models. Some of
these genes were also negatively correlated with the response to the other olaparib-
containing treatments. These intriguing observations could lead to speculate that the
increased expression of genes implicated in the NHEJ pathway in the olaparib-
sensitive models, could be a surrogate of HR-deficiency, explaining the better
response observed with these combinations. There were more than 1,000 genes
significantly correlating with the Glso in each combination (p-value < 0.05, R? < -0.4
and R? > 0.4), suggesting that several putative biomarkers of response could be
identified. For reason that could be completely independent from mechanisms of
response, these genes can be exploited as biomarkers for subpopulation of cells
sensitive or resistant to the specified treatment. For example, POLI and CDK7 are
recurrently positively correlated with the response to olaparib-containing
combinations. This suggests that if the corresponding proteins are also more
expressed in the resistant CDX, antibodies against these two proteins could be
exploited to select SCLC patients resistant to these treatments. YAP1 positively
correlated with the Glsg derived from both combination that contained the ATRi,
suggesting that YAP1 could mark a subpopulation of cells resistant to ATR inhibition.
Similarly, NEUROD1 for the olaparib/WEE1i combination and MYCL for the AURKBI-
containing combinations could be exploited as candidate biomarkers of response.
As soon as the results from the Decapus in vivo efficacy studies become available,
further testing of the selected biomarkers is warranted to evaluate if they can
robustly discriminate between sensitive and resistant models. Once validated, these
biomarkers could be translated in the clinic and measured on serial CTCs in order to

select the best treatment option for the patient.

Chapter 7. Final Discussion and Future Directions

SCLC was defined a ‘recalcitrant’ tumour by the US National Cancer Institute in 2014.
The lack of tumour tissues for clinical and preclinical studies, together with the rapid
onset of resistance to SoC are two of the major obstacles in fighting this disease

(National Cancer Institute, 2014). Our laboratory discovered that SCLC CTCs are
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tumourigenic in mice, which provides an approach that bypasses the limitation of
tumour biopsies and increases the chance to expand patient-derived tumours for
research purposes (Drapkin et al., 2018; Hodgkinson et al., 2014; Simpson et al.,
2019). The recent FDA approval of an anti-PDL-1 inhibitor as first-line treatment for
ES SCLC patients was a great advance in the treatment of these tumours (Horn et al.,
2018), however all other novel therapies tested in clinical trials have failed (Koinis et
al., 2016). There is an urgent need to identify novel combinatorial treatments
together with biomarkers of response in order to improve the clinical care of SCLC
patients. Multiple hallmarks of SCLC development can result in replication stress,
suggesting that targeting the DDR in these tumours could have promising benefit for
the patients (Thomas and Pommier, 2016). We have demonstrated that some SCLC
CDX are sensitive to the inhibition of both PARP1/2 and WEE1 (Lallo et al., 2018).
During my PhD, | attempted to understand mechanisms underpinning the observed
responses and identify candidate predictive biomarkers. My goal was to develop
research on CDX towards optimising multiple promising assays interrogating different
aspects of the DDR. Here, | will discuss the main findings of my research and highlight

areas of future focus.

7.1 Understanding the advantages and limitations of the CDX ex vivo

cultures

To facilitate the screening of multiple combinatorial treatments and the
identification of biomarkers of response, | developed and characterised ex vivo
culture of cells derived from SCLC CDX models. In this thesis, | have shown that CDX
can be cultured ex vivo, and retain, in the short-term, many features of the donor
tumour. Contradictory to previously published data (Daniel et al., 2009), | have shown
that transcriptional changes induced by short-term culture of these cells are
reversible when the ©cells were re-implanted subcutaneously into
immunocompromised mice. This observation is crucial when planning to manipulate
CDX cells in vitro and then study the associated phenotype(s) in vivo. Another
important feature of CDX cultures is their ability to qualitatively reproduce the
response observed in vivo to different compounds. These characteristics allowed me

to exploit the system | developed to test multiple inhibitors involved in the DDR and
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begin to investigate putative predictive biomarkers of response. | have shown that
CDX8 and CDX8p do not mimic perfectly the response observed in vivo to
cisplatin/etoposide and AZD1775/olaparib, with CDX8p ex vivo cultures being
particularly more sensitive to all treatments tested. The reason for this discrepancy
could be linked to an inability of these cells to thrive in culture or the imposition of
drastic molecular changes when these cells are grown on plastic. While | cannot
exclude the latter hypothesis, the lack of strong transcriptional drift when CDX2,
CDX3 and CDX4 were cultured for a few weeks suggests that the difficulty in adapting
to the culture conditions could be the main reason for the sensitive phenotype of
CDX8p. CDX8 and CDX8p have a high stromal component that is lost during ex vivo
culturing. The lack of this important feature may explain the differences in response
to therapies observed ex vivo. Several studies have demonstrated that the tumour
microenvironment can contribute to drug resistance phenotypes in different tumour
types (Gilbert and Hemann, 2010; Muerkoster et al., 2004; Nakasone et al., 2012).
Co-culture of CDX with stromal cells should be performed to assess if the response to
therapies ex vivo would better mimic the response observed in vivo. Although there
are not yet any in vivo data reporting the response of these two models to the
different DDRi tested here, | decided to include them in all the analysis performed in
this thesis. However, if the discrepancy between the response observed in vivo and
the response observed ex vivo is recapitulated in all the combinations tested, these
models should be excluded from the downstream analysis to avoid mis-

interpretation of the results.

7.2 Future work to better understand the DNA damage repair

pathways involved in the response to DDRi

Part of my thesis focused on the identification of deficiencies in specific DNA
damage repair pathways. | have exploited an immunofluorescence assay to look at
the formation of RAD51 and yH2AX foci after irradiation on CDX cultures. The lack of
RADS51 foci in CDX3 helped explaining its high sensitivity to both cisplatin/etoposide
and AZD1775/olaparib, and the presence of a PALB2 mutation confirmed the HR
deficiency in this model. None of the other CDX tested harboured any known

mutations in genes involved in the HR pathways, confirming previous studies showing
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HRD genomic scars do not correlate with the response to PARP inhibitors in SCLC (Lok
et al., 2017).

CDX3, CDX4, CDX8 and CDX8p have shown a differential response to AZD1775 and
olaparib in vivo, both as single agents and in combination, inferring that multiple
mechanisms of response could be implicated in these phenotypes. While the
RAD51/yH2AX assay, together with the comet assay, have helped elucidating how
these models could manage the DNA damage imposed by these drugs, | could not
identify a common predictive biomarker of response to this combination. These
assays can now be used to assess the HR status on a larger panel of CDX and increase
the robustness of the data. The comet assay can be exploited to look at the ability of
the different models to repair DNA damage after treatment with olaparib/AZD1775,
or any of the other combinations tested in this thesis. This experiment would allow
to distinguish which CDX are able or not to resolve the damage induced by these
drugs. These results, together with the ability to form RAD51 foci after irradiation,
will aid in understanding the responses to AZD1775/olaparib and facilitate the
identification of responsive/refractory patients.

During my PhD, | have mainly focused on trying to dissect intrinsic mechanisms of
resistance to olaparib, however it would be interesting to understand also acquired
resistance to this inhibitor. For example, despite the strong response to olaparib
single agent observed in CDX3 tumours, all mice inevitably relapsed. Similarly, CDX8
tumours responded very well to olaparib/AZD1775, however most tumours
progressed after termination of treatment (Lallo et al., 2018). Several mechanisms of
acquired resistance to PARP inhibitors have been published already, even though
most of them have been described in BRCA-deficient backgrounds (Table 17,
Noordermeer and Attikum, 2019). None of the CDX tested harbour a deleterious
mutation in BRCA1 or BRCA2, yet, it would be interesting to assess if the proposed
mechanisms of acquired resistance also apply to BRCA-proficient SCLC tumours. It has
been shown that reversion mutations in BRCA1 and BRCA2 enable the reactivation of
these genes, restoring HR and therefore causing resistance to PARP inhibitors
(Edwards et al., 2008; Lheureux et al., 2017). Reversion mutations have been
described also in other HR genes (Kondrashova et al., 2017), suggesting that PALB2

could be affected by these mutations. It would be interesting to determine the
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mutational status of PALB2 in the CDX3 tumours that grew back after olaparib
treatment. Similarly, once the RAD51 assay for FFPE tissue is optimised in our
laboratory, it could be used to assess the restoration of HR in models that have
become resistant to olaparib treatment. This assay would provide a general idea of
the HR status of a tumour before and after olaparib treatment, without the need to

know the underlying mechanism of HR deficiency.

Table 17. Mechanisms of acquired resistance to PARP inhibitors*.

Resistance mechanisms Cause of resistance
Increased drug efflux Upregulation of ABC transporters
Decreased PARP trapping Loss or decreased trapping of PARP1

Loss of PARG
Restoration of HR Reactivation of BRCA1/2

Loss of 53BP1
Loss of Shieldin factors
Loss of CTC/Pola
Loss of DYNLL1/ATMIN

Stabilisation of stalled

. Loss of PTIP
replication forks

Loss of EZH2

*Table adapted from Noordermeer and Attikum, 2019

Finally, another consideration comes from the key observation that genes
involved in the NHEJ pathways negatively correlated with the response to olaparib
combined with WEE1i, ATRi and DNAPKi. This analysis is based on gene expression
and therefore cannot give information about the actual activation of the NHEJ
pathway in the sensitive CDX. However, BRCA1-deficient PDX that are resistant to
PARP inhibition have reduced expression of NHEJ genes (Dev et al., 2018),
highlighting the strong connection between HR, NHEJ and PARP inhibitors response.
Because of the lack of alterations in genes known to be involved in the HR pathway
in the CDX tested, it is difficult to speculate whether the reduced expression of NHEJ
genes in the resistant CDX models is linked to HR restoration. Nevertheless, the role
of the NHEJ in the sensitivity/resistance to olaparib cannot be excluded. A recent
study performed in advanced ovarian cancer demonstrated that the response to the
PARP inhibitor niraparib was independent from the HR status of the patients, further
suggesting the possibility that alterations in other DNA repair pathways can synergise

with this drug (Gonzalez-Martin et al.,, 2019). WES data together with the
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establishment of RAD51 foci formation in a larger panel of CDX, and the assessment
of the NHEJ status (Bindra et al., 2013; McCormick et al., 2017; Pastwa et al., 2009),

could help answering these questions.

7.3 Implementation of biomarker assays to investigate the replication
stress response in the CDX

During my PhD, | also focused on replication stress response. In particular, |
assessed the presence of replication stress by studying the expression of phospho-
RPA Ser33 and chromatin-bound RPA. The presence of phospho-RPA in CDX3
tumours suggested a high intrinsic level of replication stress in this model, which may
account for its exquisite sensitivity to AZD1775. One of the causes for this intrinsic
replication stress could be the expression of the oncogene L-MYC (Kotsantis et al.,
2018). Data obtained from the ex vivo drug screening suggests that if overexpression
of the MYC genes induces replication stress in SCLC, it may correlate with the
response to AZD1775 alone, but does not always correlate with sensitivity to
AZD1775/olaparib. The olaparib-resistant CDX17 and CDX17p express high levels of
L-MYC and C-MYC and, while they are sensitive to AZD1775 single agent, AZD1775
was not able to sensitise these models to olaparib (Figure 45A,B). Chromatin-bound
RPA combined with a marker of DSB (i.e. double positive cells) can be used as a
marker of replication catastrophe. | have generated preliminary data showing that
treatment with HU and the ATRi VE822 induced a population of double positive cells
in CDX18, CDX23 and CDX31 cultures, demonstrating that it is possible to detect cells
undergoing replication catastrophe with this assay. Despite these promising initial
results, the detection of chromatin-bound RPA and yH2AX double positive cells in
CDX cultures was particularly challenging due to the non-adherent nature of SCLC
cells. Moreover, | uncovered high heterogeneity across biological replicates which
precluded robust data interpretation and will necessitate careful experimental design
in the future. In theory this assay could be used to concomitantly test the induction
of replication catastrophe in multiple CDX before and after treatment with different
drugs. The presence of double positive cells at baseline or after treatment could be
used to predict treatment response or better understand molecular mechanisms,

respectively. Other markers of DNA damage and replication stress, including
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phospho-RPA, phospho-CHK1, phospho-CHK2, 53BP1 or phospho-DNAPKcs, could be
added to the screening to provide a more comprehensive overview of the pathways
activated in any given model before and after treatment.

To further study the replication potential of the CDX, | also began to optimise the
DNA fiber assay. This assay can be used to understand the dynamics of DNA
replication under normal and stress-induced conditions. Hill et al demonstrated that
assessment of defects in the replication fork protection with the DNA fiber assay was
predictive of carboplatin, CHK1 and ATR inhibitors response in patient-derived
ovarian cancer organoids (Hill et al., 2018). Because most of the drugs used in this
thesis can induce replication stress, it would be interesting to characterise the
replication dynamics of each CDX before and after treatment in order to evaluate
whether certain models can be classified as sensitive or resistant based on the way
they deal with replication stress. This could be particularly useful to help design
better combinatorial treatments and identify proper biomarkers of response. Genes
involved in DNA replication and repair of stalled replication forks are enriched in
AZD1775/olaparib sensitive and resistant models, respectively, further suggesting
that understanding the dynamics of these complicated processes in the CDX could

help deciphering their response to this therapeutic combination.

7.4 Molecular validation of the on-target effect of AZD1775 and
olaparib in SCLC CDX cultures

Drugs can have several off-target effects. A recent CRISP-Cas9 screen
demonstrated how different cancer drugs used in clinical trials kill cells via off-target
effects, highlighting the importance of fully characterise the mechanism of action of
each tested drug (Lin et al., 2019). PARP proteins consist of 17 members in humans.
These proteins may have different cellular roles, most of which are unknown. In 2012,
Wahlberg and colleagues demonstrated that different PARP inhibitors, including
olaparib, can bind to multiple PARP proteins and therefore can have distinct cytotoxic
effects (Wahlberg et al., 2012). More recently, Knezevic et al performed a proteome-
wide profiling of clinical PARP inhibitors and identified 17 novel drug targets beyond
the PARP protein family (Knezevic et al., 2016). Similarly, some studies have shown

that AZD1775 can efficiently bind to both WEE1 and the Polo-like Kinase 1 (PLK1)
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(Wright et al., 2017), suggesting that WEE1 inhibition may not be the only effect
responsible for the AZD1775 cytotoxicity observed in tumours. All together, these
data highlight the importance of performing genetic validation of the mechanism of
action of the drugs under study. During my PhD, | have focused my studies in defining
the overall effects of DDR inhibitors on our CDX cultures. However, | did not study
whether the observed responses were caused by on-target or off-target effects.
Genetic silencing or knock-out of PARP1 or WEE1 should be used to validate whether
the effects observed with these drugs are triggered by their ability to inhibit
WEE1/PARP1 or off-target proteins. There are currently multiple genetic approaches
that could be used to perform such validations. These approaches can be based on
RNA interference (RNAI) or on genetic editing by the CRISPR-Cas9 system (Aagaard
and Rossi, 2007; Mali et al., 2013; Qi et al., 2013). Both approaches can efficiently
interfere with the expression of specific genes, however, they have some limitations.
As with drugs, both RNAi and CRISPR-Cas9 can introduce off-target effects (Aagaard
and Rossi, 2007; Fu et al., 2013). This is usually linked to the design of the RNA that
may have low affinity for several regions of the genome and therefore silence off-
target genes. To reduce the risk of off-target effects, several small interfering RNA or
guides per target are normally used. This allows validation of the on-target effect of
the genetic manipulation. Other limitations have been described, including activation
of compensatory mechanisms to bypass the silencing of the gene of interest or the
technical challenges observed with some transfection-resistant cell types (Chen et al.,
2016; El-Brolosy et al., 2019). It is also important to note that, although genetic
validation is often beneficial, it is not equivalent to pharmacological inhibition and
the phenotypic consequences can diverge (Pettitt et al., 2018).

Overall, all methods have advantages and disadvantages and a multi-modal
approach should be used to cross-validate each findings. Genetic manipulation can
also be exploited to overexpress a protein of interest. These approaches can be
exploited as complementary rescue experiments to assess for off-target effects and
further confirm the role played by the target protein in the phenotype investigated
(Oser et al.,, 2019). Going forward, it will be very important to exploit these
techniques to fully characterise how the DDR inhibitors act on the CDX models and

better understand their role in SCLC.
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7.5 DDR inhibitors as promising targets for SCLC

As suggested in the analysis comparing in vitro efficacy and RNAseq data, multiple
genes and pathways could be involved in the response to the DDRi tested. | focused
on the role of p21 in the CDX because of published data showing that p21 can have
p53-independent roles in cancers, including modulation of DNA repair and DNA
replication (Georgakilas et al., 2017). Interestingly, p21 is heterogeneously expressed
across the CDX, with 8/15 models showing more than 30% of cells positive for p21. |
was not able to functionally assess the role of p21 in the CDX due to the outgrowth
of p21* clones in CDX4 tumours infected with CRISPR guides against CDKNI1A.
However, these data suggest that p21 may be necessary for tumour development.
Galanos et al demonstrated that constitutive expression of p21 in the absence of p53
triggers replication stress. This was caused by an up-regulation of the licensing factors
CDT1 and CDC6 that elicited endoreduplication and consequent genomic instability.
They suggested that this p21-driven genomic instability allowed the tumour to
acquire more aggressive features (Galanos et al., 2016). If this is also the case in SCLC,
it could explain why some tumours displayed high level of p21 at baseline. However,
| was unable to find any correlation between the level of p21 and the response to
cisplatin/etoposide or AZD1775/olaparib, suggesting that if p21 is involved in the
evolution of some SCLC tumours, it does not seem to influence the response to
treatments. Similarly, pHH3 did not correlate with the response to AZD1775/olaparib
and a weak positive correlation was observed with the response to
cisplatin/etoposide. It has to be taken into consideration that | have compared the
levels of p21 and pHH3 proteins observed in tumours versus the response of the
corresponding cultures. Therefore, the lack of correlation could be linked to
differences in the level of these markers between the in vivo models and the cultures.

More putative predictive biomarkers were identified via transcriptomic analyses
conducted using RNAseq data available in our group. However, because the complete
analysis was only generated at the end of my PhD, | have not been able to perform
validation studies. Genes like NEUROD1 and YAP1 are particularly interesting because
they have already been validated as biomarkers to classify SCLC to different

phenotypic subgroups, but there is little research so far that look at whether these
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subgroups show different responses to treatments (Rudin et al., 2019). One weakness
of this analytical strategy lies in the fact that RNAseq data were derived from tumour
samples, while the Glsp were derived from the cultures. While | consider that most of
the data obtained from the cultures are representative of what is observed in vivo,
the lack of correlation observed with CDX8/8p flags that these cultures have some
limitations that could have biased the results.

In conclusion, | have optimised several assays for CDX cultures that can now be
used to address specific biological questions. With the completion of the in vivo
Decapus study, there will soon be plentiful data to mine and validate the predictive
value of the cultures. It will also be possible to identify those models that do not
behave ex vivo as the donor tumours. Independently of the results from this
comparison, the ex vivo cultures are a new and reliable model that can complement
the preclinical tools currently available to study SCLC. While both the inter- and intra-
heterogeneity observed in the CDX may have challenged some of the analyses
conducted, it may also be seen as a strong advantage of these models. It is likely that
this heterogeneity constitutes a true representation of the tumour complexity
observed in patients, which may be overlooked when using established SCLC cell lines
or GEMMs.

The combination of AZD1775 with olaparib has shown to be very promising in a
specific subgroup of SCLC CDX and the identification of biomarkers of response merits
further investigation. Furthermore, the response to the AURKB inhibitor observed ex
vivo was impressive. If the results obtained are shown to be a consequence of on-
target effects of the drug, it would be worth prioritizing this inhibitor and test it in
combination with additional drugs. It is also necessary to investigate further the role
these DDRi have in SCLC, not only to understand why these tumours seems to be so
sensitive to these drugs, but also to predict the inevitable mechanism(s) of relapse.

Finally, all biomarkers and drugs validated with the CDX have the potential to be
translated directly on the CTCs. This could allow to use these biomarkers to monitor
individual patient tumour responses to specific treatments over time, without the
need to access tumour biopsy specimens. Moreover, once the CTC cultures will be

fully validated, they could be used as ‘avatar’ models to test multiple
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biomarkers/drugs in real time, and help inform clinicians in the selection of the most
promising treatment for the patient.

With this thesis | have confirmed the use of CDX as a wonderful resource for SCLC
research. At the time of writing, our laboratory has developed 45 SCLC models, which
cover a wide clinical spectrum of SCLC patients. However, their complexity adds
challenges to biomarkers discovery and development. It seems likely that simple
predictive biomarkers (e.g. EGFR mutations for EGFR inhibitors, Su et al., 2012) will
not be sufficient for DDRi-based therapeutic strategies, and a combination of gene

expression profiles and functional assays will be required to stratify SCLC patients.
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Appendix Figures
A

pHH3 pHHS | Dap |

CDX3

Appendix Figure 1 related to Figure 18. A. Image of CDX3 tumour showing different level of pHH3
intensities. The white triangle indicates a pHH3 negative cell included in the positive population by
the threshold set by the Gaussian mixture model, while the yellow triangle indicates a cell weakly
positive for pHH3. Red lines demarcate the nuclei. Scale bar = 10 um.
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Appendix Figure 2 related to Figure 40. Linear modelling to correlate the patient survival in months
with the Glso (LM) of response to etoposide combined with different concentrations of cisplatin.
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Appendix Figure 3 related to Figure
49. A. Representative images of
yH2AX foci formation on CDX3 and
CDX8 cells untreated or 24hr after
irradiation (10 Gy). Scale bar: 10
pm. Unt: untreated.
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related to Figure 50.
A,B. Representative
images of RAD51 foci
formation on CDX2
(A) and CDX8 (B) cells
irradiated with 10 Gy.
Scale bar: 10 um.
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Appendix Figure 5 related to Figure 51. A. Unsupervised hierarchical clustering of a selected list of
genes to discriminate tumours with HR deficiency (Peng et al., 2014). Coloured annotations were
based on the cluster of response to olaparib ex vivo described in chapter 4.2.4 (Figure 44B).
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Appendix Figure 6 related to Figure 59. A-C. Representative images of CDX18 (A), CDX23 (B) and
CDX31 (C) before and after treatment with 100 nM VE822 + 1 mM HU or 100 nM AZD1775. Scale bar
=50 um.
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Appendix Figure 7 related to Figure 67. A. Representative images of p21 and pHH3 staining on the
stated CDX. Scale bar = 50 um.
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Appendix Figure 8 related to Figure 70. A. Representative images of p21 and pHH3 staining on the
stated CDX. Scale bar = 50 um.
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Appendix Figure 8.1 related to Figure 70. A. Representative images of p21 and pHH3 staining on the
stated CDX. Scale bar = 50 um.
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Appendix Figure 9 related to Figure 71. A. Distribution of p21 and pHH3 intensities in all CDX tested.
Each distribution represent one replicate.
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Appendix Figure 10 related to Figure 73. A. Representative images of CDX4 tumours infected with
guide 4. Dotted squares delineate the region highlighted on the right hand side of the figure. Scale bar
for the low magnification images is 250 um, while for the high magnification images is 50 um. g4:
guide 4.
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