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Abstract

Introduction

Evidence suggests a subpopulation of treatment resistant glioblastoma (GBM)
cancer stem cells (GSCs) is responsible for tumour recurrence, an almost
universally deadly characteristic of this cancer of extreme unmet need. Current
treatments fail to eradicate GSCs and novel GSC targeting therapies are a
clinical priority. Elevated DNA replication stress (RS) in GSCs has been described,
leading to constitutive DNA damage response activation and treatment
resistance and targeting RS with combined ATR and PARP inhibition (CAiPi) has
provided potent GSC cytotoxicity. Nevertheless, there are a relative lack of
studies investigating the underlying mechanisms of response to CAiPi in GBM and
a lack of robust transcriptional signatures or genomic biomarkers correlated with

CAiPi response in GSCs.
Aims

This thesis aims to investigate RS as a targetable vulnerability of GSCs. It aims to
achieve this by studying the mechanisms of sensitivity to inhibition of the RS
response to inform transcriptional indicators of sensitivity. Lastly, it aims to

investigate the feasibility of this therapeutic strategy in a preclinical model.
Methods

Paired GSC-enriched and GSC-depleted, differentiated (‘bulk’) populations,
derived from resected GBM specimens, were maintained in serum-free, stem-
enriching conditions or differentiating conditions respectively. WGS and RNAseq
were utilised to characterise the genomic and transcriptomic landscape of the
cell line panel. Responses to CAiPi were assessed by clonogenic and cell viability
assays and validated in a CD133 sorted population by neurosphere assay.
Replication dynamics in paired GSC and bulk cells were investigated by a DNA
fibre assay. Dysregulated S phase was analysed by quantification of 53BP1
nuclear bodies (53BP1NB), indicative of under-replication of the genome, and
quantification of re-replicating cells by flow cytometry. Chromosomal instability

was interrogated by quantification of chromatin bridges and micronuclei. Novel
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mechanistic discoveries prevalent in GSCs with potent CAiPi-sensitivity were
used to curate a transcriptional marker of sensitivity for interrogation in GBM
cell lines and in published clinical datasets. Lastly the feasibility of CAiPi was

investigated in an in vivo preclinical model, assessing tolerability and tumour

penetration.

Results

CAiPi was potently cytotoxic to a population of GSCs but highly heterogenous
responses to CAiPi were observed across a panel of seven paired GSCs and bulk
cells. Sensitivity was not predicted by elevated RS in GSCs or any previously
defined biomarkers of RS or CAiPi sensitivity. Differential sensitivity was
exploited for further investigations which identified transcriptional dysregulation
of DNA replication, specifically in a CAiPi-responsive GSC line. Subsequent
analysis of DNA replication identified PARPi-induced increase in origin firing,
associated with PARP trapping. GSCs with this origin firing phenotype also
exhibited an increase in both under-replicated DNA and re-replication in

response to CAiPi, with an increase in chromosomal aberrations and instability.

A curated transcriptional signature, based on mechanistic discoveries in CAiPi-
sensitive GSCs, predicted GSC sensitivity and identified populations of GBM
patients with poor survival who may respond to CAiPi treatment. In vivo studies
demonstrated murine blood brain barrier (BBB) penetration of a PARPi and an
ATRi with minimal toxicity, however optimal dosing and scheduling remains a

challenge.

Conclusions

We propose that CAiPi-sensitivity is marked by loss of replication coordination
leading to chromosomal damage as cells move through S phase. Additionally, we
propose a model whereby under-replication and re-replication can occur due to
spatial and temporal uncoupling during S phase. Targeting RS via CAiPi
represents a promising therapeutic strategy for selectively targeting recurrence

driving GSCs to improve clinical outcomes in GBM.
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Chapter 1 Introduction

1.1 Introduction

Glioblastoma (GBM) is the most common and devastating primary brain tumour
in adults. Current treatment involves surgical resection where possible, followed
by radiotherapy (RT), concurrent temozolomide (TMZ) chemotherapy and a six-
month adjuvant course of TMZ. Despite aggressive treatment, recurrence and
disease progression is inevitable, with a median survival of only 14.6 months
(Stupp et al., 2009). There is a need to identify therapies that can improve
debilitating symptoms, increase the efficacy of current treatment modalities and

improve survival.

The greatest advancement in standard of care for GBM came with the addition of
the alkylating agent TMZ to RT, which increased the two-year survival rate to
26.5%, compared to 10.4% with RT alone (Stupp et al., 2005). However, it had a
much more modest effect on median survival. The addition of TMZ to standard
of care in 2005 remains the only significant advancement of GBM treatment and
survival rates, despite extensive research and clinical trials. GBM remains a
deadly cancer of extreme unmet need. High levels of treatment resistance drive
recurrence and disease progression. This clinical behaviour has been associated
with the presence of highly radiation resistant cancer stem cells (CSC) (Bao et
al., 2006). New therapies are being investigated for their capacity to target and

sensitize this recurrent population of cells.

1.2 Glioblastoma characteristics

1.2.1 MGMT methylation

To date, the biomarker with most clinical utility in GBM is methylation of the
MGMT (0¢-methylguanine-DNA methyltransferase) promoter (Hegi et al., 2005).
MGMT acts to remove cytotoxic 0O%-alkylguanine lesions which are a lethal
bioproduct of alkylating TMZ chemotherapy. However, methylation of the CpG
islands in the promoter, which is present in about 45% of GBM tumours, silences
the gene and sensitises GBM to the chemotherapy (Hegi et al., 2005, Watts et
al., 1997). A greater and significant survival benefit from the addition of TMZ to

RT was seen in patients with MGMT promoter methylation, increasing median
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survival from 15.3 months to 21.7 months (Hegi et al., 2005). In patients without
MGMT promoter methylation, there was a smaller and statistically insignificant
difference in survival when TMZ was added to RT. There are contrasting reports
of MGMT methylation status also being a prognostic biomarker for RT (Criniere et
al., 2007, Rivera et al., 2010), but overall, MGMT promoter methylation status is
an important biomarker of treatment response, and consequently is often used
for patient stratification in clinical trials. However, as with many biomarkers
there are limitations, including the fact that some tumours with unmethylated
MGMT promoters do respond to TMZ and some with methylated MGMT promoters

can exhibit poor responses and survival.

1.2.2 IDH mutational status

Mutations in IDH1 (isocitrate dehydrogenase 1), associated with glioma, were
first identified in 2008 by analysis of 105 GBM tumour samples which found a
point mutation resulting in a R132 amino acid substitution in 12% of patients
(Parsons et al., 2008). Mutations in IDH2, also associated with glioma, are found
at R172 but are much less frequent than IDH1 mutations (Yan et al., 2009). IDH1
and IDH2 are involved in glucose metabolism, catalysing the production of a-
ketoglutarate (a-KG) and reduced nicotinamide adenine dinucleotide phosphate
(NADPH), which function in the response to oxidative stress. IDH mutations were
initially of interest as they were most prevalent in younger GBM patients and
associated with a 16-month median survival benefit (Parsons et al., 2008, Yan et
al., 2009). IDH mutations were found to be highly prevalent in low grade glioma
and in secondary GBM (73%) but not in primary GBM (3.7%), which highlights the
tendency for IDH-mutant low-grade gliomas to recur as a secondary GBM
(Nobusawa et al., 2009). Primary GBMs with an IDH mutation had similar clinical
and genetic profiles to secondary GBM, leading Nobusawa et al to postulate that
they may arise from rapidly progressing low-grade gliomas that go undiagnosed
and are therefore actually secondary GBM (Nobusawa et al., 2009). Classification
of GBM by the World Health Organisation (WHO) had been as either IDH wildtype
(WT) or IDH mutant until the recent reclassification in 2021, which stated that
all GBM are IDH WT and any previously defined IDH mutant GBMs are now ‘IDH

mutant astrocytoma’ (Louis et al., 2021).
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1.2.3 GBM genomic landscape

GBM is characterised by both intratumoral and intertumoral heterogeneity. PTEN
(phosphatase and tensin homolog), TP53 (tumour protein p53), TERT (telomerase
reverse transcriptase), EGFR (epidermal growth factor receptor) and CDKN2A
(cyclin dependent kinase inhibitor 2A) have been reported as the most
frequently mutated or altered genes in GBM (Sakthikumar et al., 2020, Parsons
et al., 2008, Brennan et al., 2013). Parsons et al found CDKN2A was the most
frequently altered, with homozygous deletions found in 50% of patients (Parsons
et al., 2008), which predicted worse survival in IDH WT GBM (Ma et al., 2020).
They also found point mutations in TP53 (35%), EGFR (14%) and PTEN (26%),
amplifications of EGFR (23%) and homozygous deletions in TP53 (5%) and PTEN
(5%). Whole genome sequencing of GBM by Sakthikumar et al identified TP53,
EGFR and PTEN as the only “significantly mutated genes”, which were genes that
contained more clinically significant variants than expected by chance
(Sakthikumar et al., 2020). EGFR amplification is associated with a more
aggressive GBM phenotype (Xu et al., 2017), as well as being identified as an
early event in GBM progression, alongside CDKN2A copy number alterations
(Sottoriva et al., 2013). TP53 and PTEN mutations in GBM are not prognostic but
may be more crucial for initiation or progression (Rich et al., 2005), with
aberrations in both associated with later malignant events in a study of tumour

evolution (Sottoriva et al., 2013).

Extensive characterisation of GBM mutations in recent years has led to
identification of some frequently altered but also defining GBM mutations.
Historically, CNS tumour diagnosis and grading was based exclusively on
histology, however, several molecular markers now add prognostic information
which is incorporated into the WHO classification of CNS tumours. The WHO
classification of GBM, a grade IV glioma, has recently been updated in 2021.
Previously, GBM was categorised as either IDH mutant or wildtype but since 2021
any IDH mutant GBM have been reclassified as astrocytomas, in keeping with
them being less aggressive and infrequently found in primary GBM (Nobusawa et
al., 2009). Now GBM is only IDH wildtype, the most aggressive CNS tumour.
Additionally, several molecular markers have been added as grading biomarkers;
a histologically “lower grade” glioma could be classified as GBM if an IDH WT

diffuse astrocytic glioma is accompanied with one or more of TERT promoter
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mutation, EGFR amplification and +7/-10 copy number changes (Louis et al.,
2021).

1.2.4 Glioblastoma subtypes

Another GBM stratification method is by transcriptomic subtype. There have
been several transcriptomic signatures proposed for subtyping, with
‘mesenchymal’ and ‘proneural’ subtypes most frequently discussed, and
‘classical’, ‘neural’ and ‘proliferative’ variably described. Verhaak et al were
the first to describe a transcriptional subtype signature in 2010 to classify GBM
as either proneural, neural, classical or mesenchymal (Verhaak et al., 2010).
However, an updated transcriptional subtype signature which categorised GBM
as proneural, classical or mesenchymal has since been described (Wang et al.,
2018). Wang et al aimed to identify GBM-specific gene expression, excluding
gene expression from any tumour micro-environment and non-malignant cells, by
comparing patient samples to matched cell cultures, sequencing single cells and
comparing core versus margin samples. They found no association with the
previously described neural subtype suggesting this was non-tumour specific and
in keeping with the neural subtype’s relationship to the tumour margin (Wang et
al., 2018, Gill et al., 2014). They also investigated the survival outcomes of the
three subtypes. High levels of intratumour heterogeneity were evident in these
data with more than one subtype often present within a single tumour (Patel et
al., 2014, Sottoriva et al., 2013) which resulted in no significant differences in
survival between subtypes. However, analysis of only patients with the lowest
heterogeneity found a median survival of 11.5, 14.7 and 17.0 months for

mesenchymal, classical and proneural respectively (Wang et al., 2018).

Subtypes have shown limited utility in treatment stratification despite
differential survival probabilities and distinct molecular biomarkers of GBM
subtypes (Phillips et al., 2006, Verhaak et al., 2010). Park et al more recently
identified subtype-specific alterations associated with prognosis which they
proposed should be further investigated as therapeutic targets (Park et al.,
2019). However, they do acknowledge the challenges that have prevented more
targeted therapies to have clinical success in GBM thus far, namely high levels of
subtype and molecular heterogeneity and complex pathway activation. In

addition, the ability of tumour cells to shift subtypes (Tang et al., 2021) and
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molecular alterations after recurrence (Neilsen et al., 2019, Schafer et al.,
2019) are likely factors in the failure of targeted therapies in GBM so far. To
date, MGMT promoter methylation remains the only biomarker with clinical
utility in GBM.

1.3 Glioblastoma cancer stem cells

The CSC theory proposes that cells within tumours are hierarchical, with a
cellular organisation similar to that of normal tissue. CSCs sit at the apex of this
tumoural society with increasing differentiation seen in CSC progeny. Although
comparable to normal tissue organisation, the tumoural hierarchy is likely more
chaotic and probably demonstrates a greater degree of plasticity (Rich, 2016).
Glioblastoma CSC (GSCs) have been well characterised and are important
clinically as they are highly treatment resistant and their persistence after
standard of care drives recurrent disease, an almost universal feature of GBM.
The defining features of GSCs are a capacity for self-renewal, unlimited
proliferative potential and the ability to initiate tumours upon secondary
transplantation in vivo. An important feature of GSCs is not only tumour
initiation in vivo but also to have the capacity to recapitulate the heterogeneity
of the parental tumour upon intracranial injection, which is the strictest
functional assay for defining GSCs. Other defining features include
differentiation along multiple lineages and expression of GSC markers (Lathia et
al., 2015).

Below GSCs in the hierarchical ‘pyramid’ of GBM are relatively more
differentiated cancer cells that lack the self-renewal, proliferative and
tumorigenic capacities of GSCs. Despite these cells lacking the ability to drive
tumour growth alone, they do make up most of the tumour bulk and are herein
entitled ‘bulk’ cells. Bulk cells are still important clinically since they drive
symptomatic disease due to making up the majority of the tumour volume.
However, a key focus for GBM research is targeting treatment resistant,

recurrence driving GSCs.



Chapter 1 6

1.3.1 GSC definition

There has been differing nomenclature used for the cells at the top of the
tumoural cellular hierarchy. Tumour-initiating, tumour-propagating and cancer
stem/stem-like cells have all been used to describe this population of cells,
however they all differ slightly in their functional characteristics. The first two
describe cells with an ability to initiate or propagate tumours upon secondary
transplantation, whereas the more restrictive CSC definition is used to define
cells that generate heterogeneous tumours that contain cells with varying
degrees of self-renewal capacities (Lathia et al., 2015). Therefore, CSCs, or

GSCs in relation to GBM, is the most frequently used and most informative term.

The GBM cell-of-origin is often debated, and despite the role of GSCs in tumour-
initiation and their overlapping characteristics, neural stem cells (NSC) are not
necessarily the cell-of-origin. In fact, there are several different cell types that
have been proposed as the cell of origin from studies which have utilised genetic
inactivation of tumour suppressors such as TP53 or overexpression of TGFa
(transforming growth factor alpha), including oligodendrocyte precursor cells
(Liu et al., 2011), NSCs (Zhu et al., 2005) and mature astrocytes that have
regressed to a progenitor-like state (Dufour et al., 2009). Some studies have
shown a correlation between these GBM cell-of-origin models and a specific GBM
subtype, suggesting that there are potentially different cells-of-origin that
dictate GBM subtype and phenotype (Alcantara Llaguno et al., 2015, Liu et al.,
2011).

There are also arguments and evidence to suggest that GBM cancer cells exhibit
intrinsic plasticity and exist as a transcriptional cellular state rather than a
specific cellular population, driven by tumour microenvironment and cellular
interactions. Some studies have found GBM cancer cells that did not express GSC
markers have GSC-like phenotypes such as tumorigenicity, self-renewal and
indefinite proliferation (Wang et al., 2008, Dirkse et al., 2019). Additionally, a
study of single cell RNA-seq from five primary GBMs found a continuous gradient
of GSC-associated gene expression, rather than distinct populations. Studies
have shown evidence of the microenvironment-induced adaption by GSCs,
including to hypoxic conditions and in complex in vivo microenvironments

(Dirkse et al., 2019). There are theories that tumour cells that exist in a plastic
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state can drive treatment resistance as cells with pre-existing resistance are
selected for and can be adapted towards under therapeutic pressures. However,
studies of both radiotherapy (Bao et al., 2006) and chemotherapy (Dirkse et al.,
2019) showed limited shifts in cellular state as a mechanism of resistance so if
true it is likely treatment-specific. These studies add to the ever-evolving

concept and complexity of GSCs.

1.3.2 Evidence for GSCs

The debate surrounding the CSC theory has been recent but a hierarchical
structure for cancer was first proposed almost two hundred years ago. As early
as the 1800s, it was proposed that cancer was initiated from remnants of
embryonic tissues and the morphological heterogeneity of tumour cells was
observed using light microscopy. Identification and isolation of CSCs was first
described almost three decades ago in haematopoietic malignancies. A study in
1994 identified a proliferative population of cells that had the capacity to
initiate acute myeloid leukaemia (AML) (Lapidot et al., 1994). Further
characterisation of this population of AML-initiating cells in 1997 described a
cellular hierarchy driven by these tumour initiating cells with differentiating,
proliferative and self-renewal capacities (Bonnet and Dick, 1997), in keeping

with the present-day definition and understanding of CSCs.

Isolation of CSCs in solid malignancies began in the early 2000s, with Singh et al
the first to describe a brain tumour-initiating population of cells in 2003 (Singh
et al., 2003). They isolated brain tumour cells from paediatric brain
malignancies and through a limiting dilution assay (LDA) they found between 0.3-
25.1% of isolated cells formed primary spheres. These spheres were non-
adherent, proliferative and expressed nestin and CD133, known NSC markers,
but did not express markers of differentiation. They also showed the self-
renewal capacities of these cells, as when dissociated they formed secondary
tumour spheres, and their self-renewal capacities correlated with tumour grade.
Lastly, they displayed evidence of recapitulation of parental tumour, as
dissociated spheres grown in differentiating, adherent conditions resulted in
cells preferentially expressing markers correlating to the original tumour
phenotype (Singh et al., 2003). Singh et al went on to show that this tumour-

initiating population of cells were capable of initiating tumours in vivo (Singh et
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al., 2004). They isolated CD133* cells from a range of human brain tumours
including GBM and found that as few as 100 CD133* cells injected intracranially
into NOD-SCID mice could produce a tumour that was phenotypically similar to
the original tumour, whereas up to 100,000 CD133" cells were not able to initiate
a tumour in vivo. At a similar time, Galli et al also investigated a tumour-
initiating stem cell, with a focus on GBM (Galli et al., 2004). They disaggregated
GBM tumours and cultured cells in serum-free conditions with growth factors,
and found all tumours formed neurospheres at rates of 0.5-31.0%. In vitro
validation of these cells as GSCs found that half of their GBM specimens
established long-term cultures indicative of sustained proliferation, they showed
multipotency through generation of neurons, astrocytes and oligodendrocyte-like
cells and all could generate secondary clonal spheres. In vivo analysis showed
100% uptake of tumours by intracranial injection. Additionally, despite tumour
generation being much slower than commercial GBM cell line U87, the tumours
showed a marked resemblance to GBM tissue patterns (necrosis, vascular
proliferation, infiltration) whereas U87 tumours showed no GBM-specific features
(Galli et al., 2004). They also demonstrated the ability of these cells to generate
tumours by serial transplantation. These studies supported the CSC theory in
solid tumours, and since the identification and isolation of GSCs, most studies
have focused and utilised this population of cells for more phenotypically

accurate in vivo models.

1.3.3 Models of GSCs

GSCs are exclusively cultured under serum-free conditions, based on the long-
established knowledge that serum results in terminal differentiation of NSCs in
vitro. In addition, optimal conditions for maintenance of undifferentiated NSCs
includes culturing with the supplements epidermal growth factor (EGF) and basic
fibroblast growth factor (bFGF). Lee et al established how critical these
conditions were for GSCs to closely match the primary tumour genotype and
phenotype (Lee et al., 2006a). The maintenance of GSCs under serum-free
conditions with the addition of EGF and bFGF is almost universally accepted and
utilised as a medium, but additional supplements and additives remain
subjective and lack standardisation (Zhang et al., 2020). Isogenic bulk cells,

which are derived from the same parental primary GBM cell line as their paired
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GSCs, can be cultured and maintained in medium containing foetal calf serum

(FCS) to promote differentiation.

As discussed previously, isolation and identification of GSCs depends upon the
key characteristics of CSCs, namely self-renewal, maintained proliferation and
ability to recapitulate parental tumours in vivo. The gold standard assay for
assessing tumour-initiating cells within a population is the in vivo LDA. An LDA
aims to identify the frequency of active cells. Serial cell dilutions of both CSC
and differentiated tumour cells are injected into immunocompromised mouse
models and assessed for the formation of tumours. Through statistical analysis
and comparisons of tumour initiation between CSCs and differentiated cells, a
CSC frequency can be estimated (Hu and Smyth, 2009). It also assumes a single-
hit hypothesis, critical for the CSC theory, whereby a single cell is sufficient or
responsible for tumour-initiation as opposed to multiple cells together. It is a
very time-consuming assay, with several cell dilutions required including
dilutions that result in both positive and negative responses, and has therefore
not been utilised very often in solid tumours, often being replaced by an in vitro
sphere-formation LDA (O'Brien et al., 2010).

Sphere formation assays are utilised extensively in stem cell research as it can
assess self-renewal, proliferation and differentiation. Sphere forming assays
were first used to identify NSCs. Reynolds et al plated dissociated adult mouse
brains in adherent conditions, and observed a small proliferative population,
initially adherent but subsequently detaching and forming spheres (Reynolds and
Weiss, 1992). These spheres were positive for nestin, a previously described
embryonic brain stem cell marker, and formed secondary spheres when
disaggregated. The removal of EGF prevented further proliferation and transfer
to an adherent surface resulted in differentiation to neurons and glial cells
(Reynolds and Weiss, 1992). This was the first evidence of multipotent brain

stem cells and the utility of sphere-forming assays.

Since the discovery of GSCs and the utility and ease of the neurosphere
formation assay, it has become commonplace in GSC research, however there
are some limitations and considerations. There is evidence that not all
neurospheres are formed from GSCs. Transit-amplifying cells are rapidly dividing

secondary precursors which generate neuroblasts but have been shown to form
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neurospheres due to being EGF-responsive (Pastrana et al., 2009, Doetsch et al.,
2002). It therefore has been criticised as a uniquely GSC-specific detection
method, and may be better described as evaluating the potential of a cell to
have the characteristics of and behave as a GSC in an in vitro environment
(Pastrana et al., 2011). Additionally, careful consideration needs to be taken
when determining cell density, since an absolute requirement for neurosphere
classification is its derivation from a single cell. A cell density too high can result
in cell aggregation and therefore would not be truly clonal. For defining GSC
potential via neurosphere assay, ideally one cell per well is plated, however a
low cell density per well can be used for assessing proliferation or survival with

the caveat that likely not all spheres are clonal.

Neurosphere assays can be used for assessing cytotoxicity of drugs that target
GSCs. However, comparisons of GSCs and their adherent paired tumour bulk cells
are often carried out. Therefore, there has been a desire to establish an
adherent GSC model. Adherent GSC conditions can be established through the
introduction of an extracellular matrix (ECM) to culturing flasks and plastics.
Pollard et al sought to investigate the applicability of adherent GSCs, as they
also postulated that it would address the aforementioned limitations of
neurospheres, namely progenitor cell growth in suspension, clonal aggregates
and additionally the non-uniform access to growth factors which can drive
differentiation (Pollard et al., 2009). They demonstrated successful derivation of
adherent GSCs from malignant GBM, at rates higher than found for derivation of
spheres, that displayed GSC characteristics and initiated tumours in vivo.
Concurrently, Al-Mayhani et al found improved efficiency of GSC derivation from
tumours by sphere formation and subsequent growth as a monolayer (Fael Al-
Mayhani et al., 2009). The GSCs grown as a monolayer were able to form
tumours in vivo, with invasive properties and genotypes similar to that of the
parental GBM tumour, validating this model for GSC enrichment. This presented
a different GSC culture methodology, with advantages for drug screening and

comparisons to adherent cell lines.

1.3.4 GSC markers

As has been touched on briefly, there are markers for GSCs utilised for

characterisation and isolation, however there are many limitations. The most



Chapter 1 11

frequently used GSC marker is the cell surface marker CD133. CD133 is a five
transmembrane protein first identified as a marker of haematological stem cells
(Miraglia et al., 1997) which is encoded by the Prominin 1 (PROM1) gene. A few
years later it was used to identify self-renewing and pluripotent central nervous
system (CNS) stem cells (Uchida et al., 2000), and a few years after that CD133*
cells were identified in GBM that initiated tumours in vivo (Singh et al., 2004,
Yuan et al., 2004). Despite initial promise and its widespread use as a GSC
marker, many studies since have found both CD133" cells with GSC properties and

identified GBM populations with no CD133* cells, as will be detailed below.

Beier et al were the first to describe a CD133" GSC population. They identified
classical CD133* non-adherent neurospheres with multipotent and tumorigenic
properties, however they also identified a subset of CD133" neurospheres, that
also had GSC properties (Beier et al., 2007). These spheres had self-renewal and
pluripotent capabilities and initiated tumours in vivo, whereas CD133" cells
derived from CD133* neurospheres did not. They proposed that these CD133"
sphere-forming cells represent a subset of GSCs, distinct from CD133* GSCs in
terms of molecular, genetic and growth profiles (Beier et al., 2007). Several
other studies also presented similar results showing the in vivo tumorigenicity of
CD133 cells (Joo et al., 2008, Ogden et al., 2008, Fael Al-Mayhani et al., 2009,
Son et al., 2009). Additionally, there are varying reports on how many tumour
cells express CD133. Looking at dissociated tumours, Son et al reported 50% of
tumours had no CD133 detectable by fluorescence-activated cell sorting (FACS)
analysis (Son et al., 2009), whereas by a similar method Brescia et al detected
CD133* cells in all dissociated tumours, albeit 50% of these had <1% CD133* cells
(Brescia et al., 2013). Reporting of CD133 tumour positivity by other studies
have set a cut off at 3% (Beier et al., 2007, Joo et al., 2008) and at 2% (Ogden et
al., 2008), so there may be inconsistencies in reporting of absolute CD133
positivity. The potential absence of CD133 expression in some GBM tumours and
the presence of GSC-like CD133" cells raises doubts on CD133 as a universally

suitable GSC marker.

Other markers of GSCs have been proposed and analysed. The next most
frequently discussed marker is nestin. Nestin is an intermediate filament protein

and is a known marker of NSCs, important for their self-renewal capacities (Park
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et al., 2010). Several early studies showed a correlation between nestin and
undifferentiated patient derived neurospheres (Tunici et al., 2004, Hemmati et
al., 2003) but despite its proposal as a GSC marker, subsequent studies have
shown varying results. Lu et al showed rat-derived GBM clones with high nestin
formed tumours significantly faster than low nestin expression (Lu et al., 2011),
and Jin et al found nestin™ cells formed smaller neurospheres than nestin* cells
(Jin et al., 2013). However, the reliability of sphere size and speed of tumour
growth as a measure of stemness has been questioned. Additionally, nestin* cells
only formed spheres at a rate of 43% (Jin et al., 2013) and conversely, nestin’
cells formed tumours in vivo with 80% uptake (Prestegarden et al., 2010) which
raises questions about nestin’s validity to solely identify GSCs. Nestin likely
correlates with GSC populations, as Matsuda et al showed knockdown of nestin
suppressed stemness in glioma cells by a sphere-forming assay (Matsuda et al.,

2015), however like CD133 it may be identifying only a subpopulation of GSCs.

A whole host of other markers of GSCs have been proposed and studied. SOX2
(SRY-box 2) was detected in tumour-derived neurospheres, both differentiated
and undifferentiated (Hemmati et al., 2003) but was found to be crucial for
maintaining stemness and tumorigenicity in CD133* GSCs (Song et al., 2016).
Other proposed GSC markers include NANOG (Niu et al., 2011, Ben-Porath et al.,
2008), CD15 (Son et al., 2009), OLIG2 (oligodendrocyte transcription factor 2)
(Ligon et al., 2007), CD44 (Liu et al., 2006) and OCT4 (octamer-binding
transcription factor 4) (Ben-Porath et al., 2008). Due to the large array of
proposed markers and varying reliability, identification of a universally
applicable marker remains a challenge. Individual markers may be informative
but cannot be conclusively linked to GSC phenotype on their own. A panel of
markers, or potentially different markers identifying different subtypes of GSCs,
may be the best strategy. Until then, CD133 remains the most utilised and well

characterised GSC marker.

1.3.5 Clinical relevance of GSCs

The interest in GSCs and the desire to identify this subpopulation of GBM tumour
cells is due to their treatment resistance and the self-renewal capacities driving
tumour recurrence, a frequent and almost universally deadly occurrence.

Recurrent GBM has been associated with an increase in CD133 positivity when
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compared to paired primary GBM tumours (Liu et al., 2006), supporting the role
of GSCs in resisting therapies and driving recurrence. There is also evidence of a
correlation between GSCs and survival. Zeppernick et al studied 95 gliomas, of
which 42 were GBM, and they found that the proportion of CD133* cells was a
significant prognostic factor for adverse progression free survival (PFS) and
overall survival (0S), independent of grade or extent of resection (Zeppernick et
al., 2008). Pallini et al found similar results in 44 GBM patients treated with
resection, where adverse PFS and OS correlated with both in vitro generation of
neurospheres and >2% CD133* cells (Pallini et al., 2008). Metellus et al found
high CD133 mRNA expression also correlated with adverse PFS and OS
independently of resection or MGMT status (Metellus et al., 2011).

Eramo et al showed enhanced chemoresistance in undifferentiated primary GBM
spheres that also recovered and proliferated at higher rates after removal of
chemotherapy, in keeping with the treatment-resistant features of GSCs driving
recurrence (Eramo et al., 2006). However, GSC sensitivity was compared to
Jurkat cells, erythrocytes and chemosensitive tumorigenic small cell lung cancer
(SCLC) stem cells, which was a limitation to this analysis as it did not provide
evidence of differential sensitivities within GBM subpopulations. Shortly after,
Liu et al made comparisons on CD133 sorted GBM cells, and consistently found

enhanced chemoresistance in CD133* cells, including to TMZ (Liu et al., 2006).

Enhanced radioresistance of GSCs was first presented by Bao et al who showed
irradiation (IR) enriched a CD133* subpopulation relative to untreated cultures
and in a xenograft model (Bao et al., 2006). They found IR did not enrich for
CD133* cells in a CD133" population, indicative of survival and enrichment of a
CD133* population as opposed to a change in differentiation status of cells.
Investigations into the mechanisms of CD133* cell radioresistance found
preferential IR-induced activation of DNA damage checkpoints via Western blot
of key repair factors, leading to more efficient DNA repair assessed by comet
assay and subsequent cell survival (Bao et al., 2006). Ahmed et al also observed
increased radioresistance in GSCs in comparison to paired bulk cells by
clonogenic assay and similarly observed upregulated and activated DNA damage
response (DDR) factors in GSCs in response to IR (Ahmed et al., 2015). This

supported the work by Bao et al and confirmed cell cycle activation and
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enhanced DNA repair in GSCs. Further mechanistic studies into the
radioresistance of GSCs by Carruthers et al found that this increase in DDR
activation was driven by increased replication stress (RS) in GSCs (Carruthers et
al., 2018). They found CD133* GSCs had reduced replication fork speeds and
increased stalled forks in comparison to CD133" cells, indicative of increased RS.
They further confirmed this theory by inducing exogenous RS, which generated
radioresistance in CD133" cells. The theory of increased RS being a targetable
vulnerability of GSCs by Carruthers et al is the underpinning work for the rest of

this thesis. RS and targeting RS will be reviewed in the rest of this chapter.

1.4 Replication stress

1.4.1 Definition

Varying definitions for RS have been used but the most frequently utilised is any
process in the cell leading to problems during replication and slowing or stalling
of replication forks. However, this may not encompass all types of RS, such as
re-replication or aberrant origin firing, which will be discussed within this thesis.
Throughout S phase there are numerous sources of stress the cell must deal
with, which are often exacerbated during perturbed S phase, for example in
cancerous cells. The cell has mechanisms of responding to RS, primarily through
the apical kinase ataxia telangiectasia and Rad3-related protein (ATR), which
helps the cell successfully complete DNA replication under stress to avoid DNA

damage, genomic instability and cell death.

1.4.2 DNA replication coordination

DNA replication is a tightly coordinated cellular process, requiring duplication of
the genome only once per cell cycle. If cells enter mitosis before completion of
replication or following inappropriate re-replication of DNA, faithful
chromosome segregation is interrupted causing genomic instability in daughter
cells that can result in cell death or malignant cell growth. This regulation is
coordinated through firing of replication origins, as reviewed at length by Boos
and Ferreira (Boos and Ferreira, 2019). The mechanisms and key factors involved
in origin firing are illustrated in Figure 1.1. Replication initiation occurs after

successive origin licensing and origin firing/activation. In G1 phase, origin
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recognition complexes (ORC) bind to replication origin sites interspersed
throughout the genome. Origin licensing occurs at these sites, whereby
Chromatin Licensing and DNA Replication Factor 1 (CDT1) and Cell Division Cycle
6 (CDC6) facilitate loading of the minichromosome maintenance (MCM) helicase
to ORC. In this state, the MCM complex is an inactive helicase and known as the
pre-replication complex (pre-RC). Origin firing of licensed origins requires high
levels of cyclin-dependent kinases (CDK) and Dbf4-dependent kinase (DDK),
which increase as cells move into S phase which ensures the temporal location of
active replication during S phase. The levels of CDK and DDK also work to
prevent re-licensing of origins in S phase. Several replication factors bind to the
complex, forming the pre-initiation complex (pre-IC), including the GINS four
subunit complex, cell division cycle 45 (CDC45) and polymerase. An origins fires
or becomes activated after conversion of the pre-IC into two active helicases,
made up of the CMG complex (CDC45, MCM, GINS), that move away from the

origin bidirectionally to form two replication forks.
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Figure 1.1. Origin firing mechanisms. In G1 phase origins of replication are licensed by binding
of ORC and loading of MCM hexamer via CDT1 and CDC6 to form a pre-RC, which are
interspersed throughout the genome. Licensed origins are activated as they move from G1 into S
phase, due to increased levels of CDK and DDK which allows recruitment of several replication
factors to form a pre-IC. Origins fire in S phase, where several factors dissociate and a replisome is
formed of a CMG helicase and polymerase, which move away from the origin bidirectionally.
Licensed origins in the vicinity of an active origin remain dormant unless required due to fork
stalling. Created with BioRender.

It is estimated between one fifth and one third of all licensed origins fire during
an unperturbed cell cycle (Cayrou et al., 2011, Fragkos et al., 2015), with the
remaining origins remaining dormant. The number of active origins inversely
influences replication fork velocity, and fork velocity can be adjusted to fully
replicate the genome (Conti et al., 2007, Zhong et al., 2013). Several pre-RCs
form a replicative unit or replicon, within which only one pre-RC is activated
(Cayrou et al., 2011). The exact mechanisms are unknown, but adjacent origins
to an active fork within a replication unit are repressed and remain dormant. In
addition, dormant origins will normally be inactivated if their DNA is replicated
by a fork in the vicinity. However, if this does not occur, for example if there is

no fired origin nearby or when there is a stalled fork, dormant origins can fire to
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help complete replication later in S phase. It is hypothesised that excess origins
are licensed by MCM loading to provide backup capacity during RS, with dormant
origins firing in the vicinity of stalled forks to aid in successful genome
duplication (Ge et al., 2007, Ibarra et al., 2008, Woodward et al., 2006).

In addition, not all origins fire at the same time, with origins categorised as
‘early’, ‘mid’ and ‘late’ in respect to S phase. There are several theories as to
how origins are temporally organised. Das et al showed that multiple MCM
hexamers are loaded at each site and particular origins can be activated early in
S phase by an increase in MCM loading (Das et al., 2015). They proposed that
these origins fire early purely by an increased chance in origin activation
correlating with MCM hexamers loading, and that early origins are identified due
to a higher affinity for ORC binding (Das and Rhind, 2016). It has also been
suggested that limited replication factors spreads origin firing throughout S
phase, after a couple of studies showed overexpression of replication factors
shifted late origins to early S phase (Mantiero et al., 2011, Tanaka et al., 2011),
however this theory lacks a mechanistic explanation for preferential early and
late firing by specific origins. It has also been proposed that nucleosome
organisation may be important for replication timing, with more open chromatin
associated with early origins (Soriano et al., 2014). Studies have also proposed
Forkhead transcription factors (Knott et al., 2012) and histone acetylation
(Vogelauer et al., 2002) as critical for origin firing timing. The exact mechanisms
of replication timing and if any, all or some of these hypotheses play a part is
yet to be fully determined. However, it is known that origins fire co-ordinately
to achieve accuracy, speed and to balance consumption and distribution of

replication machinery.

1.4.3 Causes of replication stress

There are many causes of RS, with the key sources of RS illustrated in Figure 1.2.
For an in-depth review see Zeman and Cimprich (Zeman and Cimprich, 2014).
Unrepaired DNA lesions, nicks, gaps and stretches of single stranded DNA (ssDNA)
are some of the most frequently described sources of RS, and conversely can
also be markers of RS. Some of these gaps in the DNA are naturally occurring
DNA repair intermediates that can act as a replication barrier as persistent

unrepaired DNA lesions frequently hinder replication fork progression. There are
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many endogenous and exogenous sources of these DNA lesions, an in-depth
review of which is beyond the scope of this thesis, but includes chemotherapy
and RT, UV light and by-products of cellular metabolism. In addition, there are
several hard-to-replicate regions of DNA that present challenges to replication
machinery. These include repetitive DNA, secondary DNA structures such as
hairpins and G-quadruplexes which are four-stranded DNA structures formed of
GC-rich DNA (Hansel-Hertsch et al., 2017) and R-loops which are structures
formed of RNA:DNA hybrids (Gan et al., 2011). Also, exhaustion of replicative
factors has been shown to be a source of RS, most notably nucleotide supply.
Anglana et al showed numerous cellular responses to a depletion of nucleotides,
including slowed replication forks and increased active origin density (Anglana et
al., 2003). Furthermore, work by Bester et al linked nucleotide supply not only
to RS but also to oncogenesis, after the introduction of exogenous nucleotides
rescued RS, RS-associated DNA damage and also decreased oncogene-induced
transformation of cells (Bester et al., 2011). This led them to propose that
uncoordinated nucleotide production fails to support normal replication and
leads to subsequent oncogenic genome instability. Excess and unscheduled origin

firing has been proposed as a source of nucleotide shortage (Beck et al., 2012).

Another proposed source of RS and genomic instability is collisions between
replication and transcription machinery. In eukaryotes the existence of these
collisions is still somewhat debated since replication is confined to S phase and
transcription is largely restricted to cell cycle phases absent of ongoing
replication (Wansink et al., 1994). However, evidence in support of collisions in
eukaryotes include replication fork “pausing” at highly transcribed RNA
polymerase Il genes in Saccharomyces cerevisiae which was transcription
dependent (Azvolinsky et al., 2009) and loss of DNA topoisomerase | (TOP1),
which relaxes DNA supercoiling during replication, increased fork stalling due to
R-loop formation during transcription (Tuduri et al., 2009). Probably most
convincing was work by Helmrich et al which showed that long genes (>800kb)
take more than one cell cycle to transcribe and also replicate late in S phase,
making collisions almost inevitable (Helmrich et al., 2011). They found that
these collisions resulted in formation of R-loops and caused DNA damage hot

spots at common fragile sites (CFS).
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CFS are chromosomal regions identified due to their propensity for RS-induced
double strand breaks (DSB). CFS are sites of profound instability, driving
chromosomal rearrangements in cancer and can be identified as breaks or gaps
on chromosomes after induction of RS via aphidicolin. There are many
hypotheses for CFS fragility, including their location within large genes which
are transcriptionally active (Helmrich et al., 2011, Smith et al., 2006, Wilson et
al., 2015), insufficient origins so a limited ability to rescue stalled forks
(Letessier et al., 2011) and their replication late in S phase (Le Beau et al.,
1998). Interestingly, replication fork speed was not reduced through CFS,
suggesting there are no physical barriers resulting in their fragility (Letessier et
al., 2011). It is believed that their fragility arises after entry into mitosis due to

incomplete replication (Chan et al., 2009).
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Figure 1.2. Causes of replication stress. In unperturbed S phase, replication forks and
duplication of DNA can be carried out without problem. A stalled fork can occur due to RS which
leads to long stretches of ssDNA bound by RPA. Sources of this stress include hard to replicate
regions such as repetitive DNA and secondary structures, DNA lesions and CFS. Fork stalling can
also occur due to collisions of transcription and replication machinery and due to exhausted
replication factors like nucleotides. RS can also be induced by oncogenic activities. Created with
BioRender.

Lastly, an increase in origin firing could be an indicator of relicensing of origins
during the same cell cycle. Re-licensing and firing of forks, leading to replication
of regions of the genome already duplicated is called re-replication, leading to
genomic instability. As discussed in 1.4.2, through orchestrated activities of
many replication factors and levels of CDK and DDK, licensing of pre-RC is tightly
regulated to G1 phase, however if this regulation is lost it can lead to re-
licensing and re-replication, as illustrated in Figure 1.3. Re-replication is

associated with slower DNA synthesis, fork stalling, ssDNA and DSBs
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(Archambault et al., 2005, Davidson et al., 2006, Fu et al., 2021). In addition,
many studies have shown dysregulation of re-replication associated proteins in
cancers, for example overexpression of CDT1 and CDC6 was linked to
oncogenesis (Arentson et al., 2002, Gonzalez et al., 2006, Lau et al., 2007, Xouri
et al., 2004).
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Figure 1.3. Re-replication by origin re-licensing. Tightly regulated origin firing leads to
successful replication of the genome, only once per cell cycle. An increase of origin licensing
and/or origin firing can lead to an increase in active forks, which can have detrimental effects on
the cell in terms of replication/transcription machinery collisions and replication factor exhaustion
but should ultimately lead to no re-replication as replication terminates as forks converge. Re-
licensing of origins that have already fired early in S phase leads to replication of DNA already
duplicated, and therefore areas of re-replication, as shown in red.

1.4.4 Consequences of replication stress

Prolonged and unresolved RS can have many detrimental effects on the cell,
including fork collapse and under-replication of DNA, all potential sources of
DNA damage and genomic instability. Fork collapse can lead to the formation of
a DSB. The first reports of DSBs induced by stalled replication forks was by
Michel et al, who observed the phenomenon in E. coli after identification of
replication-dependent linearisation of circular DNA (Michel et al., 1997).
Furthermore, a frequently used exogenous inducer of RS, hydroxyurea (HU)
which depletes cellular deoxynucleotide triphosphate (dNTP) pools to stall forks,
induced DSB (Hanada et al., 2007, Lundin et al., 2002). DSBs induced at stalled
forks are dependent on the endonuclease methyl methanesulphonate (MMS) and
the MMS ultraviolet-sensitive gene clone 81 (MUS81) and essential meiotic
endonuclease 1 (EME1) complex (MUS81-EME1 complex) (Hanada et al., 2007).
Hypotheses for how a collapsed fork forms a DSB include intentional DSB
induction by the MUS81-EME1 complex to bypass irreversible stalled forks and
initiate repair pathways, or persistent ssDNA in the vicinity of a stalled fork is

susceptible to breakage (Lopes et al., 2006).
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RS is frequently associated with aberrant origin firing and under-replication of
the genome. Under-replicated DNA (UR-DNA) is frequently measured by p53
binding protein 1 (53BP1) nuclear bodies (53BP1NB), which were first identified
by two corresponding studies in 2011 (Harrigan et al., 2011, Lukas et al., 2011).
Lukas et al found that 53BP1NBs were induced by DNA damage or chromosomal
aberrations, they increased with RS, were present primarily in G1 phase and
produced symmetrical 53BP1NB numbers and patterns in daughter cells (Lukas et
al., 2011). They hypothesised that under-replication of chromosomes could
encompass and explain all these features. They proposed that UR-DNA bypassed
G2 checkpoints and formed nuclear bodies sequestered by 53BP1, and the loci
were converted to DNA lesions during mitosis. By ChIP-gPCR they found that
53BP1 was enriched at known CFS, confirming a link between UR-DNA and RS.
Harrigan et al similarly observed RS-induced incomplete DNA synthesis in S phase
resulting in the formation of nuclear sub-compartments in the subsequent G1
phase, marked by 53BP1 (Harrigan et al., 2011). These were the first
investigations into the fate of under-replicated genomic loci and description of
53BP1NB as a marker of UR-DNA.

The effect of RS on genomic stability has been characterised, including through
structures such as chromatin bridges, micronuclei and ultrafine bridges (UFBs).
Chromatin bridges, also known as bulky or anaphase bridges, occur when sister
chromatids fail to segregate during mitosis. If RS is unresolved, cells with UR-
DNA can enter mitosis leading to aberrancies including chromatin bridges. Chan
et al proposed that RS-induced chromatin bridging occurs after inefficient
resolution of replication intermediates at hard to replicate regions such as CFS
(Chan et al., 2009). Studies by Naim et al have implicated the endonucleases
ERCC1 (Excision repair cross complementation group 1) and MUS81-EME1
complex in processing of UR-DNA at CFSs, since their depletion resulted in
chromatin bridges and accumulation of DNA damage (Naim et al., 2013).
Chromatin bridges can be visualised by conventional staining of DNA and
confocal microscopy, hence often being described as “bulky”. Conversely, UFBs
cannot be identified by staining of DNA and were only identified in 2007 after
investigations of chromosome segregation found ultrafine DNA bridges which did
not stain for conventional DNA markers but did for BLM (Bloom’s syndrome RecQ

like helicase) (Chan et al., 2007). Mutations in BLM cause Bloom’s syndrome
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which is associated with cancer predisposition and chromosomal instability.
Subsequent studies have found that a subset of UFBs are prevalent at CFS due to
sister chromatids at these hard to replicate loci being interlinked by replication
intermediates, and they can be induced by RS (Chan et al., 2009). These were
subsequently called ‘fragile site-UFB’ (FS-UFB). Other described UFBs include
telomere- and centromere-UFBs, also both genomic regions with inherent

replication difficulties (Liu et al., 2014).

Micronuclei are extranuclear bodies containing damaged chromosome fragments
or whole chromosomes that were unsuccessfully incorporated into the main
nuclei during mitosis. A nuclear membrane forms around the excluded
chromosome or fragments, leaving small nuclear bodies which can be identified
by confocal microscopy. They can be utilised to assess genotoxic events, genetic
damage and chromosomal instability. There are several accepted mechanisms by
which whole or fragmented chromosomes become separated. Centromere and
spindle apparatus failure leading to a lagging chromosome during anaphase has
long been accepted as a mechanism of micronuclei formation, but there has
been further development into factors affecting their formation. Unrepaired
DNA damage leading to acentric chromosome fragments has been linked to
micronuclei, often associated with DNA replication and repair factors including
DNA-damage response mediator protein TOPBP1 (DNA topoisomerase 2-binding
protein 1) (Leimbacher et al., 2019), PrimPol (primase and DNA directed
polymerase) (Bailey et al., 2019) and chromatin remodeler ATRX (alpha
thalassemia/mental retardation syndrome X-linked), which is associated with
CFS stability (Pladevall-Morera et al., 2019). Xu et al showed that RS induced the
formation of micronuclei that stained positively with DNA damage marker yH2AX
(YH2A histone family, member X) (Xu et al., 2011). Further mechanistic studies
into the effects of mild RS on chromosomal instability by Wilhelm et al proposed
that RS leads to premature centriole maturation and subsequent premature
disengagement, causing transient multipolar spindles, lagging chromosomes and
micronuclei (Wilhelm et al., 2019). Lastly, it has been proposed that resolution
of chromatin bridges leads to fragmented chromosomes and subsequent

micronuclei formation (Hoffelder et al., 2004).
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1.4.5 Replication stress response

Since RS can have such detrimental effects on the cell, in terms of DNA damage,
genomic stability and cell fate, it is critical that the cell has effective response
mechanisms to deal with the source of the stress and subsequently restart
stalled replication forks to complete replication. The key responder to RS is the
ATR kinase, which acts to stabilise stalled forks, suppress late origin firing and
activate cell cycle checkpoints to allow the cell time and resources to resolve
the stress. For a comprehensive review of ATR’s activities see Saldivar et al
(Saldivar et al., 2017). ATR is a phosphoinositide 3-kinase-related (PIKK) protein
kinase, which shares sequence and functional homology to ataxia telangiectasia
mutated (ATM) and DNA-dependent protein kinase (DNA-PK), both involved in
the DDR primarily via response to DSBs. Homozygous loss of ATR, but not ATM or
DNA-PK, leads to embryonic lethality, highlighting how critical this RS response
is for cell and for in vivo survival (Brown and Baltimore, 2000, de Klein et al.,
2000).

A summary of the response of ATR to RS is illustrated in Figure 1.4. The ssDNA
generated at a stalled fork which is bound by replication protein A (RPA) acts as
a signalling platform for ATR-interacting protein (ATRIP), an obligate binding
protein which signals to ATR and forms an ATR-ATRIP complex (Zou and Elledge,
2003). It has been shown that the length of ssDNA induced is critical for ATR
activation (MacDougall et al., 2007), which explains why other activities of RPA
loading on ssDNA does not activate ATR, such as ssDNA induced at ongoing
replication forks. A checkpoint clamp containing RAD9-HUS1-RAD1 (9-1-1) is then
recruited independently of ATR-ATRIP along with TOPBP1, which activates ATR
(Kumagai et al., 2006, Lee et al., 2007) and a resulting signalling cascade via
phosphorylation of ATR’s downstream effectors, primarily checkpoint kinase 1
(Chk1) (Liu et al., 2000). Responses to a stalled fork include acting locally to
stabilise, repair and restart the fork and acting globally to suppress late origin
firing to preserve resources and to halt cell cycle progression to ensure
successful genome duplication before entry into mitosis. Conversely to
suppression of global origin firing, activation of dormant origins in the vicinity of
the stalled fork takes place as a mechanism to overcome un-replicated regions.
Accordingly, MCM proteins have been shown to be targets of phosphorylation by
ATR (Cortez et al., 2004).
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Figure 1.4. ATR response to replication stress. RS causes a fork to stall or slow, which leads to
stalled polymerases, while the CMG helicase continues to unwind DNA leaving behind stretches of
ssDNA bound by RPA. In this example, the lagging strand is ongoing, whereas the leading strand
has stalled in the face of a lesion or stressor. This results in longer stretches of ssDNA which
signals the ATRIP-ATR complex, and recruitment of the 9-1-1 complex and TOPBP1 allows for
phosphorylation of Chk1. Responses to activated ATR include local activities on the stalled fork
such as stabilisation, repair and restart and globally acting to suppress late origin firing and cell
cycle progression. Created with BioRender.

A key response to RS by ATR is inhibition of cell cycle progression. ATR acts on
the intra S phase checkpoint and the G2/M checkpoint, independently of p53
which has critical checkpoint functions elsewhere in the cell cycle. The intra S
phase checkpoint functions to slow DNA replication in the face of RS by
controlling origin firing and replication fork speed. ATR, via phosphorylated
Chk1, acts to block G2/M cell cycle progression via the target substrate CDC25
(cell division cycle 25) phosphatase. In unperturbed cell cycles, CDC25
phosphatases dephosphorylate Cdk1 (cyclin dependent kinase 1) which in turn
phosphorylates and inactivates Wee1, all of which allows entry into mitosis.
Activated ATR works to block this commitment to mitosis by phosphorylation of

CDC25 phosphatases.

To control global origin firing, activated ATR prevents Cdc45 loading at
replication origins, believed to be via down-regulating CDK and DDK or via ATR-
dependent phosphorylation of the histone MLL (mixed lineage leukaemia) (Liu et
al., 2010). How ATR acts to both supress global origin firing but activate local
origins remains enigmatic. As reviewed by Yekezare et al, there are several
proposed models for this phenomenon but no consensus (Yekezare et al., 2013).
These include a “passive” model whereby a delay to global suppression allows
local dormant origins to fire or a model whereby origins within a local cluster

may have passed a critical step in activation which global suppression cannot
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overcome. However, no studies have determined if any of the proposed models

are accurate.

There are several mechanisms that have been proposed for fork rescue and/or
restart, based on studies of helicase, nuclease and homologous recombination
(HR) factors, as illustrated in Figure 1.5 (Petermann and Helleday, 2010). If
these fail or the stress cannot be resolved, the stalled fork can collapse and
become inactivated either via replisome dissociation or generation of a DSB.
Many methods of fork rescue do not resolve the lesion, rather work around it.
These include activation of dormant origins (Ge et al., 2007, Woodward et al.,
2006), repriming of replisome machinery past the lesion leaving a ssDNA gap
which collapses into a DSB and is repaired by HR (Elvers et al., 2011) and the use
of lesion bypass pathways whereby the replicative polymerase is replaced with a
translesion synthesis polymerase (Mailand et al., 2013). Lastly, fork remodelling
via fork reversal to form a ‘chicken foot’ structure can allow for fork restart by
providing a sister chromatid as a template. Replication fork reversal involves
turning a three-way junction at the replication fork to a four-way junction by
regression and annealing of the two newly replicated strands. It has been
proposed that a transient DSB can form at reversed forks, which are more
amenable to DNA repair than stalled forks and replication intermediates, to
allow replication to continue (Hanada et al., 2007, Shimura et al., 2008). A
detailed review of replication fork restart mechanisms can be found by
Petermann and Helleday (Petermann and Helleday, 2010). ATR is critical for
prevention of fork collapse. This was shown via its interactions with SMARCAL1
(SWI/SNF-related matrix-associated actin-dependent regulator of chromatin
subfamily A-like protein 1) which is involved in fork remodelling for repair and
restart (Betous et al., 2012), and regulation of these activities relied on

phosphorylation by ATR to prevent collapse (Couch et al., 2013).
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Figure 1.5. Stalled fork rescue mechanisms. Dormant origins can fire in the vicinity of a stalled
fork to complete replication. Repriming of replication machinery past the lesion can allow for the
fork to carry on replicating, however this results in a gap in the DNA which needs resolved,
potentially by forming a DSB. There are also polymerases, called translesion synthesis
polymerase, whose activities can allow replication over the lesion, although this does not resolve
the problem. Lastly, a stalled fork can be remodelled by fork reversal to form a chicken foot
structure. This can allow for sister chromatid template switching, known as a Holliday junction, to
continue replication and subsequent resolution of the reversed fork. If the lesion is repaired the fork
can be reversed again, however the chicken foot structures are believed to be susceptible to
nuclease attack and may be a source of fork collapse.

In addition to these well-established roles of ATR in the RS response, Casper et
al showed that ATR was critical for CFS stability (Casper et al., 2002), in keeping
with ATR’s role in the RS response and CFS sensitivity to RS. ATR is also critical
for the prevention of re-replication via S phase checkpoint activation. Re-
replication induces ssDNA, which Liu et al hypothesised served as a signal for
ATR activation since loss of ATR induced more re-replication (Liu et al., 2007).
Furthermore, studies have linked the ATR-mediated Fanconi anaemia pathway in
responding to re-replication and subsequent G2/M checkpoint activation (Zhu
and Dutta, 2006). Overall, ATR is implicated in numerous responses to RS during

S phase to ensure faithful genomic duplication and stability.

A more recently discovered post-replicative response to RS-induced UR-DNA,
outwith ATR, is mitotic DNA synthesis (MiDAS). With the knowledge that
replication occurs late in S phase at CFSs, Minocherhomji et al sought to further
characterise when DNA synthesis occurs in CFSs by inducing RS through low dose
aphidicolin and assessing incorporation of the thymidine analogue EdU (5-
Ethynyl-2'-deoxyuridine) (Minocherhomji et al., 2015). They found that 40% of
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mitotic cells contained EdU foci, 80% of which co-localised with CFS markers and
chromosome breaks. Their work highlighted the existence of MiDAS at CFSs in
response to RS and explored the role of MiDAS in counteracting potentially lethal
chromosome mis-segregation, primarily at chromosomes 3 and 16 which contain
CFS most prone to form lesions. Recent high-resolution mapping has further
linked RS-induced MiDAS with CFS, which remain largely un-replicated even in
late S phase before MiDAS compensates to help complete successful DNA
synthesis (Ji et al., 2020, Macheret et al., 2020). MiDAS is interesting as it has
been hypothesised to be in a balance with 53BP1NB in response to UR-DNA.
Inhibition of MiDAS factors have increased the numbers of 53BP1NB (Bertolin et
al., 2020, Minocherhomji et al., 2015). Additionally, it has been suggested that
increased UR-DNA could saturate MiDAS capabilities and induce 53BP1NB
(Bertolin et al., 2020). Alternatively, since 53BP1NB are present in unperturbed
cells but MiDAS is minimal, there could be preferential detection and resolution
via 53BP1NB until RS reaches a threshold requiring more wide-spread resolution.
This could be due to differing repair accuracies between the two mechanisms
(Bertolin et al., 2020).

Figure 1.6 outlines the proposed response to UR-DNA at CFS and the
consequences of incomplete UR-DNA resolution by MiDAS, and highlights the key
genes involved. FANCD2 (Fanconi anaemia group) and FANCI dimers bind to the
site of UR-DNA that has progressed into mitosis, forming a crosslink between
sister chromatids in the form of a UFB (Chan et al., 2009). Work on chromosomal
mapping of sites of MiDAS by Macheret et al found that the main role of MiDAS is
to complete replication of the genome, with MiDAS mapping to all known CFS
(Macheret et al., 2020). Minocherhomji et al explored the critical role of several
factors on MiDAS (Minocherhomji et al., 2015). The MUS81-EME1 nuclease
complex is known to promote CFS expression (Ying et al., 2013), and in keeping
with that they found that loss of either complex factor inhibited MiDAS, assessed
by EdU incorporation in mitotic cells. Additionally, loss of SLX4 which acts as a
scaffold for MUS81-EME1 (Wyatt et al., 2013) lead to reduced MiDAS at CFS, CFS

expression and recruitment of MUS81 to CFS (Minocherhomji et al., 2015).

Minocherhomji et al also discovered depletion of POLD3 (DNA polymerase Delta

3), a subunit of DNA polymerase & which associated with mitotic chromatin after
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RS, inhibited MiDAS at CFS (Minocherhomji et al., 2015). Overall, they proposed
a model whereby SLX4 attracts MUS81-EME1 to cleave stalled forks and promote
POLD3-dependent MiDAS. Following on from this work, Bhowmick et al
hypothesised that the requirement for POLD3 in MiDAS suggested a potential role
of a break-induced replication (BIR)-like process (Bhowmick et al., 2016). They
therefore investigated HR factors and found only RAD52 was required for MiDAS
following RS, while BRCA2 (Breast Cancer gene 2) and RAD51 were dispensable
(Bhowmick et al., 2016). RAD52 was required for MUS81 and POLD3 recruitment
in mitosis. They proposed that MiDAS was dependent on RAD52-mediated

microhomology-driven BIR activities by D-loop formation.

Underpinning all of this work is evidence that MiDAS promotes chromosomal
stability after RS-induced UR-DNA. Several studies have linked FANC proteins and
BLM to chromosomal stability. Naim and Rosselli reported that FANCD2
localisation to RS-induced chromatid gaps limited aneuploidy and chromosomal
instability in daughter cells, and together with BLM prevented the formation of
micronuclei (Naim and Rosselli, 2009). Furthermore, BLM deficient cells display
chromosomal instability, evidenced by chromatid gaps, micronuclei, increased
FANCD2-associated UFBs and chromatin bridges (Chan et al., 2009, Chan et al.,
2007). Chan et al provide evidence that BLM was required for FS-UFB resolution,
not formation (Chan et al., 2009). Furthermore, they showed that a high
proportion of micronuclei in BLM-deficient cells contained CFS DNA, consistent
with unresolved FS-UFB leading to chromosomal breakage. Lastly, Minocherhomji
et al provided evidence of increased FANCD2-associated UFB and 53BP1NB after
SLX4 loss and proposed that the MUS81-EME1-POLD3 axis works to minimise

chromosome mis-segregation and non-disjunction (Minocherhomji et al., 2015).
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Figure 1.6. Response to UR-DNA at CFS by MiDAS. UR-DNA at CFS leads to sister chromatid
bridging via FS-UFB, coated with BLM and marked by FANCD2 and FANCI dimers. Through a
BIR-like process, SLX4 recruits the cleavage caspase MUS81-EME1 complex to sites of UR-DNA.
This is resolved by RAD52-mediated microhomology-driven BIR activities and subsequent POLD3-
dependent DNA synthesis to lead to MiDAS-associated successful completion of DNS synthesis
and subsequent chromosomal stability. Loss of this process leads to persistent and increased
BLM-coated FS-UFBs and bulky chromatin bridges, and subsequent chromosomal instability
measured by chromosomal mis-segregation, 53BP1NB and micronuclei. Created with BioRender.

Micronuclei

1.4.6 PARP and the replication stress response

Another more recently discovered factor of the RS response is poly(ADP-ribose)
polymerase (PARP), via activities on the replication fork. The PARP family is
made up of 17 proteins and is involved in many cellular processes including DNA
repair and genomic integrity, chromatin remodelling, apoptosis and the stress
response. PARP1 is the most well characterised member of the PARP family of
enzymes. PARP1 has a critical function in the detection and repair of single
strand breaks (SSB) via base excision repair (BER) but has also been shown to be
involved in many other DDR pathways including nucleotide excision repair (NER),
classical and alternative non-homologous end joining (NHEJ), HR and DNA
mismatch repair. A full review of PARP’s involvement in the DDR can be found by

Chaudhuri and Nussenzweig (Ray Chaudhuri and Nussenzweig, 2017).

PARP activities are summarised in Figure 1.7. The recruitment of PARP1 to sites
of damage is one of the earliest events in the DDR. Once activated PARP1

catalyses the post-translational polymerisation of ADP-ribose units (PAR) from
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NAD* (nicotinamide adenine dinucleotide), which results in the attachment of
chained PAR polymers to target proteins, termed PARylation. PARylation can
occur at sites of DNA, target proteins and on PARP1 itself, known as auto-
PARylation. Critically, the rapid degradation of PAR is crucial for PARP1 release
from DNA and efficient DNA repair via steric hinderance of auto-PARylation
(Zahradka and Ebisuzaki, 1982) and PAR-degrading enzymes such as Poly(ADP-
Ribose) Glycohydrolase (PARG) (Uchida et al., 1993). PAR chains act as a scaffold
for DDR proteins, resulting in their recruitment to sites of damage for repair
(Altmeyer et al., 2015). PARP1 accounts for an estimated 90% of PARylation, but
PARP2 and PARP3 also have known roles in the DDR (Beck et al., 2014). PARP1
and PARP2 have overlapping roles in the DDR and combined loss was embryonic
lethal suggesting redundancy between the two enzymes (Hanzlikova et al., 2017,

Menissier de Murcia et al., 2003).

More recently PARP’s role in the RS response has been identified. Involvement of
PARP in replication has long been implicated, having been found to be activated
at newly replicated chromatin (Anachkova et al., 1989) and being described as
part of the DNA “synthesome” by Simbulan-Rosenthal et al. They found that
PARP1 co-purified with polymerases, helicases, topoisomerases, proliferating
cell nuclear antigen (PCNA) and RPA by a series of centrifugation and
chromatography steps (Simbulan-Rosenthal et al., 1996) and 15 of the 40
described replication complex proteins were PARylated (Simbulan-Rosenthal et
al., 1999). Lastly, PARP1 was shown to be critical for recruitment of PCNA and
TOP1 to the replication complex and for expression of polymerase a, primase
and RPA (Simbulan-Rosenthal et al., 1998).

In terms of the RS response, PARP1 has been linked to replication fork speeds,
fork reversal and restart, and PARylation at stalled forks. The first studies of
PARP1 in the RS response was by Yang et al, who showed that cells depleted of
PARP1 were hypersensitive to RS-inducing HU and displayed slow reactivation of
stalled forks suggesting a role in fork restart (Yang et al., 2004). Subsequently,
Bryant et al showed a connection between PARP1 and the RS response after they
showed that PARP1 binds to stalled replication forks, signalled via gaps as small
as four nucleotides in the DNA, resulting in PARylation and critical for cell

survival during RS (Bryant et al., 2009). They also found that fork stalling was
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independent of PARP activity, however replication elongation post RS was
delayed with loss of PARP, also suggesting a critical role of PARP in resuming
replication at stalled forks. Further investigations of the mechanisms of
effective fork restart by Bryant et al found it co-localised with Mre-11 to
promote fork restart via limited resection of the forks to allow for HR-mediated
restart (Bryant et al., 2009). Analysis of protein abundance of replication fork
machinery found PARP1 was present at normal and stalled forks but at similar
levels at both fork types, whereas PARG was decreased at stalled forks, leading
to the hypothesis that the increase in RS-induced PARylation could be due to
reduced PARG activities as opposed to PARP1 (Dungrawala et al., 2015).

Studies have also shown a critical role of PARP1 in effective fork reversal, either
by promoting fork reversal or stabilisation once in that state, which limited DSB
formation and maintained genomic stability (Ray Chaudhuri et al., 2012,
Zellweger et al., 2015). Mechanistically, Berti et al showed that PARP1 exerted
its effects on replication fork restart via ATP-dependent DNA helicase Q1
(RECQ1) (Berti et al., 2013). They found that binding of PARylated PARP to
RECQ1 inhibited its helicase activities and prevented unscheduled replication
fork restart. Loss of PARP1 resulted in RECQ1-mediated fork restart under RS
conditions and it has been hypothesised that this could lead to replication fork
collapse and DSB as aberrantly restarted forks encounter unrepaired lesions
(Berti et al., 2013).

Lastly, PARP1 has roles in regulating fork progression under RS conditions, with
loss of PARP1 resulting in loss of slowed replication forks, which is a cellular
mechanism to deal with DNA damage and RS (Ray Chaudhuri et al., 2012,
Sugimura et al., 2008, Zellweger et al., 2015). PARP1-mediated fork progression
has also been linked to RECQ1, suggesting a link between fork restart and fork
progression activities via PARP1 (Zellweger et al., 2015). More recently, Genois
et al showed a critical role of Coactivator Associated Arginine Methyltransferase
1 (CARM1) in these PARP1 activities, CARM1 promoted PARP1 association and
PARylation at replication forks via enhanced binding (Genois et al., 2021). Loss
of CARM1 reduced fork reversal and sped up replication forks, which was
dependant on both RECQ1 and RAD18 which have roles in translesion synthesis.

Lastly, Maya-Mendoza et al showed that loss of PARP not only prevented slowing
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of forks upon RS but also resulted in replication fork acceleration (Maya-Mendoza
et al., 2018). They proposed that PARylation acts as a suppressor of fork speed
and a sensor of RS. Overall, these studies suggest PARP has critical roles in S
phase, not only in the detection and restart of stalled forks but also maintaining

fork speed to prevent RS in unperturbed S phase.

1.4.7 Replication stress and cancer

The most common human disease associated with RS is cancer, with some
researchers suggesting RS be considered a ‘hallmark’ of cancer (Macheret and
Halazonetis, 2015). In cancer, increased RS is inherently linked to oncogenes.
Over 20 oncogenes have been implicated in inducing RS in cancer cells (Kotsantis
et al., 2018). Importantly, oncogene-induced RS is believed to be one of the
earliest drivers of genomic instability and tumorigenesis (Bartkova et al., 2005,
Bartkova et al., 2006, Gorgoulis et al., 2005). Many oncogene activities that lead
to RS are those previously discussed within this thesis, namely dysregulated
origin firing (Di Micco et al., 2006, Dominguez-Sola et al., 2007), replication-
transcription collisions (Jones et al., 2013), premature mitotic entry (Liu et al.,
1995, Ohtsubo et al., 1995) and aberrant nucleotide metabolism. In addition,
CFS are preferentially targeted by oncogene-induced RS (Tsantoulis et al., 2008).
This almost universal phenomenon of increased RS in cancer has led many people
to hypothesise that this provides a vulnerability of cancer cells. Cancer cells
could be selectively targeted by inhibiting the cellular pathways that allow
cancer cells to not only survive but also thrive with elevated RS, as evidenced by
Carruthers et al who showed increased RS in GSCs drove radioresistance and cell

survival via elevated DDR (Carruthers et al., 2018).

1.5 Therapeutic targeting of replication stress

RS is a major source of genomic instability in cancer. Genomic instability in
cancer cells needs to be finely balanced as it drives tumorigenesis via increased
mutational load but too much instability can be toxic to cells. Therefore,

targeting the RS response is an appealing therapeutic strategy.
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1.5.1 Inhibition of ATR

Before the advent of selective inhibitors of ATR, Murga et al showed the
therapeutic potential of targeting ATR in a mouse model of Seckel syndrome,
which is characterised by severe deficiency in ATR (Murga et al., 2009). They
found that no tumours formed in their ATR-deficient model, even in the absence
of p53, suggesting ATR loss is tumour suppressive. Development of inhibitors of
ATR have long been hindered by the activities of ATR being restrained primarily
to S phase, resulting in false positives from inhibitors that target cell cycle
arrest and also due to high active site homology to other PIKKs including ATM
and DNA-PKs. Historically, high dose caffeine was used to inhibit ATR, but this

only induced a weak and non-selective inhibition (Sarkaria et al., 1999).

There were several developments of ATR inhibitors in 2011. Toledo et al
developed a system whereby ATR was activated throughout the cell cycle and in
the absence of DNA damage, overcoming previous problems with S phase specific
activities (Toledo et al., 2008). This allowed them to screen 623 compounds for
their ability to inhibit ATR in vitro (Toledo et al., 2011). These compounds were
previously identified for their activities on phosphoinositide 3-kinases (PI3Ks)
which have sequence similarities to PIKKs. Through this screen they identified
two compounds which exhibited almost 100% inhibition of pan-nuclear
phosphorylation of H2AX at 100nM, which they described as ATR-dependent.
Both compounds abrogated cell cycle checkpoints, induced micronuclei and
fragmented nuclei after IR but further analysis found they also acted on some
PI3Ks.

The first discovery of a potent and selective ATR inhibitor (ATRi) was by Charrier
et al, who screened a panel of novel inhibitors of ATR (Charrier et al., 2011).
One of these inhibitors showed a >600-fold selectivity over related PIKKs, with
an ICsp as low as 0.42pM. They demonstrated high potency of this ATRi as a single
agent in an ATM-deficient cancer line, which also showed synergy with both IR
and the chemotherapy cisplatin, whereas in normal fibroblasts the compound
had no effect alone and combined effects were much reduced (Charrier et al.,
2011). Further characterisation of one of these compounds, subsequently named
VE821, was carried out by Reaper et al (Reaper et al., 2011). They also observed

synergy with cisplatin exclusively in cancer cell lines and observed ATR
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selectivity with minimal activity against other PIKKs and a large panel of
unrelated protein kinases. VE821 inhibited phosphorylation of the ATR target
Chk1, but phosphorylation of Chk2, a target of ATM, was not blocked. Again,
they observed an increased potency in ATM-deficient cells lines, with the
authors proposing that upon ATR inhibition cancer cells are reliant on the ATM
and p53 axis to induce a cell cycle checkpoint response (Reaper et al., 2011).
Subsequently, VE822, a close analogue of VE821, was studied both in vitro and in
vivo and found to have improved pharmacokinetic (PK) results and ATR-specific
potency, and sensitised pancreatic xenograft models to IR and chemotherapy
without exacerbating normal tissue toxicity (Charrier et al., 2011, Fokas et al.,
2012).

Since the discovery and characterisation of VE821 and VE822, other inhibitors
have been described. Firstly, Astra Zeneca described and presented to the
market an orally active and bioavailable ATR inhibitor, AZD6738. The first study
of AZD6738 focused on non-small cell lung cancer (NSCLC) cell lines, and
similarly to the initial studies with VE821, they found it could induce cell death
as a single agent, enhanced the cytotoxicity of chemotherapies in ATM intact
cell lines and was synergistic in ATM-deficient cell lines (Vendetti et al., 2015).
They also importantly found it to be well tolerated in murine models, in contrast
to expectations, and they found rapid and near complete tumour regression
when AZD6738 was combined with cisplatin in an ATM-deficient lung cancer
xenograft model. More recently, BAYER have developed their own ATR inhibitor,
named BAY1895344 (Wengner et al., 2020). They found it to be selective for ATR
after analysis of its effects on a kinase selectivity panel, however an ICso at a
similar order of magnitude to ATR was observed for Mechanistic Target Of
Rapamycin Kinase (mTOR), a PI3K. However, analysis of phosphorylation of
mTOR targets found BAY1895344 to be 180-fold less active than mTOR-specific
inhibitors. In a panel of cancer cell lines they found anti-proliferative effects of
BAY1895344 that correlated with ATM-deficiency, and were able to demonstrate
anti-tumour effects in several patient-derived xenograft (PDX) models including
ovarian, prostate, colorectal and lymphoma. Similarly to previous studies of
ATRI, they observed promising combination effects of BAY1895344 with IR and

chemotherapies in vivo (Wengner et al., 2020).
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1.5.2 Inhibition of PARP

Inhibitors of PARP (PARPi) are the most well characterised and developed
inhibitors of the DDR. PARPis are most frequently associated with HR deficient
(HRD) tumours, primarily BRCA mutated cancers due to a synthetic lethal
relationship between PARP and BRCA loss. This relationship was first described in
2005. Bryant et al hypothesised that PARPis mechanism of action involved
collapse of replication forks at spontaneous SSB that required repair by HR. In
the absence of BRCA, cells were acutely sensitive to PARP inhibition due to the
critical roles of BRCA in HR (Bryant et al., 2005). They showed for the first time
that a PARPi had utility as a single agent in certain clinical settings. The PARPi
olaparib was first approved for use in 2014 for high grade serous ovarian cancer
with germline BRCA mutations. Since then, further work and several clinical
trials have led to the approval of different PARPis for a range of cancer types,
both with and without HRD, as summarised in Table 1.1. In addition, several
other PARPis have been described that are at different stages of development,
investigations and clinical trials, including veliparib (Donawho et al., 2007,
Coleman et al., 2015), fluzoparib (Wang et al., 2019) and pamiparib (Xiong et
al., 2020).
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Cancer Disease setting
Olaparib Recurrent high-grade ovarian, Partial or complete
(2014) fallopian and peritoneum carcinoma chemotherapy response
Newly diagnosed high-grade ovarian, BRCA1/2 mutant with a
fallopian and peritoneum carcinoma  partial or complete
chemotherapy response
Newly diagnosed high-grade ovarian, HRD-positive with a
fallopian and peritoneum carcinoma  partial or complete
chemotherapy response
HER2-negative breast cancer BRCA1/2 mutant
Metastatic pancreatic cancer in a Germline BRCA1/2
maintenance setting after 16 weeks  mutant
of platinum-based chemotherapy
disease stabilisation
Metastatic prostate cancer BRCA1/2 mutant
Niraparib Newly diagnosed advanced ovarian, Partial or complete
(2017) fallopian and peritoneum carcinoma chemotherapy response
Recurrent advanced ovarian, Partial or complete
fallopian and peritoneum carcinoma chemotherapy response
Rucaparib Recurrent advanced ovarian, Partial or complete
(2018) fallopian and peritoneum carcinoma chemotherapy response
Talazoparib Metastatic HER2-negative breast BRCA1/2 mutant
(2019) cancer

Mechanisms of PARPi action are summarised in Figure 1.7. PARP trapping is an

important mechanism of PARPi action. It was originally thought that PARPi acted

as catalytic inhibitors that competed with NAD* to prevent the repair of SSB.

Doubts were raised that catalytic inhibition was the sole action of PARP

inhibition, as PARPis were more cytotoxic to WT cells than homozygous loss of

PARP via small interfering RNA (siRNA). This was first observed by assessing SSB

accumulation after induction by alkylating agent dimethyl sulfate (DMS). SSB

were efficiently repaired in PARP WT cells by BER and accumulated with

inhibition of PARP as expected, but no accumulation was observed in a PARP-

deficient cell line (Strom et al., 2011). This led the authors to propose that

PARP1 was not required for efficient BER but rather PARPi trap PARP on the SSB
intermediate preventing its repair. Similarly, in support of PARP being trapped

to sites of damage, Kedar et al showed that PARP1 was associated with DNA by

ChIP-gPCR after treatment with DNA alkylating agent MMS and a PARPi but not

without an inhibitor (Kedar et al., 2012). Work by Murai et al showed that
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trapped PARP was more cytotoxic than unrepaired SSB via PARP inactivation,

again suggesting a “poison” activity of PARPi (Murai et al., 2012).
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Figure 1.7. PARP and PARPi mechanisms. PARP functions primarily by detection of DNA
damage, most commonly SSBs. PARP binds to the site of damage and is activated by the
formation of PAR chains using NAD* as a substrate, known as PARylation. Cellular NAD* is
replenished from nicotinamide using ATP. PAR chains recruit multiple proteins and are catabolised
by PARG or degraded via auto-PARylation itself to allow PARP release and subsequent repair.
PARRP is primarily associated with BER but has been implicated in many other DNA repair
pathways and replication fork activities. There are many proposed mechanisms of PARPI
mechanism of actions. Firstly, via binding to the catalytically active site of PARP to compete with
NAD* and prevent repair of SSB, resulting in SSB accumulation. Alternatively, PARP trapping
results from prevention of auto-PARYylation and subsequently PARP cannot be released from DNA,
resulting in inefficient repair of damage. An accumulation of SSBs can result in them being
converted to detrimental DSBs during S phase. PARPi have been known to accelerate replication
forks, which along with trapped PARP can induce RS. Created with BioRender.

Murai et al were also the first to discover that PARPis have different trapping
capacities (Murai et al., 2012). Their work, and subsequent studies of more
recently described PARPis, have provided a ranking of inhibitors based on PARP
trapping capabilities: talazoparib > niraparib > olaparib = rucaparib = pamiparib
> veliparib (Murai et al., 2012, Murai et al., 2014, Xiong et al., 2020). PARP
trapping capacities were not correlated with catalytic inhibitory properties
(Murai et al., 2012) but were found to correlate with cytotoxicity. Talazoparib,
the most potent PARP trapper described to date was ~100 fold more efficient at

trapping PARP than olaparib and rucaparib, and was also more cytotoxic as a
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single agent and when combined with MMS and TMZ, despite similar catalytic
inhibition (Murai et al., 2014). Unfortunately, evidence suggests that PARP
trapping capacities inversely correlate with tolerability in vivo when combined
with TMZ, limiting the clinical advantage of this mechanism of action. Due to
differing maximum tolerated doses (MTD), PARPis with very different PARP
trapping capacities had similar efficacies in vivo (Hopkins et al., 2015).
Similarly, in the clinic comparable response rates have been reported for
veliparib, niraparib, olaparib and talazoparib despite very different PARP
trapping potencies (Coleman et al., 2019, de Bono et al., 2017, Fong et al.,
2010, Sandhu et al., 2013).

Mechanistically, the ability to trap PARP has been shown to be reliant on cellular
NAD* levels (Hopkins et al., 2015), and PARP-DNA complexes were as stable with
depleted NAD as they were with potent PARP trapper talazoparib (Murai et al.,
2014), so it has been hypothesised that PARPis competitively bind the NAD*
binding domain of PARP1, limiting auto-PARylation and subsequently trapping
PARP. Auto-PARylation of PARP has long been established as a mechanism of
PARP release from sites of damage, in keeping with this hypothesis (Satoh and
Lindahl, 1992).

There are several studies suggesting that progression through S phase is a
requirement for PARPi activity. Unsurprisingly, trapped PARP acts as a
replication barrier in S phase and if it persists for long enough trapped PARP will
encounter a replication fork, leading to stalled forks (Kedar et al., 2012). As
described previously these forks can collapse and generate DSB in the absence of
efficient RS response mechanisms. Accordingly, PARPis with potent trapping
capacities have been linked to increased RS in MYCN-amplified neuroblastomas,
leading to increased DNA damage that bypassed cell cycle checkpoints and cell
death by mitotic catastrophe (Colicchia et al., 2017). It has also been
hypothesised that PARPi generate DSB due to an accumulation of SSB in the
absence of PARP that again stall replication forks (Farmer et al., 2005).
Subsequently, Simoneau et al showed that an accumulation of DSBs via PARPi
required two subsequent S phases, by trapping PARP in the first S phase and
subsequent fork collisions in the second (Simoneau et al., 2021). Heacock et al

investigated genomic stability after combined MMS treatment and PARP
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inhibition and found neither single agent was sufficient to generate DSB but the
combination formed DSB in S phase cells expressing PARP1, suggesting a reliance
on S phase progression for PARPi effects (Heacock et al., 2010). Similarly,
replication-dependent mechanisms of action were observed in glioma cell lines
where PARPi was found to be radiosensitising due to RT inducing SSBs which
were converted to DSBs with PARPi, but this phenomenon was enhanced when

the cells were synchronised in S phase (Dungey et al., 2008).

Other implications for PARPi activities in S phase is the observation of
accelerated replication fork speeds (Maya-Mendoza et al., 2018) and more
recently a study found that PARP inhibition reduced the integrity of nascent DNA
strands, hypothesised to be due to a role of PARP in processing Okazaki
fragments (Vaitsiankova et al., 2022). Lastly, some studies suggest there may be
utility for PARPis in high RS cancers which are non-HRD, mostly evidenced in
SCLC. SCLC has been characterised as having increased DDR gene expression,
including PARP, ATR and CHK1, loss of TP53 and MYC amplification, which results
in increased RS and reliance on intact DDR and RS responses. SCLC were found to
be more sensitive to olaparib in vitro than NSCLC which have comparatively
lower RS, with associated reduction in PAR levels and DDR factors (Byers et al.,
2012). There is strong evidence to suggest that mechanisms of PARP inhibition
are intrinsically linked to replication and subsequently RS and the RS response,
opening up PARPi for utility in targeting the RS response, as will be discussed

below.

1.5.3 Combined ATR and PARP inhibition

It has long been proposed that combinations of DDR inhibitors may prove
clinically beneficial, especially as a solution for targeting non-HRD tumours.
Many different combinations have been proposed and studied, but the focus in
this thesis is on combined ATR and PARP inhibition (CAiPi). Several studies have
investigated this combination of inhibitors in a range of cancer types and
mutational backgrounds, generally observing a synergistic relationship between
the inhibitors (Kim et al., 2017, Ning et al., 2019, Wengner et al., 2020, Kim et
al., 2018, Mohni et al., 2015, Schoonen et al., 2019). There are several theories
behind why this combination may be clinically active. Firstly, as summarised

previously in this chapter PARP inhibition can both induce RS and has roles in the
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RS response, which would be exacerbated by the addition of an ATRi. Many
studies have observed aberrant cell cycle progression from the combination,
where PARP inhibition alone caused a G2-M accumulation but upon addition of
an ATRi these cells were released leading to premature mitotic entry (Kim et al.,
2017, Lloyd et al., 2020, Jette et al., 2019, Schoonen et al., 2019). This was
universally associated with genomic instability and toxic chromosomal
aberrations, via accumulation of chromatin bridges, lagging chromosomes and
micronuclei. In keeping with this, several studies have found a reliance on the
ATR-CHK1 axis for cell survival upon inhibition of PARP. This has been best
evidenced by Kim et al, who observed increased pATR, pCHK1 and yH2AX upon
inhibition of PARP in vitro, which was reversed upon combined inhibition (Kim et
al., 2017). They investigated chromosomal breaks by metaphase spread as a
mechanism of cell death, no increase was observed with PARPi but ATRi alone
increased breakage, however with the combination three times more breaks
were observed over ATRi alone, hypothesised to be due to inappropriate entry

into mitosis.

These studies by Kim et al were in a BRCA mutant model, which has previously
been identified as a biomarker of PARPi sensitivity but not particularly relevant
to GBM where BRCA mutations are rare. Similarly, Schoonen et al studied CAiPi
in a BRCA2 depleted cell line with very similar results, where ATRi forced early
mitotic entry and associated genomic instability via chromatin bridges and
micronuclei, and they also showed rescue of these responses by CDK1 inhibition-
associated block of mitotic entry (Schoonen et al., 2019). However, many other
studies have investigated CAiPi in HR-proficient models. Interestingly, it has
been suggested that ATR inhibition induces a ‘BRCAness’ in cells which could be
exploited by PARPi, since one study found a correlation between ATR signalling
and elevated levels of HR factors which they hypothesised drives increased DDR
in high RS cancers (Kim et al., 2018). Further mechanistic investigations of the
relationship between ATRi and HR by Dibitetto et al found that ATR had a crucial
role in the DNA end resection step of HR, and inhibition of ATR depleted pools of
pro-resection factors, prevented recruitment of the critical HR factors RAD51
and RAD52 and drove cells to more toxic NHEJ repair, subsequently leading to
PARPi sensitivity (Dibitetto et al., 2020). However, both of these studies

correlating CAiPi mechanisms of response to ATRi roles in HR proposed that
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prolonged ATR inhibition would be required to deplete HR-factor levels or shift
cells to NHEJ before the introduction of a PARPi, which does not explain why
Lloyd et al observed cytotoxic effects of CAiPi within a couple of cell cycles
(Lloyd et al., 2020), highlighting the multifaceted and complicated role of ATR.
Accordingly, several other markers have been described to predict CAiPi
cytotoxicity, including ATM depletion (Jette et al., 2019, Lloyd et al., 2020,
Wilson et al., 2022), MYC or MYCN amplification (Ning et al., 2019) and
oncogenic RS drivers like cyclin E1 (CCNE1) (Wilson et al., 2022). Current

standings on proposed biomarkers will be detailed in 1.5.6.

Combinations of ATR and PARP inhibitors have been investigated in in vivo
preclinical models, generally finding similar trends towards greater responses in
models of BRCA mutations or deficiencies (Kim et al., 2017, Wengner et al.,
2020, Wilson et al., 2022), ATM deficiencies (Lloyd et al., 2020) and MYC/MYCN
amplification (Ning et al., 2019). However, with the exception of Lloyd et al, all
other studies still observed far greater anti-tumour effects and prolonged
survival from the combination therapy over either monotherapy in BRCAWT
models, PARPi-resistant models (Wilson et al., 2022, Wengner et al., 2020) and
non-MYC amplified xenografts (Ning et al., 2019). Generally, all studies observed
that the combination was well tolerated but a significant challenge was
optimising scheduling. This is indicative of the challenges with all in vivo studies
but is amplified by utilisation of different mouse models with different tumours,
tumour burden, inhibitors and different genetic deficiencies. Only the study by

Ning et al has focused on a model of GBM, which will be described below.

1.5.4 Targeting replication stress in glioblastoma

Most of the focus of inhibition of PARP or ATR in GBM has been on sensitising to
current therapies. In 2002, Tentori et al showed the chemosensitising effects of
PARP inhibition in GBM after observing synergy between TMZ and PARP inhibition
in glioma cells, regardless of p53 status or TMZ-sensitivity, which they
hypothesised was due to PARP’s role in repairing specific TMZ adducts via BER
(Tentori et al., 2002). Several years later the same group were able to show
synergy between PARPi and TMZ specifically in the resistant GSC population of
tumour cells (Tentori et al., 2014). In terms of RT, Barazzuol et al showed

enhanced anti-tumour efficacy when RT was combined with veliparib in four
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GBM cell lines, which was further enhanced by the addition of TMZ (Barazzuol et
al., 2013). Similarly, a study in GSCs saw decreased viability with the addition of
a PARPi to RT, which they hypothesised was due to a reliance on PARPs role in
the DDR during constitutive DNA damage as a result of chemoradiation (Venere
et al., 2014). Searches for a marker of PARPi efficacy with TMZ have found very
differing results. Gupta et al showed improved survival with the addition of
veliparib to TMZ in MGMT-methylated PDX models which they could reverse by
the overexpression of MGMT (Gupta et al., 2016) whereas Erice et al reported
that the effect of combining PARPi and TMZ was most pronounced in MGMT
deficient cells (Erice et al., 2015), directly in contradiction with each other.
Further work is required to elucidate this relationship, identification and
stratification of patients by MGMT status in clinical trials will likely aid in

understanding this relationship.

Eich et al were the first to identify ATR mutated cells that were hypersensitive
to TMZ (Eich et al., 2013). They also showed that knockdown of ATR reduced
phosphorylation of H2AX, CHK1 and CHK2 in glioma cell lines, highlighting
inhibition of ATR as a potential strategy for chemosensitisation. Jackson et al
went on to find that the ATR-CHK1 axis was activated by TMZ specifically in
MGMT-deficient cells, which also therefore displayed increased sensitivity to ATR
inhibition (Jackson et al., 2019). Similarly, Aasland et al showed that the ATR-
CHK1 axis played a critical role in TMZ-induced senescence (Aasland et al.,
2019).

The radiosensitising effect of CAiPi specifically in GSCs was shown by Ahmed et
al, who hypothesised that concomitant inhibition of repair and cell cycle
checkpoints may provide optimal radiosensitisation (Ahmed et al., 2015). They
found that several DDR targets were upregulated in GSCs compared to paired
differentiated bulk cells and importantly Chk1 was preferentially upregulated
following IR, suggesting a reliance on the ATR stress response. Concordantly,
they observed rapid G2/M checkpoint activation in GSCs following IR, which ATR
inhibition abrogated leading to mitotic catastrophe and increased
radiosensitivity, which was further enhanced by the addition of a PARPi through
parallel inhibition of DDR and stress response pathways. Carruthers et al

similarly showed the radiosensitising effects of CAiPi in GSCs, but for the first
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time linked this phenotype to an increase in RS (Carruthers et al., 2018). They
were able to replicate this radioresistant phenotype with low dose aphidicolin to
induce RS in differentiated bulk cells. They also observed significant, supra-
additive effects of CAiPi in GSCs by neurosphere formation, and increased
sensitivity in two primary GSC lines compared to their paired bulk counterparts,

in keeping with their hypothesis that RS is a targetable vulnerability of GSCs.

Despite promising indicators for the use of PARP and ATR inhibitors in sensitising
GBM to current therapies, the focus of this thesis is utilising CAiPi to target
increased RS in GSCs and understand mechanisms of sensitivity outwith the
effects on standard of care, which remains to be fully determined. The only
study of CAiPi alone to target GSCs was carried out by Ning et al, albeit with a
focus on PARP inhibition (Ning et al., 2019). The authors described MYC or MYCN
amplification as a marker of PARPi sensitivity in GSCs. They identified
MYC/MYCN amplification in all their PARPi-sensitive (ICso <10pM) cell lines, which
was not present in the PARPi-resistant (ICso >100uM) group of cells. The
amplification corresponded to increased expression of MYC or MYCN proteins
identified by Western blot. They also found a negative correlation between MYC
expression, via knockdown or overexpression, and CDK18 expression, analysed by
RNA sequencing (RNAseq) and gPCR. They found that amplified MYC/MYCN acted
to repress transcription of CDK18. This conferred PARPi sensitivity, as
unrepressed CDK18 activated ATR in response to PARPi to promote HR and cell
survival. They went on to find ATR inhibition synergised with PARPi in MYC/MYCN
amplified GSCs or sensitised non-MYC/MYCN amplified GSCs to PARP inhibition,
they hypothesised due to loss of HR via ATRi. This relationship was specific to
ATRI, as they found PARPi did not sensitise GSCs to other DDR inhibitors
including ATM, PI3K, PTEN or to TMZ. Importantly, they found that CAiPi did not
increase cytotoxicity in normal human astrocytes compared to either
monotherapy, despite observing synergistic or sensitising effects in GSCs (Ning et
al., 2019). Careful consideration of the effects of CAiPi on normal tissue is
required before being taken forward clinically, however several features of ATR
and PARP inhibition support their GBM tumour specific targeting. These include
frequent loss of TP53 cell cycle checkpoint control in GBM and loss of other DDR
targets, specifically targeting increased RS in GSCs and lastly CAiPis specific
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targeting of replicating cells may mean that largely non-replicating normal tissue

in the surrounding CNS is spared.

1.5.5 Clinical trials of ATR and PARP inhibition in glioblastoma

Combinations of inhibitors and chemoradiotherapies are complicated by
overlapping toxicities. Previous studies have identified PARPi exacerbate
myelotoxicity commonly associated with TMZ, necessitating a reduction in TMZ
dose (Plummer et al., 2013). Therefore, any proposed therapies require careful
planning to identify safety and tolerability of the regime. PARPis are the most
clinically advanced DDR inhibitors, gaining approval for use in a range of clinical
settings and identified as tolerable for their respective uses. Their utility for
GBM is being investigated in several clinical trials, as summarised in Table 1.2.
Many of these trials are phase I/1l and aimed to investigate safety and
tolerability of various PARP inhibitors, primarily veliparib and olaparib in
combination with TMZ, RT or both. Many have yet to report results, or
preliminary reports are so far only in the form of abstracts. Veliparib in GBM has
shown limited promise in combination with standard therapies, with one trial
not identifying a tolerable dose due to haematological toxicities (Kleinberg et
al., 2013), and the other two studies finding no significant benefit over control
or conventional therapies (Sarkaria et al., 2022, Sim et al., 2021). This raises the
question over the importance of PARP trapping for a clinical benefit in
combination with chemotherapy, since veliparib is the least potent PARP
trapper. Limited results of olaparib clinical trials have been reported, however
the phase | OPARATIC trial identified overlapping toxicities between olaparib
and TMZ but could achieve tolerable scheduling through intermittent dosing of
olaparib three days a week with daily TMZ (Hanna et al., 2020). They also found
that 14/39 evaluable patients were progression free at 6 months and with this
promising clinical data two further studies, PARADIGM and PARADIGM-2, have

been initiated.

Another important aim of the OPARATIC trial was to assess the brain
penetrability of olaparib. Achieving sufficient blood brain barrier (BBB)
penetration remains a significant and ongoing challenge for targeting tumours of
the brain, necessitating the brain penetrative capacities of all proposed

inhibitors to be assessed. Each PARPi appears to have differing capacities for
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crossing the BBB, which has primarily been studied in preclinical models. Sun et

al compared the brain and tumour penetration of olaparib and niraparib in

xenograft mouse models, and found greater tumour penetration and

sustainability in the brain by niraparib compared to olaparib (Sun et al., 2018).
Similarly, a PK study of olaparib in a GBM PDX model as part of the OPARATIC

trial found poor BBB penetration (Hanna et al., 2020). However, as part of the

OPARATIC trials, suitable patients with recurrent GBM received olaparib for four

days before tumour resection and olaparib concentrations in plasma, tumour

core and tumour margins were quantified. This study found olaparib was

detected in 71/71 tumour cores from 27 patients, and 21/21 tumour margins

from 9 patients at clinically relevant doses (Hanna et al., 2020). This highlighted

discrepancies between preclinical models and the clinic and the necessity of

assessing BBB penetration in patients. The murine BBB is particularly restrictive,

and the human BBB is known to be disrupted in patients with GBM, which may

explain differing brain penetrations of the same inhibitor (Watkins et al., 2014).

Table 1.2. Summary of PARP inhibitor clinical trials in GBM.

PARPi Trial (year) Treatments Disease setting Outcomes
(phase)
Pamiparib NCT03150862 Pamiparib + RT  Newly diagnosed = Pamiparib 60mg BID +
(2017) (1/11) / Pamiparib + or recurrent GBM, RT/TMZ generally well
Completed RT + TMZ / stratified by tolerated
(Piotrowski Pamiparib + MGMT status
A, 2019) T™MZ
Veliparib  NCT00770471 Veliparib + RT + Newly diagnosed  Veliparib BID + RT/TMZ
(2008) (1/11) TMZ GBM was not tolerable due to
Completed haematological toxicities
(Kleinberg et
al., 2013)
NCT02152982 Adjuvant Newly diagnosed  No difference in Veliparib
(2014) (I1/111) ~ Veliparib + TMZ  GBM with mMGMT  vs placebo for OS: 28.1 vs
Active, not versus placebo 24.8 mo. (p=0.15) or PFS:
recruiting + TMZ after 13.2 vs 12.1 mo.
(Sarkaria et concurrent (p=0.31). Evidence of
al., 2022) RT+TMZ benefit following
retreatment with
Veliparib + TMZ at first
occurrence
VERTU Veliparib + RT Newly diagnosed  Veliparib vs control PFS
(2015) (1) then adjuvant GBM with uUMGMT  at 6 mo. 46% vs 31%.
Completed veliparib + TMZ Median OS: 12.7 mo. vs
(Sim et al., or TMZ + RT 12.8 mo. Tolerated but
2021) no clinical benefit
Niraparib ~ NCT01294735 Niraparib + TMZ Advanced cancer  Niraparib in combination

(2011) (1)
Completed

including GBM

with TMZ was tolerated
and demonstrated
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(Kurzrock et
al., 2014)

NCT05076513
(2021) (0/1)
Recruiting

NCT03212742
/ OLA-TMZ-
RTE-01
(2017) (1/11)
Recruiting
(Lesueur et
al., 2019)

Olaparib

NCTO01390571
/ OPARATIC
(2011) (I
Completed
(Hanna et
al., 2020)

PARADIGM
(2015) (1/11)
Recruiting

PARADIGM-2
(2016) (1)
(Fulton et
al., 2018)
Recruiting

Fluzoparib NCT04552977
(2020) (1)
Unknown
status

Phase 0:
Niraparib for 4
days prior to
resection.
Phase I:
niraparib + RT

Olaparib + TMZ
+ RT followed
by 4 weeks of
olaparib or
adjuvant TMZ +
olaparib

Olaparib + TMZ

Phase | -
olaparib + RT
and olaparib for
4 weeks after
RT. Phase Il -
olaparib + RT or
placebo + RT

Parallel 1:
Olaparib + RT +
TMZ followed
by 4 weeks of
intermittent
olaparib and
then adjuvant
TMZ (mMMGMT)
Parallel 2:
Olaparib + RT
followed by 4
weeks of daily
olaparib
(UMGMT)

Fluzoparib +
TMZ

Newly diagnosed
GBM

First line
treatment in
unresectable or
partially
resectable high-
grade glioma

Recurrent GBM

Newly diagnosed
GBM in patients
unsuitable for
standard
treatment e.g.
health/age

Newly diagnosed

GBM, stratified by

MGMT status

Recurrent GBM

46

antitumor activity. GBM
specific results not yet
published

None reported

None reported

Olaparib exacerbated
TMZ-related toxicities
requiring intermittent
dosing. Tolerated 3
days/week with daily
TMZ for 42-day cycles.
36% of evaluable patients
progression free at 6 mo.

None reported

None reported

None reported

Clinical trials of several PARPi in GBM, either combined with RT and/or TMZ are listed, with the
schedule, clinical setting and any results that have been reported summarised. BID = twice daily,
MmMGMT = methylated MGMT, uMGMT = unmethylated MGMT.

There are no current clinical trials of ATR inhibition in GBM. However, several

trials of an ATRi in solid tumours have been undertaken, albeit CNS malignancies
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are frequently an exclusion criterion for general solid tumour clinical trials likely
due to the additional challenges of BBB penetration. VX970 (also known as
VE822, berzosertib and M6620) was the first ATRi to be analysed in humans in
2012. VX970 has been studied in combination with carboplatin (Yap et al., 2020),
cisplatin (Shapiro et al., 2021), RT (Baschnagel et al., 2021) and
chemoradiotherapy (CHARIOT and NCT02567422 trials, not yet reported). Only
the trials of VX970 in combination with carboplatin and cisplatin have reported
results in which they found VX970 was generally well tolerated with the
respective combinations, with the most common toxicities being neutropenia
and anaemia. One patient that received VX970 alone who had metastatic
colorectal cancer with ATM loss had a complete response, with 29 months PFS as
of last assessment, despite being identified as treatment-refractory (Yap et al.,
2020). In the same study, of the 23 patients with advanced, treatment-
refractory solid tumours who received combined VX970 and carboplatin they
observed one partial response and 15 stable disease. A PK study found VX970
exposure increased in a dose-dependent manner and showed no interaction with
carboplatin (Yap et al., 2020). Similarly, out of 31 patients who received VX970
combined with cisplatin, four patients with advanced, treatment-refractory solid
tumours achieved a partial response (Shapiro et al., 2021). Both studies
concluded that there was promising antitumour activity, warranting further
investigations. Both AZD6738 and BAY1895344 have also been assessed in clinical
trials to identify safety and tolerability, AZD6738 first in 2013 and BAY1895344 in
2017, and since then there are several studies ongoing of both ATRis in
combinations with standard therapies. Reports of both have identified dose-
limiting but reversible toxicities, most commonly haematological, however these
could be managed by intermittent scheduling (M. Dillon, 2019, Yap et al., 2021).
The first-in-human study of BAY1895344 achieved a partial response in four
patients and stable disease in eight out of 21 patients with advanced solid
tumours (Yap et al., 2021). All responders had loss of ATM protein expression or
deleterious ATM mutations, suggesting that clinical efficacy of ATRis may be

restricted to tumours with ATM loss.

To date, 16 clinical trials have been registered which combine ATR and PARP
inhibition, including in head and neck malignancies, NSCLC, SCLC, prostate,

pancreatic, gastric, breast and ovarian cancer. One study of veliparib and VX970
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also included cisplatin in patients with advanced solid tumours (Mittra et al.,
2019). The study found that the combination of all three therapies was safe,
with anaemia being the most common adverse event which did limit veliparib
delivery. Out of 34 patients, two had a partial response and 22 had stable
disease, with prior platinum chemotherapy a predictive marker of response. The
largest CAiPi trial to report results was the VIOLETTE trial of combined AZD6738
and olaparib in triple negative breast cancer (Tutt et al., 2022). They identified
manageable toxicities, in keeping with the known profiles of each drug, however
adverse events increased from 36% with olaparib alone to 47% with the
combination. The study stratified patients as BRCAMUT | HRRMUT (HR repair genes)
and non-HRRMUT and unfortunately found no significant differences in PFS
between PARPi alone and CAiPi. Surprisingly, the only difference observed was
an increase in objective response rate (ORR) in non-HRRMYT between CAiPi (15%)
and PARPi (4%). The authors did not understand the clinical significance of this
observation, as preclinical studies suggest HRD cancers to be potently sensitive
to CAiPi. Therefore, further investigations are required to elucidate this
response. In terms of GBM, more clinical understanding of ATR inhibitor BBB
penetration is required, with PK and pharmacodynamic (PD) studies for each

inhibitor required before in-human investigations of CAiPi.

1.5.6 Biomarkers of ATR and PARP inhibitor response

There are several previously described biomarkers of PARPi, ATRi and CAiPi
response in a range of cancer types, as has been touched upon throughout this
chapter. Potential copy number, mutational and transcriptional biomarkers

proposed from in vitro investigations are summarised in Table 1.3.
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Table 1.3. Biomarkers of PARPi and ATRi sensitivity.

Sensitivity Cancer/cell type Biomarker
ATRi Mouse embryonic fibroblasts/U20S High RS via CCNE1
(Toledo et al., 2011) amplification
ATRi Pancreatic cell lines and human High RS via curated
organoids (Dreyer et al., 2021) transcriptional signature
ATRi Neuroblastoma (King et al., 2021) High RS via MYCN
amplification
PARPi GSCs (Ning et al., 2019) MYC or MYCN
amplification
PARPi Breast and ovarian cancer HR deficiency (BRCA1,
(Dziadkowiec et al., 2016) BRCA2, PALB2)
PARPi NCI-60 human tumour cell line SLFN11 expression
screen including CNS cell lines (Murai
et al., 2016)
PARPi Glioma (Sulkowski et al., 2017) and IDH1/IDH2 mutations
acute myeloid leukaemia (Molenaar
et al., 2018)
PARPi GSCs (Wu et al., 2020) EGFR amplification
CAiPi Commercial glioma, fibrosarcoma, IDH1/IDH2 mutations

colon and chondrosarcoma cell lines
(Sule et al., 2021)
CAiPi* Prostate (Rafiei et al., 2020, Neeb et ATM deficiency
al., 2021, Jette et al., 2020b), lung
(Jette et al., 2020a, Jette et al.,
2020b) and pancreatic (Jette et al.,
2020b) cancer

Summary of previously described markers of sensitivity to ATRi, PARPi and CAIPi, in what cancer
or cell type it was described in. *ATM deficiency also described extensively as a biomarker for
PARPi or ATRi in a range of other cancer types.

ATRi biomarkers are all characterised by increased RS via oncogene-induction or
curated transcriptional signatures. The most well described marker of PARPi
sensitivity is BRCA1/2 mutations or defective HR without BRCA1/2 mutations,
known as ‘BRCAness’. GBM is generally described as BRCA-intact, as BRCA1/2
mutations have rarely been described in GBM patients (Boukerroucha et al.,
2015) and cancers of the CNS are not generally characterised by HR defects. An
active challenge is to extend the use of PARPis beyond the classically HR-
deficient malignancies. It is theorised that other mutations or inhibitors can
mechanistically or therapeutically induce BRCAness. This includes IDH1/2
mutations as these cells are less efficient at DSB repair compared to WT cells
(Sulkowski et al., 2017), however this is unlikely to be relevant to GBM which is
IDH WT. In terms of GBM, MYC/MYCN amplification is the most applicable and
comprehensive marker published to date for PARPi sensitivity in BRCA-intact
GSCs, as described in detail in 1.5.4, which could be described as BRCAness due
to a reliance on ATR for promoting HR under PARPi (Ning et al., 2019). ATM



Chapter 1 50

deficiency is the most frequently identified and characterised marker of ATRi,
PARPi and importantly CAiPi-sensitivity, in a range of cancer types and both in
vitro and in clinical trials. ATM has critical roles in DSB detection and repair, so
it is not surprising deficiency of ATM predicts sensitivity to these inhibitors.
However, it has been suggested that mechanistically ATM-deficient cells dictate
sensitivity differently from the usual HRD mechanisms and instead it is via ATM’s
activities in counteracting toxic NHEJ (Balmus et al., 2019). The clinical
applicability of ATM deficiencies in GBM may be limited, as mutations of ATM are
found in only ~2% of GBM patients (c-Bioportal) (Cerami et al., 2012).

However, we hypothesise that PARP and ATR inhibitors are an important
therapeutic strategy for GBM warranting further investigations due to their
overlapping roles in RS response and studies suggesting an induction of RS by
inhibition of PARP. Two other markers have been described for PARPi sensitivity
which are more distinct from HR and DSB repair. The first being EGFR
amplification, which is present in approximately 50% of GBM patients. The study
by Wu et al found that EGFR amplification in a panel of 14 GSCs predicted
sensitivity to talazoparib, which was validated in a further panel of 13 GSCs and
in vivo (Wu et al., 2020). Mechanistically they found that EGFR amplification was
associated with reactive oxygen species (ROS) corresponding to upregulation of
DNA repair pathways to counteract the oxidative stress and therefore a reliance
of PARP repair activities, similar to upregulation of DDR in response to RS in
GSCs theorised by Carruthers et al (Carruthers et al., 2018). Interestingly, Wu et
al found talazoparib sensitivity did not correlate with other frequently mutated
genes in GBM including PTEN, TP53, CDKN2A or MYC amplification (Wu et al.,
2020), the last of which is in contrast to work by Ning et al (Ning et al., 2019).
Lastly, sensitivity to PARPis has been associated with Schlafen 11 (SLFN11)
expression, which has been identified in a large panel of human cell lines
including cell lines from CNS malignancies (Murai et al., 2016). The authors of
this work also showed that SLFN11 expression predicted synergistic effects of
talazoparib and TMZ in MGMT-proficient cells. They found SLFN11 acted to
induce irreversible S phase arrest independently of ATR, while SLFN11-deficient
cells were reliant on ATR-mediated S phase checkpoint control in the face of
talazoparib, and accordingly they observed greater synergy of CAiPi in SLFN-
deficient cells versus SLFN-proficient cells (Murai et al., 2016). They validated
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this mechanism in SCLC, however the relevance of this mechanism in GSCs
remains to be determined. Despite several proposed biomarkers, genomic
alterations are unlikely to explain differing CAiPi sensitivities between isogenic
paired GSC and bulk cell lines observed by Carruthers et al (Carruthers et al.,
2018), and therefore we hypothesise that a RS-associated biomarker may best

predict CAiPi sensitivity.

1.6 Research aims and hypotheses

Since the discovery of GSCs in GBM and their association with treatment
resistance and tumour recurrence, there has been a drive to find ways of
targeting this subpopulation of cancer cells. Identification of increased RS in
GSCs reveals a targetable vulnerability that requires further investigation. This
thesis aims to investigate this increased RS as a method of targeting GSCs and
study the mechanisms of sensitivity to inhibited RS response to inform biomarker
development. To investigate this rationale and to address the hypothesis that
inhibition of RS response presents a promising therapeutic potential for GSCs,

the main objectives were as follows:

1. To investigate the response to CAiPi in a panel of paired GSC and bulk

primary cell lines.

2. To characterise the genomic and transcriptomic profiles of the panel of

primary paired GBM cell lines
3. To investigate the mechanisms of sensitivity to CAiPi

4. To explore the feasibility of CAiPi in a preclinical GBM model
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Chapter 2 Materials and Methods

2.1 Cell culture

GBM cell lines were handled in a Class Il sterile laminar flow hood, using sterile
plastic ware and solutions. Aseptic technique was maintained to avoid

contamination.

2.1.1 Source and derivation of primary GBM cell cultures

E2, G7, S2, R9, R10, R15 and R24 primary cell lines were gifted to the lab by Dr
Colin Watts, University of Cambridge, UK. These cell lines were derived from
freshly resected GBM specimens, by the Watts’ laboratory via the method
previously derived by their lab (Fael Al-Mayhani et al., 2009) Tissue samples
were obtained in accordance with local ethical guidelines. Anonymised tissue
was mechanically minced in phosphate buffered saline solution (PBS) before
enzymatic digestion. Single cells were then isolated by filtration through a 40-
pum filter and washed with 10ml red blood cell lysis buffer. Live cells were
quantified, seeded at standard density of 15,000 cells/cm? in GSC media
(defined below) and allowed to form primary aggregates. These were collected
and plated, without dissociation, onto ECM-coated flasks (1:10 dilution, Sigma)
and allowed to form a primary monolayer. As the primary monolayer approached
confluence cells were dissociated by incubation with Accutase™ (Life
Technologies) at room temperature and washed with PBS. Cell viability was
assessed and cells were reseeded onto ECM-coated flasks at a density of

150 cells/cm? to generate the secondary monolayer. To generate subsequent
monolayers cells were seeded at standard density 15,000 cells/cm? at each
passage. Cell numbers were expanded in this fashion and aliquots frozen at -80°C
in dimethyl sulfoxide (DMSO) as a cryopreservant before being transferred to

liquid nitrogen.

2.1.2 Culture of paired GSC and bulk populations

GSC cultures were maintained in serum-free, growth factor-enriched stem cell
enriching conditions. GSC media was made up of Advanced DMEM/F-12 medium
(Gibco™) supplemented with 1% B27 (Invitrogen™), 0.5% N2 (Invitrogen™), 1% L-
glutamine (Invitrogen™), 4ug/ml heparin, 20ng/ml EGF (Sigma) and 10ng/ml
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bFGF (Sigma). GSC cultures were maintained as monolayers on Matrigel™ Matrix
(Corning®) coated tissue culture flasks or plasticware, at a 1:40 dilution with

media. Neurosphere cultures did not require Matrigel™ coated plasticware.

Tumour bulk cultures were derived from GSC cultures via differentiating media
for minimum five passages. Bulk medium was made up in MEM (Gibco™),
supplemented with 10% FCS (Sigma), 1% L-glutamine (Invitrogen™) and 1% sodium
pyruvate (Invitrogen™). Bulk cells were grown as adherent monolayers on

uncoated flasks and plasticware.

2.1.3 Growth conditions

GSC and bulk cell cultures were maintained as adherent monolayers in 75cm? flat
sided flasks (Corning®), containing 10 to 15ml of GSC or differentiating medium
respectively. Cell cultures were grown in a 37°C humidified incubator, at 5% CO>
and 21% Ox.

2.1.4 Serial passaging of cells

Cells were passaged when cells reached 70-80% confluency from microscopic
appearance, approximately every 3-4 days. Medium was aspirated off and the
cells were washed with PBS to remove any residual medium. Cell monolayers
were then incubated with 0.5-1.0ml Accutase™ (Gibco™) for five minutes before
the flask was agitated to allow cells to detach from the growth surface. Media
was added to the cell suspension to reach 10ml before centrifugation at 2000rpm
for 5 minutes. Media was discarded, the cell pellet resuspended in fresh media
and cells distributed into new flasks at appropriate cell densities, noting the
passage number. Low passage numbers were routinely used for experiments,

between 4 and 10.

2.1.5 Counting cells

Cells were detached from monolayers and centrifuged as per 2.1.4. The cell
pellet was resuspended in 3ml of media and passed through a 19-gauge needle
10 times to create a single cell suspension. Media was added to make the cell
suspension up to 10ml. 10pl of cell suspension was added to each chamber of a

haemocytometer. Cells were counted on all nine quadrants of a haemocytometer
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and the total number of cells was divided by nine to give a mean cell count, ‘C’,

per square. The cell concentration was calculated as C x 10* cells/mlL.

1.6.1 Cell storage and cryopreservation

Cells were detached from monolayers and centrifuged as per 2.1.4. Cell pellets
were resuspended in cryo-preservative medium, consisting of DMSO and medium
at a 1:10 ratio. Approximately 1x10° cells in 1ml of cryo-preservative medium
were aliquoted into cryo-vials (Corning®). Cells were initially frozen at -80°C

before being transferred to liquid nitrogen for long term storage.

2.1.6 Thawing cells from liquid nitrogen

Cryo-vials from liquid nitrogen were rapidly thawed in a 37°C water bath. 1ml of
cell suspension was added to 9ml of media and centrifuged at 2000rpm for 5
minutes. Media was discarded and the cell pellet was resuspended in fresh
media and transferred to a 75cm? flask. Cells were incubated overnight to allow

adherence and medium replaced after 24 hours.

2.2 Flow cytometry cell sorting

E2 GSC-enriched cultured cells were sorted by the presence or absence of cell
surface marker CD133. Briefly, flow cytometry technology can sort heterogenous
populations of cells into two or more groups, based on fluorophore-conjugated
antibodies attached to cell surface markers. Cells are sorted one at a time,
detecting cell size and granularity by light scattering as well as fluorescence.
Hydrodynamic focusing creates a single cell suspension so each cell passes
through a laser light one at a time. When a cell passes the laser, forward scatter
(FSC) and side scatter (SSC) of the beam are detected. FSC is light that is
scattered at small angles and is indicative of cell size, and SSC is light scattered
at larger angles away from the beam and provides information on cellular
granularity. FSC and SSC can be used to exclude cell debris, dead cells and
doublets. Lastly, laser beams can excite the fluorophore-conjugated antibodies
resulting in a change in charge, which is used to divert each cell into different

populations.
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2.2.1 Procedure

Cell cultures grown as monolayers in 75cm? flasks that were 50-70% confluent
were utilised. Cells were dissociated as described in 2.1, however cells were
incubated with Accutase™ for up to 10 minutes to ensure a single cell suspension
was created. Cells were harvested into a 15ml Falcon™, a total cell count was
taken before centrifugation. The cell pellet was resuspended in 2ml PBS with
4’,6-diamidino-2-phenylindole (DAPI) (1 in 1000), 200ul was collected as a gating
control and diluted with 1ml PBS with DAPI (1 in 1000). PE-conjugated anti-
CD133 antibody was added to the cell suspension (see Table 2.2) and protected
from the light. Cells were incubated with the antibody or no antibody control for
30 minutes at room temperature on a rotating disc. The antibody-containing
sample was centrifuged, PBS aspirated and the cell pellet resuspended in 2mls of
fresh PBS. Both samples were passed through a 70uM filter to remove any cell
aggregates and kept on ice until sorting. 15ml Falcon™ tubes were prepared for
collection of cells, containing GSC media plus 50U Penicillin-Streptomycin

(Gibco™) per 1Tml media to prevent infections.

Sorting of cells was carried out by flow cytometry technicians at the Beatson
Institute using a BD FACSAria™ Fusion. SSC and FSC characteristics and DAPI
allowed for identification of cells of interest and a region gate was used to
exclude cellular debris, doublet nuclei and dead cells, as shown in Figure 2.1.
The no antibody control allowed for gating to isolate PE-positive cells, as shown
in Figure 2.2. This allowed for sorting of cells into a CD133* population and a

CD133" population by fluorochrome excitation using a 565nm laser.
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Figure 2.1. Gating to exclude debris and doublets from flow cytometry analysis. A. Region
gates for exclusion of debris by FSC-A (area) and SSC-A. B. Region gates for exclusion of doublet
nuclei by FSC-A and FSC-W (width). C. Region gates to exclude dead cells, which were DAPI-
positive since viable cells exclude DAPI from penetrating cell membranes.
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Figure 2.2. Gating and results of CD133 cell sort in E2. Representative flow cytometry gating
plots showing isolation of CD133* E2 cells by PE-conjugated antibody versus no antibody control.

2.2.2 Culture of sorted cells

CD133*and CD133" populations were maintained in GSC media. Sorted cells were

utilised in neurosphere assays, as detailed in 2.6, within two days of sorting to
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maintain both high and low CD133 positivity at the initiation of the experiment.
Sorted cells were cultured in the presence of 50U Penicillin-Streptomycin

(Gibco™) per 1ml of media throughout experiments to prevent infections.

2.3 Inhibitors

Inhibitors were dissolved in DMSO for in vitro experiments or 60% polyethene
glycol 400 (PEG 400), 10% ethanol and 30% distilled water for in vivo
experiments. VE821 was utilised at 5uM and olaparib at 1pM throughout the
thesis, as these have previously been identified as sufficient to inhibit in vitro
phosphorylation of Chk1 and PARylation respectively. Concentrations of other
inhibitors or variations in VE821 or olaparib concentrations utilised are stated

throughout the thesis. Table 2.1 details the inhibitors used.

Table 2.1. Inhibitor details.

Inhibitor Manufacturer Stock concentration

VES821 Sigma, SML14155 100mM stock in DMSO

Olaparib Stratech, s1060-SEL 10mM stock in DMSO

Veliparib Stratech, ABT-888 10mM stock in DMSO

AZD6738 AstraZeneca, AZD6738 75.7mM in DMSO

Roscovitine  Sigma, R7772 25mM stock in DMSO

Pamiparib SelleckChem, $8592 Appropriate concentration® in PEG

solution (in vivo)
10mM stock in DMSO (in vitro)
BAY1895344 BAYER (under an MTA)  Appropriate concentration® in PEG
solution (in vivo)
10mM stock in DMSO (in vitro)
*Varied concentrations of pamiparib and BAY 1895344 made up depending on dosage due to

requirement of 100ul administered to mouse. PEG solution = 60% PEG 400, 10% ethanol and 30%
distilled water.

2.4 Cell viability by CellTiter-Glo®

2.4.1 Procedure

Single cell suspensions of GSCs and bulk cells were prepared and counted as
described in 2.1. Cell numbers for plating were determined by plating serial cell
numbers on a clear 96-well plate (Corning®) and assessing optimal cell density of
70-80% confluency after seven days. Optimised cell numbers were plated in
100ul of media per well on 96-well white plates (Greiner CELLSTAR®) and
incubated for 24 hours. Media was prepared containing inhibitors at double the

required concentration, DMSO at an equivalent volume or media alone and 100pl
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was added on top of 100ul in the well and returned to the incubator for 24
hours. The inhibitor/DMSO media was carefully aspirated and replaced with
200pl of fresh media, or alternatively left for a further five days. After six days
post drug treatment, plates were analysed for cell viability using CellTiter-Glo®

assay (Promega).

CellTiter-Glo® works via a luciferase reaction, which is reliant on ATP.
Luciferase acts on beetle luciferin to release energy in the form of
luminescence, only in the presence of Mg?* and ATP. The luminescent signal is
proportional to the amount of ATP present, which in turn is directly proportional
to cellular metabolic activity and therefore is an indicator of cell viability.
Plates were treated as per the manufacturer’s instructions. 100pl of CellTiter-
Glo® solution was added to each well before mixing of contents for two minutes
on an orbital shaker to lyse cells. Plates were incubated at room temperature
for 10 minutes to stabilise luminescent signals before analysis. Luminescence
was assessed by a Promega GloMax®-Multi Detection System. Readouts for wells
containing inhibitors were normalised to wells containing DMSO vehicle control

media.

2.5 Clonogenic survival assay

2.5.1 Procedure

Single cell suspensions of GSCs and bulk cells were prepared and counted as
described above. 500 cells per well were plated for drug treated wells and 250
cells per well for vehicle control in six-well plates (Corning®). Cells were seeded
in 2ml of medium per well and incubated overnight. Medium was then aspirated
and replaced with medium containing inhibitors in DMSO or DMSO alone at an
equivalent volume. Plates were returned to the incubator for 24, 48 and 72
hours. After this time, medium was aspirated and replaced with 2ml of fresh
medium. Plates were returned to the incubator for two weeks for E2 or three

weeks for G7, to allow colonies of >50 cells to form.

Once colonies had formed, they were fixed and stained. Medium was aspirated
and 1ml of 50% Methanol in PBS added to each well for 15 minutes. This was

aspirated and 1ml of 100% Methanol added per well for 15 minutes. After
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methanol fixation, colonies were stained with a Crystal Violet (Sigma) solution,
made up 1 in 30 with PBS. 1ml was added to each well for a minimum of 2 hours
before it was removed, any excess was washed off with water and the plates

dried overnight.

2.5.2 Analysis of clonogenic survival assay results

Colonies with >50 cells were counted manually. Colony counts were obtained
from triplicate wells for each condition. Mean colony counts were obtained for
each experimental condition and plating efficiency calculated by dividing mean
colony counts by the number of cells plated. Surviving fractions were calculated

relative to DMSO control.

2.6 Neurosphere formation assay

2.6.1 Procedure

GSCs were exposed to inhibitors in flasks prior to plating for roscovitine studies
and in 96-well plates for all other studies. For drugging in the wells, single cell
suspensions were prepared and counted as previously described and seeded at 10
cells per well in 100ul of media. Medium was prepared with inhibitors or a
corresponding DMSO volume before the addition of cells and plating. Plates were
incubated at 37°C for 48 hours before the addition of 150ul of fresh media to
dilute the inhibitors and the cells were left to form neurospheres. For drugging
in flasks prior to plating, cells in 75cm? flasks that had reached approximately
50% confluency were incubated in media containing inhibitors or a corresponding
DMSO volume for 24 hours. After this, single cell suspensions were prepared and
cells counted as previously described and 10 cells per well were plated in 100ul
of fresh media containing no inhibitors. After two days 150ul of fresh media was
added to each well. Plates were incubated for three weeks for unsorted
populations and four weeks for sorted populations to allow neurospheres to

form.

2.6.2 Analysis

Once neurospheres had formed, 20ul of MTT (5mg/ml) (Thiazolyl Blue

Tetrazolium Bromide) (Sigma) was added to each well to stain neurospheres.
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Images of the neurospheres were taken on a GelCount™ (Oxford Optronix) colony
counter and neurospheres counted manually using the GelCount™ software.
Outer wells for each plate were excluded from analysis and an average
neurosphere/well was assessed for the remaining 60 wells. Neurosphere

surviving fractions were assessed relative to DMSO control.

2.7 DNA fibre assay

A DNA fibre assay is the gold standard assay for measuring replication fork
structures and dynamics. Cells are exposed sequentially to two differently
coloured fluorescent, thymidine analogues and analysis of replication velocity,

ongoing forks, stalled forks and new origins can be carried out.

2.7.1 Procedure

GSC and bulk cells were seeded in 75cm? flasks for 24 hours to reach
approximately 50% confluency. Cells were incubated in medium containing
inhibitors or a corresponding DMSO volume for 24 hours. A DNA fibre assay, as
detailed in Figure 2.3, was then carried out. Cells were incubated in medium
containing the thymidine analogue chloro-deoxyuridine (CldU) (25uM from 10mM
stock made up in 1N NaOH) (Sigma, C6891) plus inhibitors or DMSO at 37°C for 20
minutes. CldU containing media was removed and cells washed with medium
containing no thymidine analogues. Cells were then incubated at 37°C in media
containing the thymidine analogue iodo-deoxyuridine (IdU) (250uM from 10mM
stock made up in 1N NaOH) (Sigma, 17125-59) plus inhibitors or DMSO for 20
minutes. Cells were washed once with PBS before dissociation with Accutase™.
Dissociated cells were collected and centrifuged at 950 x g for five minutes.
Accutase™ was aspirated and cells diluted to a concentration of 1x10° cells per
ml in PBS. 2pl of cell suspension was pipetted on the top edge of glass
microscopy slides and lysed by the addition of 7pl of spreading buffer (see Table
2.4) with mixing using a pipette tip. Cells were incubated on the glass slide for
two minutes before the slides were tilted to an angle of approximately 30° to
allow the drop to run slowly down the slide and spread DNA fibres. Slides were
air dried before fixation in a 3:1 ratio of methanol and acetic acid for 10
minutes. Slides were stored at 4°C until immunostaining. A minimum of three

slides per condition were processed.
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Figure 2.3. Schematic of DNA fibre assay. Cells were stained sequentially with CldU and IdU
thymidine analogues for 20 minutes each before transfer of cell suspension to a glass slide. Cells
were then lysed before DNA fibres were spread down a glass slide by tilting. DNA fibres were fixed
and stained to allow for imaging and analysis. Created using BioRender.

2.7.2 Immunostaining

Slides containing spread DNA fibres were washed twice with deionised water
before a rinse with 2.5M hydrochloric acid (HCl). DNA was denatured by
incubation of slides in 2.5M HCLl for 80 minutes at room temperature. Slides were
washed twice with PBS and once with blocking buffer (1% BSA (bovine serum
albumin) in 0.1% Tween®-PBS). Slides were then incubated for one hour in fresh
blocking buffer. Primary antibody solution was made up in BlockAid™
(Invitrogen™) containing both rat monoclonal anti-BrdU (bromodeoxyuridine) and
mouse monoclonal anti-BrdU (see Table 2.2) and 100ul added to each slide.
Antibody solution was spread across the slide with Parafilm™ and slides
incubated at 37°C for one hour in darkness. Slides were washed three times in
PBS before incubation in 4% paraformaldehyde (PFA) for 10 minutes. Slides were
washed three times in PBS and three times in blocking buffer for 1, 5 and 25
minutes. Slides were then incubated with secondary Alexa Fluor™ conjugated
antibodies made up in BlockAid™ (Invitrogen™) (see Table 2.3) at 37°C for one
hour in darkness. Slides were washed twice in PBS, three times in blocking
buffer for 1, 5 and 25 minutes and then washed two more times in PBS. Using

ProLong™ Gold Antifade Mountant (Invitrogen™), coverslips were mounted onto
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the glass slides and sealed with CoverGrip™ coverslip sealant (Biotium). Slides

were stored at -20°C until imaging.

2.7.3 Confocal microscopy

Images of immunofluorescent staining of DNA fibres were obtained using a x63
oil-immersion lens on a Zeiss 710 confocal microscope. On average ten images

were taken to assure >100 fibres for analysis per replicate.

2.7.4 Analysis of fibres

Only clear, non-overlapping fibres were analysed. For analysis of fork velocity,
both CldU and IdU fibre lengths were measured in pm which was divided by pulse
length to give um/min. This was converted to kb/min utilising a commonly used
conversion factor of 2.59kb per ym (Jackson and Pombo, 1998). Ongoing forks
were analysed by fibres with both CldU and IdU present, a stalled fork was any
fibre with only the first thymidine analogue CldU fork and a new origin any fibre
with only the second thymidine analogue IdU present, as visualised in Figure 2.4.
All fibre analysis was carried out by R Carruthers, to keep analysis consistent

between replicates and cell lines.

Treatment with RS-targeting therapies

24hrs > 20mins 20mins

Cldu ldU

Ongoing replication forks

Reduced replication velocity
Stalled forks

New origin firing

Figure 2.4. Schematic of DNA fibre assay analysis. DNA fibre assay set-up for GSC and bulk
analysis of replication dynamics. Cells were exposed to RS-targeting therapies for 24 hours before
incorporation of red fluorescent CldU for 20 minutes and green fluorescent IdU for 20 minutes.
Subsequent immunostaining of the thymidine analogues allowed for analysis of individual DNA
tracts for ongoing replication forks, reduced or increased replication velocity, analysed by length of
CldU or IdU tracts, indicative of rate of incorporation. DNA tracts only labelled for CldU are
indicative of forks that have stalled during the first labelling step, and tracts labelled for IdU only are
replication origins that have fired during the second labelling step.
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2.8 Flow cytometric analysis of cell cycle and re-
replication

Flow cytometry was used to analyse cell cycle distributions and re-replication.
Similarly to flow cytometry described in 2.2 for cell sorting, flow cytometry for
cell analysis utilises FSC and SSC to exclude debris, doublets and dead cells, and

fluorochromes are used for quantification.

2.8.1 Procedure

For analysis of entry into S phase with roscovitine, cell cultures grown as
monolayers to 70% confluency in 75cm? flasks were utilised. Cells were
incubated with increasing concentrations of roscovitine or an equivalent volume
of DMSO, plus BrdU (10uM) (BD Pharmingen) for 24 hours. A no BrdU control was
included. For analysis of cell cycle and re-replication, 1x10° cells per flask were
plated and after 24 hours the media was replaced with media containing
inhibitors or an equivalent DMSO volume for 72 hours. BrdU (10pM) (BD
Pharmingen) was added to each flask for one hour, except for a no BrdU control
flask.

After BrdU incorporation, cells were dissociated using Accutase™ as above,
centrifuged and cell pellets were resuspended and fixed in 70% ethanol and
stored at 4°C. Fixed cells were centrifuged and ethanol aspirated. Cell pellets
were washed twice with PBS and centrifuged before denaturation of DNA with
2M HCl at room temperature for 30 minutes with frequent mixing. Cells were
centrifuged and the acid was removed before cell pellets were washed twice
with PBS. Cells were resuspended and permeabilised using 100ul 0.05% Triton™
X-100 in PBS and 20pl of the FITC-conjugated anti-BrdU antibody was added (see
Table 2.2). Cells were incubated for 30 minutes at room temperature. To wash
away unbound antibody, 1ml 0.05% Triton™ X-100 in PBS was added, cells
centrifuged and primary antibody mixture removed by aspiration. Cell pellets
were resuspended in 300-500pl of PBS containing 200ug/ml RNase A to degrade
RNA and 10pg/ml propidium iodide (Pl) to stain DNA and incubated for 10

minutes protected from light.
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2.8.2 Quantification and analysis

Flow cytometry was carried out using a BD FACSVerse™. FSC and SSC was used to
exclude debris and Pl width and area to isolate single cells using FlowJo™
software, as detailed in Figure 2.5. Analysis of BrdU and Pl incorporation was

carried out using FlowJo™ software.

250K =

200K =

150K =4

SSC-A
Prodidium lodide-W
""‘\i‘f ;"‘,{»f.‘.['.: S ,' |

100K = g‘%

50K =

T T T T T T T T T
0 50K 100K 150K 200K 250K 0 50K 100K 150K 200K 250K

FSC-A Prodidium lodide-A

Figure 2.5. Region gating by FlowJo software. Region gating to exclude debris by FSC and
SSC and doublets by Pl from flow cytometry analyses.

2.9 53BP1 nuclear body analysis

2.9.1 Procedure

GSC and bulk single cell suspensions were prepared and counted as described
previously. Cells were seeded in 1ml of medium on 19mm diameter glass
coverslips placed in 12 well plates (Corning®). Plates were incubated overnight
at 37°C to allow cells to attach. Medium was aspirated and replaced with 1ml of
medium containing inhibitors or DMSO at an equivalent volume, or roscovitine
(Table 2.1) with and without inhibitors. Plates were returned to 37°C incubation
for 48 hours for studies of inhibitors alone or 24 hours for plates with
roscovitine. After this time, medium was removed and coverslips washed with
PBS. Cells were fixed with cold 4% PFA in PBS for 20 minutes before replacement
with 1ml PBS. Plates were stored at 4°C.

2.9.2 Immunostaining

PBS was removed from coverslips and fixed cells were permeabilised with 0.05%

Triton™ X-100 in PBS for 5 minutes at room temperature and washed with PBS.
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Blocking buffer (0.05% Triton™ X-100 in PBS with 5% FCS and 0.05% BSA) was
added to wells for 30 minutes at room temperature to prevent non-specific
antibody binding. Primary antibody solutions containing antibodies for 53BP1 and
centromere protein F (CENP-F) (see Table 2.2) were made up in REAL™ Antibody
Diluent (DAKO) and 60ul added to parafilm®. Coverslips were inverted onto
primary antibody solution and incubated overnight at 4°C in the dark. After this,
coverslips were washed three times on a rocking platform with PBS for one
minute each. Cells were then incubated with secondary Alexa Fluor™ conjugated
antibodies (see Table 2.3) in REAL™ Antibody Diluent (DAKO) on Parafilm® at
room temperature for one hour in darkness. Coverslips were subsequently
washed three times in 0.1% Triton™ X-100 in PBS on a rocking platform for 5
minutes each, to remove excess antibody. Coverslips were mounted onto glass
slides with 20pl of Vectashield® antifade mounting medium with DAPI (Vector
Laboratories) and sealed with CoverGrip™ coverslip sealant (Biotium). Mounted

coverslips were stored at 4°C or -20°C for long term storage.

2.9.3 Confocal microscopy

Z stacks of immunofluorescent staining of cells were obtained on a Zeiss 710
confocal microscope. A minimum of 4 sections were produced per Z stack and
images were processed by maximum intensity projection (Zen software, Zeiss) to
allow analysis and nuclear body quantification. Microscope settings were kept

constant between experimental conditions.

2.9.4 Quantification of 53BP1 nuclear bodies

Analysis was carried out using ImageJ software. CENP-F accumulates during G2
and M phase and is rapidly degraded upon completion of mitosis (Rattner et al.,
1993) so CENP-F negative cells were used to identify G1 phase cells. Integrated
density of nuclear CENP-F staining was quantified and a cut off below the 75t
percentile was used to define G1-phase cells in which to quantify 53BP1NB.
53BP1NB were counted both manually and by automated counting. An arbitrary
cut off 12 pixels per foci was used to identify nuclear bodies. For analysis of
53BP1NB with roscovitine, a pipeline was created to automate the identification
of DAPI and CENP-F stained nuclei and quantification of 53BP1NB. A validation

process comparing manual and automated counts was carried out, and results
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shown in Figure 2.6. No statistically significant differences were observed

between median values of manual and automated counts.
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Figure 2.6. Comparison of manual and automated 53BP1NB counts in GSC and bulk cells.
53BP1 nuclear body analysis in E2 GSC and bulk cells after 48-hour exposure to CAiPi. Nuclear
bodies were initially scored manually and then validated by automated analysis in Imaged. Tukey
boxplots compare median NB/nucleus with comparisons of median by Mann-Whitney U test (ns =
not significant).

2.10 Chromatin bridge and micronuclei analysis

2.101 Procedure

Chromatin bridge and micronuclei analysis was carried out concurrently with
53BP1NB analysis, as described in 2.9.1.
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2.10.2 Immunostaining

Coverslips were incubated with antibody solutions as described in 2.9.2. For
analysis of DAPI-stained chromatin bridges and micronuclei, coverslips were
mounted onto glass slides with 20ul of Vectashield® antifade mounting medium
with DAPI (Vector Laboratories) and sealed with CoverGrip™ coverslip sealant

(Biotium).

2.10.3 Confocal microscopy

Z stacks of DAPI staining of cells were obtained on a Zeiss 710 confocal
microscope. A minimum of 4 sections were produced per Z stack and images
were processed by maximum intensity projection (Zen software, Zeiss) to allow
analysis. Microscope settings were kept constant between experimental

conditions.

2104 Quantification

Chromatin bridges and micronuclei were identified and quantified manually from
DAPI nuclear staining. Figure 2.7 highlights the characteristic teardrop nuclear
shape corresponding to a chromatin bridge, and subsequent conformation by
increasing DAPI intensity to visualise a bridge staining positively for DAPI
between two nuclei. Micronuclei were identified visually by DAPI and quantified
as a percentage of nuclei with corresponding micronuclei. Figure 2.8 shows an

example of the induction of micronuclei.
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Figure 2.7. Chromatin bridges after CAiPi-exposure. Representative images of two chromatin
bridges induced in E2 GSC after 48-hour CAIPi exposure. Chromatin bridges identified by DAPI
staining. DAPI contrast adjusted to confirm bridge of DAPI-stained DNA between two nuclei on
right (scale bar = 5um).

Figure 2.8. Micronuclei induction by CAiPi-exposure. Representative images of micronuclei
staining using DAPI, induced in G7 bulk with 48-hour CAiPi or DMSO vehicle control exposure
(scale bar = 10um).
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2.11 Western blot

2111 Sample preparation

GSCs grown as monolayers on 10cm diameter petri dishes (Corning®) were
harvested after treatment with inhibitors, HU or hydrogen peroxide (H20).
Medium was aspirated and cells were washed with PBS before the addition of
100pl of cell lysis buffer (see Table 2.4) plus protease and phosphatase inhibitors
(7X cOmplete™, Roche). After three minutes, a cell scraper was used to
homogenise the lysate which was transferred to an Eppendorf and left on ice for
15 minutes to complete cell lysis. Lysate was passed through a QlAshredder spin

column and supernatant collected and stored at -20°C.

2.11.2 Protein estimation

A BCA protein assay kit (Pierce™, 32106) was used to estimate protein
concentrations of cell lysates. This assay involves the reduction of Cu?* to Cu'* by
the proteins in an alkaline medium and the colorimetric detection of Cu'* by
bicinchoninic acid (BCA). This reaction forms a stable purple coloured complex

that can be detected at 562nm by a spectrophotometer.

BSA was used as a standard at concentrations ranging from 0.08mg/ml to
2000mg/ml and plated in duplicate wells of a 96-well plate. Experimental
samples were diluted 1:3 with double distilled water (DDW) and plated in
duplicate in a 96-well plate. BCA reagents A and B were mixed at a 50:1 ratio
and 200pul added to each well of the 96 well plate. Plates were incubated at 37°C
for 20 minutes before being read using a spectrophotometer (Tecan Infinite
M200 PRO). Linear regression based on the standard curve of the BSA standards

was used to estimate the protein concentration of each sample.

2113 Gel electrophoresis of protein

Protein samples were mixed with Bolt™ 4X LDS sample buffer (Life technologies)
with 10% B-mercaptoethanol (Sigma) to a final concentration of 2ug/ul and final
volume of 250ul. Bromophenol blue within the sample buffer allowed for

monitoring of samples within the gel and B-mercaptoethanol denatured samples.

Samples were heated at 100°C for 5 minutes.
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Approximately 50ug of protein was loaded per well into a Bolt™ 4-12% Bis-Tris
Plus (Invitrogen™) precast gel. A protein standard (Precision Plus Protein Dual
Color Standards, Bio-Rad) was loaded to allow visualisation of approximate
molecular weights of the detected proteins. Electrophoresis of gels was carried
out in a XCell SureLock™ Mini-Cell (Invitrogen™) electrophoresis tank for one

hour at 150V. Tanks were filled with electrophoresis buffer (see Table 2.4).

2114 Protein transfer

Gel was transferred into a Mini Trans-Blot® Cell tank system (Bio-Rad) filled with
cold transfer buffer (see Table 2.4). Two fibre pads, 3MM blotting paper and
nitrocellulose membrane (ThermoScientific) were soaked in transfer buffer
before being loaded into a cassette with the gel, ensuring the correct
orientation for transfer of proteins to the nitrocellulose membrane. The

electrophoretic transfer was run at 100V for 90 minutes or overnight at 30V.

211.5 Immunodetection

After transfer, membranes were placed in 1X TBS-Tween® (Tris-buffered saline)
(TBST) (see Table 2.4) with 5% non-fat milk powder (Marvel) (TBST-M) for one
hour with rocking to block non-specific binding of antibodies. Membranes were
washed three times in TBST before the addition of 5mls of 5% BSA in TBST with
an appropriate dilution of primary antibody (see Table 2.2). Membranes were
incubated with primary antibody solution overnight at 4°C on a rocking platform
followed by washing of membrane three times with TBST. Membranes were
incubated with an appropriate dilution of horse-radish peroxidase (HRP)
conjugated secondary antibody (see Table 2.3) in TBST-M for one hour at room

temperature. Membranes were then washed three times in TBST.

Protein visualisation was carried out using an enhanced chemiluminescent (ECL)
kit (Pierce™, 32106), which produces a detectable, visible light as luminol
oxidises in the presence of HRP and a peroxide buffer. ECL reagents were mixed
at a 1:1 ratio and immediately applied to the protein-containing membrane and
incubated for one minute. Proteins were visualised using a myECL Imager
(ThermoScientific) for periods of 30 seconds to 5 minutes to achieve optimal

band intensities.
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Table 2.2. Details of antibodies used.

71

Antigen

Manufacturers details

Application and
dilution

CD133/2 (293C3)-PE
Human

BrdU (rat)

BrdU (mouse)

FITC anti-BrdU

53BP1 (BP13)

CENP-F

Phospho-Chk1 (Ser345)

Poly (ADP-Ribose) Polymer

Actin

Miltenyi Biotec 130-098-
046

AbCam ab6326

BD Bioscience, 347580
BD Bioscience 556028
Millipore, 05-726
AbCam, ab5

Cell Signalling, 2348
AbCam, ab14459

Sigma, A5228

Flow cytometry 0.5ul
/ 1x107 cells

Fibre analysis 1:200
Fibre analysis 1:250
Flow cytometry 1:6
IF 1/100

IF 1/200

Western blot 1/1000
Western blot 1/1000
Western blot 1/1000

Table 2.3. Secondary antibody details.

Antigen

Manufacturer details

Application and
dilution

Alexa Fluor™ 595 goat anti-rat

19G (H+L)

Alexa Fluor™ 488 goat anti-

mouse 1gG (H+L)

Alexa Fluor™ 633 goat anti-

rabbit IgG (H+L)

Anti-mouse IgG, HRP -linked
Anti-rabbit I1gG, HRP-linked

Invitrogen™, A11007
Invitrogen™, A11017
Invitrogen™, A21071

Cell Signalling, 7076
Cell Signalling, 7074

Fibre analysis 1:150

Fibre analysis 1:150
IF 1/500
IF 1/500

Western blot, 1/5000
Western blot, 1/5000

Table 2.4. Buffer details.

Buffer

Details

Spreading buffer

sodium dodecyl sulphate (SDS)

Cell lysis buffer

200mM Tris HCl and 50pM EDTA in DDW with 0.5%

1% SDS as an ionic detergent, 50mM Tris pH6.8 in cold

DDW
Electrophoresis 20X MOPS SDS Running Buffer (NUPAGE™) diluted to 1X in
buffer DDW

Transfer buffer

methanol in DDW

TBS-T

50nM TRIS (pH7.5) in 150ml NaCl

20X Transfer Buffer (NUPAGE™) diluted to 1X in 10%

2.12 RNA extraction and sequencing

2121

Extraction procedure

E2, G7 and R10 GSC and bulk cultures were grown as monolayers on 10cm

diameter petri dishes. Cells were incubated overnight to allow adherence. For

E2 and G7, medium was replaced by medium containing inhibitors or an

equivalent volume of DMSO and incubated for 72 hours. For R10, no inhibitors
were added. RNA was extracted using the RNeasy® Mini Kit (QIAGEN, 74104) as

per the manufacturer’s instructions. Briefly, cells were dissociated with
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Accutase™, centrifuged and resuspended in buffer ‘RLT’. Cell lysate was
homogenised by centrifugation in a QlAshredder spin column. One volume of 70%
ethanol was added to the lysate and centrifuged in an RNeasy® spin column and
the flow-through discarded. Buffer ‘RW1’ was added and the tube centrifuged
and flow-through discarded followed by the addition of buffer ‘RPE’ twice, with
the tube centrifuged and flow-through discarded. RNA was eluted in 30-50pl of

RNase-free water by centrifugation. RNA samples were stored at -20°C.

212.2 RNA sequencing

RNAseq was carried out by Novogene™. Sample requirements were >1ug, >20pl,
and A260/280 ratio >2.0 and a A260/230 ratio >2.0. RNA concentration, quality
and purity was assessed using a NanoDrop™ 2000 Spectrophotometer

(ThermoScientific).

The RNAseq workflow is outlined on the Novogene™ website. Briefly, they
performed additional sample quality control followed by RNA library preparation
using polyA capture and reverse transcription of cDNA. Sequencing was carried
out by Illumina NovaSeq™ platform and a paired-end 150bp sequencing strategy

to generate ~30M read pairs.

RNA extraction and sequencing of seven paired GBM cell lines utilised within this
thesis was carried out by S. Ahmed, as described previously (Carruthers et al.,
2018). Briefly, a TruSeq stranded mRNA library was generated and sequenced on

an Illumina HiSeq 2000™ to generate 30-45 M 100bp paired-end reads.

2.13 RNAseq bioinformatics analysis

2131 Processing

Data provided by Novogene™ was processed in Galaxy to generate count files
(Jalili et al., 2020). Quality of data was assessed using ‘FastQC’ (Andrews, 2010).
‘Trimmomatic’ trimming tool was ran using default settings with the addition of
an ‘ILLUMINACLIP’ step to remove adaptor and illumina-specific sequences, a
‘SLIDINGWINDOW’ step which required an average quality of 20 across four bases
and ‘MINLEN’ to remove reads less than 25bp (Bolger et al., 2014). Reads were

aligned to the GrCh37 reference genome using ‘HiSat2’ using default settings
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(Kim et al., 2015). Aligned reads were quantified by ‘HtSeq-count’ using default

settings (Anders et al., 2015) and exported as count files.

2.13.2 Differential expression

Further data processing of the RNAseq count files and analysis of differential
expression was carried out in the R 4.2.1 platform using the ‘DESeq2’ package
(v1.36.0) (Love et al., 2014). ‘DESeq2’ was used to normalise counts using a
median of ratios method and assess differential expression between sample
groups. Where required, scaling of normalised counts was carried out using the
‘scale’ function in R. Scaling worked by subtracting mean expression from actual
expression for a gene then dividing by the standard deviation (SD) to produce a

Z-score.

2133 Functional analysis

Gene lists for analysis of subtypes and RS transcriptional signatures were
extracted from published papers (Dreyer et al., 2021, Guerrero Llobet et al.,
2022, Wang et al., 2018). Analysis of these signatures was carried out using the
‘GSVA’ (Gene Set Variation Analysis) package (v1.44.2) (Hanzelmann et al.,
2013), using single sample Gene Set Enrichment Analysis (ssGSEA) with
normalisation turned off, which reduced the effect that sample size had on the
score (Barbie et al., 2009). Principal component analysis (PCA) was carried out

using the ‘prcomp’ function within R.

Gene Set Enrichment Analysis (GSEA) was carried out using the ‘gseGO’ function
within the ‘clusterProfiler’ package (v4.4.4) (Yu et al., 2012, Wu et al., 2021).
All gene ontology categories were assessed, with 500 permutations, gene set
sizes of 3 to 800 and a p-adjust method of ‘BH’. Results from ‘gseGO’ were
visualised by ‘dotplot’, ‘emapplot’, ‘cnetplot’, ‘heatplot’ and ‘gseaplot’
functions within the ‘clusterProfiler’ and ‘DOSE’ packages (v3.22.0) (Yu et al.,
2015). Enrichment of gene sets was further assessed using the ‘enrichKEGG’ and

‘enrichGO’ functions within the ‘clusterProfiler’ package.
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2134 Visualisation and statistical analysis

RNAseq plots were created in R. Bar plots, boxplots, volcano, MA and PCA plots
were created using the ‘ggplot2’ package (v3.3.6) (Wickham, 2016). Heatmaps
were created using the ‘heatmap.2’ function in the ‘gplots’ package (v3.1.3)

(Warnes et al., 2022). Statistical analysis of RNAseq data was carried out using

the ‘ggpubr’ package (v0.4.0) (Kassambara, 2020).

213.5 Analysis of published GBM RNAseq datasets

For reproducibility and consistent comparisons between datasets, all RNAseq and
associated clinical data for different populations of glioma patients was
downloaded from GlioVis (Bowman et al., 2017). Data was filtered, selecting

only GBM histology and any missing survival data was removed.

Forest plots were created using the ‘forest_plot’ function in the
‘survivalAnalysis’ package (v0.3.0) (Wiesweg, 2022) and correlation plots were
created using the ‘corrplot’ package (v0.92) (Wei and Simko, 2021). The curated
RS signature score was calculated for each GBM patient using the ‘GSVA’ and
‘ssGSEA’ package. Cox proportional-hazards (CoxPH) regression models were
fitted using the ‘coxph’ function in the ‘survival’ package (v3.3.1) (Therneau,
2022). Kaplan Meier plots were created comparing the top and bottom quarters
of patients ranked by signature score, using the ‘ggsurvplot’ function in the

‘Survminer’ package (v0.4.9) (Kassambara et al., 2021).

2.14 Whole genome sequencing

2141 DNA extraction

DNA was extracted from seven GSC lines using the Blood and Cell Culture DNA kit
(QIAGEN, 13323), as per the manufacturer’s instructions. GSCs grown as
monolayers were harvested using Accutase™ and total number of cells was
counted as described previously. Cells were centrifuged for 10 minutes at 1500 x
g, supernatant was discarded and the cells washed two times in PBS with
centrifugation. Cells were resuspended in cold PBS to a concentration of 107
cells/ml. To lyse the cells, 0.5ml of cell suspension was mixed with one volume

of cold buffer ‘C1’ and three volumes of cold DDW and incubated for 10 minutes
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on ice. Lysed cells were centrifuged at 1300 x g for 15 minutes at 4°C and the
supernatant discarded. Cell pellet was resuspended in 0.25ml cold buffer ‘C1’
and 0.75ml cold DDW to remove residual cell debris, before centrifugation.
Nuclei were resuspended in 1ml of buffer ‘G2’ with 10-30 seconds of vortexing
before the addition of 25ul QIAGEN protease solution and incubation for 30-60
minutes at 50°C, ensuring the lysate becomes clear. A QIAGEN Genomic-tip was
equilibrated with 1ml of buffer ‘QBT’ and allowed to drip through. Lysate was
vortexed for 10 seconds before it was transferred to the equilibrated QIAGEN
Genomic-tip. The Genomic-tip was washed 3x1ml of buffer ‘QC’ and allowed to
drip through. Genomic DNA was eluted with 2x1ml of buffer ‘QF’ and the eluate
collected before DNA was precipitated with the addition of 1.4ml isopropanol.
Sample was mixed and centrifuged immediately at >5000 x g for 15 minutes at
4°C and the supernatant removed. The DNA pellet was washed with 1ml cold 70%
ethanol before centrifugation at >5000 x g for 10 minutes at 4°C, supernatant
was removed. The DNA pellet was allowed to air dry for 5-10 minutes before
resuspension in 250ul of TE buffer pH 8.0 and DNA was dissolved overnight on a
shaker. DNA was stored at -20°C. DNA extraction was carried out by K Strathdee

for six of the seven cell lines.

2.14.2 Sequencing

Whole genome sequencing (WGS) of extracted DNA was carried out by
Novogene™. Sample requirements were >0.6pg, >20ul, a A260/280 ratio =1.8 and
a A260/230 ratio >2.0. DNA concentration, quality and purity was assessed using

a NanoDrop™ Spectrophotometer (ThermoScientific).

The WGS workflow is outlined on the Novogene™ website. Briefly, they
performed additional sample quality control followed by library construction via
DNA fragmentation, end repair, adaptor ligation and PCR amplification.
Sequencing was carried out by Illumina NovaSeq™ 6000 platform, which utilised a

paired-end 150bp sequencing strategy to generate >60X read depth.

2143 Analysis

Initial WGS data analysis was carried out by Novogene™. They performed data

quality control and sequence alignment to the hg38 reference genome using
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Burrows-Wheeler Aligner (BWA). They detected single nucleotide polymorphisms
(SNP), InDels (insertion/deletion), structural variants (SV) and copy number
variation (CNV). They used the ‘ANNOVAR’ tool to annotate the variants, which
reported on features such as protein coding changes, allele frequency and

deleteriousness prediction (Wang et al., 2010).

A literature review was carried out to identify specific mutations and variants of
interest for GBM. A subset of the SNPs, InDels, SV and CNV provided by
Novogene™ was created based on these specified variants. SNPs were filtered for
exonic, non-synonymous SNPs with a population frequency <0.5 and a FATHMM
score >0.7 (Shihab et al., 2013). A FATHMM algorithm predicts the functional,
molecular and phenotypic consequences of protein missense variants and a score
>0.7 is indicative of a pathogenic variant. SNPs in EGFR were further assessed for
their prediction to be driver mutations, using EGFR driver as described by
Anoosha et al (Anoosha et al., 2015). TERT promoter SNPs were investigated by
analysis of C228T (hg38, Chr5: 1,295,113) and C250T (hg38, Chr5: 1,295,135)
substitutions. InDels were filtered for frameshift InDels within exons. CNV

analysis filtered for amplifications or deletions within exons.

2.15 In vivo investigations

All mouse experiments were carried out in accordance with the Animals Act 1986
(Scientific Procedures on living animals) and the regulatory guidelines of the EU
Directive 2010 under project licence PP679129 and ethical review (University of
Glasgow). Six-week-old CD-1 nude female mice were purchased from Charles

River.

2151 Intracranial injection of GSCs

For tumour-bearing mice, iRFP (near-infrared fluorescent protein)-tagged G7
GSCs were prepared and made available by A Koessinger, as described previously
(Koessinger et al., 2020). Cells were grown as monolayers and single cell
suspensions created as described in 2.1. Cells were diluted to a concentration of

0.2x10° cells per pl in PBS and 5pl of cells injected.
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Intracranial injection of GSCs was performed with K Strathdee as surgical lead.
Anaesthesia (isoflurane) was administered at 2L/min in an induction chamber.
Once anaesthesia reached a suitable depth, assessed via respiration rate and
foot pinch, the mouse was transferred to the surgical frame. Isoflurane was
supplied through a nosecone at a maintenance level. Vetergesic, an acute
analgesic, was administered at 30ul/g via subcutaneous injection. The skull was
sterilised and a 1cm incision created through the skin along the length of the
skull. The Bregma was located, the junction point of the sagittal and coronal
sutures of the skull, and a hole drilled in the skull (Harvard apparatus, 0.027inch
diameter) 3mm towards the tail and 2mm to the right, avoiding blood vessels.
Cells were mixed and 10pl loaded into a 10ul Hamilton® syringe (Sigma), which
was attached to an injector holder and box to ensure steady rate of injection at
2ul/min. The needle was inserted to a 3mm depth before injection of cells.
Needle was left in the brain for five minutes following injection to ensure no
reflux of the cells. 3M™ Vetbond™ tissue adhesive was applied to wound. Mouse
was returned to a warming cabinet and recovery observed in the immediate
aftermath, a few hours after surgery and the following day. Post operative

chronic analgesia (Rimadyl) was supplied in drinking water for 1-2 days.

Mice were monitored for any signs of distress (hunched posture, reduced
mobility, weight loss >20%) or neurological symptoms (hemiparesis, paraplegia)
twice weekly, increasing to three times a week at 10 weeks post-surgery and
subsequently daily after symptom development. Symptomatic mice were
humanely sacrificed. Haemoglobin and white cell count (WCC) were assessed
from a tail vein blood sample and quantified by a ProCyte Dx® Haematology
analyser (IDEXX).

2.15.2 Dosing and irradiation

Dosing of BAY1895344 and pamiparib (see Table 2.1) was carried out by oral
gavage. IR of the mice was carried out by K Stevenson. Anaesthetic was
administered via isoflurane at 2L/min in an induction chamber. Once
anaesthesia reached a suitable depth, assessed via respiration rate and foot
pinch, the mouse was transferred to a Small Animal Radiation Research Platform

(SARRP) (Xstrahl). Isoflurane was supplied through a nosecone at a maintenance
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level. Mice were dosed with 2 Gy whole brain irradiation Monday, Wednesday

and Friday. Mouse was returned to a warmed cage and recovery observed.

2153 Imaging of iRFP intracranial tumours

To assess growth of intracranial tumours harbouring iRFP-positive cells, mice
were monitored periodically by bioluminescence Pearl® imaging (Li-Cor®).
Anaesthetic was administered via isoflurane at 2L/min in an induction chamber.
Once anaesthesia reached a suitable depth, assessed via respiration rate and
foot pinch, the mouse was transferred to the imaging platform and immediately

imaged. The mouse was returned to a cage and recovery observed.

RFP signal was quantified using ImageStudio™ software (Li-Cor®), which
measured signal for a defined area of the skull relative to background signal, as
shown in Figure 2.9. A baseline scan was performed at week seven and any
subsequent scans were represented as a percentage change from baseline. An

arbitrary 20% increase cut off was defined as an indicator of tumour growth.

Figure 2.9. Pearl® image of iRFP signal. Representative image produced by Pearl® imaging of
iRFP-tagged G7 GSCs injected intracranially and analysis by ImageStudio™ software (Li-Cor®).
Background signal was used to produce a baseline, and relative signal calculated for defined
region of the head.

2154 Pharmacokinetic study

To assess brain and tumour penetration of BAY1895344 and pamiparib, a PK

study was carried out. At the scheduled end point, mice were humanely
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sacrificed. Blood samples, brain (left hemisphere) and tumour (right hemisphere
focused around injection site if no tumour was visible) specimens were

immediately collected and frozen.

Bioanalysis of samples was carried out by Pharmidex. Control tumour was
included as matrix for blanks and standards. Quantitative bioanalysis of
BAY 1895344 and pamiparib in blood, normal brain and tumour samples was

carried out by liquid chromatography- mass spectrometry (MS).

2.16 Statistical methods

Mean values were compared using a student’s t-test or multiple comparisons
were carried out by ANOVA with post-hoc Sidak test. Mean values were
presented with standard error of the mean (SEM) and 95% confidence intervals
(Cl) reported where appropriate. Median values were compared using a Mann
Whitney U test or multiple comparisons were carried out by Kruskal-Wallis one-
way analysis of variance with post-hoc Dunn’s test. GraphPad Prism software was

used to calculate statistical significance.
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Chapter 3 Model characterisation

3.1 Introduction

To characterise the response to CAiPi in GBM, in vitro models of GSCs and
differentiated tumour bulk cells were utilised. As discussed in Chapter 1, there
are several challenges to isolation of GSCs using GSC markers since no universal
marker has been identified, with even the most commonly used cell surface
marker CD133 not correlating with the GSC phenotype in all GBM tumours (Beier
et al., 2007). Therefore, a model of GSC-enriched and GSC-depleted cultures
was utilised to allow isogenic, paired cell lines to be maintained. As detailed
previously in this thesis, GSCs can be enriched by culturing in serum-free media
with the addition of growth factors. The use of differentiating media, containing
FCS and no supplemented growth factors, generates a differentiated population,
representing the tumour ‘bulk’ cells. In vivo tumorigenicity, neurosphere
formation and expression of GSC markers have been studied previously
(Carruthers, 2015) and validated this model’s ability to isolate GSC-enriched and
-depleted populations.

This thesis focused on a panel of seven primary paired GBM cell lines and this
chapter aims to characterise the mutational and transcriptional landscape within
this panel. These cell lines have previously been well characterised in terms of
GSC marker expression via Western blot and flow cytometry, in vivo
tumorigenicity, proliferation, cell cycle and enhanced RS in GSCs (Ahmed et al.,
2015, Carruthers, 2015, Carruthers et al., 2018). Therefore, further
characterisation of these cell lines focused on WGS and RNAseq available to
identify common GBM mutations and transcriptional signatures of GBM subtypes,
GSC markers and RS. Lastly, the status of previously described biomarkers of ATR

and PARP inhibition were characterised in the cell line panel.

3.2 MGMT promoter methylation and IDH mutant status

Gliomas are frequently clinically categorised by the prognostic biomarkers MGMT
promoter methylation status and IDH mutation status. In GBM, MGMT promoter
methylation is an important biomarker for response to TMZ and there is some

evidence that MGMT promoter methylation or expression is predictive of PARPi
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sensitivity as discussed in Chapter 1. The MGMT promoter methylation status of
the seven paired GSC and bulk cell lines was assessed. There are many methods
for analysing MGMT methylation status, including methylation-specific PCR and
pyrosequencing, however none of these methods were available at the time of
analysis. Analysis of MGMT gene expression can be utilised as a surrogate method
to assess promoter methylation, as epigenetic silencing of MGMT by promoter
methylation has long been established (Costello et al., 1994). RNA was extracted
from seven paired GSC and bulk cell lines, before sequencing, processing and
analysis. MGMT count data was normalised using ‘DeSeq2’ in R and the
expression results shown in Figure 3.1. MGMT was only expressed in R9, S2 and
R24 GSC and bulk pairs, suggesting that these cell lines have unmethylated
MGMT promoters and E2, R10, G7 and R15 have methylated promoters. No

change in methylation status appeared to occur between GSC and bulk cell lines.
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Figure 3.1. MGMT gene expression in primary paired GBM cell lines. Gene expression of
MGMT was analysed in seven paired GSC (S) and bulk (B) lines. RNA was extracted from cells
before RNA sequencing and data processing. Bar plots represent count data, normalised using
‘DeSeq2’ to produce a median of ratios, for one replicate.

Since all seven cell lines used in this thesis were characterised as GBM before
the WHO reclassification by IDH status, it was of interest to investigate the
mutational status of IDH1 and IDH2 by WGS. DNA was extracted from seven GSC
cell lines before sequencing, data processing and analysis by Novogene™. All

identified SNPs were filtered for SNPs within exonic regions of IDH1 or IDH2. This
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analysis only identified missense SNPs in E2 and R15, however it resulted in a
V178l substitution affecting exon six in both cell lines, so were not the critical
R132 amino acid substitution in exon four. In addition, investigations of the
V178l substitution found it retains wild type IDH1 enzymatic activity and is not
within any known functional domains so is unlikely to be pathogenic (Ward et
al., 2012). These studies suggested that all seven cell lines were IDH WT in
respect to the WHO classification and were therefore most likely GBM as

opposed to other high-grade gliomas.

3.3 Glioblastoma subtype

To subtype the panel of GBM cell lines used throughout this thesis, the 50 gene
per subtype signature by Wang et al was utilised, which categorises cell lines as
mesenchymal, classical or proneural (Wang et al., 2018). RNA was extracted
from seven paired GSC and bulk cell lines, before sequencing, processing and
analysis. Mesenchymal, classical and proneural gene set enrichment was
assessed by the ‘GSVA’ package in R. Figure 3.2 shows the heatmap for the
enrichment analysis and the results are summarised in Table 3.1. GSC lines were
enriched for the classical and proneural subtypes, no GSC lines were
mesenchymal. Conversely, bulk cell lines were enriched for the mesenchymal
subtype, with only R9 and E2 being proneural and classical respectively. All cell

lines had differing subtypes between their GSCs and bulk cell lines except R9.
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Figure 3.2. GBM subtype heatmap for primary paired GBM cell lines. Subtype gene signatures
were extracted (Wang et al., 2018). Enrichment of each subtype was quantified using ssGSEA in
the ‘GSVA'’ package in R. Enrichment score was displayed in a heatmap, using the ‘heatmap.2’
package in R to visualise hierarchical clustering of cell lines. Clustering method was Euclidean.
Scaling by column visualised the most enriched subtype per cell line.

Table 3.1. GBM subtypes for GSC and bulk cell lines.

GSC Bulk
R9 Proneural Proneural
E2 Proneural Classical
R10 Proneural Mesenchymal
S2 Classical Mesenchymal
G7 Classical Mesenchymal
R24 Proneural Mesenchymal
R15 Classical Mesenchymal

The most enriched GBM subtype for each cell line was extrapolated from Figure 3.2.

3.4 Glioblastoma mutational landscape

The mutational landscape of the panel of seven GSCs was investigated by WGS.

Analysis aimed to investigate the most commonly mutated genes in GBM. EGFR,
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PTEN, TP53, TERT and CDKN2A have often been reported as the most frequently
mutated or altered genes in GBM (Sakthikumar et al., 2020, Parsons et al., 2008,
Brennan et al., 2013). Since these five gene alterations are frequently found in
GBM, and can be informative for prognosis, treatment stratification and
progression they were all studied in the panel of seven primary GSC lines. Gene
mutations and CNV was assessed by WGS. SNPs and InDels were assessed in TP53,
EGFR, PTEN and TERT promoter regions and CNV in EGFR and CDKN2A. To find
variants most likely to affect protein function and be relevant clinically, only
exonic, non-synonymous SNPs were assessed, with a population frequency <0.5
and indicated to be cancer-associated predicted by FATHMM score (Shihab et al.,
2013) and EGFR SNPs were selected for driver mutations by EGFR driver
(Anoosha et al., 2015). Only previously described GBM-associated TERT promoter
mutations (C228T and C250T) were investigated (Nonoguchi et al., 2013). InDels
of interest were identified by filtering for exonic InDels resulting in a frameshift
insertion or deletion. CNV analysis focused on exonic amplifications or deletions.
Further analysis of the WGS data such as structural variation and mutational
signatures were not explored due to a lack of a matched normal genome. Results

from these analyses are summarised in Table 3.2.

Table 3.2. SNPs, CNV and InDels in commonly mutated genes in a panel of primary GSC
lines.

R9 E2 R10 S2 G7 R24 R15
TP53 SNP R273H R273H R248W R273H R282W C277F
R248Q

InDel DEL
EGFR SNP R521K  A289V R521K R521K  R521K

CNV
PTEN SNP C105Y P95L

InDel  INS INS
TERT SNP C228T C250T C250T C228T (C250T C250T  (C228T
CDKN2A CNV HomDel HomDel HomDel HombDel

SNPs, CNV and InDels were analysed from WGS data for a panel of seven primary GSC cell lines
in TP53, EGFR, PTEN, TERT and CDKN2A. SNPs of interest were identified by location in an
exon, non-synonymous, low frequency and indicated to be pathogenic by FATHMM score and
EGFR driver, or for C228T and C250T SNPs in the TERT promoter region. SNPs are represented
as the amino acid substitution that occurred, InDels were identified as likely detrimental to protein
function due to being exonic and frameshift insertions (INS) or deletions (DEL). CNV were filtered
for exonic amplifications or deletions, HomDel indicates a homozygous deletion.

SNPs were identified in TP53 in six of the seven cell lines (85.7%) and two were
identified in G7. R15 did not have a SNP of known clinical significance in TP53

however it was the only cell line with a frameshift deletion (14.3%). EGFR had

SNPs in five of the seven cell lines (71.4%). Despite the high prevalence of EGFR
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amplification in patients, no cell lines displayed evidence of EGFR amplification.
Two cell lines had PTEN SNPs (28.6%) and a different two cell lines had a
frameshift insertion (28.6%). GBM-associated TERT promoter mutations were
found in all seven cell lines, with C228T found in three cell lines (42.9%) and
C250T found in four (57.1%). Homozygous deletions in CDKN2A were identified in
four of the seven cell lines (57.1%), which was confirmed by RNAseq expression

in Figure 3.3.
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Figure 3.3. CDKN2A expression. Gene expression of CDKN2A was analysed in seven GSC

lines. RNA was extracted from cells before RNA sequencing and data processing. Bar plots
represent count data, normalised using ‘DeSeq2’ to produce a median of ratios, for one replicate.

3.5 Comparison of GSC marker expression in GSC and
bulk cells

As discussed previously in this thesis, challenges remain surrounding the
identification of a universally applicable GSC marker. However, panels of GSC
markers can provide an indication of GSC state. Frequently used GSC markers
include CD133, SOX2 and nestin, which have previously been analysed in E2 and
G7 by Western blot and flow cytometry, which found upregulation of all three
markers in GSCs versus their paired bulk lines (Carruthers, 2015). Expression of
these markers was assessed following RNA extraction and sequencing in a
dataset produced from three replicates in E2, R10 and G7, as shown in Figure

3.4. CD133 had increased expression in E2 and R10 GSCs, however not in G7.
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SOX2 had higher expression in E2 and G7 GSCs, but no difference was found in
R10. Nestin was expressed more in E2 GSCs, G7 GSCs showed a small but
significant increase in expression but R10 had no significant differences between
GSC and bulk.
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Figure 3.4. GSC marker expression in E2, G7, R10 Baseline gene expression was analysed in
E2, R10 and G7 paired GSC and bulk cells. RNA was extracted from cells before RNA sequencing
and data processing. Count data was normalised using DeSeq2 and scaled to produce a z-score

which was used to compare gene expression of CD133, SOX2 and nestin. Box plots represent

data from three independent experiments, p-values calculated by T test using ‘ggpubr’ package in

R.
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3.6 Characterisation of endogenous replication stress in
GSC and bulk cultures

An overarching hypothesis of this thesis is that GSCs can be selectively targeted
by inhibiting the RS response. It has previously been shown by Carruthers et al
that GSCs have elevated RS compared to their paired bulk cells in E2, G7 and
R15, assessed by reduced fork velocity via a DNA fibre assay, a gold standard
assay for replicative stress studies (Carruthers et al., 2018). Since an aim of this
thesis is to investigate targeting of the RS response, transcriptional indicators of

RS were analysed.

RS was first assessed using a RS signature, curated and described by Dreyer et al
(Dreyer et al., 2021). They identified a transcriptomic signature that predicted
RS in pancreatic patient-derived cell lines, and importantly predicted response
to ATR inhibition. The RS signature included 20 GO terms and their associated
genes and analysis involved gene set enrichment scoring for each GO term. The
R package ‘GSVA’ was used to score each GO term within the signature, and
results shown in Figure 3.5. In general, GSCs scored higher than bulk cells, and
furthermore within each pair the GSC line ranked higher than its paired bulk

cell.
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Figure 3.5. Replication stress signature. RS signature was made available by the PrecisionPanc
group (Dreyer et al., 2021). Enrichment of each GO term within the signature was quantified using
ssGSEA in the ‘GSVA' package in R. Enrichment score was displayed in a heatmap, using the
‘heatmap.2’ package in R to visualise hierarchical clustering of cell lines, scaling was carried out by
row.

Increased RS in GSCs was further validated by analysis of a second
transcriptional signature of eight RS-inducing oncogenes, described by Guerrero
et al (Guerrero Llobet et al., 2022). This gene set was assessed by the ‘GSVA’ R
package to create a signature score for both GSC and bulk cells. The difference
between GSC and bulk cells within each cell line was quantified and the results
shown in Figure 3.6. All GSCs scored higher for this oncogene RS signature,
except S2 where bulk had a slightly higher score. Overall, transcriptional analysis
suggests that GSCs tend to have more endogenous RS, in keeping with DNA fibre

analysis.
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Figure 3.6. RS-inducing oncogene signature. Oncogenic RS signature was extracted (Guerrero
Llobet et al., 2022). Enrichment of the gene set was quantified using the ‘GSVA’ package in R.
Change in enrichment score in GSCs versus bulk is represented by a bar plot, with green bars
indicating a higher score in GSC, and red indicating a higher score in bulk.

3.7 Investigations of previously discussed ATRi and
PARPi biomarkers in GSCs

Biomarkers of PARPi, ATRi and CAiPi have been described in a range of cancer
types, as discussed in Chapter 1 and summarised in Table 1.3. These biomarkers
were explored to investigate their relevance to GSC response to CAiPi. These
investigations utilised baseline RNAseq data, and CNV and SNPs from WGS
analysis, as described previously in this chapter. These lists were parsed for
genes of interest and only SNPs that induced a missense mutation and that
reached a FATHMM score cut off 0.7 for pathogenicity included (Shihab et al.,
2015). Pathogenic missense SNPs in ATM, BRCA1, BRCA2 and PALB2 were

analysed. Gene expression of candidate biomarkers are assessed in Figure 3.7.

MYC/MYCN amplification has been described as a marker of PARPi sensitivity in

GSCs, which also predicted synergy when combined with an ATR inhibitor (Ning

et al., 2019). Amplification of MYCN was only found in R24 with a copy number

of three, which corresponded to an increase in MYCN gene expression, as shown
in Figure 3.7. ATM deficiency has frequently been identified as a marker of

PARPi, ATRi and CAiPi sensitivity in a range of different cancer types, so ATM
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CNV, SNP mutations and gene expression were investigated in a panel of GSCs.
No CNV for ATM was observed in any cell line, but ATM expression was variable
across the seven cell lines. Pathogenic, missense ATM SNP mutations were
identified in all cell lines except E2 and R10 (Table 3.3).

Table 3.3. Pathogenic, missense, SNP mutations in ATM

SNP ID Amino acid change
R9 rs1800056 F858L
rs138398778 R337C
rs1800057 P1054R
E2
R10
S2 rs1800056 F858L
rs138398778 R337C
rs1800057 P1054R
G7 rs148993589 K1454N
rs1801516 D1853N
R24 rs1801516 D1853N
R15 rs1801516 D1853N

Candidate SNPs identified after analysis of WGS in seven GSC lines. Likely pathogenic SNPs
parsed by missense mutation and FATHMM score >0.7.

Other previously described biomarkers of ATR inhibition and or PARP inhibition,
that were discussed in Chapter 1 and investigated in this panel of GSC lines,
included IDH1/2 mutations (Sulkowski et al., 2017), SLFN11 expression (Murai et
al., 2016), CCNE1 amplification (Toledo et al., 2011) and HR-associated genes
such as BRCA1/2 and PALB2 (Dziadkowiec et al., 2016). No pathogenic, missense
SNP mutations were identified for BRCA1, BRCA2 and PALB2 and as previously
discussed the cell lines were all IDH1/2 WT. SLFN11 expression varied markedly
between cell lines, including no expression in R9 or S2. No CNV was identified for

CCNE1, however gene expression did vary across the seven cell lines.
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Figure 3.7. Expression of candidate biomarkers in a panel of paired GBM cell lines. Baseline
gene expression was analysed in seven GSC lines. RNA was extracted from cells before RNA
sequencing and data processing. Count data was normalised using ‘DeSeq2’ to produce a median
of ratios. Bar plots represent data from one replicate.

3.8 Expression of inhibitor targets

Targeting of RS in this thesis is via combined inhibition of ATR and PARP. It was
therefore of interest to investigate the expression levels of both ATR and PARP1,
to gain insight into expression of target molecules. Gene expression was
analysed in the panel of seven paired GBM cell lines, and the results shown in
Figure 3.8. Both ATR and PARP1 were highly expressed in all paired cell lines,
and therefore the targets of the inhibitors were present and any variable

responses to CAiPi would not be explained by lack of target expression.
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Figure 3.8. Gene expression of targets PARP and ATR inhibitors. Gene expression of ATR and
PARP1 was analysed in seven paired GSC (S) and bulk (B) lines. RNA was extracted from cells
before RNA sequencing and data processing. Bar plots represent count data, normalised using
‘DeSeq?2’ to produce a median of ratios, for one replicate.

3.9 Conclusions

This chapter has characterised the genomic and transcriptomic landscapes of
paired GSC and bulk cultures, which will be utilised throughout this thesis. Three
of the seven primary cell lines likely have unmethylated MGMT promoters based
on gene expression analysis, and the other four appeared to have MGMT
promoter methylation. Therefore, there is relatively good representation of
MGMT methylation, since MGMT methylation is found in ~45% of GBM patients
(Hegi et al., 2005). No IDH1 or IDH2 mutations were found in the respective
critical amino acids. This data supports the proposal that all seven cell lines

were derived from IDH WT GBM tumour samples. Analysis of GBM subtypes found
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that GSCs tended to be classical or proneural and bulk cells were largely

mesenchymal.

Analysis of mutations and alterations in commonly mutated genes in GBM found
no evidence of EGFR amplification. Additionally, the most common EGFR
mutation in GBM, EGFRvIIlI which results in a deletion of 801b, was not detected
in any cell lines despite being expressed in ~50% of GBM patients. However,
studies have found a close correlation between EGFR amplification and EGFRuvIII
expression (Shinojima et al., 2003), so it may not be surprising these cell lines
did not express EGFRVIII. Five of the seven cell lines did have missense mutations
within EGFR, which is slightly more than has been previously reported which has
varied from 12.5% to 50% (Parsons et al., 2008, Lee et al., 2006b, Sakthikumar et
al., 2020, Cimino et al., 2015). Of those five mutations, four resulted in an
R521K substitution, which was found in 26.4% of GBM patients in a study by
Cimino et al (Cimino et al., 2015). The remaining SNP, leading to an A289
substitution in E2 has been reported in 3.7% of GBM patients (Lee et al., 2006b).
Therefore, these are likely important, GBM-associated SNPs that have been
identified.

SNP mutations in TP53 were also identified at a higher rate than has been
reported in the literature. Four of the five different affected amino acids in
these cell lines were within a TP53 “hotspot” for mutations (Zhang et al., 2018).
The remaining substitution, C277F, has been implicated in TP53 DNA binding as
it introduces a large hydrophobic side chain (Olivier et al., 2010). There are no
reports on the clinical significance of the specific TP53 deletion in R15, however
a frameshift deletion likely has a detrimental effect on protein function.
CDKN2A homozygous deletions were found in 57.1% of the GSC lines, which is a
good representation of the clinical landscape of CDKN2A which is deleted in
~50% of GBM patients. Additionally, PTEN SNPs had a similar prevalence in these
cell lines and in the general GBM population, being present in ~25% of both. No
studies have linked the specific PTEN SNPs to GBM, but they have been
associated with cancer (Mehenni et al., 2005, Rodriguez-Escudero et al., 2011).
There are no reports of the specific PTEN frameshift insertions found in two cell
lines but they likely have detrimental effects on the protein product. No

homozygous deletions were observed in TP53 or PTEN, despite being observed in



Chapter 3 95

5% of GBM patients (Parsons et al., 2008), although this may be a limitation of
the sample size. The TERT promoter mutation SNPs C228T and C250T were
identified in all seven cell lines, largely in keeping with reported frequencies of
80-90% in primary GBM (Simon et al., 2015, Mosrati et al., 2015) and in vitro
models of GBM (Johanns et al., 2016) albeit C228T were reported more
frequently than C250T (Mosrati et al., 2015), which was the opposite to those
observed in these cell lines. In general, with the exception of EGFR
amplification, these cell lines appear to be a good representation of common
GBM mutations.

Analysis of GSC markers confirmed the challenges that have been reported in
finding a universally satisfactory GSC marker, as varied expression was observed.
However, a panel of GSC markers may prove the most informative and may help
identify cell line-specific markers that can be used to isolate GSCs by cell
sorting. Conversely to the observations here, flow cytometry cell analysis in G7
did identify more CD133* cells within a GSC-enriched population compared to
bulk (Carruthers, 2015). This highlights a potential limitation of RNAseq analysis,
which represents mRNA levels but not necessarily protein levels. Additionally,
RNAseq may be limited in its potential to accurately correlate with cell surface
markers like CD133. Therefore, flow cytometry or Western blot may be more

robust methods for identification of GSC marker expression.

Investigations of previously described biomarkers found only one incidence of
MYC/MYCN amplification in R24 therefore any analysis of this as a biomarker
within this dataset may be limited. However, there are contrasting reports of
MYC amplification as a marker of PARPi sensitivity (Ning et al., 2019, Wu et al.,
2020). Five of the seven cell lines had pathogenic ATM SNPs. Analysis of key HR
genes found no pathogenic SNP mutations, in keeping with GBM being regarded
as a BRCA-intact cancer, with BRCA mutations arising very infrequently
(Boukerroucha et al., 2015). Strikingly, R9 and S2 did not express SLFN11, which
could predict resistance to PARPi. Overall, there are variations in biomarker
expression or presence, which could be analysed for predictors of GSC response
to CAiPi.

Lastly, transcriptional signatures of RS were increased in GSCs compared to bulk

cells, in keeping with previous reports of RS in GSCs by DNA fibre assay
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(Carruthers et al., 2018). Not only did Carruthers et al find increased RS in GSCs,
but they also showed GSC-specific cytotoxicity to targeting RS via PARPi and
ATRi. Additionally, the RS transcriptional signature by Dreyer et al predicted
sensitivity to ATRi (Dreyer et al., 2021). It was therefore hypothesised that
increased RS is a biomarker for CAiPi in GSCs, and the rest of this thesis aimed to

investigate mechanisms of GSC response to CAiPi.
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Chapter 4 Characterisation of GSC and bulk cell
responses to combined ATR and PARP
inhibition

4.1 Introduction

The aim of this chapter was to characterise responses to CAiPi in a panel of
paired GSC and bulk primary GBM cell lines. This was assessed by clonogenic
survival assays and higher throughput cell viability assays in GSC-enriched
populations by culturing under serum-free conditions with the addition of growth
factors and bulk-enriched populations under differentiating conditions.
Differential GSC and bulk responses to CAiPi were further confirmed in CD133
sorted populations by neurosphere assay. As demonstrated previously by
Carruthers et al (Carruthers et al., 2018) and further characterised by
transcriptomic analysis in Chapter 3, GSCs have higher levels of RS than their
paired bulk counterparts. Since ATR and PARP are both active in the RS
response, it was hypothesised that the GSC population would be selectively
targeted by CAiPi.

4.2 Effects of ATR and PARP inhibition by clonogenic
survival assay

Analysis of CAiPi in GSC and bulk pairs carried out previously by Carruthers et al
(Carruthers et al., 2018) utilised a cell viability assay, which measures
metabolically active ‘healthy’ cells and is indicative of cytotoxicity but is not a
measure of cell survival. Therefore, the gold standard clonogenic survival assay
was carried out in E2 and G7 to validate their findings that GSCs were selectively
targeted by CAiPi compared to their paired bulk counterparts. Cells were
incubated with vehicle, olaparib (1uM), VE821 (5uM) and the combination for 24,
48 and 72 hours. After this time, drug media was replaced with fresh, drug-free
media and cells were incubated to allow colonies to form. Clonogenic survival
fractions were normalised to vehicle control after correcting for plating

efficiencies.

Figure 4.1 displays clonogenic survival assay results in E2 with representative

images of colonies formed. This analysis confirmed that E2 GSCs were more
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sensitive than their bulk counterpart at all time points. The survival fraction was
significantly reduced with CAiPi compared with ATRi alone at all time points
except 24 hours in E2 bulk. Analysis of cell survival over the three time points
showed that PARPi and ATRi alone were not significantly affected by time
exposed to the monotherapies. However, cell survival decreased with increased
length of exposure to CAiPi in both GSC and bulk cells (Figure 4.2).
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Figure 4.1. Clonogenic survival analysis of E2 GSC versus bulk cultures following ATR and
PARRP inhibition. E2 GSC and bulk cell survival analysed by colony formation assay after
increasing length of exposure to VE821 (5uM), olaparib (1uM) and the combination, relative to
vehicle control after correcting for plate efficiency. Bar charts represent mean and SEM of =3
independent experiments, adjusted p-values calculated by one-way ANOVA with post-hoc Sidak
test (*p<0.05, **p<0.01, ***p<0.001, ****p<0,0001, ns = not significant). Representative images of
colony formation for each condition are shown.
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Figure 4.2. E2 clonogenic survival time course. Clonogenic assay data from Figure 4.1 was
plotted to show changes in cell survival with increasing drug exposure time, relative to control.
Figure 4.3 shows the results of a clonogenic survival assay in G7. Conversely to
E2, the survival fraction of G7 bulk was reduced in comparison to their paired
GSCs, although it did not reach significance at 72 hours. There was also a
general trend for a greater reduction in survival fraction with CAiPi versus ATRi,
although it did not reach significance at all time points, suggesting that the
addition of a PARPi had less effect in G7 versus E2. Analysis of cell survival over
the three time points in G7 found that increased length of exposure to PARPi had
little effect in GSCs and bulk cell lines (Figure 4.4). However, unlike E2,
increased length of ATRi exposure induced a reduction in cell survival in G7

along with CAiPi.
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Figure 4.3. Clonogenic survival analysis of G7 GSC versus bulk cultures following ATR and
PARP inhibition. G7 GSC and bulk cell survival analysed by colony formation assay after
increasing length of exposure to VE821 (5uM), olaparib (1uM) and the combination, relative to
vehicle control after correcting for plate efficiency. Bar charts represent mean and SEM of =3
independent experiments, adjusted p-values calculated by one-way ANOVA with post-hoc Sidak
test (*p<0.05, **p<0.01, ****p<0,0001, ns = not significant). Representative images of colony
formation for each condition are shown.
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Figure 4.4. G7 clonogenic survival time course. Clonogenic assay data from Figure 4.3 was
plotted to show changes in cell survival with increasing drug exposure time, relative to control.

To investigate the drug interactions between ATRi and PARPi in different cell

lines, the coefficient of drug interaction (CDI) was calculated, as described
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previously (Xu et al., 2007). CDI is used to assess interactions between drug
combinations and is calculated by: CDI = AB / (A x B), where AB is the combined
treatment response, and A or B is the single agent treatment response, relative
to control. A CDI<1 indicates supra-additive drug interactions and a CDI<0.7 is
indicative of a greater degree of supra-additive effects. CDIs for E2 and G7 GSC
and bulk pairs were therefore calculated as CAiPi/(ATRi x PARPi) using 24, 48
and 72 hour clonogenic cell survival data and the results are shown in Figure 4.5.
In all cell lines there was evidence of supra-additive drug interactions with
CDI<1.0, except E2 bulk at 24 hours. There was a trend towards greater supra-
additive effects in E2 GSC versus G7 GSC, although this observation was only
significant at 48 hours. E2 GSC had greater drug interactions compared to E2
bulk by 72 hours. At 48 hours G7 bulk showed evidence of greater drug

interactions compared to G7 GSC, although this difference was lost by 72 hours.

24 hours
ns

B GSC
El bulk

E2 G7

72 hours

E2 G7

Figure 4.5. CDI values for ATR and PARP interactions in E2 and G7. CDI values were
calculated as CAIPi / (ATRi*PARPI) using clonogenic data from >3 independent experiments. Line
at 1.0 is a pre-defined cut off for supra-additive drug interactions, and at 0.7 is indicative of
significant supra-additive effects. Bar charts represent mean and SEM of 23 independent
experiments, adjusted p-values calculated by one-way ANOVA with post-hoc Sidak test (*p<0.05,
**p<0.01, ns = not significant).
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4.3 Analysis of cell viability in response to ATR and PARP
inhibition on GSC cultures

Since G7 GSCs did not have a significant reduction in cell survival in comparison
to G7 bulk by targeting the RS response, contradicting the proposed hypothesis
that GSC-associated RS would predict sensitivity, cell responses to CAiPi were
further characterised by a higher throughput cell viability assay in a panel of
seven paired GBM cell lines. Responses to ATRi, PARPi and CAiPi were first
assessed in GSCs. GSCs were plated in 96-well plates in media containing
olaparib (1uM), VE821 (5uM), the combination and a DMSO vehicle control.
Length of drug exposure was 24-hours followed by five days of drug-free media
(Figure 4.6) or six days continuous exposure (Figure 4.7). Cell viability at the end
of the six days was assessed by CellTiter-Glo®. All seven GSC lines had a
statistically significant decrease in cell viability after 24-hour exposure to CAiPi
over vehicle control. The greatest reduction in cell viability with CAiPi was seen
in R9, E2 and R10, representing 36.1% [95% Cl: 12.6, 59.7], 46.9% [95% Cl: 27.5,
66.3] and 55.2% [95% ClI: 21.7, 88.7] of control cell viability respectively. After
24-hour exposure, five of the seven GSCs showed a statistically significant
benefit of CAiPi over ATRi alone. No statistically significant decreases in cell

viability after 24-hour PARP inhibition was observed.
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Figure 4.6. GBM GSC viability following 24-hour exposure to ATR and PARP inhibition.
Average cell viability in GSCs was analysed using CellTiter-Glo® after 24-hour exposure to
olaparib (1uM), VE821 (5uM) and the combination, relative to vehicle control. Cell viability in E2
and R10 was carried out previously by K. Strathdee (Carruthers et al., 2018). Bar charts represent
mean and SEM of 23 independent experiments, adjusted p-values calculated by one-way ANOVA
with post-hoc Sidak test (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns=not significant).

After six-day exposure to the drugs all seven GSC lines had a statistically
significant decrease in cell viability after CAiPi compared to control. R9, E2 and
R10 continued to be the most sensitive to CAiPi, in keeping with 24-hour data,
with cell viabilities of 9.8% [95% Cl: -0.02, 21.3], 23.8% [95% Cl: 14.2, 33.4] and
28.6% [95% Cl: 4.2, 52.9] relative to vehicle control. PARPi single agent activity

after six-day exposure remained minimal, however statistically significant
decreases in cell viability were observed in E2, R10 and R15 GSCs. R9, E2, R10
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and R15 all had statistically significant decreases in cell viability in response to

CAiPi when compared to ATRi alone.
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Figure 4.7. GBM GSC viability following 6-day exposure to ATR and PARP inhibition.
Average cell viability in GSCs was analysed using CellTiter-Glo® after 6-day exposure to olaparib
(1uM), VE821 (5uM) and the combination, relative to vehicle control. Cell viability in E2 and R10
was carried out previously by K. Strathdee. Bar charts represent mean and SEM of =3 independent
experiments, adjusted p-values calculated by one-way ANOVA with post-hoc Sidak test (*p<0.05,

**p<0.01, ***p<0.001, ****p<0.0001, ns=not significant).

4.4 Analysis of cell viability in response to ATR and PARP
inhibition on bulk cultures

CAiPi was analysed in bulk cell lines, as described previously for GSCs. Analysis

of 24-hour incubation with the inhibitors showed that CAiPi induced a
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statistically significant decrease in cell viability compared to vehicle control in
all bulk cell lines except R9 and E2 (Figure 4.8). The biggest decrease in cell
viability with CAiPi was observed in G7, representing 54.8% of control [95% ClI:
49.3, 60.1]. However, there was no significant difference between ATRi alone
and CAiPi so this could be an ATRi-associated sensitivity. In bulk at 24 hours,
only R15 reached statistical significance when comparing CAiPi versus ATRi alone

and no significant differences between PARPi and vehicle control were observed.
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Figure 4.8.GBM bulk cell viability following 24-hour exposure to ATR and PARP inhibition.
Average bulk cell viability was analysed using CellTiter-Glo® after 24-hour exposure to olaparib
(1uM), VE821 (5uM) and the combination, relative to vehicle control. Cell viability in E2 and R10
was carried out previously by K. Strathdee (Carruthers et al., 2018). Bar charts represent mean
and SEM of =3 independent experiments, adjusted p-values calculated by one-way ANOVA with

post-hoc Sidak test (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns=not significant).

Greater reductions in cell viability were observed after six-days of CAiPi

exposure compared to 24 hours, with all seven bulk cell lines displaying

statistically significant reductions compared to vehicle control (Figure 4.9). The
greatest reduction in cell viability with CAiPi was still in G7, with a reduction in
cell viability to 15.8% [95% Cl: 14.5, 17.2] after six-days. However, similarly to
24 hours, no significant difference was observed between ATRi and CAiPi in G7

bulk. Statistically significant differences between ATRi and CAiPi were observed
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in R9, R10 and R15. PARP inhibition had limited single agent activity after six-
days, with no statistically significant decreases in cell viability observed in

comparison to control.
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Figure 4.9. GBM bulk cell viability following 6-day exposure to ATR and PARP inhibition.
Average bulk cell viability was analysed using CellTiter-Glo® after 6-day exposure to olaparib
(1uM), VE821 (5uM) and the combination, relative to vehicle control. Cell viability in E2 and R10
was carried out previously by K. Strathdee. Bar charts represent mean and SEM of =3 independent
experiments, adjusted p-values calculated by one-way ANOVA with post-hoc Sidak test (*p<0.05,

**p<0.01, ***p<0.001, ****p<0.0001, ns=not significant).
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4.5 ATRi and PARPI drug interactions

Analysis of cell viability in this chapter has identified varying significance
between responses to ATRi alone and CAiPi. Even after six-days of exposure
some cell lines did not exhibit any significant differences, especially bulk cells,
suggesting that most of the effects observed with CAiPi were associated with
sensitivity to ATRi alone in these cells. However, there was also varying effects
of PARPi alone, with some cell lines displaying no sensitivity to PARPi and some
displaying a statistically significant reduction in cell viability, albeit this
reduction was generally minimal. It was therefore challenging to determine ATRi
and PARPi drug interactions. To overcome this, CDIs were analysed as described
previously in this chapter using six-day cell viability data to investigate evidence

of supra-additive effects, and the results are shown in Figure 4.10.
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Figure 4.10. CDI values for ATR and PARP interactions in GBM primary cell lines. CDI values
were calculated as CAIPi / (ATRi*PARPI) using six-day cell viability data from >3 independent
experiments. Line at 1.0 is a pre-defined cut off for supra-additive drug interactions, and at 0.7 is
indicative of significant supra-additive effects. and plotted as a dot plot and SEM.

All GSC and bulk cell lines had CDIs below 1.0, indicative of combined effects
that were greater than just additive. Despite G7 and R24 GSCs having no
significant differences between ATRi and CAiPi they both had CDI<1.0, likely due
to no effect of PARPi alone. Four GSC lines had a CDI<0.7, indicative of
significant supra-additive effects, which were R9, E2, R10 and S2. GSCs had a

broad range of CDIs whereas all seven bulk cell lines were largely similar.
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4.6 Comparison of paired GSC and bulk sensitivity to
CAIPi by cell viability assay

Response to CAiPi was assessed in the panel of seven paired primary GBM cell
lines to characterise differential drug responses in GSC and bulk populations.
Cell viability was analysed using CellTiter-Glo® after six-day exposure to
combined VE821 (5puM) and olaparib (1pM) (Figure 4.11). R9 and E2 had more
sensitive GSCs than their differentiated bulk counterparts. R10 also appeared to
have more sensitive GSCs but did not reach statistical significance. G7, R24 and
R15 GSCs were relatively more resistant to targeting of the RS response than
their paired bulk cells, however only G7 reached statistical significance. The S2

cell line showed no difference in response between GSCs and bulk populations.
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Figure 4.11. Comparison of CAiPi responses in paired GSC and bulk cell lines. Average cell
viability in a panel of primary GSC and bulk cell lines was analysed using CellTiter-Glo® after six-
day exposure to combined VE821 (5uM) and olaparib (1uM), relative to vehicle control. Cell
viability in E2 and R10 was carried out previously by K. Strathdee. Bar charts represent mean and
SEM of 23 independent experiments, adjusted p-values calculated by one-way ANOVA with post-
hoc Sidak test (*p<0.05, **p<0.01, ****p<0.0001, ns=not significant).

4.7 Effects of ATR and PARP inhibition on CD133 sorted
cells by neurosphere formation assay

The validity of the clonogenic survival assay and cell viability data was further
established by neurosphere formation assay. E2 GSC cultures were sorted using
the GSC-marker CD133, producing a population of CD133* cells and a population

of CD133 cells which were both maintained in GSC medium. This assay and
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utilisation of a different GSC model allowed for the analysis of drug cytotoxicity
without any medium-related confounding factors. CD133 sorted cells were
plated in 96-well plates at a density of 10 cells per well in media containing
vehicle control, VE821 (5uM), olaparib (1uM) and the combination. After one
week the drugs were diluted to 50% drug concentration and cells left to form
neurospheres for four weeks. Neurospheres were stained with MTT, imaged and

manually counted (Figure 4.12).

CD133+

|8

Figure 4.12. CD133 sorted neurospheres after CAiPi treatment. Representative images of
neurospheres formed under vehicle control and CAIiPi conditions in CD133* and CD133- cell
populations.
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Figure 4.13. E2 CD133 sorted cell survival by neurosphere assay. Cell survival in response to
VE821 (5uM), olaparib (1uM) and the combination in E2 CD133 sorted cell populations was
analysed by neurosphere formation assay. Bar charts represent mean and SEM of three
independent replicates, p-value calculated by unpaired t-test (***p<0.001).

Figure 4.13 shows surviving neurosphere fractions in E2 CD133* and CD133"
populations relative to vehicle control. CD133* cells were more sensitive to
CAiPi, in keeping with previous cell viability and clonogenic cell survival
investigations in E2. The neurosphere assay also identified lower CDI values in
CD133* cells (0.37 [95% Cl: -0.11, 0.85]) than in CD133" cells (0.73 [95% Cl: 0.31,
1.15]). These studies confirmed a differential response between E2 GSC and bulk

cells using an alternative culture model.

4.8 Analysis of combined ATR and PARP inhibition with
AZD6738

AZD6738 is an ATR inhibitor with promising preclinical data indicating anti-
tumour activity as a monotherapy and in combination with olaparib and is
currently the subject of several early phase clinical trials (Wilson et al., 2022).
Therefore, the efficacy of AZD6738 as a monotherapy and combined with
olaparib in our GBM paired cell line model was investigated. A relatively
sensitive GSC line with an associated low CDI, R9 (Figure 4.14), and a relatively
resistant GSC line which exhibited a much higher CDI, R15 (Figure 4.15), based
on cell viability data combining VE821 with olaparib (Figure 4.11) were selected.
Cells were plated in 96-well plates in media containing AZD6738 (0.5uM and
1uM), olaparib (1uM) and the combinations for six days. Cell viability at the end

of the six days was assessed by CellTiter-Glo®.
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Figure 4.14. R9 GSC and bulk responses to AZD6738 combined with olaparib. Average cell
viability was analysed using CellTiter-Glo® after 6-day exposure to olaparib (1uM), AZD6738
(0.5uM and 1uM) and the combination, relative to vehicle control. Bar charts represent mean and
SEM of 23 independent experiments, adjusted p-values calculated by one-way ANOVA with post-
hoc Sidak test (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Figure 4.15. R15 GSC and bulk responses to AZD6738 combined with olaparib. Average cell
viability was analysed using CellTiter-Glo® after 6-day exposure to olaparib (1uM), AZD6738
(0.5uM and 1uM) and the combination, relative to vehicle control. Bar charts represent mean and
SEM of 23 independent experiments, adjusted p-values calculated by one-way ANOVA with post-
hoc Sidak test (*p<0.05, **p<0.01, ns=not significant).

R9 GSCs were significantly more sensitive to combined AZD6738 (0.5puM and 1uM)
and olaparib than their paired bulk counterparts. R9 displayed potent CAiPi-

sensitivity at both concentrations of AZD6738 in GSC and bulk lines. There was a

significant decrease in cell viability when olaparib was added to AZD6738
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compared to AZD6738 alone. This was in keeping with potent cytotoxicity and
low CDI observed in R9 with VE821. R15 was much more resistant to CAiPi with
AZD6738. R15 bulk were more sensitive than their paired GSC counterparts,
however there was no significant decrease in cell viability observed when
olaparib was added to AZD6738 apart from R15 GSC at 1uM, suggesting that the
combination is not particularly potent. This was also similar to VE821 cell
viability data for R15.

4.9 Summary of genomic and transcriptomic GBM
markers, biomarkers and CAIiPi sensitivity

Response to ATRi, PARPi and CAiPi has now been well characterised in the panel
of seven primary paired GSC and bulk cell lines. Increased RS did not appear to
solely predict response to CAiPi, as some paired, comparatively low RS bulk cells
displayed relatively more sensitivity to targeting the RS response than their GSC
counterparts. Therefore, commonly mutated genes in GBM and previously
described biomarkers of response to ATRi and PARPi identified in Chapter 3 were
investigated for their ability to predict sensitivity to targeting the RS response
(Table 4.1). Analysis of patterns of mutations, subtypes and expression data
found no obvious correlations between these markers and sensitivity to targeting
the RS response in GSCs, as relative GSC sensitivity increased to the left of Table
4.1 indicated by the arrow. Common GBM mutations or characteristics, including
MGMT methylation, EGFR SNPs, PTEN mutations, TERT promoter SNPs and
CDKN2A homozygous deletions were found throughout the panel, in both GSC-
and bulk-sensitive cell lines. MYCN amplification was only found in a relatively
CAiPi-resistant cell line. The relatively sensitive E2 and R10 GSCs were ATM-
proficient, with no identified ATM SNPs and comparatively high expression of
ATM. Expression of SLFN11 did not predict CAiPi-sensitivity, as the most CAiPi-
sensitive cell line, R9, did not express SLFN11. Lastly, CCNE1 expression did not
robustly predict CAiPi-sensitivity as it was variable across the panel. Overall, no
previously described biomarker for CAiPi or GBM mutations reliably predicted

GSC sensitivity to targeting the RS response.
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Table 4.1. Summary of CAIiPi sensitivity, GBM mutations and previously described
biomarkers in a panel of seven primary paired GBM cell lines.

R9 E2 R10 S2 G7 R24 R15
GSCvs. bulk  GSC GSC GSC* = Bulk Bulk* Bulk*
MGMT uMGMT mMGMT mMGMT uMGMT mMGMT uMGMT mMGMT
IDH WT WT WT WT WT WT WT
GSC/bulk
subtypes Pro/Pro Pro/Cla Pro/Mes Cla/Mes Cla/Mes Pro/Mes Cla/Mes
R282W
TP53 R273H R273H R248W R273H R248Q C277F DEL
EGFR R521K A289V R521K R521K R521K
PTEN INS INS C105Y P95L
TERT C228T C250T C250T C228T C250T C250T C228T
CDKN2A HomDel HomDel HomDel HomDel
MYC/ MYCN
MYCN amp.
F858L F858L
ATM R227C R227C gi;iiﬁ D1853N D1853N
P1054R P1054R
BRCA1/2,
PALB2 WT WT WT WT WT WT WT
SLFN11
expression 0 ++ e+ 0 +++ + +
ATM
expression  ++ +++ ++ + +++ + +4++
CCNE1
expression  +++ ++ ++ +++ ++ ++ +

Summary of findings from Chapter 3 and Chapter 4. Arrow indicates increasing GSC sensitivity to
targeting the RS response by CellTiter-Glo®. Differential GSC and bulk sensitivity indicated for
each pair, asterisk indicates a non-statistically significant relationship. Expression data from Figure
3.7 summarised by relative increases in expression within the seven cell lines, with 0 indicating no
expression. uMGMT = unmethylated MGMT promoter, mMMGMT = methylated MGMT promoter,
Pro = proneural, Mes = mesenchymal, Cla = classical, DEL/INS = InDels, HomDel = homozygous
deletions.

4.10 Conclusions

A detailed comparison of responses to targeting the RS response in GBM primary
paired GSC and bulk cells has been documented. The response to CAiPi was first
assessed in a clonogenic survival assay in two cell lines known to form colonies.
E2 was identified as having sensitive GSCs in comparison to paired bulk cells, but
G7 had comparatively more sensitive bulk cells than GSCs. A cell viability screen
of seven primary GBM cell lines identified heterogenous responses to CAiPi. This
screen identified three cell lines, R9, E2 and R10, that had sensitive GSCs
relative to their bulk counterparts. Whereas G7, R24 and R15 bulk cells were
more sensitive to targeting the RS response in comparison to GSCs. S2 displayed

similar sensitivities in GSC and bulk cells.
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Previous studies have found synergistic interactions between ATR and PARP
inhibitors. Analyses of drug interactions in this thesis were limited as synergistic
relationships were not assessed, however CDI was used as an indicator of supra-
additive relationships. Supra-additive relationships between ATR and PARP
inhibitors were observed in all GSCs, highlighting the clinical potential of these
therapies. However, there appeared to be a subset of GSCs, namely R9, E2 and
R10, that displayed both potent CAiPi cytotoxicity and greater supra-additive
effects from combining an ATR inhibitor with a PARP inhibitor. These cell lines
were also more sensitive to targeting the RS response than their paired bulk
counterparts. In depth quantitative analysis of drug synergy would be beneficial
to fully characterise drug responses. Several cell lines, especially bulk cell lines,
appeared to exhibit primarily ATRi sensitivity after the addition of a PARPi

showed insignificant additional benefit.

A neurosphere assay using a cell sorted population model also confirmed E2 GSC
as a potently CAiPi-sensitive cell line, utilising CD133 as a GSC marker. Despite
controversies surrounding the validity of certain GSC markers which was detailed
in Chapter 1, CD133 is still the most utilised GSC marker. Ahmed et al previously
showed that E2 GSCs have higher CD133 expression by Western blot (Ahmed et
al., 2015), which was corroborated by RNAseq analysis in Chapter 3. It is of note
that CD133" cells still formed neurospheres, which is indicative of GSC
proliferative capacities. However, previous analyses have shown CD133" cells
have a reduced capacity to form neurospheres and the neurospheres that do
form are smaller and abortive (Carruthers, 2015), so overall lack the

proliferative capacities of CD133* GSCs.

Analysis of AZD6738 as an alternative ATRi exhibited promising in vitro responses
as a monotherapy and when combined with olaparib in selected cell lines,
similarly to ATR inhibition with VE821. Work by Wilson et al identified highly
heterogenous AZD6738 single agent activities in 276 cancer cell lines, however
their analysis did not include any glioma malignancies (Wilson et al., 2022). Our
analyses of GBM primary cells support their hypothesis that not all cells are ATRi
sensitive. Analysis of AZD6738 as a useful ATRi for brain tumours found it was
not BBB penetrant and was not retained for a useful duration of time (data not

published). Despite ongoing developments of AZD6738 as a successful
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monotherapy and in combination with olaparib, primarily in breast and ovarian
cancer (Wilson et al., 2022, Kim et al., 2017), this ATRi was not investigated

further in this thesis due to the limited in vivo potential.

Since ATR and PARP are active in the RS response and GSCs have increased RS, it
was our hypothesis that the most indicative biomarker of response to CAiPi
would be high levels of RS and therefore that targeting the RS response would be
potently cytotoxic to GSCs. Previous studies by Carruthers et al supported this
hypothesis, as they observed greater GSC-specific CAiPi-sensitivity in two GBM
cell lines (Carruthers et al., 2018). However, we observed highly heterogenous
sensitivity profiles in a larger panel of GBM paired cell lines, so a predictor of
CAiPi-sensitivity remained unclear. Investigations of previously described
biomarkers and common GBM mutations found that none robustly predicted
CAiPi-sensitivity in this panel of GSCs. A mutational signature of sensitivity is
unlikely to explain differing GSC and bulk response to targeting the RS response
since they arise from the same tumour and represent an isogenic model. A
transcriptomic signature or differing mechanistic vulnerabilities will more likely

explain differing sensitivities between GSC and bulk pairs.

Investigations are required to elucidate the mechanism of sensitivity to targeting
the RS response in this GBM cell line panel. The differences in relative
sensitivities between GSCs and bulk cells can be exploited in mechanistic studies
to identify underlying differences between these populations that could direct
the future search for biomarkers of response. Throughout this thesis to
investigate GSC-specific cytotoxicity, E2 and G7 are frequently used to compare
differential responses to targeting the RS response. Using different assays and
timepoints, E2 GSCs were consistently more sensitive to treatment with CAiPi
than their bulk counterparts, but in G7 there was generally no evidence of
increased GSC sensitivity versus bulk. Additionally, analysis of drug interactions
suggested that there was a greater benefit of combining an ATR and a PARP
inhibitor in E2 GSCs versus G7 GSCs. The rest of this thesis will investigate drug
mechanisms and transcriptional changes which will allow for further

understanding of the drug sensitivity phenotype in GSC and bulk populations.
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Chapter 5 Investigations of CAiPi-induced
transcriptional changes

5.1 Introduction

Responses to CAiPi were highly heterogenous. The hypothesis that increased RS
would predict CAiPi-sensitivity was disproved, since several bulk cell lines
displayed increased sensitivity to targeting the RS response compared to their
paired GSCs. Therefore, mechanistic investigations were required to elucidate
differential responses. To inform mechanistic in vitro investigations, analysis of
transcriptomic alterations in response to CAiPi were carried out in two cell lines
with differing GSC sensitivity profiles. Differential RNA expression was analysed,
and functional analysis of dysregulated transcriptomes assessed by Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis.
This chapter aimed to characterise transcriptional responses to CAiPi, to aid

identification of culprit mechanisms.

5.2 Differential RNA expression after RS-targeting
therapies

To characterise differential CAiPi-induced transcriptomes, RNA sequencing data
was analysed in two paired GBM cell lines, E2 and G7, after exposure to RS-
targeting therapies. E2 GSCs were more sensitive than E2 bulk, whereas in
contrast G7 GSCs were more resistant to targeting of the RS response than its
paired bulk counterpart, as discussed in Chapter 4 and summarised in Figure 5.1.
Cells were incubated with VE821 (5uM), olaparib (1uM), the combination or
vehicle control for 72 hours, in triplicate. RNA was then extracted and

sequenced before RNAseq processing and analysis by Galaxy and R packages.
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Figure 5.1. Response to CAIiPi in E2 and G7 cell line pairs. Summary of cell viability results
from Chapter 4. Average cell viability in E2 and G7 GSC and bulk cell lines was analysed using
CellTiter-Glo® after six-day exposure to combined VE821 (5uM) and olaparib (1uM), relative to
vehicle control. Cell viability in E2 was carried out previously by K. Strathdee. Bar charts represent
mean and SEM of 23 independent experiments, adjusted p-values calculated by one-way ANOVA
with post-hoc Sidak test, as in Chapter 4 (*p<0.05, **p<0.01)

Clustering of samples and replicates was analysed by PCA (Figure 5.2). PCA
assesses inter- and intragroup variability and visualises how different conditions
cluster. There appeared to be more intra-condition variability in the GSC
samples for both E2 and G7 as the samples tended to spread out. Generally,
DMSO and PARPi samples clustered together, and ATRi and CAiPi together,
especially in the bulk cell lines. In both G7 cell lines, Principal Component 1
(PC1) separated DMSO/PARPi and ATRi/CAiPi suggesting that the differences
between these groups explain most of the variability within the samples.
Whereas these groupings in E2 appear to be explained by PC2, suggesting that

another factor is explaining most of the variation in these cell lines.
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Figure 5.2. PCA analysis of ATRi, PARPi and CAiPi in E2 and G7 GSCs and bulk cells. Plot
of principal component analysis of triplicate RNAseq data after 72-hour exposure to olaparib (1uM),
VE821 (5uM), the combination and DMSO control in E2 and G7 paired GSC and bulk cell lines.
PCA analysis was carried out using the ‘prcomp’ function in R, and principal components one and
two were plotted and variance calculated.

Analysis of differentially expressed genes (DEGs) was carried out using the

‘DeSeq2’ package in R. The number of DEGs, with an adjusted p-value cut off

0.05, was assessed after PARPi, ATRi and CAiPi exposure, versus DMSO control
(Figure 5.3). In both E2 and G7 bulk cell lines CAiPi induced more DEGs than
their paired GSC lines. Interestingly, E2 GSC which exhibited potent CAiPi-

sensitivity, had the least number of DEGs after CAiPi, with only 1086 genes

differentially expressed. Both bulk cell lines had relatively similar numbers of

DEGs after ATRi and CAiPi, whereas the two GSC lines had a large increase of

DEGs after CAiPi exposure over ATRi alone. Lastly, PARPi induced little to no

transcriptional changes in all cell lines except E2 bulk, where it appeared to

result in a relatively large amount of dysregulation.
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Figure 5.3. Dysregulated genes in E2 and G7 GSC and bulk cells after ATR, PARP and
combined inhibition. Dysregulated genes (adjusted p-value<0.05) were analysed by ‘DeSeq2’ in
both E2 and G7 GSC (S) and bulk (B) pairs, after 72-hour exposure to olaparib (1uM), VE821
(5uM) and the combination versus DMSO control. Bar charts are split by number of upregulated
and downregulated genes and total number of dysregulated genes is highlighted above each bar.
Further analysis of CAiPi-induced gene dysregulation was carried out by
clustering analysis via a heatmap. DEGs (adjusted p-value<0.05) between DMSO
vehicle control and CAiPi were identified, and clustering of all conditions based
on these DEGs plotted. Figure 5.4 shows the clustering for E2 GSC and bulk cell
lines and Figure 5.5 the clustering for G7 GSC and bulk cell lines. In both GSC
lines, there was a distinct CAiPi-specific set of DEGs that clearly clustered
together. In the two bulk cell lines, the CAiPi samples clustered separately from
DMSO and PARPi samples but clustered with ATRi. This is in keeping with the
pattern of DEGs identified in Figure 5.3, suggesting similar patterns of DEGs by
ATRi and CAiPi in bulk cell lines. DMSO and PARPi samples clustered
interchangeably in E2 GSC and G7 GSC and bulk cell lines, not unexpectedly
since they clustered together in PCA analysis and there was <3 DEGs identified

between these conditions.
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Figure 5.4. Heatmap of CAiPi-differentially expressed genes in E2 GSCs and bulk cells.
Differentially expressed genes (adjusted p-value<0.05) between DMSO control and CAIiPi in E2
GSC and bulk cells were identified by ‘DeSeq2’ analysis in R. Cells were exposed to DMSO
control, olaparib (1uM), VE821 (5uM) and the combination for 72 hours before RNA extraction,
sequencing and analysis. All samples were clustered on the differentially expressed genes and
scaled expression values plotted in a heatmap. Z-score scale is shown in the legend.
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Figure 5.5. Heatmap of CAiPi-differentially expressed genes in G7 GSCs and bulk cells.
Differentially expressed genes (adjusted p-value<0.05) between DMSO control and CAIiPi in G7
GSC and bulk cells were identified by ‘DeSeq2’ analysis in R. Cells were exposed to DMSO
control, olaparib (1uM), VE821 (5uM) and the combination for 72 hours before RNA extraction,
sequencing and analysis. All samples were clustered on the differentially expressed genes and
scaled expression values plotted in a heatmap. Z-score scale is shown in the legend.

Volcano plots were used to visualise all genes, plotting significance versus log
fold change (LFC), and significantly upregulated and downregulated genes in
CAiPi versus control were highlighted in E2 and G7 GSC and bulk pairs (Figure
5.6). Both bulk cell lines had DEGs with a greater fold change than their paired
GSCs and more genes with a greater statistical significance, likely related to

increased total number of DEGs in bulk cells. The volcano plots also highlighted
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the top five statistically significant upregulated and downregulated genes in
each sample. Analysis of these genes found a large array of different cellular
processes. Of interest, two of the top five upregulated genes in E2 GSC in
response to CAiPi were histones potentially suggestive of chromatin remodelling
and at least one of the top upregulated genes in each cell line was associated
with apoptosis or stress response, namely TRIB3, PRUNE2, GDF15 and PPP1R15A.
This warranted further analysis of the functional implications of this

dysregulation.
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Figure 5.6. Volcano plots of CAiPi-induced dysregulated genes. Scatter plots of -log1o of
adjusted p-values versus LFC show differential gene expression between DMSO and CAIPi
samples in E2 and G7 GSC and bulk cells. Cells were exposed to DMSO control and combined
VE821 (5uM) and olaparib (1uM) for 72 hours, before RNA extraction, sequencing and ‘DeSeq2’
analysis. Significantly dysregulated genes with an adjusted p-value <0.05 are highlighted in green if
LFC>0 and red if LFC<O0, non-significant genes with an adjusted p-value >0.05 are in black. The
top five statistically significant up- and down- regulated genes are highlighted on each plot next to
their corresponding data point.
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An MA plot was created for E2 and G7 GSC and bulk cells (Figure 5.7). An MA plot
visualises gene expression changes, plotting LFC between two conditions against
mean normalised expression across all conditions. Differential gene expression
was plotted for CAiPi versus DMSO control, after 72-hour exposure and
significantly upregulated and downregulated genes were identified by an
adjusted p-value cut off 0.05. The MA plot visualised the reduction in
statistically significant dysregulated genes in GSCs versus bulk lines, especially
for E2. Across all cell lines but especially in bulk cells, lower mean expression
was associated with a highly variable LFC, as expected. Genes with a lower
mean expression are also less likely to have statistically significant LFC,
indicated by an increase in non-significant genes as mean expression trends

towards zero.
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Figure 5.7. MA plot of CAiPi-induced dysregulated genes. Scatter plots of LFC versus mean
expression (log1o) across all samples show differential gene expression between DMSO and CAIPi
samples in E2 and G7 GSC and bulk cells. Cells were exposed to DMSO control and combined
VE821 (5uM) and olaparib (1uM) for 72 hours, before RNA extraction, sequencing and ‘DeSeq2’
analysis. Significantly dysregulated genes with an adjusted p-value <0.05 are highlighted in green if
LFC>0 and red if LFC<0, non-significant genes with an adjusted p-value >0.05 are in black.

5.3 Gene set enrichment analysis of CAiPi-induced gene
dysregulation

Differential transcriptomic alterations induced by CAiPi treatment have now
been well characterised, however the functional significance of these changes
remains unclear. Therefore, GSEA was carried out, using ‘gseGO’, for E2 (Figure
5.8) and G7 (Figure 5.9) paired cell lines. This analysis identified the top
upregulated (activated) and downregulated (suppressed) GO terms, based on the
LFC between DMSO control and CAiPi of all genes.
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Only E2 GSCs exhibited GO terms that were significantly activated or
suppressed. E2 GSC GSEA showed that gene sets related to replication,
chromosome segregation and mitosis were all suppressed, and several top
activated GO terms related to chromatin organisation, such as ‘nucleosome’ and
‘DNA packaging complex’. Although not significant, both E2 bulk and G7 GSCs
neared statistical significance for GSEA (p=0.08 and p=0.07 respectively).
Downregulated GO terms for E2 bulk largely related to ribosomes and several
upregulated GO terms covered axon and neuron development. No apparent
similarities between the downregulated GO terms in G7 GSC were observed
whilst upregulated GO terms in G7 GSCs were enriched for terms associated with
chromatin organisation and nucleosome, similarly to E2 GSC. No GO terms

neared significance for G7 bulk (p=0.27).
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Figure 5.8. E2 GSEA of CAiPi-dysregulated genes. E2 GSC (S) and bulk (B) cells were exposed
to DMSO control and combined VE821 (5uM) and olaparib (1uM) for 72 hours before RNA
extraction and sequencing. Gene expression LFC between the two conditions was quantified by
‘DeSeq2’ analysis, and corresponding upregulated (activated) and downregulated (suppressed)
GO terms were assessed by ‘gseGO’. Plots show the top 10 GO terms for each category, with
associated gene count, adjusted p-value and ratio of genes dysregulated: total genes in GO term.
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Figure 5.9. G7 GSEA of CAiPi-dysregulated genes. G7 GSC (S) and bulk (B) cells were
exposed to DMSO control and combined VE821 (5uM) and olaparib (1uM) for 72 hours before
RNA extraction and sequencing. Gene expression LFC between the two conditions was quantified
by ‘DeSeq2’ analysis, and corresponding upregulated (activated) and downregulated (suppressed)
GO terms were assessed by ‘gseGO’. Plots show the top 10 GO terms for each category, with
associated gene count, adjusted p-value and ratio of genes dysregulated: total genes in GO term.

Since E2 GSCs appeared to have enriched GO terms with similar functions, an

enrichment map plot (emapplot) was utilised to visualise E2 GSC gene sets as a
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network with mutually overlapping gene sets clustering together (Figure 5.10).
Visualisation of the top 20 overlapping dysregulated GO terms by GSEA identified
four functional gene set modules in E2 GSC. The largest module related to
mitosis and chromosomal segregation, followed by a DNA replication module, a
nucleosome module and a module containing only the DNA secondary structure
binding module. Additionally, a cnetplot (category network plot) visualised the
links between mutually dysregulated genes and gene sets (Figure 5.11). The
cnetplot visualised the gene interconnections between the top five dysregulated
GO terms in E2 GSC, after CAiPi exposure. Regulation of mitotic sister chromatid
separation and regulation of sister chromatid segregation had almost identical
gene sets, and both had four genes linking them with DNA-templated DNA
replication. In turn, DNA-templated DNA replication had mutually dysregulated

genes with DNA geometric change, while the nucleosome GO term stood alone.
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Figure 5.10. Emapplot of top 20 CAiPi dysregulated GO terms in E2 GSCs. E2 GSCs were
exposed to DMSO control and combined VE821 (5uM) and olaparib (1uM) for 72 hours before
RNA extraction and sequencing. Gene expression LFC between the two conditions was quantified
by ‘DeSeq2’ analysis, and corresponding dysregulated GO terms were assessed by ‘gseGO’. Gene
set similarity was assessed by the ‘pairwise_termsim’ function in R. Plots show enrichment map for
the top 20 GO terms, lines indicate a similarity between GO terms that meet a threshold of 0.2
(scale of 0-1). Line thickness and length indicates extent of similarity, circle size displays
associated gene number dysregulated within each GO term and colour indicates adjusted p-value.
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Figure 5.11. Cnetplot of top 5 CAIiPi dysregulated GO terms and associated genes in E2
GSCs. E2 GSCs were exposed to DMSO control and combined VE821 (5uM) and olaparib (1uM)
for 72 hours before RNA extraction and sequencing. Gene expression LFC between the two
conditions was quantified by ‘DeSeq2’ analysis to identify corresponding dysregulated GO terms by
‘gseGO’. Plots show category network for the top 5 GO terms, with any gene links between
enriched GO terms highlighted. Line colour highlights each GO term, and circle size indicates the
number of genes dysregulated within a gene set.

Analysis of CAiPi-dysregulated GO term interconnections by GSEA in G7 GSC was
also carried out. While E2 GSCs had only four functional modules, an emapplot
of G7 GSC GO terms identified twelve distinct modules (Figure 5.12). Lastly, a

cnetplot in G7 GSC identified mutually dysregulated genes between the top five
GO terms (Figure 5.13).
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Figure 5.12. Emapplot of top 20 CAiPi dysregulated GO terms in G7 GSCs. G7 GSCs were
exposed to DMSO control and combined VE821 (5uM) and olaparib (1uM) for 72 hours before
RNA extraction and sequencing. Gene expression LFC between the two conditions was quantified
by ‘DeSeq2’ analysis, and corresponding dysregulated GO terms were assessed by ‘gseGO’. Gene
set similarity was assessed by the ‘pairwise_termsim’ function in R. Plots show enrichment map for
the top 20 GO terms, lines indicate a similarity between GO terms that meet a threshold of 0.2
(scale of 0-1). Line thickness and length indicates extent of similarity, circle size displays
associated gene number dysregulated within each GO term and colour indicates adjusted p-value.
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Figure 5.13. Cnetplot of top 5 CAIiPi dysregulated GO terms and associated genes in G7
GSCs. G7 GSCs were exposed to DMSO control and combined VE821 (5uM) and olaparib (1uM)
for 72 hours before RNA extraction and sequencing. Gene expression LFC between the two
conditions was quantified by ‘DeSeq2’ analysis to identify corresponding dysregulated GO terms by
‘gseGO’. Plots show category network for the top 5 GO terms, with any gene links between
enriched GO terms highlighted. Line colour highlights each GO term, and circle size indicates the
number of genes dysregulated within a gene set.

5.4 Analysis of CAIiPi dysregulated KEGG pathways

In addition to GO term analysis, KEGG pathway analysis was carried out in E2
and G7 GSC and bulk cell lines to identify CAiPi-dysregulated pathways. RNA
sequencing data from both vehicle control and combined VE821 (5uM) and
olaparib (1uM) for 72 hours was used to identify statistically significant DEGs
(adjusted p-value<0.05), and the ‘enrichKEGG’ R package used to identify
associated dysregulated KEGG pathways.
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Figure 5.14. Top 10 CAiPi-induced dysregulated KEGG terms. E2 and G7 GSC and bulk cells
were exposed to DMSO control and combined VE821 (5uM) and olaparib (1uM) for 72 hours
before RNA extraction and sequencing. Significantly dysregulated genes (adjusted p-value<0.05)
between the two conditions were identified by ‘DeSeq2’ analysis and associated enriched KEGG
pathways identified by ‘enrichKEGG’ R package. Bar charts plot the top 10 dysregulated KEGG
pathways, with associated adjusted p-value and number of dysregulated genes within KEGG
pathway.



Chapter 5 134

E2 GSCs only had 14 dysregulated pathways versus 39 for E2 bulk, and G7 GSCs
had 46 dysregulated pathways and 68 for G7 bulk, in keeping with the nhumber of
total DEGs. The top ten dysregulated KEGG pathways for each cell line is shown
in Figure 5.14. The most statistically significant dysregulated KEGG pathway in
CAiPi-sensitive E2 GSC was DNA replication (adjusted p-value = 3.6x10'2). Other
E2 GSC pathways of interest were associated with cell cycle, DNA damage and
p53 signalling. E2 bulk, G7 GSC and G7 bulk exhibited some dysregulated
pathways of interest. DNA replication and cell cycle were also both dysregulated
KEGG pathways in E2 bulk. In G7 GSCs, KEGG pathways of note included
transforming growth factor-beta (TGF-B) signalling and apoptosis. In G7 bulk, the
cell cycle pathway was also dysregulated, as well as pathways related to axons,

actin, focal adhesions and proteoglycans.

5.5 Functional analysis of replication GO and KEGG
terms

CAiPi treatment targets the RS response and it was hypothesised that
replication-specific transcriptional changes would be induced in response to
CAiPi treatment. This chapter previously identified DNA replication as the top
dysregulated GO term and KEGG pathway in CAiPi-sensitive E2 GSC, however it
was not known from these investigations if DNA replication was dysregulated in
the other cell lines. A DNA replication GO signature was therefore curated to
investigate dysregulation of replication in the other cell lines. The signature
contained four GO terms that were statistically significant in E2 GSC and with

minimal gene overlap between terms, as assessed by a heatplot (Figure 5.15).
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Figure 5.15. Heatplot of curated replication GO terms for E2 GSC. Dysregulated gene
expression was quantified by ‘DeSeq2’ analysis, after 72-hour exposure to vehicle control and
combined VE821 (5uM) and olaparib (1uM) and RNA extraction and sequencing. Analysis of
significantly CAiPi-dysregulated GO terms was carried out using the ‘enrichGO’ R package, and a
heatplot displays the mutually dysregulated genes within each term, represented by a vertical line.
GO terms were selected due to statistical significance in E2 GSC and relevance to replication.

replication fork I

regulation of DNA replication I|

To quantify extent of dysregulation for each GO term, -log1o of the adjusted p-
values was plotted for each of the four cell lines (Figure 5.16). For all four GO
terms, E2 GSC displayed the greatest replication-associated transcriptional
dysregulation. G7 bulk displayed more dysregulation than its paired GSC
counterpart, in keeping with G7 bulk being more sensitive to targeting the RS
response. G7 GSC did not reach significance for any of the replication-associated

GO terms.
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Figure 5.16. Differential DNA replication and origin firing GO term dysregulation.
Dysregulated gene expression was quantified by ‘DeSeq2’ analysis, after 72-hour exposure to
vehicle control and combined VE821 (5uM) and olaparib (1uM) and RNA extraction and
sequencing in E2 and G7 GSC (S) and bulk (B) pairs. Analysis of significantly CAiPi-dysregulated
GO terms was carried out by ‘enrichGO’ R package, and a bar chart displays the extent of
significance of dysregulation within each gene set. GO terms were selected due to statistical
significance in E2 GSC and relevance to replication.

GSEA dot plots in E2 GSC suggested that DNA replication-associated GO terms
were generally suppressed after CAiPi. This was further assessed by GSEA plots
for all cell lines. Visualisation of GSEA in Figure 5.17 confirmed that the DNA
replication GO terms were downregulated in all cell lines, with a negative

enrichment score (ES) for all four gene sets, but only E2 GSC reached

significance.
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Figure 5.17. DNA replication GSEA plot. E2 and G7 GSC (S) and bulk (B) cells were exposed to
vehicle control and combined VE821 (5uM) and olaparib (1uM) before RNA extraction and
sequencing to identify LFC between the two conditions by ‘DeSeq2’ R package. GSE analysis and
plotting was carried out by ‘gseGO’ and ‘DOSE’ R packages. Plots show GSEA for the DNA
replication GO term and associated adjusted p-value and enrichment score. Top figure shows
where DNA replication genes plot relative to all genes ranked by LFC. Bottom figure shows a
running enrichment score (green) based on the ranking and LFC of all DNA replication genes, and
the peak of the running score provides the enrichment score for that gene set (red), either
positively or negatively enriched.

5.6 Conclusions

The differential transcriptomes in E2 and G7 paired cell lines in response to
CAiPi have been characterised utilising DeSeq2. DeSeqz2 allows for quantitative
analysis and visualisation of RNAseq data. The package developed a statistical
framework to produce gene rankings based on stable estimation of effect size,
trying to overcome the issues of highly statistically significant but biologically
insignificant genes being identified and count size effects on LFC (Love et al.,

2014). PCA plots identified clustering of the inhibitor conditions in all four cell
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lines, however with more variability in both E2 and G7 GSCs. This may be due to
more innate heterogeneity within stem-enriched populations than in bulk. For all
cell lines, CAiPi and ATRi clustered separately from DMSO and PARPi, especially
in both bulk cell lines. These treatment groupings were only separated by PC2 on
the y-axis for E2 GSC and bulk, suggesting that other transcriptional changes
within these cell lines was explaining more variation in PC1. In E2 bulk, it was
likely a DMSO outlier sample was driving the variability. In E2 GSC, a smaller
subset of DEGs in response to CAiPi could mean that heterogeneity between the
repeats were driving more variability than the treatment itself. Clustering of
CAiPi DEGs by heatmap identified patterns largely similar to PCA analysis. Both
E2 and G7 GSC lines had more distinctive CAiPi groups of dysregulated genes
whereas bulk clustered ATRi and CAiPi together.

There was a greater increase in the number of DEGs with CAiPi over ATRi alone
in GSCs versus bulk cells. This may explain the clustering of ATRi and CAiPi
conditions in bulk cells via PCA and heatmaps. This pattern of dysregulation
suggests there is maybe a GSC-specific transcriptomic response to CAiPi despite
differing sensitivities. Lastly, volcano and MA plots visualised DEGs under each
condition, and unsurprisingly since both bulk cell lines identified the most DEGs,
both E2 and G7 bulk had genes with greater LFC and higher significance.
Differential gene expression analysis in response to CAiPi has generally identified
trends within the GSC and bulk cell types.

Functional analysis of DEG sets was performed by GO and KEGG analysis. Most
interestingly, CAiPi-sensitive E2 GSCs were enriched for GO terms and pathways
associated with DNA replication, cell cycle, chromosome segregation and DNA
damage, all previously associated with RS or CAiPi activities. In general, GO and
KEGG analysis in E2 bulk, G7 GSC and G7 bulk identified more pathways not
previously associated with CAiPi. Of interest, across both G7 cell types was
dysregulation of terms and pathways associated with axons, cell motility and
adhesion. Axon development and axon guidance appeared for both cell types
across GO and KEGG analysis. Across both GSC lines there was dysregulation of
chromatin-associated GO terms, including activation of GO terms related to
nucleosomes, chromatin and chromosome assembly. These GO terms did not

reach significance in either bulk cell lines.
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Since this thesis sought to investigate mechanisms of CAiPi sensitivity, further
analysis focused on DNA replication gene sets since DNA replication-associated
GO terms were significantly dysregulated in CAiPi-sensitive E2 GSCs. Analysis of
the significance of DNA replication GO term dysregulation found that within each
cell line pair extent of dysregulation correlated with sensitivity to targeting the
RS response, since E2 GSCs and G7 bulk were the most dysregulated within their
cell line pairs. GSEA found that GO terms related to replication were suppressed
in response to CAiPi in E2 GSCs. A GSEA plot visualised the suppression of the
DNA replication GO term in E2 GSCs, and although DNA replication was
associated with a negative ES for the other three cell lines, none were

statistically significant.

In conclusion, CAiPi induced differing transcriptional landscapes across all
analysed cell lines. However, the most sensitive cell line, E2 GSC, had the
smallest subset of DEGs and subsequently less enrichment of GO terms and KEGG
pathways. Despite this, the gene sets that were enriched were highly relevant to
CAiPi mechanisms of action. CAiPi in E2 GSCs was therefore inducing a highly
specific transcriptomic response, whereas other cell lines induced a more non-
specific response. Within each cell line pair, dysregulation of DNA replication

gene sets predicted sensitivity to CAiPi.
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Chapter 6 Analysis of DNA replication dynamics
in GSC and bulk cell cultures in response to
CAIPi

6.1 Introduction

Chapter 4 concluded that endogenous RS was not the sole predictor of CAiPi
response. However, CAiPi was still potently cytotoxic to a subset of GSCs and
therefore has clinical potential. Further understanding of differential CAiPi
cytotoxicity is required to elucidate mechanisms of sensitivity. CAiPi-induced
transcriptomic alterations indicated that replication was dysregulated
specifically in a CAiPi-sensitive GSC line, and ATR and PARP have crucial roles in
the maintenance of successful replication. Therefore, a DNA fibre assay was
utilised to allow analysis of replication dynamics including fork velocity and
replication fork structures, as described in Chapter 2. A DNA fibre assay is the
accepted gold standard assay to analyse genome-wide replication dynamics
(Quinet et al., 2017). In this assay, DNA is labelled sequentially with
fluorescently labelled thymidine analogues; CldU and IdU. Immunostaining of
these analogues allows for visualisation of individual DNA tracts and cumulative
analysis of tracts gives insight into genome-wide replication mechanisms.
Incorporation of inhibitors into a DNA fibre assay allows for analysis of perturbed

replication.

The complete picture of replication dynamics in GSCs and bulk cells after ATR
and PARP inhibition remains unclear. Previous work by Carruthers et al found
that replication velocities were lower in GSCs than in their paired bulk
counterparts at baseline, in keeping with higher rates of RS in GSCs (Carruthers
et al., 2018). Their analysis of mean replication velocities with ATRi and CAiPi
found a decrease in both GSC and bulk cells, whilst no effect was seen with
PARPi alone. Studies of replication velocity alterations in other cancer types
have observed decreased replication velocity with ATRi, indicative of increased
RS (Kim et al., 2020, Gout et al., 2021). Several studies described no
dysregulation of fork velocities by a PARPi alone, however Kim et al observed
synergistic decreases in fork velocity with the addition of a PARPi to ATRi in
ovarian cancer models (Kim et al., 2020, Gout et al., 2021, Bryant et al., 2009).

Contradictory to these studies, Maya-Mendoza et al observed a concentration
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and time dependent effect of PARPi on increased replication velocity, which in
turn induced DNA damage (Maya-Mendoza et al., 2018). Further analysis is
required to fully elucidate effects on replication velocities in GSCs and bulk cells
after ATR and PARP inhibition.

No analysis of stalled forks or new origins with CAiPi has been published in GBM.
Analysis of the effects of CAiPi on replication structures has been undertaken in
other cancer types. The effects of ATRi on increasing unscheduled origin firing is
well established, due to ATR’s role in reducing global origin firing under RS
conditions via Chk1 (Moiseeva et al., 2017, Couch et al., 2013). Analysis of
stalled forks, measured by an increase in asymmetric forks, found an increase in
stalled forks with ATRi but not PARPi (Kim et al., 2020, Gout et al., 2021, Maya-
Mendoza et al., 2018). However, analysis of stalled forks by CldU-only stained
tracts identified an increase in stalled forks by PARPi-alone (Bryant et al., 2009).
Due to varied observations of replication dynamics across different cancer types
and methods, this chapter also aims to elucidate the effects of CAiPi on

replication machinery in GSC and bulk cell models.

6.2 Replication velocity analysis by DNA fibre assay

Initial investigations into CAiPi effects on replication using a DNA fibre assay
looked at DNA fork velocity. Cells were incubated with vehicle, olaparib (1pM),
VE821 (5uM) and the combination for 24 hours, then thymidine analogue CldU
(25pM) was added to drug-containing media for 20 minutes before being washed
off and replaced with IdU (250pM) for 20 minutes. DNA fibres were fixed and
immunostained. Replication velocity was quantified by CldU and IdU fork length

in kb / time exposed to the thymidine analogue.
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Figure 6.1. E2 replication fork velocity. Replication fork velocity in E2 GSCs and bulk cells was
measured by rate of CldU and IdU incorporation using a DNA fibre assay, after 24-hour exposure
to vehicle, olaparib (1pM), VE821 (5uM) and the combination. Fibre assay and manual
quantification was carried out by K. Strathdee and R. Carruthers. Dot plot displays all data points
from three independent experiments, with median indicated, adjusted p-values calculated by
Kruskal-Wallis one-way analysis of variance with post-hoc Dunn’s test (****p<0.0001, ns=not
significant).
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Figure 6.2. G7 replication fork velocity. Replication fork velocity was measured by rate of CldU
and IdU incorporation in G7 GSC and bulk cells using a DNA fibre assay, after 24-hour exposure to
vehicle, olaparib (1uM), VE821 (5uM) and the combination. Manual quantification was carried out
by R. Carruthers. Dot plot displays all data points from 2 independent experiments, with median
indicated, adjusted p-values calculated by Kruskal-Wallis one-way analysis of variance with post-
hoc Dunn’s test (***p<0.001, ****p<0.0001, ns=not significant).

Replication fork velocities were analysed in two cell lines with differing GSC and
bulk-sensitivity profiles to targeting the RS response: E2, a GSC-sensitive line
(Figure 6.1), and G7, a bulk-sensitive line (Figure 6.2). In both E2 and G7, fork
velocities were slower in the GSC lines at baseline compared to bulk, indicative
of higher RS in GSCs. CAiPi induced a statistically significant reduction in fork

velocities compared to vehicle control in all cell lines. The total reduction in
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fork velocity by CAiPi was greater in both bulk cell lines compared to GSCs,
likely a result of higher fork velocity at baseline in bulk cell lines. ATRi alone

reduced fork velocities in all cell lines.

In G7 GSCs, PARPi alone increased replication fork speed. PARPi also increased
replication fork speed in E2 GSCs, although only with CldU. Conversely, PARPi
reduced replication fork speed in G7 bulk cells and had no effect in E2 bulk.
CAiPi reduced fork velocity compared to ATRi alone only in E2 GSCs. Conversely,
fork velocity increased with CAiPi compared to ATRi alone in G7 GSCs and in G7
bulk with CldU.

6.3 Replication structure analysis by DNA fibre assay

To comprehensively characterise replication in GSC and bulk cells exposed to
CAiPi, a DNA fibre assay was utilised to analyse replication fork structures.
Ongoing forks, stalled forks and new origins were analysed in E2 and G7 (Figure
6.3), by a DNA fibre assay as described previously in this thesis. Ongoing forks
can be identified by fibres that stain for both CldU and IdU, stalled forks by
fibres that stain only for the first analogue CldU and new origins by those that
stain only for the second analogue IdU. CAiPi induced no statistically significant
changes in ongoing or stalled forks in E2 GSCs and bulk cells or G7 GSCs. G7 bulk
cells had a statistically significant decrease in ongoing forks with CAiPi
treatment compared to control. This reduction in the proportion of ongoing forks
was largely replaced by a marked increase in stalled forks in G7 bulk cells.
Stalled forks at baseline were not significantly different between GSC and bulk
pairs for both E2 and G7, however GSCs trended towards more stalled forks, in
keeping with them having increased RS. Most interestingly, the greatest number
of new origin firings was observed in E2 GSCs after PARPi, representing 22.0%
[95% Cl: -0.5, 44.6] of all replication structures under that condition. No change
in origin firing with PARPi was observed in either bulk cell line, or in the G7 GSC

line.
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Figure 6.3. E2 and G7 replication structures. Ongoing forks, stalled forks and new origins were
quantified in E2 and G7 GSC and bulk cells using a DNA fibre assay after 24-hour exposure to
vehicle control, olaparib (1uM), VE821 (5uM) and the combination. Fibre assay for E2 was carried
out by K. Strathdee and analysis was carried out by R. Carruthers. Bar charts represent mean and
SEM of three independent experiments for E2 and two independent experiments for G7, adjusted
p-values calculated by one-way ANOVA with post-hoc Sidak test (*p<0.05, ns=not significant).

6.4 PARP trapping drives origin firing in GSCs

PARP trapping is a well-established mechanism of PARPi activity, so it was of
interest to investigate if PARP trapping was causally implicated in the
cytotoxicity and increased origin firing mechanism. Therefore, the PARPi
veliparib was analysed along with olaparib in E2, since olaparib is a much more
potent PARP trapper than veliparib (Murai et al., 2012). To investigate
comparable inhibitory concentrations of olaparib and veliparib, PARylation levels
were assessed. PARylation is a post-translational modification, catalysed by
PARP in response to DNA damage and forms PAR chains at sites of lesions. PAR

chains can be induced by treatment with H,0; and detected by Western blot.
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Figure 6.4 shows the effect of increasing concentrations of olaparib and veliparib
on PAR levels, as an indicator of their ability to inhibit PARP activity. Complete
ablation of PARylation was observed at 1puM for both olaparib and veliparib.
Consequently, their ability to fire new origins was analysed by DNA fibre assay at
1uM for both inhibitors, as described previously in this chapter. Only olaparib in
E2 GSCs induced a statistically significant increase in origin firing, with no
significant change in origin firing induced by veliparib (Figure 6.5). No
statistically significant changes in origin firing were observed in E2 bulk with

olaparib or veliparib.
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Figure 6.4. Inhibition of PARylation by olaparib and veliparib. Investigation of expression of
PAR in G7 GSCs by Western blot after one hour incubation with increasing concentrations of
olaparib and veliparib followed by 20-minute incubation with 20mM H202. Actin was analysed as a
loading control. Western blot carried out by K Strathdee.
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Figure 6.5. New origin firing in response to different PARPi. New origins were quantified in E2
GSC and bulk cells using a DNA fibre assay after 24-hour exposure to DMSO vehicle control,
olaparib (1uM) and veliparib (1uM). Fibre assay and quantification was carried out by K. Strathdee
and R. Carruthers. Bar charts represent mean and SEM of 3 independent experiments, adjusted p-
values calculated by one-way ANOVA with post-hoc Sidak test (***p<0.0001, ns=not significant).
To correlate an increase in origin firing with CAiPi mechanism of sensitivity,
olaparib and veliparib cytotoxic effects were compared in E2 GSCs by
neurosphere assay. Cells were seeded in 96-well plates at a density of 10 cells
per well in media containing vehicle control, VE821 (5uM), olaparib and veliparib
at increasing concentrations and combined with VE821 (5uM). After two days the
drugs were diluted to 40% drug concentration and left to form neurospheres for
three weeks. Neurospheres were stained with MTT, imaged and manually

counted (Figure 6.6).
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Figure 6.6. Surviving neurosphere fraction from differing PARP trapping capacities. Cell
survival in response to VE821 (5uM), olaparib, veliparib and the combination in E2 GSCs was
analysed by neurosphere formation assay. Bar charts represent mean and SEM of four
independent replicates, adjusted p-values calculated by one-way ANOVA with post-hoc Sidak test
(*p<0.05, ***p<0.001, ns=not significant).

Both olaparib and veliparib decreased the surviving neurosphere fraction in
relation to vehicle control in a dose-dependent manner. At the higher doses
(1uM and 2pM) olaparib reduced the surviving neurosphere fraction in
comparison to veliparib as a single agent. When combined with ATRi, olaparib
induced a statistically significant reduction in surviving neurosphere fraction
compared to veliparib at the comparable dose of 1uM. Other concentrations
were not significant but there was a general trend towards more cytotoxicity
with olaparib. These analyses support the hypothesis that PARP trapping is
involved in the increased origin firing via PARPi and is causally linked to CAiPi

cytotoxicity.
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6.5 Inhibition of origin firing via roscovitine

To further investigate the relevance of new origin firing to CAiPi response in
sensitive GSCs, origin firing was modified to analyse the effects on CAiPi
cytotoxicity. Origin firing is coordinated by CDKs, with cyclin-CDK2 complexes
and CDC7 working together to regulate and activate the pre-RC. To disrupt the
regulation of replication and reduce origin firing, the CDK inhibitor roscovitine
was utilised. Roscovitine selectively targets CDK1, 2, 5, 7 and 9, with CDK2 being
the main target of roscovitine (Bach et al., 2005). Due to roscovitine’s role as a
CDK inhibitor, Petermann et al investigated its effects on origin firing and saw
roscovitine was able to reduce origin firing by DNA fibre assay (Petermann et al.,
2010). The authors also reported roscovitine treatment led to prolonged S phase
progression, due to reduced origin firing not being compensated by increased
replication velocity. High doses of roscovitine therefore may disrupt S phase
entry and since CAiPi is hypothesised to act during S phase, roscovitine may
reduce cytotoxicity by cell cycle disruption as opposed to reducing excess origin
firing. Therefore, we aimed to investigate S phase entry with roscovitine. Entry
into S phase was investigated after 24-hour exposure to vehicle control and
increasing concentrations of roscovitine combined with BrdU (10uM) in E2 GSCs.
Cells were then fixed with ethanol, before denaturation of DNA, cell

permeabilisation and incubation with FITC-conjugated a-BrdU antibody and PI.
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Figure 6.7. BrdU profiles to assess S phase entry with roscovitine. Representative images of
gating strategy after exposure of E2 GSCs to vehicle control or increasing concentrations of
roscovitine combined with BrdU (10uM) to identify E2 GSCs that have progressed into S phase. No
BrdU control included for gating strategy. DNA content was assessed by Pl. Pl and BrdU was
assessed by flow cytometric quantification via BD FACSVerse™ and analysed by FlowJo™.
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Entry into S phase was assessed by BrdU positive cells and representative BrdU
cell cycle profiles and gating strategies are shown in Figure 6.7, and
quantification in Figure 6.8. GSC entry into S phase at the lowest concentration
of 1uM was largely unperturbed in comparison to control (91.0%), and at 10pM
was only slightly reduced (75.4%). As roscovitine concentrations increased, cells
that entered S phase continued to decrease, and was drastically reduced at the
highest roscovitine concentration of 40uM with only 36.8% of cells entering S
phase in 24 hours in comparison to control. Therefore, further investigations of
roscovitine utilised the lower doses of 1uM and 10uM to prevent roscovitine’s

effects on cell cycle progression at higher concentrations influencing CAiPi-

sensitivity.
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Figure 6.8. S phase entry after roscovitine. Quantification of BrdU-positive E2 GSCs by flow
cytometry, as shown in Figure 6.7. Bar charts represent the results from one experiment.

To establish the effects of reduced origin firing on CAiPi cytotoxicity, a
neurosphere survival assay was utilised. Cells were incubated with CAiPi (VE821
(5uM) and olaparib (1pM)) with or without roscovitine at 1uM and 10uM for 24
hours, before being seeded in 96-well plates at a density of 10 cells per well in
fresh media. Cells were left to form neurospheres for three weeks, before being

stained with MTT, imaged and manually counted.
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Figure 6.9. E2 rescue of CAIiPi by roscovitine. Cell survival in response to combined VE821
(5uM) and olaparib (1uM), in combination with roscovitine (1uM and 10uM) in E2 GSCs was
analysed by neurosphere formation assay. Bar charts represent mean and SEM of 4 independent
experiments, adjusted p-values calculated by one-way ANOVA with post-hoc Sidak test (*p<0.05).
Roscovitine’s effects on CAiPi-induced cytotoxicity was assessed in E2 GSCs
(Figure 6.9), which previously displayed a PARPi-induced increase in origin firing
and in G7 GSCs (Figure 6.10) which conversely saw no PARPi-induced increase in
origin firing. In E2 GSCs, the addition of low dose roscovitine to CAiPi induced a
statistically significant increase in surviving neurosphere fractions in comparison
to CAiPi alone, indicating partial rescue of CAiPi cytotoxic effects. In G7 GSCs,
where origin firing was not increased to the same extent, the addition of
roscovitine had no effect on the reduction of surviving neurosphere fractions by
CAiPi.
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Figure 6.10. No change in CAIiPi cytotoxicity by roscovitine in G7. Cell survival in response to
combined VE821 (5uM) and olaparib (1uM), in combination with roscovitine (1M and 10uM) in G7
GSCs was analysed by neurosphere formation assay. Bar charts represent mean and SEM of 4
independent experiments, adjusted p-values calculated by one-way ANOVA with post-hoc Sidak
test (ns=not significant).

6.6 Conclusions

This chapter has provided a detailed characterisation of replication dynamics in
GSCs and bulk cells in response to CAiPi. Carruthers et al had previously reported
that CAiPi reduced replication velocity at clinically relevant concentrations
(Carruthers et al., 2018). Slowed replication forks are a clear indicator of the
cell’s response to increased RS, as decreased fork speeds reduce RS-induced
damage induction (Somyajit et al., 2017, Zeman and Cimprich, 2014). The
combined treatment therefore appears to successfully target the RS response
and enhance RS within the cells. However, the reduction in fork speed was
greater in bulk cells relative to GSCs and comparable patterns of reduction in
fork velocity were observed in G7 and E2 in response to CAiPi, suggesting that
extent of reduction in fork speeds does not explain GSC-specific responses to

targeting the RS response.

Analysis of the effect of PARPi alone on fork velocity found increased fork speeds
exclusively in GSCs. No change compared to vehicle control was observed for E2
bulk while PARPi decreased fork velocity in G7 bulk. PARP has critical roles in

regulating fork speeds in the face of RS, with previous studies observing that
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inhibition of PARP resulted in either loss of the fork speed reduction to manage
RS (Ray Chaudhuri et al., 2012, Sugimura et al., 2008, Zellweger et al., 2015) or
accelerated fork speeds (Maya-Mendoza et al., 2018), as was observed in these
GSCs. No studies have reported a reduction in fork speed in response to PARPi,
as seen in G7 bulk, so this relationship remains to be elucidated, potentially
indicating variable reliance on PARP for replication velocity maintenance. Lastly,
in E2 GSC there was a significant reduction in fork velocity with CAiPi compared
to ATRi alone, while G7 GSC had an increase in fork velocity with CAiPi
compared to ATRi. It could be hypothesised that reduced fork speeds in the E2
cell lines could be a mechanism of sensitivity, whereby these cell lines do not
successfully complete replication before entry into mitosis, whereas G7 maintain

faster replication speeds to complete replication.

Utilisation of a DNA fibre assay allowed for further analysis of replication
dynamics, namely quantification of stalled forks and new origins. Percentage of
stalled forks, along with reduced fork velocity, is a well-established measure of
RS. Interestingly, the only significant increase in stalled forks after CAiPi
exposure was observed in G7 bulk. This was despite CAiPi’s activity in targeting
the RS response, which was hypothesised to exacerbate RS rates and was
confirmed by slowed replication rates, and despite several studies observing
ATRi-induced increases in stalled forks as discussed previously. However, these
previous studies quantified asymmetric forks as a measure of stalled forks as
opposed to CldU only tracts. Future analysis could utilise this alternative method
to quantify stalled forks and assess any differences in results. Due to a lack of
aberrations in stalled fork proportions quantified by CldU-only tracts in CAiPi-
sensitive E2 GSCs, this measure of induced RS does not appear to be predicting

sensitivity.

Unexpectedly, the greatest increase in aberrant origin firing was observed in E2
GSCs in response to PARPi. This increase in origin firing was not matched by a
potentially cell-protective decrease in replication velocity, instead PARPi also
increased fork speed in E2 GSCs. Since this coupled increase in origin firing and
fork speed has potentially detrimental effects on accurate and successful cell
replication, and no previous reports have discussed this PARPi-induced origin

firing phenotype, this chapter further investigated this phenomenon.
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Analysis of origin firing with a DNA fibre assay found that this increase in origin
firing in CAiPi-sensitive GSCs was seen with olaparib, however not with an
alternative PARPi veliparib despite using doses that produced equivalent
abrogation of PARylation. This novel observation was hypothesised to be due to
differences in PARP trapping between the inhibitors, since olaparib is a potent
PARP trapper whereas veliparib does not efficiently trap PARP to sites of damage
(Murai et al., 2012). Increased origin firing is often in response to stalled forks or
slower replication, to ensure timely and successful completion of replication
before entry into mitosis, however PARPi alone did not induce fork stalling or
slower replication. The mechanism of increased origin firing in response to PARP
trapping remains unclear, as it appears to not be in response or compensatory to
other replication dynamics. However, we hypothesise that this increase in origin
firing, not matched by a decrease in replication velocity or stalled forks, is
detrimental to cell survival. To further elucidate this relationship between PARP
trapping and origin firing, a much more potent PARP trapper talazoparib could
be utilised in DNA fibre assay analysis (Hopkins et al., 2019), or knockdown of
the PARP protein would differentiate a PARP-trapping phenotype from a PARPi
catalytic inhibitory phenotype. Investigations of origin firing in other CAiPi-

sensitive GSCs, namely R9 and R10, would be advantageous.

Origin firing was inhibited with the CDK inhibitor roscovitine to investigate its
links to CAiPi mechanism of response. CAiPi activity is reliant on S phase entry
since ATR and PARP are active during replication. Due to roscovitine’s CDK
inhibitor activity, which can have a knock-on effect on cell cycle progression,
effects of roscovitine on S phase entry were investigated. The lowest doses of
roscovitine only slightly reduced S phase entry. At these lower doses, the
inhibition of origin firing partially rescued CAiPi cytotoxicity in E2 GSCs which
exhibited the PARPi-induced origin firing increase. A study by Besteiro et al
showed a similar modest rescue of Chk1i cytotoxic effects by roscovitine, and
they proposed the extent of the rescue was solely down to roscovitine’s origin
firing activities due to silencing of factors affecting replication barriers and
progression having no effect on the extent of rescue (Gonzalez Besteiro et al.,
2019). Roscovitine had no effect on CAiPi response in G7, which exhibited no
PARPi-induced origin firing, and a much more modest increase in origin firing

from CAiPi treatment overall. Further assays need to be carried out to explore
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the extent of origin firing depletion in these GBM cell lines at lower roscovitine
concentrations but overall, these investigations show that an increase in origin

firing, induced by PARP trapping, is crucial for CAiPi sensitivity.
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Chapter 7 Investigations of dysregulated S
phase by replication stress-targeting therapies

7.1 Introduction

CAiPi-sensitive GSCs have increased origin firing in response to PARPi, however
the consequence of this phenotype remains unclear. There are no studies of
CAiPi effects on successful DNA synthesis, however it was hypothesised that loss
of origin firing regulation would influence timely and successful replication.
Tightly organised replication is essential to maintain genomic stability (Aguilera
and Gomez-Gonzalez, 2008). Loss or disruption of any of the regulatory
processes can have detrimental consequences for the cell. Therefore, this
chapter aimed to elucidate any S phase challenges the cell faces in response to
CAiPi.

7.2 53BP1 nuclear bodies increase in GSC sensitive cell
lines

The previous chapter described dysregulated origin firing in CAiPi-sensitive GSC
lines. The consequence of dysregulated origin firing on successful completion of
replication was investigated here. Several studies have described 53BP1NBs in G1
phase as markers of UR-DNA (Lukas et al., 2011, Harrigan et al., 2011), as
discussed in detail in Chapter 1. A quantitative analysis of UR-DNA, measured by
53BP1NB in G1 phase, was carried out in four primary, paired GBM cell lines. E2
and R9 were selected as GSC-sensitive cell lines, G7 and R15 displayed more
sensitive bulk cells to targeting the RS response in comparison to their paired
GSCs, as identified by CellTiter-Glo® in Chapter 4. Cells were incubated with
vehicle control, VE821 (5uM), olaparib (1uM) and the combination for 48 hours
before fixation. Immunostaining of DAPI identified nuclei for analysis. CENP-F
associates with the centromere-kinetochore complex and is therefore a marker
of G2/M phase cells, therefore absent CENP-F staining was used to identify G1
phase cells. Immunostaining of 53BP1 allowed for quantification of 53BP1NB.
Nuclear bodies were defined as foci between 12 and 150 pixels and were

counted manually. Manual counts were validated by automated analysis as
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discussed in Chapter 2. Representative immunofluorescence of CENP-F, 53BP1

and DAPI are shown in Figure 7.1.

CENP-F

Figure 7.1.Immunofluorescence of CENP-F, 53BP1 and DAPI. Representative images of
immunofluorescence of CENP-F (red), 53BP1 (green) and DAPI (blue) in E2 GSC exposed to
combined olaparib (1uM) and VE821 (5uM) for 48 hours. White arrow highlights a 53BP1 nuclear
body within a CENP-F negative cell. Nuclei were stained with DAPI (scale bar = 5um).

Figure 7.2 shows the results for E2 and R9 quantification of 53BP1NBs. CAiPi
induced a statistically significant increase in 53BP1NB over vehicle control in E2
GSCs, with the median number of 53BP1NB per nucleus increasing from 0 [95%
Cl: 0, 1] to 6 [95% CI: 5, 6]. This was also true for R9 GSCs with median 53BP1NB
increasing from 3 [95% Cl: 3, 4] in the vehicle control up to 6 [95% Cl: 6, 7] after
CAiPi treatment. E2 bulk also displayed an increase in median CAiPi-induced
53BP1NB, increasing from 1 [95% Cl: 0, 1] before CAiPi to 4 [95% Cl: 3, 4] after,
whereas median 53BP1NB in R9 bulk was 3 with [95% CI: 3, 3] and without [95%
Cl: 2, 3] CAIiPi. Interestingly, for both E2 and R9, CAiPi induced a greater number
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of 53BP1NB in GSCs compared to bulk, suggesting that CAiPi induced more UR-

DNA in sensitive GSC lines.
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Figure 7.2. 53BP1 nuclear bodies in GSC-sensitive paired cell lines. 53BP1NB per CENP-F
negative nucleus were quantified in E2 and R9 paired GSCs and bulk cells after 48-hour incubation
with olaparib (1uM), VE821 (5uM), the combination and vehicle control. Box plots were from =3
independent experiments, representing a minimum of 200 nuclei analysed, adjusted p-values
calculated by Kruskal-Wallis one-way analysis of variance with post-hoc Dunn’s test (**p<0.01,
****n<0.0001, ns = not significant).

Conversely, Figure 7.3 investigated two cell lines whose bulk cell lines were
more sensitive to targeting the RS response than their paired GCSs, and the GSCs
were comparatively less sensitive than E2 and R9. CAiPi induced 53BP1NB in a
statistically significant manner in G7 and R15 GSC and bulk cells, compared to
vehicle control. In G7, more 53BP1NBs were induced in bulk than in GSCs after
CAiPi treatment (8 [95% CI: 8, 9] versus 4 [95% CI: 4,5]). This was an opposite
relationship to E2 and R9 53BP1NB induction but was in keeping with G7
sensitivity profiles. R15 displayed no statistically significant differences between
the median number of 53BP1NB induced in GSC and bulk with a median of 3 for
both. However, the 75% percentile of 53BP1NB was greater in the bulk cell line
than in GSCs (6 versus 5), suggesting there may be a small population of R15 bulk
cells with an increase in 53BP1NB. Taken together, these studies indicate that

induced 53BP1NB is a marker of sensitivity to targeting the RS response.
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Figure 7.3. 53BP1 nuclear bodies in bulk-sensitive paired cell lines. 53BP1NB per CENP-F
negative nucleus were quantified in G7 and R15 paired GSCs and bulk cells after 48-hour
incubation with olaparib (1uM), VE821 (5uM), the combination and vehicle control. Box plots were
from three independent experiments, representing a minimum of 200 nuclei analysed, adjusted p-
values calculated by Kruskal-Wallis one-way analysis of variance with post-hoc Dunn’s test
(***p<0.001, ****p<0.0001, ns=not significant).

7.3 Inhibition of origin firing rescued CAiPi phenotype

Since we hypothesised that UR-DNA was a marker of response to targeting the RS
response and was a consequence of dysregulated origin firing, a causal link
between the two was investigated. Similarly to the previous chapter, the CDK
inhibitor roscovitine was utilised to reduce dysregulated origin firing. The
consequence of reduced dysregulated origin firing on 53BP1NB induction was
investigated in CAiPi-sensitive E2 GSCs. Cells were incubated with vehicle,
combined VE821 (5uM) and olaparib (1uM), with or without roscovitine at 1uM
and 10uM for 24 hours. Immunofluorescence and analysis of 53BP1NB was as
previously described in this chapter. Results of roscovitine’s effects on 53BP1NB

induction are shown in Figure 7.4.
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Figure 7.4. Inhibition of origin firing reduced CAiPi-induction of 53BP1NB. 53BP1NBs per
CENP-F negative nucleus were quantified in E2 GSCs after 24-hour incubation with combined
olaparib (1uM) and VE821 (5uM), plus or minus roscovitine at 1uM or 10uM and vehicle control.
Box plots were from two independent experiments, representing a minimum of 100 nuclei
analysed, adjusted p-values calculated by Kruskal-Wallis one-way analysis of variance with post-
hoc Dunn’s test (****p<0.0001, ns = not significant).

As previously described, CAiPi induced 53BP1NB in E2 GSCs versus control.
Roscovitine alone at 1uM and 10uM also induced 53BP1NB to form, perhaps
broadly due to roscovitine’s role as a CDK inhibitor and its effects on cell cycle.
Despite this, at 10uM roscovitine significantly reduced CAiPi’s ability to induce
53BP1NB, to levels lower than roscovitine alone. Median 53BP1NB per nucleus
reduced from 7 [95% Cl: 5, 9] to 2 [95% CI: 1, 3] with roscovitine-induced
reduction in origin firing. No reduction in CAiPi-induced 53BP1NBs was observed
with 1uM roscovitine. To summarise, roscovitine at sufficient concentrations
induced partial rescue of 53BP1NB, linking the phenotype of UR-DNA observed in

CAiPi-sensitive cell lines to increased origin firing.
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7.4 Re-replication in CAiPi-sensitive GSCs

Licensing of replication forks is tightly regulated in normal cells to ensure DNA is
accurately and precisely duplicated only once per cell cycle, however an
increase in origin firing could be an indicator of relicensing of origins during the
same cell cycle. As discussed in Chapter 1, re-replication via relicensing of
origins can be a cause of RS and genomic instability. Additionally, Liu et al found
that disruption of licensing control and induction of re-replication by CDT1
overexpression induced phosphorylation of Chk1 in an ATR-dependent manner,
and loss of ATR induced more re-replication, suggesting a crucial role for ATR in
re-replication suppression through S phase checkpoint activities (Liu et al.,
2007). Re-replication was therefore analysed post CAiPi treatment in a GSC-
sensitive cell line pair due to the many RS implications of re-replication. E2 GSC
and bulk cells were incubated with vehicle control, VE821 (5uM), olaparib (1pM)
and the combination for 72 hours, before exposure to BrdU (10uM) for one hour.
To identify re-replicating cells, they were incubated with FITC-conjugated a-
BrdU antibody and PI after ethanol fixation, denaturation of DNA and
permeabilisation. Re-replication was defined as BrdU-positive replicating cells,
containing >4N DNA content measured by Pl. Representative gating strategies for

re-replicating cells are shown in Figure 7.5.
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Figure 7.5. Re-replication gating strategies. Representative images of gating of re-replicating
cells by BrdU incorporation and >4N DNA content by PI. E2 GSCs and bulk cells were incubated
with vehicle control, VE821 (5uM), olaparib (1uM) and the combination for 72 hours. Cells were
then incubated with BrdU for one hour following drug exposure, and analysis of DNA content by PI
and BrdU was by flow cytometric quantification via BD FACSVerse™ and analysis by FlowJo™.
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Quantification of re-replicating cells are shown in Figure 7.6. In CAiPi-sensitive
E2 GSCS, there was a statistically significant increase in cells undergoing re-
replication, increasing from 1.38% [95% Cl: 0.07, 2.69] with vehicle control to
2.33% [95% Cl: 2.22, 2.45] after CAiPi treatment. Whereas the more resistant E2
bulk cells displayed a decrease in re-replicating cells after CAiPi exposure,
reducing from 0.91% [95% CI: 0.22, 1.59] to 0.45% [95% Cl: 0.04, 0.86], although
it did not reach significance. There was a much greater proportion of cells
undergoing re-replication under CAiPi conditions in GSCs versus bulk (2.33%
versus 0.45% respectively). Re-replication in GSCs appears to be an important

mechanism of CAiPi treatment sensitivity.
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Figure 7.6. Re-replication increased in E2 GSCs. Proportion of re-replicating cells in E2 GSCs
and bulk cells after 72-hour incubation with olaparib (1uM), VE821 (5uM), the combination and
vehicle control, quantified by flow cytometry as BrdU positive replicating cells with >4N DNA
content. Bar plots were from three independent experiments, adjusted p-values calculated by
ANOVA with post-hoc Sidak test (*p<0.05, ****p<0.0001, ns=not significant).

7.5 Chromatin bridges are induced in a CAiPi-sensitive
manner

Since CAiPi-sensitive GSCs displayed dysregulated origin firing in S phase, it was
hypothesised that this would have consequences on DNA and chromosomal
stability. UR-DNA can lead to replication intermediates, as summarised in Figure
1.6. Since chromatin bridges are implicated in resolution of UR-DNA
intermediates, and chromosome segregation-associated GO terms were highly
dysregulated in E2 GSCs (Chapter 5), chromatin bridges were quantified in a
panel of GSC and bulk cells to investigate their relevance to mechanisms of

sensitivity to CAiPi.
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Immunofluorescence of DAPI and therefore visualisation of DNA allowed for
identification and quantification of chromatin bridges. Chromatin bridges were
analysed in four paired GSC and bulk cell lines; E2 and R9 whose GSC lines were
sensitive to targeting the RS response, and G7 and R15 whose bulk cell lines
were more sensitive. Cells were incubated with vehicle control, VE821 (5uM),
olaparib (1pM) and the combination for 48 hours before fixation and

immunostaining with DAPI. Chromatin bridges were identified and counted
manually.
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Figure 7.7. Chromatin bridges in GSC-sensitive paired cell lines. Chromatin bridges were
quantified in E2 and R9 paired GSCs and bulk cells after 48-hour incubation with olaparib (1uM),
VE821 (5uM), the combination and vehicle control. Bar plots were from =3 independent
experiments, representing a minimum of 200 nuclei analysed, adjusted p-values calculated by
ANOVA with post-hoc Sidak test (*p<0.05, **p<0.01, ****p<0.0001, ns=not significant).

CAiPi induced more chromatin bridges to form in GSCs compared to bulk in both
E2 (5.18% [95% Cl:3.25, 7.11] versus 3.18% [95% CI: 1.24, 5.11]) and R9 (3.22%
[95% CI: 1.30, 5.15] versus 1.67% [95% Cl: -0.83, 4.16]) (Figure 7.7). This
relationship of chromatin bridge induction was in keeping with the sensitivity
profiles of these cell lines. There was a statistically significant increase in
chromatin bridges with CAiPi over vehicle control in E2 GSCs, R9 GSCs and E2

bulk. R9 bulk showed no change in chromatin bridge frequency with CAiPi.
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Figure 7.8. Chromatin bridges in bulk-sensitive paired cell lines. Chromatin bridges were
quantified in G7 and R15 paired GSCs and bulk cells after 48-hour incubation with olaparib (1uM),
VES821 (5uM), the combination and vehicle control. Bar plots were from 23 independent
experiments, representing a minimum of 200 nuclei analysed, adjusted p-values calculated by
ANOVA with post-hoc Sidak test (*p<0.05, ns=not significant).

Both G7 and R15 bulk cell lines displayed a greater frequency of chromatin
bridges with CAiPi in comparison to their paired GSCs (Figure 7.8). CAiPi induced
2.47% [95% Cl: -0.47, 5.42] of nuclei to form chromatin bridges in R15 bulk
versus only 0.42% [95% Cl: -0.49, 1.34] in R15 GSC. In G7 bulk, 1.80% [95% CI:
1.49, 2.11] of nuclei formed chromatin bridges, whereas only 1.01% [95% ClI:
0.44, 1.98] in G7 GSC, however this difference did not reach statistical
significance. Both G7 and R15 bulk cells displayed a statistically significant
increase in chromatin bridges after CAiPi exposure compared to vehicle control,
whereas their GSCs saw no change or did not reach significance. The pattern of
chromatin bridge induction in GSCs and bulk pairings largely follows the same
pattern as both under-replication by 53BP1NB analysis and sensitivity to

targeting the RS response.

7.6 Micronuclei form under CAIiPi conditions

Additionally, chromosomal instability is frequently assessed by the induction of
micronuclei as they are a sign of damaged chromosome fragments or whole
chromosomes. As discussed in Chapter 1, micronuclei are intrinsically linked to
RS and resolution of chromatin bridges. Therefore, their formation after CAiPi
exposure was analysed in a panel of paired GBM cell lines. Immunofluorescence
of DAPI allowed for identification and quantification of micronuclei. In keeping
with chromatin bridge analysis, micronuclei were analysed in four paired GSC
and bulk cell lines; E2, R9, G7 and R15. Cells were incubated with vehicle
control, VE821 (5uM), olaparib (1uM) and the combination for 48 hours before
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fixation and immunofluorescence of DAPI. Micronuclei were identified manually

and quantified as a frequency of nuclei exhibiting one or more micronuclei.

E2 = DMSO R9
- mm PARPi *k
80 $ok kK : 22; 80 *ok kK
3% %k % %k —_——
< .- 60 £ g 507
£3 =3
=5 S £ 404
2 £ 40 ©c 9
S8 2o
5 o
g2 E
< E 20 2 £ 204
0- 0-

Figure 7.9. Micronuclei in GSC-sensitive paired cell lines. Frequency of nuclei with =1
micronuclei were quantified in E2 and R9 paired GSCs and bulk cells after 48-hour incubation with
olaparib (1uM), VE821 (5uM), the combination and vehicle control. Micronuclei and nuclei were
visualised with DAPI staining. Bar plots were from =3 independent experiments, representing a
minimum of 200 nuclei analysed, adjusted p-values calculated by ANOVA with post-hoc Sidak test
(**p<0.01, ****p<0.0001).

Figure 7.9 displays the results of micronuclei quantification in GSC-sensitive cell
lines E2 and R9. CAiPi treatment induced more micronuclei to form in GSCs
compared to bulk in both cell lines, in a statistically significant manner. In E2,
the difference was 62.9% [95% Cl: 56.1, 69.6] in GSCs versus 50.8% [95% CI: 38.3,
63.4] in bulk. The difference between GSCs and bulk cells in R9 was 59.0% [95%
Cl: 41.0, 77.0] and 43.7% [95% CI: 41.5, 46.0] respectively. E2 and R9 GSCs and
bulk cells all had a statistically significant increase in micronuclei after CAiPi
treatment versus vehicle control. The increase in micronuclei formation
appeared to heavily rely on the combination treatment, as both monotherapies
induced only small increases versus control compared to CAiPi, especially in the

GSC lines.

Micronuclei formation was also quantified in two cell lines that displayed more
sensitivity to targeting the RS response in bulk cell lines compared to GSC and is
shown in Figure 7.10. In G7, CAiPi induced more micronuclei in the bulk cell
lines (66.0% [95% Cl: 45.0, 87.0]) compared to GSCs (38.3% [95% Cl: 28.5, 48.2]).
R15 bulk also had a greater percentage of micronuclei formed after CAiPi
treatment compared to R15 GSC (41.8% [95% Cl: 32.4, 51.3] versus 13.7% [95% Cl:
9.0, 18.3]). Again, this pattern matched sensitivity profiles, with more sensitive

cell lines having increased micronuclei formation post CAiPi-treatment. Similarly
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to E2 and R9, both GSC and bulk cells in G7 and R15 showed a statistically
significant increase with CAiPi over vehicle control. Although the combination
did not increase micronuclei as dramatically over ATRi alone as with E2 and R9.
Overall, it appears that micronuclei formation is a marker of CAiPi exposure in
all cell lines, and extent of induction correlates with sensitivity to targeting the

RS response.
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Figure 7.10. Micronuclei in bulk-sensitive paired cell lines. Frequency of nuclei with =1
micronuclei were quantified in G7 and R15 paired GSCs and bulk cells after 48-hour incubation
with olaparib (1uM), VE821 (5uM), the combination and vehicle control. Nuclei and micronuclei
were visualised with DAPI staining. Bar plots were from =3 independent experiments, representing
a minimum of 200 nuclei analysed, adjusted p-values calculated by ANOVA with post-hoc Sidak
test (**p<0.01, ****p<0.0001).

7.7 Cell cycle characterisation following ATR and PARP
inhibition
Previous studies have shown that GSCs have a greater proportion of cells in S
phase compared to bulk, despite similar proliferation rates, indicating GSCs have
slower progression through S phase (Carruthers et al., 2018, Ahmed et al., 2015).
Studies of CAiPi on the cell cycle have found an accumulation of cells in G2
phase in response to PARPi, with the addition of an ATRi resulting in the
unscheduled release of these cells into mitosis (Kim et al., 2017, Lloyd et al.,
2020, Schoonen et al., 2019). Due to the cell cycle checkpoint activities of ATR,
changes in cell cycle phases were investigated after 72-hour exposure to vehicle
control, VE821 (5uM), olaparib (1uM) and the combination in E2 GSCs and bulk
cell cultures. After drug treatment cells were incubated with BrdU (10uM) for
one hour before ethanol fixation and denaturation of DNA. Cells were then
permeabilised before incubation with FITC-conjugated a-BrdU antibody and PI.

Representative cell cycle profiles by DNA content are shown in Figure 7.11.
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Figure 7.11. E2 GSC and bulk cell cycle profiles in response to ATRi, PARPi and CAIPi.
Representative cell cycle profiles of E2 GSC and bulk cultures following 72-hour exposure to
VE821 (5uM), olaparib (1uM) and the combination. DNA content analysed by incubation with Pl
and subsequent flow cytometry on a BD FACSVerse™ and analysis by FlowJo™.
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Figure 7.12. Analysis of cell cycle phases by BrdU incorporation in E2 GSCs and bulk cells
following ATRi, PARPi and CAIPi. Representative images of gating of active S phase by BrdU
incorporation, and G1 and G2 phase by DNA content via Pl in E2 GSCs and bulk cells, following
72-hour exposure to VE821 (5uM), olaparib (1pM) and the combination. Cells were incubated with
BrdU (10uM) for one hour following drug exposure, and analysis of DNA content by Pl and BrdU
was by flow cytometric quantification via BD FACSVerse™ and analysis by FlowJo™.
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Figure 7.13. Cell cycle phase distribution in E2 GSCs and bulk cells after PARPi, ATRi and
CAIPi. Quantification of G1, S and G2 phases in E2 GSCs and bulk cells by flow cytometry, as
shown in Figure 7.12. Bar charts represent mean and SEM of 3 independent experiments, adjusted
p-values calculated by one-way ANOVA with post-hoc Sidak test (*p<0.05, **p<0.01, ***p<0.001,
ns = not significant).

Cell cycle phase proportions were quantified by analysis of BrdU incorporation,
to visualise cells in active S phase. Representative BrdU cell cycle profiles and
gating strategies are shown in Figure 7.12, and quantification of cell cycle
phases shown in Figure 7.13. Proportions of G1 phase cells remained largely
unchanged after CAiPi exposure in both GSC and bulk. At baseline, there was a
slight increase in bulk cells in G1 phase (79.8% [95% Cl: 67.0, 92.6]) compared to
GSCs (69.4% [95% Cl: 53.7, 85.1]). This deficit in GSCs was made up by an
increase of GSCs in active S phase, in keeping with previous reports. In GSCs,
25.6% [95% Cl: 13.0, 38.1] were in S phase versus 13.2% [95% Cl: 2.0, 24.4] of
bulk cells. Although not statistically significant, there appeared to be a small
decrease in bulk cells in active S phase after ATRi and CAiPi, which was not
observed in GSCs. A statistically significant increase in cells in active S phase

under CAiPi conditions was observed in GSCs (23.9% [95% Cl: 15.5, 32.3])
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compared to bulk (8.3% [95% CI: 4.2, 12.4]). CAiPi induced an increase in G2
phase GSCs compared to control, increasing from 5.0% [95% Cl: 1.8, 8.3] to 12.5%
[95% Cl: 3.3, 21.6]. No difference in G2 was observed in bulk after CAiPi

treatment. PARPi did not result in an accumulation of cells in G2 phase.

7.8 Conclusions

This chapter has characterised the dysregulation of replication during S phase in
response to CAiPi, to explain differing sensitivities in GSC and bulk pairs.
53BP1NB induction correlated with sensitivity to targeting the RS response, with
E2 and R9 GSCs and G7 bulk cells displaying a greater number of 53BP1NB than
their paired counterpart in response to CAiPi. CAiPi treatment therefore resulted
in UR-DNA, with extent of incomplete DNA synthesis linked to sensitivity to the
treatment. This suggests that sensitive GSCs are having to deal with the
consequences of RS suffered in the previous cell cycle, and potentially highlights
a GSC subtype with a unique DNA replication vulnerability. There does not
appear to be a correlation between the number of 53BP1NB at baseline and
treatment response. Therefore, baseline levels of UR-DNA did not seem to be

predictive of response.

An investigation into the effects of reduced origin firing on 53BP1NB was carried
out, since an increase in origin firing via PARPi appeared to be a crucial and
novel finding in CAiPi response. When 1uM of roscovitine was added to CAiPi it
had no effect on 53BP1NB numbers, however at 10uM there was a significant
reduction. The numbers of 53BP1NB did not reduce to control levels with
roscovitine, so UR-DNA induction is probably a multifaceted response to cellular
stresses. Since 1puM of roscovitine partially rescued the cytotoxic effects of CAiPi
but had no effect on 53BP1NB, the extent of origin firing reduction needs to be
elucidated at this lower concentration. It may seem counter-intuitive that a
reduction in origin firing reduced UR-DNA, but this connection between origin
firing and reduced DNA synthesis in response to CAiPi provides a novel

mechanism of response to be explored.

CAiPi-sensitive GSCs also showed signs of re-replication. E2 GSCs had an increase
in replicating cells that had increased DNA content. It is generally accepted that

the BrdU positive cells with >4N are a consequence of re-replication and not
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aneuploidy since a broad range of DNA content is observed, as opposed to
discrete peaks (Hook et al., 2007). No literature discusses what extent of re-
replication is detrimental to the cell, many investigations induce re-replication
by overexpression of CDT1 so induce rates of re-replication greater than
observed in GSCs here. In E2 GSCs, only 2.33% of cells were showing signs of re-
replication with CAiPi, however this was still a statistically significant increase
over vehicle control and a large increase over the 0.45% observed in E2 bulk.
Additionally, the rate of re-replication in E2 bulk decreased with CAiPi. This
opposite response to CAiPi in GSC and bulk cells suggest that cell responses to
re-replication, including cell cycle checkpoints, are potentially more intact in E2
bulk. Despite these seemingly low rates of re-replication, cell cycle arrest has
been observed in cells with very limited re-replication suggesting that even a
small amount of re-replication can induce a cellular response (Green and Li,
2005).

It is well established that both re-replication and under-replication can have
devastating effects on cell survival, via genomic instability and DNA damage.
Chromatin bridges, an RS DNA damage marker, and micronuclei which is a
marker of chromosomal instability, both increased in accordance with sensitivity
to targeting the RS response. Therefore, inducing chromosomal and DNA damage
via dysregulated replication is a likely mechanism of cell death via CAiPi. No
studies have shown both re-replication and under-replication concurrently under
CAiPi treatment, but we hypothesise that this total loss of replication

coordination is highly detrimental to the cell.

The most striking effect of CAiPi on cell cycle dysregulation was an increase in
G2 phase cells in E2 GSCs, which was not seen in E2 bulk. This was despite
presumed loss of G2/M checkpoint activation by ATRi and previous reports of
reversal of PARPi-induced G2 accumulation by the addition of an ATRi (Kim et
al., 2017, Lloyd et al., 2020, Schoonen et al., 2019). It may be that the longer
72-hour exposure to CAiPi resulted in alternative G2/M checkpoint activation,
potentially via ATM, for which E2 appears to be wildtype based on WGS analysis
in Chapter 3. Accordingly, many of these reports observed this cell cycle
checkpoint activation between 8 and 24 hours, and in ATM or BRCA mutant

models, so the cell cycle controls in these GSCs may be different. PARPi alone
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did not have an effect on G2 accumulation, despite this observation in the
aforementioned studies, however this may again be in part due to the
mutational backgrounds of their models, as Jette et al also observed a PARPi-
induced G2 accumulation in an ATM mutant model but not in a wild type model,
including at 72 hours and with 4um olaparib (Jette et al., 2019). There was an
increase in E2 GSCs still undergoing S phase replication compared to E2 bulk
under CAiPi conditions. Since CAiPi activities are largely focused during S phase,
it could be hypothesised that this difference in S phase exposure is exacerbating

S phase dysregulation and subsequent genomic instability in sensitive GSCs.

| Dysregulated origin firing and replication stress ’
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Figure 7.14. Mechanisms of CAIiPi action working hypothesis. CAIPiinduces dysregulated
origin firing and increased replication stress, leading to both re-replication and under-replication of
DNA in GSCs with increased sensitivity to targeting the RS response. This leads to genomic and
chromosomal instability, measured via chromatin bridges, 53BP1NB and micronuclei, a proposed
mechanism of cell death. Created in part using BioRender.

This chapter has characterised the total loss of S phase coordination by CAiPi,
primarily in GSCs with increased sensitivity to targeting the RS response. In
keeping with the hypothesis proposed at the start of this chapter, this loss of S
phase regulation can be linked to the previously reported increase in origin
firing. Additionally, cells with loss of S phase coordination also have evidence of
increased chromosomal damage. This working hypothesis is summarised in Figure
7.14. This supports the hypothesis that this accumulation of detrimental damage
and genomic instability is resulting in GSC-specific cell death and differing

sensitivities.
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Chapter 8 Investigations of transcriptional
predictors of CAiPi sensitivity

8.1 Introduction

There is a lack of robust transcriptional signatures or genomic biomarkers
correlated with CAiPi response in GSCs. Several markers of PARPi sensitivity and
ATRi sensitivity have been described in a range of cancer types, as discussed in
Chapter 1, however their applicability to CAiPi sensitivity in GSCs appeared to be
limited, as discussed in Chapter 4. We aimed to investigate a novel signature of
response directed by mechanistic in vitro studies. Previously this thesis has
found that dysregulated replication is a key feature of GSCs sensitive to
targeting the RS response, namely via UR-DNA, re-replication and dysregulated
origin firing. It was hypothesised that dysregulated replication in sensitive GSCs
would correspond with transcriptional aberrations. Therefore, a literature
search was carried out to identify key factors in all these cellular processes.
Gene expression of candidate genes, based on in vitro investigations, were
investigated at baseline in GSCs and bulk cells and a collective gene signature
curated and investigated for its ability to predict CAiPi-sensitivity in GSCs. The
gene signature was also assessed for its ability to predict survival in publicly

available RNAseq datasets.

8.2 CMG complex origin firing genes upregulated in
GSCs sensitive to targeting the RS response

As discussed in Chapter 1 and summarised in Figure 8.1, replication initiation
requires origin licensing and subsequent origin firing. Briefly, the ORC binds to
origins of replication and recruits CDT1 and CDC6, which in turn directs the
loading of the six subunit MCM complex. This forms an inactive helicase known
as the pre-RC and the origin is licensed. Surplus origins of replication are
licensed throughout the genome, and only once activated does it initiate
replication. Origin firing and activation of the pre-RC occurs after formation of
the CMG complex, consisting of Cdc45, the MCM proteins and the GINS complex
comprising of four subunits. All factors of the CMG complex are essential for
replication initiation and mutually dependent for CMG formation (Moyer et al.,

2006, Miyazawa-Onami et al., 2017). Although essential for replication initiation,
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overexpression of MCM had no effects on replication timing, suggesting that MCM
levels are not rate limiting (Dukaj and Rhind, 2021). However, both Cdc45 and
the GINS complex have been found to be important limiting factors on
replication initiation (Kohler et al., 2016, Aparicio et al., 2009). Although an
important part of replication licensing, Yeeles et al found that ORC proteins,
CDC6 and CDT1 were not essential for initiation after MCM has loaded (Yeeles et
al., 2015). Due to the crucial role of CMG complex formation in replication
initiation, an 11 gene CMG complex signature was curated to investigate the

transcriptional activities of origin firing factors in GSC and bulk cells.

G1 phase
Origin licensing

CDK and DDK
activity
Late G1/early S
Origin firing

Replication @gaSis
fork

Figure 8.1. Origin licensing and origin firing by CMG formation. Origin licensing occurs in G1
phase. ORC binds to origins of replication, and the origin becomes licensed through recruitment of
the six subunit MCM complex and CDT1, facilitated by CDC6. Surplus origins are licensed
throughout the genome, and only a subset become activated in late G1 and early S phase through
cell cycle-dependent fluctuations in CDK and DDK levels. An origin becomes activated, resulting in
origin firing, through recruitment of Cdc45 and GINS complex to the MCM complex, forming the
active CMG complex helicase and replication fork. Created using BioRender.

Scaled gene expression of Cdc45, MCM 2-7 and GINS 1-4 was analysed in E2, R10

and G7 GSC and bulk pairs, as shown in Figure 8.2. Seven of the CMG genes were
significantly upregulated in E2 GSCs versus E2 bulk, only GINS 2-4 and MCM5 did

not reach significance. The origin firing genes GINS1, GINS4, MCM2 and MCM4

were all significantly upregulated in R10 GSCs versus R10 bulk. There were no
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statistically significant differences in any of the CMG genes between G7 GSCs
and bulk cells. An increase in CMG gene signature expression appeared to predict
GSC and bulk sensitivity to targeting of the RS response, since E2 GSCs were
more sensitive than E2 bulk, R10 had no statistically significant difference
between GSC and bulk sensitivities but trended towards more sensitive GSCs and
G7 GSCs were less sensitive than their paired bulk cell lines, as discussed in

Chapter 4 and summarised in Figure 8.3.
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Figure 8.2. Transcriptional alterations between GSC and bulk cells of CMG complex origin
firing factors. Baseline gene expression was analysed in E2, R10 and G7 paired GSC and bulk
cells. RNA was extracted from cells before RNA sequencing and data processing. Count data was
normalised using ‘DeSeq2’ and scaled to produce a z-score which was used to compare gene
expression across the 11 gene CMG complex signature. Box plots represent data from 3
independent experiments, p-values calculated by T test using ‘ggpubr’ package in R (*p<0.05,

**p<0.01, ***p<0.001, ns=not significant).
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Figure 8.3. E2, R10 and G7 GSC and bulk CAIPi sensitivity. Summary of cell viability results
from Chapter 4. Average cell viability in E2, R10 and G7 primary GSC and bulk cell lines was
analysed using CellTiter-Glo® after six-day exposure to combined VE821 (5uM) and olaparib
(1uM), relative to DMSO vehicle control. Cell viability in E2 and R10 was carried out previously by
K. Strathdee. Bar charts represent mean and SEM of =3 independent experiments, adjusted p-
values calculated by one-way ANOVA with post-hoc Sidak test (*p<0.05, **p<0.01, ns=not
significant).

8.3 Upregulated re-replication factors in CAiPi-sensitive
GSCs

Next, to investigate the underlying mechanism of GSC-associated re-replication
in E2, the re-replication transcriptomic machinery was analysed in E2, R10 and
G7 GSCs and bulk cells. Studies have shown that geminin is crucial for preventing
relicensing and CDT1-induced re-replication (Vaziri et al., 2003). Additionally,
they found that overexpression of CDC6, which cooperates with CDT1, induced
subtle re-replication. Overexpression of both CDT1 and CDCé increased re-
replicating cells further. Subsequently, CDT1 and/or CDCé overexpression is

widely used to induce exogenous re-replication.

Overexpression of CDT1 or CDCé was not investigated in this thesis, however
baseline expression levels of both these re-replication factors were analysed
from RNAseq data of GSC and bulk pairs in Figure 8.4, and LFC listed in Table
8.1. Baseline expression levels of these genes were analysed in E2, for which it is
known that GSCs undergo more re-replication than bulk after CAiPi. Their
expression was also assessed in R10 and G7. CDCé was significantly increased in

E2 GSCs compared to bulk, and neared significance for CDT1 (p=0.06). Both
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genes exhibited the largest LFC increase in GSCs compared to paired bulk in E2,
in comparison to R10 and G7. In R10, only CDC6é was significantly upregulated in
GSCs compared to bulk. CDT1 had a LFC of 0.38 but did not reach significance.
Furthermore, in G7, which is the most resistant of the three GSCs and the only
cell line pair where GSC were more resistant to targeting of the RS response
than its paired bulk counterpart, there was no significant differences between
GSCs and bulk cells, and LFC were only 0.25 for CDCé and -0.03 for CDT1.
Additionally, comparison of CDT1 expression in all three GSC lines in Figure 8.5
found that E2 GSCs had higher expression than R10 and G7, therefore CDT1

expression correlated with sensitivity.
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Figure 8.4. Increased replication factor expression in E2 GSCs. Baseline gene expression for
CDT1 and CDC6 was analysed in E2, R10 and G7 paired GSC and bulk cells. RNA was extracted
from cells before RNA sequencing and data processing. Count data was normalised using
‘DeSeq2’ and scaled to produce a z-score which was used to compare gene expression. Box plots
represent data from three independent experiments, p-values calculated by T-test using ‘ggpubr’
package in R.
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Table 8.1. Differential re-replication factor expression measured by LFC in GSC versus bulk.

CDT1 CDCé6
E2 0.60 0.60
R10 0.38 0.45
G7 -0.03 0.25

LFC for CDT1 and CDC6 gene expression between GSC and bulk cells was quantified by
‘DeSeq2’ package in R, comparing normalised count data.

CDT1
Anova, p = 0.006

2000 -
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1000 -
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Figure 8.5. CDT1 expression in GSCs. Baseline gene expression for CDT1 was analysed in E2,
R10 and G7 GSCs. RNA was extracted from cells before RNA sequencing and data processing.
Count data was normalised using ‘DeSeq2’ to produce a median of ratios. Box plots represent data
from three independent experiments, p-value calculated by one-way ANOVA, using the ‘ggpubr’
package in R.

8.4 Under-replication factors upregulated in CAiPi-
sensitive GSCs

Lastly, investigations of CAiPi mechanisms of sensitivity in Chapter 7 found that
CAiPi-sensitive GSCs were experiencing under-replication of DNA, a likely cause
of observed chromosomal instability and mis-segregation via chromatin bridges

and micronuclei. Underlying many investigations of UR-DNA is its localisation at
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CFS and its resolution by MiDAS. Studies have shown that treatment with low
dose aphidicolin to induce RS leads to mitotic chromosome breaks and also
nascent MiDAS (Minocherhomji et al., 2015). These sites of MiDAS have been
found to colocalise with FANCD2 foci and BLM-associated FS-UFB, marking CFS
within the chromosome (Minocherhomji et al., 2015, Chan et al., 2009).

Since GSCs experience increased endogenous RS, and CAiPi-sensitive GSCs had
increased chromatin bridging, micronuclei and 53BP1NB, it was hypothesised
that this response to RS-associated UR-DNA at CFS was underpinning CAiPi-
sensitivity. Therefore, investigations into gene expression of several key MiDAS
and FS-UFB factors were carried out to predict sensitivity to RS-targeting
therapies, which were discussed in detail in Chapter 1 and summarised in Figure
1.6.
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Figure 8.6. Differential expression of UR-DNA resolution-associated factors in GSC and bulk
cells. Baseline gene expression was analysed in E2, R10 and G7 paired GSC and bulk cells. RNA
was extracted from cells before RNA sequencing and data processing. Count data was normalised
using ‘DeSeq2’ and scaled to produce a z-score which was used to compare gene expression
across the eight gene signature. Box plots represent data from three independent experiments, p-
values calculated by T test using ‘ggpubr’ package in R (*p<0.05, **p<0.01, ***p<0.001, ns=not
significant).
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Gene transcription was analysed in E2, R10 and G7 GSC and bulk pairs, after RNA
extraction, sequencing and processing. Transcription of FANCI, FANCD2, SLX4,
MUS81, EME1, RAD52, POLD3 and BLM was analysed and comparisons of scaled
gene expression between GSC and bulk pairs are shown in Figure 8.6. All genes
had a statistically significant increase in CAiPi-sensitive E2 GSC scaled expression
over E2 bulk, except MUS81 and EME1. There was no significant difference
between GSC and bulk pairs for R10 and G7 for expression of any of the eight

genes.

8.5 CAIPi transcriptional signature of response

This chapter has discovered a general trend towards larger differences in gene
expression between GSC and bulk cells in cell lines displaying increased
sensitivity to targeting the RS response, for curated gene sets based on in vitro
discoveries. These gene sets, based on origin firing, re-replication and responses
to under-replication were therefore combined to create a 21 gene set, to assess
their combined ability to predict CAiPi sensitivity. LFC between GSC and bulk
pairs was quantified from normalised gene expression data, and hierarchical
clustering of the 21 genes and cell lines was analysed (Figure 8.7). As expected
from individual gene expression analysis, E2 had the greatest overall increase in
candidate gene expression in GSCs versus bulk, only two genes had a negative
LFC. R10 displayed a general trend towards increased expression in GSCs, but
smaller LFCs were observed between GSC and bulk and more genes with a
negative LFC were observed compared to E2. G7 showed the smallest LFC
generally across the 21 candidate genes, both positive and negative. This was in
keeping with E2 GSCs being more sensitive than E2 bulk, R10 GSCs and bulk
having no significant differences and G7 GSCs being more resistant than their

paired GSCs, as summarised in Figure 8.3.
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Figure 8.7. Heatmap of LFC between GSC and bulk expression across the 21 gene set. LFC
for the 21 genes in the curated signature between GSC and bulk cells was quantified by ‘DeSeq2’
package in R, comparing differences in normalised count data. LFC was displayed in a heatmap,
Er?:ansg.’ the ‘heatmap.2’ package in R, to show hierarchical clustering between both genes and cell
Since differences between GSC and bulk gene expression in a tumour cannot be
readily assessed when stratifying patients by a proposed biomarker, a signature
score was quantified by ssGSEA using the ‘GSVA’ package in R, which implements
a single-sample gene-set enrichment method. Figure 8.8 shows the signature
score for E2, R10 and G7 paired GSC and bulk cell lines. E2 displayed a
statistically significant increase in signature score for GSC versus bulk, and also
had the largest difference between the two cell types out of the three cell lines.
R10 also had a statistically significant increase in signature score for GSC versus
bulk, but no difference was observed for G7. The signature score was similar
between E2 and R10 GSCs, in keeping with similar sensitivities between the two

GSCs. However, both E2 and R10 GSCs had a statistically significant increase in
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signature score compared to G7 GSC, in keeping with G7 GSC being relatively

more resistant to CAiPi.
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Figure 8.8. Signature score for gene set enrichment across GSC and bulk pairs. Signature
score was quantified using ssGSEA in the ‘GSVA'’ package in R, to assess enrichment of the
curated 21 gene signature within each cell line. Adjusted p-values calculated by one-way ANOVA
with post-hoc Sidak test (*p<0.05, **p<0.01, ***p<0.001,****p<0.0001, ns=not significant).

8.6 Transcriptional signature predicts survival in clinical
patients

This chapter has shown that a curated 21 gene signature based on mechanistic
studies can predict cell sensitivity to targeting the RS response. To investigate
the clinical relevance of this signature and determine if it could identify a subset
of GBM patients that may benefit from CAiPi treatment, survival analysis was
carried out using the CGGA (Chinese Glioma Genome Atlas) database (Zhao et
al., 2021). The CGGA database includes RNAseq data for 374 primary GBM

patients with associated clinical data.

To analyse the effect of individual gene expression on patient survival, hazard
ratios were calculated for all genes in the RS response signature. Analysis of the
risk of individual candidate gene expression on survival of CGGA patients was
assessed using the ‘survivalAnalysis’ package. Figure 8.9 shows the forest plot of
candidate genes with associated hazard ratios. Only expression of GINS3 and

CDCé produced a statistically significant hazard ratio of 0.81 and 1.40
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respectively. All other genes had non-significant hazard ratios that trended

closer to one, suggestive of little to no effect on patient survival alone.
Gene i HR (CI) P
GINS3 —— i 0.81 (0.68-0.96) 0.018
CDC6 i 1.40 (1.06-1.84) 0.019
MCM4 : 0.80 (0.63-1.01) 0.058
FANCD2 i ¢ 1.22 (0.98-1.52) 0.077
MCM3 : : 1 1.37 (0.96-1.96)  0.079
BLM |—E—0—| 1.09 (0.96-1.25)  0.180
MCM5 i 0.84 (0.64-1.11) 0.220
MCM2 = i L 4 1.17 (0.90-1.51) 0.237
GINS1 * i 0.85 (0.64-1.14)  0.279
GINS2 L 4 : 0.86 (0.64-1.16) 0.328
GINS4 l—§0—| 1.09 (0.90-1.32) 0.371
FANCI ¢ : 0.91 (0.74-1.13)  0.385
MCM6 * i 0.89 (0.65-1.21)  0.449
EMEA L 4 i 0.94 (0.76-1.17) 0.604
POLD3 E ¢ 1.06 (0.75-1.49) 0.736
RAD52 it 1.03 (0.83-1.28)  0.771
MCM7 EQ 1.03 (0.80-1.33) 0.799
CDC45 ;0 1.03 (0.82-1.29) 0.817
MUS81 . 0.97 (0.74-1.27) 0.822
SLX4 QE 0.96 (0.68-1.37) 0.838
CDT1 0: 0.98 (0.76-1.27)  0.903
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Figure 8.9. Forest plot of RS response signature genes in CGGA dataset. Hazard ratios for
CGGA patient survival and associated p-values for each gene in the RS response signature were
quantified by multivariate analysis and plotted using the ‘survivalAnalysis’ package in R. Genes

were ranked by p-value.

Figure 8.10 visualises the correlation between RS response signature genes. Gene

expression data from CGGA patients was used to assess gene correlation and

‘corrplot’ package in R used to analyse and plot the results. All genes in the

signature had a significant positive correlation with each other, with the
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exception of MUS81 with both GINS4 and MCM4 which were not statistically

significant relationships.
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Figure 8.10. Correlation plot of RS response signature genes. Gene expression correlation
was analysed in the CGGA dataset for the 21 genes in the RS response signature, using the
‘corrplot’ package in R. Colour corresponds to correlation coefficient and cross marks gene pairs
that did not reach the significance cut off (p<0.05).

To assess the gene signature on CGGA patient survival, a Cox proportional
hazards regression model was fitted, using the ‘survival’ package in R. A higher
signature score correlated with worse survival, with a hazard ratio of 1.98 [95%
Cl: 1.12, 3.50] (n=374) and an associated p-value of 0.02. To visualise the effect
of the gene signature on patient survival, the CGGA patients were ranked by
signature score, and the top quarter categorised as “high” and the bottom
quarter as “low”. Survival analysis of high and low RS response signature score
was carried out using the ‘survminer’ R package and the Kaplan Meier curve
shown in Figure 8.11. A high gene signature score corresponded to a worse
survival probability, with a log-rank p-value of 0.01. This gene signature was
validated in other publicly available GBM RNAseq datasets and also predicted
survival in the LeeY dataset (hazard ratio of 2.97 [95% CI: 1.29, 6.81], n=191,
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p=0.01) (Lee et al., 2008) and the Phillips dataset (hazard ratio of 8.78 [95% Cl:
2.29, 33.7], n=56, p=0.002) (Phillips et al., 2006). However, the signature did

not predict survival in TCGA (The Cancer Genome Atlas) or Freije datasets.
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Figure 8.11. RS response gene signature score predicts patient survival. CGGA RNAseq
dataset was analysed for RS response signature score by ssGSEA in ‘GSVA’ R package. The top
quarter ranked were classed as “high” and the bottom quarter classed as “low” scoring. Survival
analysis was carried out between the two groupings by ‘survminer’ R package and a Kaplan Meier
curve plotted, with associated p-value from log-rank test.

Lastly, to investigate the proportion of patients that show evidence of the
curated gene signature, a heatmap was plotted of all CGGA patients and
associated signature scores (Figure 8.12). Hierarchical clustering identified two
populations, one of which appeared to identify the proportion of patients within
a population which were associated with this signature. This population

represented 41.9% of the total patient group.
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Figure 8.12. Heatmap of CGGA patients and RS response signature score. Signature score
was quantified by ssGSEA using the ‘GSVA’ package in R for patients in the CGGA dataset and
visualised by a heatmap using the ‘heatmap.2’ package in R.

8.7 Conclusions

This chapter has characterised transcriptomic aberrations in genes relevant to
cellular mechanistic responses to CAiPi. Mechanistic in vitro studies found CAiPi-
sensitive GSCs were undergoing increased origin firing, re-replication and UR-
DNA which directed transcriptomic interrogations. A collated 21 gene signature
predicted sensitivity to targeting the RS response in GSCs and predicted worse

survival in several populations of GBM patients.
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The CMG complex was identified as a gene set critical to origin firing, so gene
expression of all 11 genes in the complex was investigated. Seven CMG complex
genes were increased in E2 GSCs versus E2 bulk, only four were increased in R10
GSCs and no CMG complex genes were increased in G7 GSCs versus G7 bulk.
Since E2 is the only cell line out of three that had significantly more sensitive
GSCs than bulk cells, an increase in origin firing gene expression at baseline
appears to predict GSC-bulk sensitivity relationships. Next, overexpression of
CDT1 and/or CDCé6 are frequently used to induce exogenous re-replication.
Analysis of their baseline expression again found the greatest increase in GSCs
over bulk in E2, followed by R10 and G7. Additionally, expression of the more
critical re-replication factor, CDT1, correlated with relative GSC sensitivity.
CDT1 and CDC6 were both identified in two of the top dysregulated GO terms in
E2 GSCs in response to CAiPi, visualised in a cnetplot in Figure 5.11. Although
these results are not akin to overexpression studies, they do indicate a potential

predisposition for more CAiPi-sensitive GSCs to relicense origins.

Lastly, transcriptomic investigations focused on response to UR-DNA. Substantial
evidence suggests that UR-DNA at CFS in response to RS is resolved by MiDAS to
complete genome duplication and maintain chromosomal stability. Since this
thesis has observed significant increases in UR-DNA in CAiPi-sensitive GSCs, with
corresponding chromosomal instability via micronuclei and chromatin bridges,
factors involved in MiDAS were investigated. In E2 GSCs, which exhibited
increased micronuclei and chromatin bridges in response to CAiPi, six of the
eight MiDAS factors were upregulated versus bulk, whereas none were
upregulated in R10 or G7. In G7 micronuclei and chromatin bridges were
increased in bulk versus GSCs after CAiPi. They were not investigated in R10.
This work suggests that CAiPi-sensitive E2 GSCs may be experiencing more UR-
DNA at CFS in response to endogenous RS compared to E2 bulk, requiring
resolution by MiDAS. No differences were observed between GSCs and bulk in
R10 and G7, in keeping with reduced or no increase in GSC sensitivity to
targeting the RS response in these cell lines respectively. Future work should

include analysis of MiDAS in vitro at baseline and after CAiPi.

These three gene sets were combined into one gene signature to investigate it as

a predictive marker of sensitivity. In keeping with individual gene analysis, LFC
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between GSC and bulk cells of the signature was greatest in E2, followed by R10
then G7. Overall, this suggests that this signature is a good marker of the GSC-

bulk relationship within each cell line.

To further develop the translational potential of this approach, a signature score
was calculated for each cell line. Again, this identified the largest difference
between GSC and bulk in E2. Additionally, E2 and R10 GSCs exhibited similar
scores, and both were significantly greater than G7 GSC. This was in keeping
with patterns of GSC sensitivity, since E2 and R10 GSCs were comparatively more
sensitive than G7. Future work aims to assess this signature in a validation
dataset to predict CAiPi sensitivity. One issue with the clinical translation of this
gene signature is it was developed in GSCs, which represents a tumour cell
subpopulation which is not readily identifiable in clinical practice. However, we
believe it could be reflective of CAiPi sensitivity in some tumours and therefore

be of much wider clinical utility.

The RS response gene signature predicted survival in a population of GBM
patients. High expression of the 21 gene set correlated with worse prognosis,
with a hazard ratio of 1.99. Comparisons of patients with the highest expression
versus the lowest highlighted this observation, with a log rank of 0.02 between
the two groups. This signature identified a potentially targetable population of
patients, with high signature expression correlating with worse survival, who
may benefit from CAiPi treatment. This was validated in two further publicly
available GBM datasets, however it did not predict survival in TCGA (Cancer

Genome Atlas Research, 2008) or Freije (Freije et al., 2004) datasets.

Characteristics of these datasets were explored to investigate any explanations
for differing predictive capacities. TCGA and Freije datasets were much smaller
than the CGGA dataset but were comparable to LeeY and Phillips datasets, so
sample size is unlikely to be the reason behind differing significance of hazard
ratios between datasets. Interestingly, the LeeY dataset was an amalgamation of
ten publicly available datasets (Lee et al., 2008), which included both the
Phillips and Freije datasets for which the signature predicted survival in one but
not the other. This potentially highlights an issue with utilising single datasets
for survival analysis, which may be biased in how they are selected i.e. race,

age. The LeeY dataset has the advantage of being a heterogenous population of
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GBM patients. TCGA and CGGA datasets were created using RNA seq and Freije,
LeeY and Phillips were all created by microarray. All datasets were produced
from snap frozen resections and confirmed as GBM by neuropathologists.
Therefore, these methodologies are unlikely to explain differing predictive
capacities across this panel. The Freije and Phillips datasets were a single centre
study whereas CGGA was curated by six centres, however all working to the
same approved protocols (Zhao et al., 2021). TCGA was a retrospective study
from 17 biospecimen repositories, so may be more varied in specimen collection
protocols, however all specimens were reviewed by the same body for approval
for the study. In regard to tissue approval, CGGA and Phillips required tumour
cell percentage of 80% and 90% respectively, whereas TCGA required only 60%
and the Freije study did not state a cut off. It may be that tumour cell content
could be influencing the quality of the dataset and the subsequent ability to
predict survival. Further validation of this signature is likely required in more
datasets to fully understand its clinical utility, but generally this analysis
suggests that dysregulated DNA replication is associated with poor prognosis in
GBM. In conclusion, the curated 21 gene signature appeared to be best suited for
predicting sensitivity in GSCs and can identify a potentially CAiPi-targetable

population of patients.
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Chapter 9 In vivo investigations into the clinical
applicability of CAIPi

9.1 Introduction

To investigate CAiPi in a preclinical model, a tolerability and PK in vivo study
was carried out. Since starting work on this thesis, the novel inhibitors

BAY 1895344 and pamiparib were described as potent and selective inhibitors of
ATR and PARP respectively (Wengner et al., 2020, Xiong et al., 2020). Pamiparib
was of particular translational interest in glioma due to reports of high brain
penetrance. Many PARP inhibitors have shown unsuccessful brain penetration,
due to them being targets of the efflux pumps P-glycoprotein (P-gp) and breast
cancer resistance protein (BCRP) (Lawlor et al., 2014, Parrish et al., 2015,
Kizilbash et al., 2017, Durmus et al., 2015). However, Xiong et al presented data
supporting pamiparib as a brain penetrant PARPi due to it not being a P-gp or
BCRP substrate (Xiong et al., 2020). They found a brain/plasma (B/P) ratio of
~19% four hours after dosing with pamiparib, which was greater than talazoparib
(3%), olaparib (2%) and niraparib (14%), suggesting stronger BBB penetrance by
pamiparib in a non brain tumour bearing model. They also showed that
pamiparib was more potent than olaparib, despite comparable PARP trapping
capacities, in a breast cancer xenograft model. PARylation inhibition lasted
longer with pamiparib and pamiparib had a 16-fold higher efficacy than olaparib,
likely due to higher and longer exposure (Xiong et al., 2020). This study
highlighted the clinical potential, both in terms of anti-tumour effects and BBB
penetration, of pamiparib. No in vivo studies have been published investigating
the brain or brain tumour penetrant capacities of BAY1895344, but it has been

described as a brain penetrant ATR inhibitor (discussions with manufacturer).

Since both BAY1895344 and pamiparib have been described as brain penetrant
and with promising potency, but no studies have investigated brain tumour
penetration, both inhibitors were investigated in an in vivo PDX model. Initial
investigations focused on the tolerability and scheduling in an intracranial GBM
mouse model. Secondly, PK analyses of blood, brain and tumour tissue samples
were carried out to assess both the brain and tumour penetrance capacities of
both inhibitors. This chapter also aimed to investigate the use of iRFP-tagged

GSCs for detection of intracranial tumours.
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9.2 Feasibility study of combined BAY1895344 and
pamiparib

To investigate the tolerability of combined BAY1895344 and pamiparib in this
study, two different doses of BAY1895344 were used, given alone or combined
with pamiparib at 6mg/kg. Pamiparib at 6mg/kg was previously studied within
the group and determined to be tolerable in this mouse model (data not
published). Non-tumour bearing cohorts (n=3) of CD-1 nude mice were given
BAY 1895344 alone or combined with pamiparib twice daily, 5 on/2 off by oral
gavage. Tolerability of the dosing schedule was assessed by changes in body
weight, haemoglobin and WCC, as shown in Figure 9.1. End point was 31 days
from initial dosing. Mice were monitored throughout the study and humanely
sacrificed when they showed any signs of distress or neurological symptoms.
Dosing and monitoring was carried out with assistance from D. Athineos and K.
Blyth.

BAY1895344 at 10mg/kg alone was tolerated for the full study period, with no
weight loss observed. WCC remained stable after an initial decline and
haemoglobin decreased to 93.7% of starting value at day 31. BAY1895344 at
20mg/kg alone was not well tolerated, with unstable weights and decreases in
haemoglobin and WCC resulting in one mouse being humanely sacrificed early on
day 19. The addition of pamiparib at 6mg/kg to BAY1895344 exacerbated
toxicity. All mice receiving BAY1895344 at 10mg/kg and pamiparib were
humanely sacrificed early on day 18 or 19 due to weight loss of 16-19% of
starting weight, with corresponding reductions in haemoglobin and WCC levels.
BAY1895344 at 20mg/kg plus pamiparib was ended on day 13 because of weight
loss observed from this combination with 10mg/kg BAY1895344 which was
initiated first. In conclusion, BAY1895344 was not well tolerated at 20mg/kg or

when combined with pamiparib.
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Figure 9.1. Tolerability metrics of BAY1895344 and pamiparib. Mouse weight, haemoglobin
and WCC metrics were taken as a measure of tolerability. Starting weights and blood
measurements were taken before initial dosing, and weights taken every day or second day
throughout the study, and haemoglobin and WCC counts taken after day 15 and day 31, or on day
of culling if study ended before planned endpoint. Results show mean and SD from three mice and
are calculated as change from start point. BAY = BAY 1895344, PAM = pamiparib.

9.3 Tolerability of BAY1895344 and pamiparib combined
with irradiation

IR following debulking surgery remains the most effective treatment for GBM.
Studies of RS-targeting therapies in a clinic will likely be given in combination

with IR, however they could be given alone in a recurrent setting. An in vivo
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study of the tolerability of CAiPi with IR was carried out, to investigate the
feasibility of this treatment schedule. Importantly, an in vitro study by
Carruthers et al found that CAiPi had potent radiosensitising capacity in GSCs,
meaning this triple combination may have significant clinical benefit (Carruthers
et al., 2018). A study was therefore carried out to investigate the longer-term
tolerability of CAiPi and IR in vivo, utilising the lower dose of 10mg/kg for
BAY1895344 and half the dose of pamiparib that was studied in section 9.2,

given only once daily three times a week instead of twice daily every weekday.

iRFP G7 GSCs =P 2Gy

injected == BAY 10mg/kg plus pamiparib 3mg/kg once daily or vehicle control
intracranially
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Figure 9.2. Schematic of in vivo pilot study of combined BAY1895344 and pamiparib with
irradiation. G7 GSCs labelled with iRFP were injected intracranially into female CD-1 nude mice.
Pearl® imaging began on week seven, and was carried out periodically throughout the study,
avoiding the two weeks of dosing due to the requirement for isofluorane anaesthesia for both
Pearl® imaging and IR. Dosing with BAY 1895344 (10mg/kg) and pamiparib (3mg/kg) or vehicle
control was carried out on Monday, Wednesday and Friday on week 10 and week 11 once daily by
oral gavage, 30-60 minutes before 2Gy IR. After dosing schedule was complete, mice were
continuously monitored until a scheduled endpoint at week 15. Created using BioRender.

A summary of the study and dosing schedule is shown in Figure 9.2. G7 GSCs
labelled with iRFP were injected intracranially into CD-1 nude mice. Labelling of
G7 GSCs with iRFP was carried out and cells made available by A Koessinger, as
described previously (Koessinger et al., 2020). Mice were dosed with BAY1895344
and pamiparib or vehicle control (n=4) for two weeks on Monday, Wednesday and
Friday, 30 to 60 minutes prior to 2Gy whole brain IR, which was carried out by K.
Stevenson. Mice were monitored throughout the study and humanely sacrificed
when they showed any symptoms or distress. To assess growth of intracranial
tumours harbouring iRFP-positive cells, mice were monitored periodically by
bioluminescence Pearl® imaging. Results from Pearl® imaging are summarised in

Figure 9.3.
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Figure 9.3. Change in iRFP signal throughout tolerability study. Bioluminescence Pearl®
imaging (Li-Cor®) was used to assess intracranial tumours harbouring iRFP-positive cells. iRFP
signal was quantified using ImageStudio™ software (Li-Cor®) and represented as a change in
signal from initial baseline image. Start and end of IR and dosing is indicated, as well as an
arbitrary 20% increase in signal cut off. Four mice received BAY 1895344 (10mg/kg) plus pamiparib
(3mg/kg) (green) and four mice received vehicle control (red).

One control mouse was culled in week 12, post IR, due to tumour-related
symptoms, and two mice that received BAY1895344 plus pamiparib were culled
in week 13, also due to tumour-related symptoms. All mice tolerated the two
weeks of dosing plus IR. The three mice remaining in the vehicle cohort were
above 20% increase in iRFP signal at the end of the experiment, however one
had not reached that cut off by the start of dosing and IR. The mouse in the
control cohort that was humanely sacrificed early with neurological symptoms
had reached the 20% increase in iRFP signal. The two mice remaining in the

BAY 1895344 plus pamiparib cohort both had ~20% increase in signal at the end of
the experiment, however both mice that were humanely sacrificed early due to
neurological symptoms and weight loss had not reached the 20% cut off at their
last scan. One of these mice (green triangle) had reached 72.5% increase in

signal before initiation of treatment but this decreased post treatment to 16.5%.

9.4 Pharmacokinetic study of BAY1895344 and pamiparib

A PK study was carried out to investigate the brain and tumour penetrance of
pamiparib and BAY1895344. BAY1895344 was assessed for tumour penetrance at
both 10mg/kg and 20mg/kg since previous studies investigating BAY1895344 in

vivo had used 20mg/kg and 50mg/kg to see anti-tumour effects (Wengner et al.,
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2020). A summary of the study is shown in Figure 9.4. G7 GSCs labelled with iRFP
were injected intracranially into female CD-1 nude mice. Growth of intracranial
tumours harbouring iRFP-positive cells were assessed periodically by Pearl®
imaging (Li-Cor®). A baseline scan was performed at week seven and any
subsequent scans represented as a percentage change from baseline. At week
10, nine mice per cohort were dosed with BAY1895344 at 10mg/kg or 20mg/kg
and pamiparib. Two mice were dosed with vehicle control for calibration. Mice
were humanely sacrificed at 1 hour, 6 hours and 24 hours after dosing, with
three mice per time point. Blood, brain and tumour specimens were collected.
Quantitative MS analysis of both BAY1895344 and pamiparib for each of the

tissue types was carried out by Pharmidex.

Change in iRFP signal throughout the study is shown in Figure 9.5. Results were
variable between mice and between scans, however 15 of the 20 mice reached
the 20% increase in iRFP signal at the point of dosing. Of the five mice that were
below the 20% signal cut off, one reached 19.6%, three were around 0% so no
change in signal was observed over 37 days (-1.7%, -0.9% and 3.3%) and one had
a reduction in signal of 19.8% from baseline. All mice were randomly allocated

to different dosing cohorts.
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Figure 9.4. Schematic of pharmacokinetic in vivo study of BAY1895344 and pamiparib. G7
GSCs labelled with iRFP were injected intracranially into female CD-1 nude mice. Pearl® imaging
began on week seven and was carried out periodically throughout the study. Dosing with
BAY1895344 (10mg/kg or 20mg/kg) and pamiparib (3mg/kg) or vehicle control was carried out at
week 10 by oral gavage. Mice were humanely sacrificed at 1, 6 and 24 hours after dosing and
blood, brain and tumour samples collected for MS analysis of drugs. Created using BioRender.
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Figure 9.5. Change in iRFP signal throughout PK study. Bioluminescence Pearl® imaging (Li-
Cor®) was used to assess intracranial tumours harbouring iRFP-positive cells. iRFP signal was
quantified using Image-Studio™ software (Li-Cor®) and represented as a change in signal from
initial baseline image. Arbitrary 20% increase in signal cut off is indicated on the graph. Red
indicates a 20% increase in iRFP signal by the end of the study and blue indicates below 20%.
To investigate the clinical relevance of the concentrations that were reached
within different tissue types, both PARylation levels and pChk1 levels were
assessed with increasing concentrations of pamiparib and BAY1895344
respectively. Figure 9.6 shows the effect of increasing concentrations of
pamiparib on PAR levels, as an indicator of its ability to inhibit PARP activity,
carried out by K Strathdee. Pamiparib ablated H,0,-induced PARylation at all
concentrations. Effective inhibition of PARP1 was observed even at 0.01uM.
Phosphorylation of Chk1 was used as a marker of activated ATR, as its
downstream effector, and a Western blot of pChk1 was used to assess the
effectiveness of BAY1895344 to inhibit ATR (Figure 9.7). This study was carried
out by R Carruthers. pChk1 was induced by HU and increasing concentrations of
BAY 1895344 analysed. The lowest concentration at 0.01uM reduced the levels of
pChk1 induced by HU, which was ablated by 0.1puM. 0.03uM showed a reduction
in pChk1 levels compared to HU alone.
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Figure 9.6. Inhibition of PARylation by pamiparib. Investigation of expression of PAR in G7
GSCs by Western blot after one hour incubation with increasing concentrations of pamiparib,
followed by 20 minute incubation with 20mM H202. Actin was analysed as a loading control.
Western blot carried out by K Strathdee.
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Figure 9.7. Inhibition of pChk1 by BAY1895344. Investigation of expression of pChk1 in G7 GSC
by Western blot one hour after incubation with increasing concentrations of BAY 1895344 for two
hours, with and without HU (10mM). Actin was analysed as a loading control. Western blot carried
out by R Carruthers.

MS results for the concentrations of BAY1895344 reached in blood, brain and
tumour specimens are shown in Figure 9.8. The concentration of BAY1895344
reached in all tissue types was higher with 20mg/kg compared to 10mg/kg at all
time points except 24 hours where both doses had undetectable drug

concentrations. At one hour post dosing, BAY1895344 reached clinically relevant
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concentrations in all tissue types for 10mg/kg and 20mg/kg. The red line on
each graph indicates the clinically relevant concentration of 30nM, which was
identified as being sufficient to inhibit pChk1 in Figure 9.7. At 10mg/kg and six
hours, no drugs were detected in brain or tumour samples, and blood
concentrations only ranged from 11.3nM to 40.5nM. 20mg/kg samples similarly
reduced drastically at 6 hours but was still above the 30nM concentration in
blood, brain and tumour, except one brain sample which had no detectable drug
present. Overall, BAY1895344 showed both brain and tumour penetrance even at
10mg/kg and reached concentrations which inhibited pChk1 in vitro, however
after six hours concentrations were reduced and by 24 hours no drug was present

in any tissue type.
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Figure 9.8. BAY1895344 concentration in blood, brain and tumour. CD-1 nude mice were
injected intracranially with iRFP-tagged G7 GSCs 10 weeks prior to PK study. BAY 1895344
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concentrations in blood, brain and tumour murine samples were analysed by MS after dosing with
10mg/kg or 20mg/kg. Tissue samples were taken at 1, 6 and 24 hours post dosing, and analysis

included a vehicle control at 0 hours.
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Pamiparib concentrations in blood, brain and tumour specimens, analysed by MS,
are shown in Figure 9.9. The red line on each graph marks 10nM, which was
identified as being sufficient to inhibit PAR levels in vitro in Figure 9.6. At both
one hour and six hours post dosing, pamiparib levels were high in all tissue
types, reaching concentrations which inhibited PARylation in vitro.
Concentrations of pamiparib were reduced at six hours compared to one hour
but remained at clinically relevant levels. However, at 24 hours pamiparib was

undetectable in blood, brain and tumour.
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Figure 9.9. Pamiparib concentrations in murine blood, brain and tumour. CD-1 nude mice
were injected intracranially with iRFP-tagged G7 GSCs 10 weeks prior to PK study. Pamiparib
concentrations in blood, brain and tumour murine samples were analysed by MS after dosing with
3mg/kg. Tissue samples were taken at 1, 6 and 24 hours post dosing, and analysis included a
vehicle control at 0 hours.
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B/P and tumour-to-plasma (T/P) ratios were calculated at one and six hours
after dosing and shown in Table 9.1. Pamiparib had comparable B/P and T/P at
both one and six hours, remaining around 18-22%. BAY1895344 had high B/P and
even higher T/P after one hour but dropped significantly after six hours, and was
undetectable in brain and tumour with 10mg/kg and reducing to 19-21% with
20mg/kg. Overall, both drugs show promising BBB penetration, but evidence

suggests BAY1895344 was not retained in brain or tumour as long as pamiparib.

Table 9.1. Brain- and tumour- plasma ratios for pamiparib and BAY1895344

1hr 6hr
B/P T/P B/P T/P
Pamiparib 22.1% 22.1% 21.2% 18.0%
BAY1895344 (10mg/kg) 30.3% 40.1% 0% 0%
BAY1895344 (20mg/kg) 46.1% 49.1% 19.4% 21.8%

Median concentrations for pamiparib and BAY 1895344 are shown as a percentage of median
blood concentration to give a B/P ratio and a T/P ratio, one and six hours after dosing. 24 hours not
included as inhibitors were undetectable in blood.

9.5 Conclusions

This chapter has investigated the preclinical feasibility of CAiPi in a murine GBM
PDX model. Initial investigations focused on the tolerability of combined
BAY1895344 and pamiparib in CD-1 nude female mice, followed by analysis of
brain and tumour penetrance. This chapter also investigated the utility of
bioluminescent GSCs for detection of growth of intracranial tumours before

initiation of treatment.

The aim and proposed benefit of iRFP-tagged GSCs for a GBM PDX mouse model
is it can provide cost-effective, repeatable and non-invasive imaging of tumour-
bearing mice, can be used to define treatment start dates based on a threshold
and could be used to stratify cohorts based on tumour burden (Koessinger et al.,
2020). Treatment was initiated at 10 weeks for the PK and the tolerability study,
since previously tumours were detected at 10-12 weeks. At 10 weeks, Pearl®
imaging produced variable results. Despite a general trend towards a >20%
increase from baseline, these images could not be reliably used for determining
tumour burden at 10 weeks. Koessinger et al also saw only a small increase in
signal at 10 weeks, with a greater increase observed after 14 weeks (Koessinger
et al., 2020). Unfortunately, by 14 weeks, an increase in mice displaying

tumour-related symptoms occurs so ideally treatment would start before this
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point. Variable signal could be due to large differences in tumour burden and
therefore is an argument for treatment stratification, but factors such as tumour
depth can also affect signal. An earlier baseline scan and more scans throughout

the study may be beneficial to reduce the variation observed.

Previously, Wengner et al had described an MTD for BAY1895344 of 50mg/kg
(twice daily, 3 on/4 off, orally) in their two PDX models, a PARPi-sensitive breast
cancer NOD/SCID model and a PARPi-resistant prostate SCID model (Wengner et
al., 2020). Both models also tolerated combined BAY1895344 at a sub-MDT of
20mg/kg with olaparib, either at its MTD (50mg/kg, once daily,
intraperitoneally) in the breast cancer model or at a sub-MTD in the prostate
model (20mg/kg, once daily, intraperitoneally). Maximum weight loss was <10%
in their studies. All groups were sacrificed 83 days after tumour inoculation,

with treatment ongoing once tumours reached 30-35mm?2. It was therefore
surprising that 20mg/kg (twice daily, 5 on/2 off, orally) was not tolerated in this
non-tumour bearing CD-1 nude model, which was further exacerbated by the
addition of pamiparib at 6mg/kg with weight loss and haematological toxicity.
Both NOD/SCID and SCID models are more immunodeficient than CD-1 nude
mice, lacking both B and T cells and NOD/SCID also having defective dendritic
and macrophages, whereas CD-1 nude mice are only lacking T cells (Charles
River). Additionally, their model was tumour-bearing when given a higher dose,
so differences in model utilised seems unlikely to explain differences in
tolerability. Differences in scheduling may be a factor, as Wengner et al dosed
with BAY1895344 twice daily, 3on/4off (Wengner et al., 2020) whereas this study
dosed twice daily 5on/20ff, so optimising scheduling could be explored in the

future.

For further studies of tolerability of BAY1895344 and pamiparib in the GBM PDX
model combined with IR, the lower dose for BAY1895344 of 10mg/kg was used,
along with a reduction in pamiparib dose to 3mg/kg, which has previously been
shown to abrogate PARylation in a brain tumour mouse model (Xiong et al.,
2020). This dose was also given Monday, Wednesday, Friday for two weeks as
opposed to 5on/20ff. This schedule and dose was generally well tolerated for
the whole two weeks, even combined with 2Gy IR. Three mice were humanely

sacrificed during the study, one from the vehicle control cohort and two from
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the treatment cohort, but all were displaying tumour-associated symptoms
rather than treatment-specific toxicity. Finding an optimal scheduling and dose
will always be a challenge, especially when there is such intra- and inter-study
variability in tolerability. However, a first-in-human trial of BAY1895344 with a
dose-escalation arm found a MTD of 40mg twice daily, 3on/4off, with the most
common adverse haematologic toxicities being manageable and reversible (Yap
et al., 2021), suggesting that despite challenges with pre-clinical models,

BAY 1895344 still has clinical applicability. Challenges remain when combining

therapies with overlapping haematologic toxicities such as TMZ.

PK analysis of both BAY1895344 at 10mg/kg and 20mg/kg and pamiparib at
3mg/kg found successful brain and tumour penetrance after one hour at
concentrations that inhibited both pChk1 and PARylation respectively. At one
hour, BAY1895344 T/P ratio with 20mg/kg was high at 49.1% and was still
relatively high at 40.1% with 10mg/kg. However, BAY1895344 did not remain in
brain or tumour samples for long and by six hours there was no drug detectable
with 10mg/kg, and with 20mg/kg it only just reached the concentration required
for partial pChk1 inhibition. After six hours the T/P ratio had dropped to 21.8%
for BAY1895344 (20mg/kg) from 49.1%. The early time point T/P ratio was
promising for BAY1895344, but the actual concentration of drug present in

tumour will largely be limited by tolerability.

Pamiparib was present in brain and tumour at one and six hours post dosing at
concentrations that inhibited PARylation but was not detectable by 24 hours.
Pamiparib B/P and T/P ratios remained around 20% at one hour and six hours.
This was similar to work by Xiong et al who observed a B/P ratio of 19% at four
hours, and supportive of pamiparib being a potent BBB penetrant PARPi in
comparison to others (Xiong et al., 2020). They also similarly observed a

minimum intra-tumour concentration after 24 hours.

Careful consideration is required for tolerability of this therapeutic strategy,
however the first clinical trial of BAY1895344 showed that the drug is potentially
better tolerated in humans than in mice. Ongoing clinical trials for both
pamiparib and BAY1895344 separately will be informative of toxicities in

humans.
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Chapter 10 Discussion

10.1 Introduction

GBM is a cancer of extreme unmet need, associated with almost universal
recurrence, few treatment options and very poor survival. Research into new
therapeutic options for patients to improve clinical outcomes is therefore
essential. CSCs in GBM drive treatment resistance and tumour recurrence, so
targeting this subpopulation of cancer cells is pertinent. Carruthers et al were
the first to demonstrate elevated RS in GSCs and describe RS as a targetable
vulnerability, since CAiPi induced potent GSC-specific cytotoxicity (Carruthers et
al., 2018). Understanding of this GSC-specific cytotoxicity is limited and there is
a relative lack of studies analysing CAiPi in GBM, with further understanding and
characterisation required before this strategy could progress into clinical trials.
Therefore, this thesis firstly aimed to further characterise the response to
targeting RS via CAiPi in a larger panel of GSCs and paired differentiated bulk
cells by clonogenic, cell viability and neurosphere assays and to characterise the
genomic and transcriptomic profiles of this panel utilising WGS and RNAseq. The
secondary aim was to use CAiPi-induced transcriptional aberrations to direct
mechanistic studies. Any novel mechanistic understanding was used to
investigate a transcriptomic biomarker of CAiPi-sensitivity. Lastly, this thesis
aimed to investigate the feasibility of novel ATR and PARP inhibitors in a

preclinical model.

10.2 Model characterisation and CAiPi responses

This thesis utilised a model of paired GSC and differentiated tumour bulk
cultures derived from single parental primary GBM cell lines. Through culturing
under different, previously defined conditions, these cells can be maintained as
either GSC-enriched or bulk-enriched cultures. This GSC model does not rely on
cell sorting by a GSC marker, which overcomes the lack of a universally
applicable marker problem. It also allows for greater heterogeneity in the GSC
population and reduces variability between replicates due to re-equilibration of
GSC and differentiated populations after cell sorting. However, there are
limitations to this model, including the use of different medium which could be

a confounding factor to any observations throughout this thesis. To validate the
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cell viability findings in the enriched GSC model, E2 GSCs were sorted by CD133,
which utilises the same media for both CD133*and CD133" cells so overcomes any
confounding factors differing medium introduces. Another limitation is that
these are enriched cultures as opposed to pure GSC and bulk populations.
However, isolating and maintaining a “pure” GSC population is likely impossible
as many GSC markers have been found in differentiated GBM cells. Additionally,
GSCs have been identified that are not positive for GSC markers, meaning cell
sorting may only be selecting for a sub-population of GSCs. Utilising this GSC-
enriched model with an isogenic differentiated bulk cell line pair for internal
comparisons, and validation in a sorted population addressed some of these

issues.

The panel of seven GSCs was a relatively accurate representation of classical
mutations and characteristics found in GBM patients. MGMT methylated and
unmethylated promoters, TP53 mutations, EGFR SNPs, PTEN mutations, TERT
promoter mutations and CDKN2A homozygous deletions were all identified in the
panel of cells. However, no GSC line displayed evidence of EGFR amplification,
despite being prevalent in GBM patients. Interestingly, Pandita et al reported
that at the time of publication only one GBM cell line in the literature exhibited
an EGFR amplification despite its prevalence in GBM patients, and they
concluded that in vitro environments select against this gene alteration (Pandita
et al., 2004). Further characterisation of EGFR amplification in vitro by William
et al found that EGFR amplification can be maintained in serum-free medium,
however higher doses (30ng/ml) of supplemented EGF showed the same rapid
loss of EGFR amplification by passage 10 as FCS control (William et al., 2017).
The cell lines utilised throughout this thesis were maintained in 20ng/ml
supplemented EGF, and although no GSCs were used past 10 passages they have
been passaged historically to maintain stocks. Therefore, it was not unexpected
that these GSC lines have not maintained an EGFR amplification. This appears to
be a limitation of in vitro GBM models as they are unlikely to fully recapitulate
the EGFR landscape of clinical GBM. However, a more recent study found EGFR
amplification, including up to 40 copies, in 11 out of 27 analysed GSCs which
were maintained in similar medium utilised in this thesis (Wu et al., 2020). They
noted that GSCs were passaged fewer than 15 times but did not discuss how they

had been passaged historically.
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Attempts to subtype GSC and bulk cells by a transcriptomic signature found that
GSCs were enriched for the proneural and classical subtypes and bulk cells were
enriched for the mesenchymal subtype. This was largely in keeping with work by
Patel et al, who curated a GSC signature which correlated with proneural and
classical subtypes but not mesenchymal (Patel et al., 2014). Contrary to these
observations however, other studies have linked GSCs solely to proneural and
mesenchymal subtypes, and additionally the mesenchymal subtype to more
aggressive GBM and treatment resistance (Colman et al., 2010, Mao et al.,
2013). Upon further inspection however, these studies curated their own
signatures (Lottaz et al., 2010), utilised an older signature that only categorised
GBM as proneural, mesenchymal or proliferative (Phillips et al., 2006), or only
analysed proneural and mesenchymal subtypes (Mao et al., 2013, Narayanan et
al., 2019), which may explain differing results. Due to differing methods of
subtype classification, further analysis may be warranted to validate the
categorisation of GBM cell lines utilised in this thesis using other signatures and
analysis of genetic indicators of subtypes. Although valuable for complete GBM
cell line characterisation, it is unlikely that subtypes will predict CAiPi
sensitivity as they are not routinely used for treatment stratification and

therefore the clinical implications are limited.

Since increased RS in GSCs had already been identified by Carruthers et al via
decreased fork velocity in three primary, paired GBM cell lines (Carruthers et
al., 2018), this thesis investigated transcriptional indicators of RS. Two
previously described RS signatures were utilised, which used either RS-associated
GO terms (Dreyer et al., 2021) or oncogenes known to induce RS (Guerrero
Llobet et al., 2022). Both signatures indicated higher RS in GSCs compared to
their paired bulk cell line, with the exception of the oncogenic RS signature in
the S2 cell line. DNA fibre analysis of fork velocity is ongoing in further cell lines
and ideally all cell lines would be investigated by a DNA fibre assay to
characterise RS. However, it is a very time-consuming assay so characterisation
of RS in a cell line panel by transcriptomic analysis represents a higher
throughput analysis alternative. RS transcriptome analysis also represents a

clinically accessible assay, unlike a DNA fibre assay.
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Due to the work by Carruthers et al that identified RS-associated GSC-specific
cytotoxicity by CAiPi (Carruthers et al., 2018) and transcriptional signatures
indicating increased RS across a panel of GSCs, we hypothesised that these GSCs
would all be selectively targeted by CAiPi. However, analysis of CAiPi-sensitivity
by clonogenic assay in two cell lines identified G7 as having relatively more
sensitive bulk cells to targeting of the RS response. High throughput cell viability
assay identified highly heterogenous responses across a panel of seven paired
cell lines, with some differentiated bulk cells more sensitive than their paired
GSC line. Therefore, increased RS was not solely predicting sensitivity in this
panel of cells. Additionally, characterisation of previously discussed biomarkers,
including MYC and MYCN amplification, ATM deficiency and SLFN expression did
not predict sensitivity. Therefore, further analyses of CAiPi mechanisms of

sensitivity were required.

10.3 CAIiPi-induced transcriptional dysregulation

To direct mechanistic studies, transcriptional dysregulation post CAiPi treatment
was investigated in two cell lines with differing sensitivities. Despite CAiPi
inducing the fewest DEGs in CAiPi-sensitive E2 GSCs, they were enriched for GO
terms and pathways that were associated with previously described activities of
CAiPi. DNA replication and cell cycle terms were highly dysregulated, which can
be linked to CAiPi-activities in the RS response and ATRi effects on cell cycle
progression. Additionally, the DNA secondary structure binding GO term, which
was identified as a functional module in the E2 GSC emapplot in Figure 5.10,
related to binding to a four-way junction, loop, Y-form DNA or a double-
strand/single-strand junction and therefore may be indicative of increased RS
via hard-to-replicate secondary structures. KEGG pathways in E2 GSCs were also
of interest to CAiPi-response, despite only 14 being significantly dysregulated.
DNA replication was the most dysregulated pathway, followed by cell cycle, and
the top ten included many DNA damage pathways including mismatch repair,
Fanconi Anaemia signalling and HR. Further analysis of specific DNA replication
GO terms found limited dysregulation in other cell lines, and it was only
significantly downregulated in E2 GSC. Interestingly, in CAiPi-sensitive E2 GSCs,
clustering of the top dysregulated gene sets identified only four functional
modules, whereas the relatively more resistant G7 GSCs had twelve. RNAseq

analysis has its limitations, as it is only quantifying mRNA levels and not
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necessarily protein levels. However, transcriptional investigations can give a
general overview and it appeared as if E2 GSCs had a highly specific
transcriptional response to CAiPi treatment that warranted further

investigations.

Despite the other cell lines not appearing to have a highly specific
transcriptomic response, there were some interesting pathways arising which
may warrant investigations in the future. Gene sets associated with axon
guidance/development and cell motility were highly dysregulated across several
cell lines. Axon processes have been implicated in tumorigenicity in brain
cancers associated with vascularisation and regulation of cell migration and
apoptosis (Chedotal et al., 2005). Dysregulated gene sets also related to cell
motility across G7 GSC and bulk cells included cell-substrate adhesion, cell-
junction adhesion, focal adhesion and actin cytoskeleton. Additionally,
nucleosome- and chromatin remodelling-associated gene sets were frequently
dysregulated. Many DNA processes are regulated by chromatin structure,
including replication and DNA repair (MacAlpine and Almouzni, 2013, Stadler and
Richly, 2017). Current work is ongoing within the group investigating both the
role of ATR in GSC motility and investigating chromatin accessibility in GSCs and
bulk cells by ATACseq, in keeping with many enriched GO terms and KEGG
pathways in GSCs but outwith the scope of this thesis.

10.4 Replication dynamics

Mechanistic investigations to understand CAiPi sensitivity were directed by
transcriptomic discoveries, therefore DNA replication dynamics were
characterised since it was highly dysregulated in CAiPi-sensitive E2 GSCs. Initial
investigations of DNA replication used a DNA fibre assay to study fork velocity,
new origins and stalled forks. CAiPi reduced fork velocity in E2 GSCs compared
to ATRi alone but in G7 GSCs CAiPi sped up fork velocity compared to ATRi
alone. If G7 GSCs can maintain fork velocity in the face of CAiPi this could
partially explain why they were relatively less sensitive as they are better
prepared for completion of replication. It has previously been shown that GSCs
and bulk cells have comparable proliferative rates (Ahmed et al., 2015), so it
would be interesting to investigate if that is still the case upon CAiPi treatment

and if so differing replication rates will likely have more impact.
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Total reduction in fork velocity for CAiPi versus control was greater in both bulk
cell lines. However, both bulk cell lines had greater fork velocity at baseline
associated with less RS and the resultant velocity of replication forks induced by
CAiPi was comparable across all cell lines. It could be argued that there is a
lower limit of fork velocity which all four cell lines trend towards with CAiPi. No
literature appears to discuss a limit to replication fork velocity, however it
seems feasible that there would be a fork speed below which does not support
successful and timely replication and cell survival. If this is the case, the more
modest reduction in replication fork speed in GSCs may be due to their baseline

fork velocities being closer to the ‘speed limit’.

Despite varying reports on PARPi effects on replication velocity, the most in-
depth analysis was carried out by Maya-Mendoza et al, who found that PARPi
increased fork velocity leading to RS and DDR activation (Maya-Mendoza et al.,
2018). Through increasing PARPi concentration and length of exposure, they also
found an increase of fork speed above 40% or a decrease of 20% lead to DNA
damage, but within these limits the cell would be able to compensate for any
alterations in fork speed. When comparing median fork velocity induced by
PARPi, the largest increase was with CldU incorporation in E2 GSC, representing
a 21.6% increase in fork speed over vehicle control. This result suggested that in
our CAiPi-sensitive GSC, PARPi was inducing fork acceleration but did not reach a
threshold proposed by Maya-Mendoza et al to activate DDR. In the relatively
more resistant G7 GSC, fork speed increases via PARPi were 18.6% and 20.0%
with IdU and CldU respectively so not dissimilar to E2 GSC. Conversely, G7 bulk,
which were more sensitive to targeting of the RS response than G7 GSCs
displayed significantly decreased fork velocities with PARPi, reaching the 20%
decrease cut off proposed by Maya-Mendoza et al (46.7% for IdU and 36.7% for
CldU). Since we observed highly heterogenous aberrations of fork velocity, it was
unlikely that the GSC-specific PARPi-induced increase in fork speed was solely

driving mechanism of sensitivity.

The most striking result from replication structure analysis was an increase in
new origin firing with PARPi in E2 GSCs, which correlated with PARP trapping.
This increase in origin firing in E2 GSCs was also observed with CAiPi, where it

corresponded to decreased replication fork velocity. This data correlates with
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reports that an increase in origin firing inversely affects fork speed (Zhong et
al., 2013). Zhong et al hypothesised that this inverse relationship is due to
competition for limiting replication factors after increased origin firing.
Interestingly, with PARPi alone both increased origin firing and increased
replication velocity were observed in E2 GSCs. Gonzalez-Besteiro et al found
that in Chk1-deficient cells, replication fork velocity and origin firing were
independent variables (Gonzalez Besteiro et al., 2019). The data explored in this
thesis also suggests that under PARPi, these replication dynamics were occurring
independently. Their study found that it was an increase in origin firing that
drove DNA damage accumulation, not a decrease in fork speed, measured by
YH2AX accumulation after separately restoring these replication aberrations.
The data explored in this thesis supported this theory, since the more resistant
bulk cells displayed greater reductions in fork speed, but a greater increase in

origin firing was observed in CAiPi sensitive E2 GSCs.

The induction of new origins by the more potent PARP trapper olaparib also
correlated with increased cytotoxicity compared to veliparib at a range of
concentrations, and when combined with an ATRi. This correlation between a
PARPi’s trapping potential and single agent potency has been well characterised
(Hopkins et al., 2019). It would therefore be reasonable to propose talazoparib
as the optimal PARPi for cytotoxic effects to cancer cells, however studies have
shown that trapping potential is inversely correlated with tolerability in vivo and
as a result most PARPis induce comparable efficacies at MTD (Hopkins et al.,
2015). Utilisation of the clinically well-characterised PARPi olaparib, which still
ranks highly among PARPis for trapping potency, provides an optimal balance of

PARP-trapping to induce new origins and tolerability.

10.5 Dysregulated S phase in CAiPi-sensitive GSCs led to
genomic instability

Genomic stability is crucial to ensure cell survival and relies on tightly
coordinated DNA replication processes and checkpoints. Disruption of these cell-
protective mechanisms induces DNA damage and chromosomal and genomic
instability which are consequently frequently observed in cancers. One crucial
process to ensure genomic stability is the timely, successful and accurate

completion of DNA replication during S phase. Following on from the
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identification of loss of origin firing coordination via PARP inhibition in CAiPi-
sensitive E2 GSCs, the causal effects on successful completion of replication
were investigated. It was discovered that CAiPi-sensitive GSCs were undergoing
both under-replication of DNA, quantified by 53BP1NB, and re-replication in
response to CAiPi. This dual replication disorganisation was not observed in
either their paired bulk cells or in relatively more resistant GSCs. This also
corresponded to increased chromosomal instability and damage, assessed via an
accumulation of chromatin bridges and micronuclei. Accordingly, the largest
dysregulated functional module in E2 GSCs, identified by an emapplot in Figure
5.10, related to regulation of chromosome segregation and separation and
metaphase/anaphase transition. All of these processes were downregulated in E2
GSCs, suggesting a loss of transcriptional coordination of chromosome
segregation, which subsequently was observed in vitro via increased chromatin

bridges and micronuclei.

53BP1NB were first identified by two corresponding studies in 2011 (Lukas et al.,
2011, Harrigan et al., 2011). Both studies found that incomplete DNA synthesis in
S phase resulted in the formation of nuclear sub-compartments in the
subsequent G1 phase, marked by 53BP1. 53BP1NB were induced by exogenous RS
and associated with CFS through ChIP techniques. RS-induced UR-DNA can be a
result of increased stalled forks. Double fork stalling (DFS) has been
hypothesised to be causal in increased UR-DNA, whereby two converging forks
stall irreversibly with no compensatory licensed fork between them, as
illustrated in Figure 10.1 (Bertolin et al., 2020, Newman et al., 2013). Origins
are licensed redundantly to allow successful completion of replication under RS
(Ibarra et al., 2008, Ge et al., 2007, Blow and Ge, 2009, Woodward et al., 2006).
However, with an increase in cells under RS with CAiPi, it is reasonable to
assume there is an associated increase in DFS events. Through mathematical
modelling and validation in vitro, Moreno et al showed an inverse correlation
between origin firing and DFS (Moreno et al., 2016). They also observed a strong
link between DFS events and 53BP1NB, as expected. However, in contrast to
this, CAiPi in GSCs resulted in an increase in both origin firing and 53BP1NB, and
therefore presumably no origin firing-associated decrease in DFS events. It may
be that in our model the increase in origin firing is insufficient to mitigate

increased DFS events resulting in UR-DNA.
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Figure 10.1. Under-replicated DNA from increased stalled forks. In an unperturbed cell cycle,
limited fork stalling and an excess of licensed dormant origins leads to successful DNA duplication
once active replication forks converge. If a replication fork stalls, a dormant origin that has been
licensed in G1 phase can fire to compensate and cover affected regions of the genome, for
successful replication to occur. Double fork stalling can occur when adjacent replication forks both
stall and there are no compensatory licensed dormant forks. This is a source of under-replication of
the genome.

UR-DNA appears to go relatively undetected by cell cycle checkpoint controls,
with 53BP1NB present even in unperturbed cells (Moreno et al., 2016, Torres-
Rosell et al., 2007). It has been hypothesised that UR-DNA bypasses checkpoints
either by ssDNA in UR-DNA being insufficient to elicit an ATR/CHK1 response or
UR-DNA actively preventing any cell cycle arrest, however the reason why
remains to be elucidated (Bertolin et al., 2020). A recent model for cell cycle
progression proposed that active DNA replication prevents mitotic entry by
restricting CDK1 and PLK1 (polo-like kinase 1) activation, and therefore the
checkpoint is detecting lack of ongoing DNA replication as opposed to successful
completion, which would explain UR-DNA progression through mitosis (Lemmens
et al., 2018). Despite these reports of no checkpoint activation in response to
UR-DNA, ATR has been linked to minimising UR-DNA entering mitosis. Loss of ATR
resulted in early entry into mitosis, with associated genomic instability in the
form of chromatin bridges, failed cytokinesis and cell death (Eykelenboom et al.,
2013). Cell death was however rescued by prolongation of mitosis by Cdk1
inhibition. ATR therefore has a critical role in mediating mitotic entry. It can be
hypothesised that loss of ATR with CAiPi is driving premature exit out of S phase

and therefore increasing UR-DNA.

Although 53BP1NB are routinely utilised as markers of UR-DNA, the consequences
and fate of 53BP1NBs are relatively uncharacterised. Spies et al showed that
53BP1NB colocalised with PCNA and EdU before complete resolution in late S
phase, suggesting that active replication in the subsequent cell cycle is required

for repair (Spies et al., 2019), which may explain why UR-DNA bypasses mitotic
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entry checkpoints. They found that cells with 53BP1NB have a second chance at
resolving UR-DNA, by recruiting Replication Timing Regulatory Factor 1 (RIF1)
which imposed late S phase replication timing on UR-DNA sites in the subsequent
cell cycle, to allow for a replication-coupled RAD52-mediated repair earlier in S
phase. 53BP1NB are found in unperturbed cells where genomic stability is
maintained, which suggests they can be accurately resolved. Since we observed
53BP1NB increasing at such a rate with CAiPi, which was also associated with
chromosomal instability, we hypothesised that there is a limit to how much UR-
DNA a cell can handle before subsequent genomic instability and cell death,

despite these active repair mechanisms.

As discussed in Chapter 1, a recently discovered post-replicative response to UR-
DNA is MiDAS. Inhibition of MiDAS increased 53BP1NB (Bertolin et al., 2020,
Minocherhomji et al., 2015) and it has been hypothesised that increased UR-DNA
past a threshold could saturate MiDAS capabilities and require the activities and
resolution of UR-DNA through 53BP1NB (Bertolin et al., 2020). Due to the close
link of MiDAS to 53BP1NB and UR-DNA resolution, it would be interesting to
investigate the relevance to CAiPi mechanism of response, especially to see if
MiDAS reaches a saturation under CAiPi that results in increased reliance on
53BP1NB for UR-DNA response. Interestingly, GSCs have higher RS at baseline but
this was not associated with an increase in endogenous chromatin bridges. It
would be of value to investigate if an increase in MiDAS in GSCs is utilised to

resolve their RS problems.

MiDAS and 53BP1NBs association with CFS is interesting. The link between UR-
DNA and CFS is quite profound. 53BP1NB colocalised with CFS loci FRA16D and
FRA3B via ChIP-qPCR (Lukas et al., 2011), and four of the top eight 53BP1NB-
associated loci identified by ChIP-seq corresponded to known CFS (Harrigan et
al., 2011). Furthermore, Harrigan et al found that 53BP1NB were only increased
by RS-induction via aphidicolin but not HU, despite similar effects on DNA
synthesis (Harrigan et al., 2011). CFS lesions are induced by aphidicolin, whereas
HU is less CFS-specific, therefore the induction of 53BP1NB appear to represent
UR-DNA at CFS. Additionally, DFS, which is a source of UR-DNA, correlates with
53BP1, CFS and late-replicating DNA (Moreno et al., 2016). ATR has been

implicated in CFS stability upon reduced fork speed after an induction of breaks
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at FRA3B following ATR depletion was identified, and furthermore CFS colocalise
with ssDNA upon ATR loss (Koundrioukoff et al., 2013). In GBM, Carruthers et al
have shown a significant increase in expression of very large genes (VLG) in GSCs
compared to bulk, within which CFS are enriched (Carruthers et al., 2018).
Higher expression of VLG in GSCs could be a source of increased UR-DNA in

sensitive cell lines.

Conversely to an increase in UR-DNA, CAiPi-sensitive GSCs also exhibited re-
replication after CAiPi treatment, which was not observed in the relatively more
resistant paired bulk line. It is known that RS can induce the firing of licensed
dormant origins to overcome increases in stalled forks to ensure full genome
coverage, which may explain some of the increase in origin firing with PARPi and
CAiPi. However, because replication is terminated when two forks converge this
increased origin firing due to RS would not explain an increase in re-replication.
Alternatively, origin re-licensing of already fired origins could explain this

phenomenon, as described in Chapter 1.

Studies have shown that re-replication is promoted by overexpression of CDT1
and CDC6 in cancer cells with inactive p53, but not with intact, WT p53 (Vaziri
et al., 2003). Additionally, the activities of p53 in preventing re-replication
relies on activation of ATR (Vaziri et al., 2003). Characterisation of TP53
mutations in Chapter 3 identified SNPs or frameshift deletions in all seven GSC
lines analysed, suggesting that these cells might be primed for re-replication due
to loss of p53 and ATR activities via CAiPi. It has been hypothesised that re-
replication is a rare occurrence in normal cells, since re-replication is so tightly
regulated by temporal uncoupling of replication origin licensing and firing and
any re-replication activates cell cycle checkpoints (Hook et al., 2007, Bertolin et
al., 2020). However, E2 GSCs have displayed significant loss of replication

coordination in response to CAiPi which may be driving re-replication.

It seems counterintuitive that E2 GSCs are undergoing both under-replication
and re-replication. However, we propose that these occurrences are temporally
and spatially separated. It has previously been discussed that UR-DNA is enriched
at CFS, which replicate late in S phase. Conversely, studies have shown that re-
replication is enriched at genomic regions replicated early in S phase. Regions of

re-replication were enriched at euchromatin, corresponding to open and
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generally early replicating genome, whereas heterochromatin which tends to
replicate late were underrepresented for re-replication, with re-licensing
occurring preferentially at origins fired early in S phase (Fu et al., 2021).
Additionally, re-replication has been found at early S phase origins only 2-4
hours after an initial S phase firing (Vaziri et al., 2003). Not only were early
replicating regions enriched for re-replication, copy number analysis suggested
that some of these regions can undergo multiple initiations, and subsequently
deplete replication in late-replicating regions, which the authors proposed was
due to an enrichment of euchromatin at early replicating regions which

represents readily accessible origins (Fu et al., 2021).

A model for dysregulated replication dynamics under CAiPi emerges, as shown in
Figure 10.2. As discussed, re-replication occurs early in S phase at open
euchromatin, and UR-DNA is enriched late in S phase at CFS and heterochromatic
regions. Additionally, there is evidence that an increase in re-replication by
relicensing depletes firing late in S phase (Fu et al., 2021). It could be
hypothesised that this is due to a reduction in available replication factors, such
as dNTPs or RPA, later in S phase through over-utilisation earlier in the cell
cycle. Moreover, ATR has been shown to stimulate dNTP biosynthesis, with ATRi
depleting dNTP supplies (Buisson et al., 2015, Le et al., 2017).

Unexpectedly, a reduction in origin firing with roscovitine reduced UR-DNA,
quantified by 53BP1NB. This is also an opposite response suggested under the
DFS model whereby origin firing reduction would increase UR-DNA due to a
reduction in licensed dormant origins. However, under this model which
describes concurrent re- and under-replication, a decrease in origin firing
focused earlier in S phase could prevent exhaustion of replication factors and

therefore reduce UR-DNA later in S phase.
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Figure 10.2. Proposed mechanism of under- and re-replicated DNA with CAIiPi. Re-replication
occurs early in S phase via re-licensing of origins. This increase in origin firing via re-licensing,
combined with an increase in dormant origin firing via ATRi. leads to a decrease in replication
factors as the cell moves through S phase. Therefore, UR-DNA occurs late in S phase, primarily at
already hard to replicate CFSs. This results in chromosomal and genomic instability as the cell
carries on through subsequent cell cycles. A reduction in origin firing via roscovitine reduces re-
licensing and ATRi-induced dormant origin firing, reserving replication factors throughout the cell
cycle and reducing UR-DNA.

Although there are associations between chromatin bridges and UR-DNA, a
better analysis of error-prone chromosome segregation post RS may be
quantification of UFBs. UFBs were first visualised in 2007, after identification of
BLM-stained DNA bridges which did not stain for DAPI (Chan et al., 2007). Now
known to contain uncondensed DNA, they are much more prevalent than
chromatin bridges, existing in all cells in early anaphase before numbers begin to
decline (Liu et al., 2014). FS-UFBs arise under RS conditions, and form between
pairs of foci containing DNA repair proteins FANCD2 and FANCI (Chan et al.,
2009, Naim and Rosselli, 2009). FS-UFBs are believed to arise at CFS due to UR-
DNA, and UFBs correlate with 53BP1NB numbers (Moreno et al., 2016), so it may
be useful to analyse their presence to further characterise the UR-DNA and CFS
relationship. Additionally, inefficient resolution of FS-UFBs gave rise to
micronuclei containing CFS DNA, so may explain CAiPi-associated increases in

micronuclei (Chan et al., 2009).

10.6 Replication-associated transcriptional signature

Based on mechanistic investigations, a transcriptional signature of CAiPi
sensitivity was curated. The signature included genes in the CMG complex which
are critical for origin firing, the re-replication factors CDT1 and CDCé, and
several factors involved in the resolution of UR-DNA including MiDAS factors. This
signature was increased in E2 GSCs compared to E2 bulk cell lines. Additionally,
as the difference between GSC and bulk sensitivity decreased or reversed in R10

and G7 respectively, the difference in signature score decreased. Although
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promising, G7 GSC and bulk cells had comparable signature scores despite G7
bulk cell lines displaying increased sensitivity to targeting of the RS response. It
may be that this signature was more predictive of GSC sensitivity, as opposed to
GSC and bulk relationships. This signature is being explored in a validation cell
line dataset, which should provide more insight into the utility of this as a

predictive biomarker.

Interestingly, this signature predicted survival in several populations of GBM
patients, including in the large CGGA dataset. Accordingly, the top-ranking
patients for signature score had worse survival, suggesting that there is a
population of patients with poor prognosis for which this DNA replication-
associated signature is predictive. However, this signature was not predictive in
several other datasets, including the commonly used TCGA dataset. Since CGGA
was a larger dataset with longer survival results, differences in hazard ratios
could be due to these differences in sample populations. However, the signature
still predicted survival in some smaller datasets with shorter survival analysis. It
may be that lack of heterogeneity within individual datasets may skew results.
The LeeY GBM RNAseq dataset where the signature was predictive was curated
from ten different studies, so likely represents a more diverse population of
patients (Lee et al., 2008). Again, further validation datasets may be warranted

to continue the investigation of the feasibility of this DNA replication signature.

10.7 CAIPi in a preclinical GBM model

A challenge that needs addressed for any studies into proposed GBM therapies is
their ability to cross the BBB. The studies of the novel ATR and PARP inhibitors,
BAY 1895344 and pamiparib, in a GBM PDX murine model identified successful
brain and tumour penetration suggesting that these inhibitors cross the BBB to
some extent. At one hour, 20mg/kg BAY1895344 T/P ratio was as high as 49.1%,
however this dropped to 21.8% after six hours. Conversely, pamiparib T/P ratio
only reached ~20% but remained at those levels after six hours. However,
despite pamiparib having lower T/P and B/P ratios at earlier time points, the
concentrations of pamiparib reached in the tumour and brain were still clinically
relevant and higher than those required to inhibit PARylation in vitro. Whereas
by six hours the concentration of BAY1895344 in brain and tumour were

borderline those required to inhibit phosphorylation of Chk1. By 24 hours both
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pamiparib and BAY1895344 were not present in blood, brain or tumour, which
raises an important question on optimal dosage and scheduling. A potential
confounding factor for earlier time points was that with a highly vascular tumour
such as GBM, inhibitors inside the vascularisation are likely also being measured,
however it would be difficult to differentiate them. Since BAY1895344 was not
retained in the brain as efficiently as pamiparib, future characterisation of
BAY1895344 as a target of P-gp and BCRP efflux pumps may be useful, as the
ATRi VX970 was found to have limited BBB penetration due to these transporters
(Elmquist, 2019). The authors found that a P-gp and BCRP knockout model had a
22-fold increase in B/P ratio for VX970 versus a WT model. Pamiparib appears to
be a promising brain and tumour penetrant PARPi. However, olaparib did not
show brain penetrance in pre-clinical models but was present in every sample at
pharmacodynamically significant levels as investigated by the OPARATIC trial
(Hanna et al., 2020), which highlighted discrepancies between preclinical
models and the clinic and the requirement for validation of any findings in GBM

patients.

Activities of both ATR and PARP inhibitors are S phase dependent, and therefore
it could be postulated that optimal efficacy in vivo may be reliant on prolonged
exposure. The dose regimens investigated by this thesis provided only short
exposures and more work is required to study the optimal schedule and dose for
clinical translation. A twice daily regimen will likely prove most beneficial to
ensure prolonged exposure to both inhibitors. Additionally, investigations are
required for scheduling with IR. The study in this thesis dosed with CAiPi and
then irradiated within one hour, however it is now known that the presence of
the inhibitors in the brain and tumour was reduced between one and six hours.
We therefore propose that irradiating one hour before dosing with CAiPi would
provide maximal efficacy of this combination, as the concentrations of the
inhibitors will peak as the cancer cells are responding to IR-induced damage and

stress. Optimising scheduling requires further investigations and validation.

10.8 Concluding remarks

Highly heterogenous responses to CAiPi, genomics and transcriptomics within
this GSC panel presented a challenge in mechanistic in vitro investigations and

biomarker discovery, but also represents the highly heterogenous nature of GBM.
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Despite the discovery that increased RS in GSCs was not solely predictive of
CAiPi-sensitivity, the studies within this thesis identified dysregulated
replication and associated genomic instability in CAiPi-sensitive GSCs. We
propose that CAiPi-sensitivity is driven by this loss of replication coordination
leading to chromosomal damage as cells move through S phase, as summarised in
Figure 10.2. Accordingly, a transcriptomic signature which was curated based on
these mechanistic investigations appears to have promising applicability in
predicting CAiPi-sensitivity in vitro and in identifying a population of GBM

patients with poor survival that may benefit from CAiPi.

Further work is required to fully validate this proposed mechanism. Since we
propose that re-replication early in S phase is resulting in UR-DNA at genomic
regions replicating later in S phase, inducing exogenous re-replication using
overexpression of CDT1 to assess the effect on 53BP1NB numbers would be
useful. It would also be of interest to investigate if a reduction in origin firing
affects re-replication, to challenge the hypothesis that origin relicensing is
driving re-replication. Lastly, for validation of this mechanism the effects of
exogenous dNTPs or other exhaustive replicative factors could be analysed for
their effects on 53BP1NB and CAiPi sensitivity. Investigating MiDAS both at
baseline as a potential mechanism for GSCs to withstand increased RS and after
CAiPi to investigate its role in maintaining chromosomal stability would be

valuable, since it has been implicated in the transcriptomic data.

These data highlight that CAiPi is potently cytotoxic to a population of GSCs
which can be selectively identified by a curated transcriptomic signature. This
thesis would argue that targeting RS and the RS response represents a promising
therapeutic strategy for selectively targeting this population of treatment
resistant, recurrence-driving cancer cells to improve disease control, alleviate

symptoms and improve clinical outcomes in GBM.
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