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Abstract

Abstract

Clear-cell renal cell carcinoma (ccRCC) is the most common form of renal cell carcinoma
(RCC) and is often characterised by von Hippel-Lindau gene (VHL) inactivation, causing
constitutive upregulation of downstream hypoxia-inducible factor (HIF) targets. Despite
recent advances in understanding the molecular mechanisms surrounding ccRCC tumour
progression, ccRCC patients are often resistant to both radiotherapy and chemotherapy. Cell
lines isolated from ccRCC patients provide an ideal opportunity to analyse the reasons

behind radioresistance and chemoresistance.

The VHL-mutant cell line, RCC4-VHL -/-, is expected to be more resistant to ionising radiation
(IR) and chemotherapeutic agents, compared to the complementary VHL-wild type cell line,
RCC4-VHL WT. Although I did not find any measurable impact on sensitivity to IR, RCC4-VHL
-/- showed greater resistance to chemotherapeutic agents. | discovered that RCC4-VHL -/-
had greater expression of several DNA repair components, notably tyrosyl-DNA
phosphodiesterase 1 (TDP1) and phosphorylated nuclear mitotic apparatus protein
(PNuMA). In addition, TDP1 was found to be a direct or indirect target of HIF2a, suggesting
that the HIF pathway is responsible for enhancing resistance to chemotherapeutic agents.
Surprisingly, | did not find any measurable impact on chemosensitivity following siRNA or
CRISPR-Cas9 mediated downregulation of HIF2a, suggesting HIF2a-independent

mechanisms are involved in the DNA damage response.

| also investigated the contribution of Hif in zebrafish to genoprotection, confirming
previous literature identifying pharmacological Hif activation as sufficient to protect
zebrafish embryos from genotoxic stress. However, | identified downregulation of Tdp1 in
vhl-mutant zebrafish embryos, suggesting Tdpl-independent mechanisms are involved. Due
to the presence of the tumour microenvironment in zebrafish, future experiments need to
incorporate both cell lines and zebrafish when analysing HIF-mediated genoprotection due

to the unique advantages associated with both models.

Xiv



Introduction

Chapter 1 Introduction

1.1. Oxygen homeostasis
Oxygen is a crucial element that most living organisms require to survive. Ambient air is
composed of 21% oxygen (150 mm Hg). However, physiological normoxia in human
embryonic and adult cells can fall between 2-9% oxygen (14.4-64.8 mm Hg). Some regions of
the human body have abnormally low oxygen concentrations which can fall as low as 1%.
Low oxygen in bone marrow contributes to the growth and differentiation of stem cell
niches (Simon and Keith, 2008), whilst kidney medulla has a high discrepancy between
blood supply and oxygen tension due to the parallel arrangement of renal arteries and
veins, allowing oxygen to diffuse from arterial system to venous system before diffusion into

capillaries, causing variable oxygen supply in the kidney (Eckardt et al., 2005).

Decreased oxygen levels, known as hypoxia, are usually defined as a reduction in oxygen
levels compared to normal for each cell type (Bhutta et al., 2022). Intermittent periods of
hypoxia have been shown to be important for controlling embryonic cardiovascular
development, vascularisation, and forming the nervous system (lyer et al., 1998; Ryan et al.,
1998; Webb et al., 2009). Hypoxia can trigger distinct transcriptional responses that help
cells overcome challenges associated with low oxygen. A well-known early discovered
example is the body’s response to acute hypoxia at high altitudes, such as those found on
mountains, which causes an increased production of red blood cells to improve oxygenation
(Viault, 1890). Therefore, hypoxia is important both in proper organism development, as

well as a stressor that cells need to respond to.

Oxygen homeostasis is crucial to ensure normal development, promote cell survival, and
prevent disease. Cells will respond to hypoxia by upregulating transcription factors to
maintain sufficient oxygenation and shift aerobic adenosine triphosphate (ATP) generation
to anaerobic ATP generation (Cummins and Taylor, 2005). One of the main pathways
involved in moderating the cellular response to hypoxia is orchestrated by the hypoxia-
inducible factors (HIFs). The upregulation of HIFs causes the increased transcriptional

activation of genes that promote angiogenesis, thus improving oxygen delivery to tissues
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(Majmundar et al., 2010). Hypoxic cells are a common feature of many tumours, with
chronic hypoxia stimulating adaptation mechanisms allowing tumours to form new and
disorganised blood vessel networks with insufficient oxygen supply, allowing for the
selection of cells able to withstand changing oxygen levels in the microenvironment (Gupta

and Massagué, 2006).

1.2. Hypoxia-inducible factor pathway

1.2.1. HIF isoforms
The HIF family of transcriptional activators was identified by establishing the presence of an
oxygen-responsive transcriptional enhancer in erythropoietin gene (EPO), which is
transcriptionally upregulated under hypoxia (Goldberg et al., 1988). The oxygen-responsive
transcriptional enhancer was also found in numerous other oxygen-responsive genes,
altogether stimulating various mechanisms that promote cell survival, such as angiogenesis,
cell growth, mitochondrial function, and influencing metabolism. The enhancer was termed
the hypoxia-responsive element (HRE) and has a core sequence of 5'-RCGTG-3’ (Semenza et
al., 1996). Wang and Semenza (1993a) identified the nuclear factor that is bound to HRE and
termed it hypoxia-inducible factor 1 (HIF1), which is required for the transcriptional
activation of HRE. A direct link between HIF1 and oxygen levels in cells became clear when
increasing concentrations of oxygen caused a drop in HIF1 levels, in both mammalian cells

and Drosophila melanogaster cells (Wang and Semenza, 1993b; Nagao et al., 1996).

HIF is a heterodimeric protein consisting of an alpha protein (HIFa) and a beta protein
(HIFB/ARNT). The alpha and beta proteins contain one N-terminal basic helix-loop-helix
(bHLH) domain, which mediates DNA binding, and a Per-ARNT-SIM (PAS, consisting of PAS-A
and PAS-B) domain, which mediates dimerisation (Bersten et al., 2013). In alpha isoforms,
there is also an oxygen-dependent degradation (ODD) domain that controls protein stability,
as well as an N-terminal transactivation domain (NTAD) involved in target gene activation. A
nuclear translocation sequence (NLS) aids in transfer of HIFa through the nuclear pore
complex. Lastly, in both alpha and beta isoforms, there is a C-terminal transactivation

domain (CTAD) contributing to target gene activation. The beta subunit is constitutively
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expressed, whilst the alpha subunits respond strongly to oxygen concentration by having an
increased expression under hypoxia (Jaakkola et al., 2001). Under stimulatory conditions,
HIFa enters the nucleus and forms a complex with HIFB, which binds to HRE on HIF-
responsive genes and can also recruit p300/CREB-binding protein (p300/CBP) transcriptional
co-activators (Arany et al., 1996; Webb et al., 2009).

Three genes encoding for HIFa subunits have been subsequently identified in mammalian
systems. The alpha chains are HIF1la, HIF2a, and HIF3a. HIF1a is widely expressed, whilst
HIF2a is more localised to specific tissues, including kidney, vascular endothelial cells, lung,
and liver (Bertout et al., 2009; Rankin et al., 2009; Stransky et al., 2022). Meanwhile, three
genes encode for different HIFB subunits with varying expression profiles. HIF1p is widely
expressed in all tissues (Carver et al., 1994), HIF2p is localised to central nervous system
and kidney (Drutel et al., 1996), whilst HIF3p is limited to brain and muscle (Shimba et al.,
2005). The functions of HIF23 and HIF3p are not fully understood, although HIF2B is a
paralogue of HIF1B (Bersten et al., 2013) and has been reported to have a role in the central

nervous system’s response to hypoxia (Maltepe et al., 2000).

HIF3a is more distantly related to HIF1a/HIF2a and its precise roles and expression are less
understood. Unlike HIF1a/HIF2a, HIF3a lacks an NLS, whilst CTAD is replaced by a leucine
zipper mediating protein-protein interactions (Ravenna et al., 2016). Some splice variants of
HIF3a have been found to be induced under normoxia by HIF1a, whilst HIF1la and HIF2a
appear to induce HIF3a during hypoxia (Tanaka et al., 2009; Augstein et al., 2011). HIF3a has
also been found to act as a negative transcriptional regulator of HIF1a/HIF2a by preventing
their nuclear translocation. Therefore, HIF3a appears to be involved in a negative-feedback
loop that can fine-tune hypoxic response (Heikkila et al., 2011). Several splice variants of
HIF3a have been discovered, although the precise functions of splice variant remain not
fully understood (Ravenna et al., 2016). The different domains of each HIF subunit of

interest are summarised in Figure 1.1.
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1.2.2. Modulation of HIFs

Many diseases that have rapidly expanding cells with poor vasculature contain hypoxic
cores, such as clear-cell renal cell carcinoma (ccRCC, discussed in Section 1.3). HIFs are key
transcription factors for hypoxia-responsive genes; therefore, HIF modulation is crucial to
prevent aberrant cellular growth. One of the key proteins involved in regulating HIF protein
stability is the tumour suppressor von Hippel-Lindau (VHL), which has been implicated in
VHL disease, whereby patients were identified as having high levels of EPO as well as
increased angiogenesis. Indeed, several genes that had previously been identified as being
regulated by HIF1a were insensitive to oxygen in cell lines lacking functional VHL, such as
VEGF and PDGFB which are all involved in angiogenesis. Therefore, the overproduction of
these genes in such cells appears to lead to increased angiogenesis and cell survival
(liopoulos et al., 1996). Gene cloning established a biochemical link between VHL and HIF,

in which VHL was shown to be responsible for normoxic breakdown of HIF.

Further work has now established a model of VHL-HIF signalling. Under normoxic conditions
in the cellular environment, prolyl hydroxylases (PHDs) utilise oxygen as a substrate to
hydroxylate HIFa subunits. Alongside oxygen, PHDs also require Fe*?, 2-oxoglutarate, and
ascorbate as co-substrates (Webb et al., 2009). Hydroxylated HIFa is recognised by VHL,
which acts as the recognition part of an E3 ubiquitin ligase complex, leading to proteasomal
degradation via ubiquitination of HIFa. The other components of the E3 ubiquitin ligase
complex are elongin B (ELB), elongin C (ELC), cullin-2 (Cul2), and RING-box protein 1 (Rbx1).
PHDs are inactivated under hypoxia as they can no longer use oxygen as a substrate.
Therefore, HIFa subunits stabilise and translocate to the nucleus where they can form
functional heterodimers with HIFB subunits, leading to downstream binding of HRE in target

genes (Haase, 2009). This pathway is summarised in Figure 1.2.

There are three PHDs, PHD1-3, of which PHD2 is the main mediator of HIF1a hydroxylation,
whilst HIF2a is preferentially regulated by PHD1 and PHD3 (Appelhoffl et al., 2004). Despite
low oxygen during hypoxia, PHD3 is transcriptionally upregulated as it is a transcriptional
target of HIFa. This has been suggested as an intrinsic feedback mechanism to prevent
excessive hypoxic signalling (Appelhoffl et al., 2004). PHD-mediated hydroxylation occurs by

hydroxylating two proline residues within the ODD domain of HIFa (Minamishima et al.,
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2009). However, HIF3a only contains one hydroxylated proline residue in its ODD. VHL
complex can bind to this singular hydroxylation site; however, it does not seem to be highly
effective at inducing proteasomal degradation of HIF3a (Maynard et al., 2003; Ravenna et
al., 2014). In addition to PHDs, HIFa can also be modulated by the aspariginyl hydroxylase
factor-inhibiting HIF (FIH), which hydroxylates HIFa on asparagine residues located in CTAD.
This prevents the recruitment of p300/CBP to HIF, reducing HIF transcriptional activation

and fine-tuning hypoxic response (Hashimoto and Shibasaki, 2015).
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Figure 1.1: HIF isoforms have similar and differing functional domains. The three subunits of HIFa (HIF1a,
HIF2a, and HIF3a) all contain a basic helix-loop-helix (bHLH) domain important for DNA binding as well as a
Per-ARNT-SIM (PAS) domain for dimerization. HIFa subunits contain an oxygen-dependent degradation (ODD)
domain, which is the site of hydroxylation (OH) by prolyl hydroxylase enzymes. In humans, HIFla is
hydroxylated at proline (Pro) residues Pro402 and Pro564. HIF2a is hydroxylated at Pro405 and Pro531. HIF3a
is hydroxylated at Pro490. VHL complex binding occurs at hydroxylation sites of HIFa. An N-terminal
transactivation domain (NTAD) is located within ODD. NTAD, alongside C-terminal transactivation domain
(CTAD), are responsible for target gene activation. HIF1B only contains a CTAD. A leucine zipper (LZIP) replaces
CTAD in HIF3a, which mediates protein-protein interactions. HIF1la and HIF2a contain nuclear localisation
sequences (NLS) which aid in directing HIF1o/HIF2a towards the nucleus. HIF1a and HIF2a contain a
hydroxylation site within CTAD on asparagine (N) residues N803 (HIF1a) and N851 residue (HIF2a). This
hydroxylation site allows for the binding of factor-inhibiting HIF (FIH), which modulates hypoxic response by
inhibiting HIF transcriptional activation. Figure adapted from Ravenna et al., (2016) and created in

Biorender.com.
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Figure 1.2: VHL/HIF pathway. Under normal oxygen levels in the cellular environment, prolyl hydroxylase
enzymes (PHDs) are activated, causing them to utilise oxygen in the atmosphere to form a hydroxylation site
(OH) on HIFa. These hydroxylation sites allow binding of the VHL complex to HIFa. The VHL complex consists of
the VHL protein, ELB, ELC, Cul-2, and Rbx1. The binding of this complex to HIFa attracts ubiquitin proteins (Ub)
to HIFa, causing it to break down via proteasomal degradation. Under low oxygen levels in the cellular
environment (hypoxia), PHDs are inactivated. Therefore, the HIFa hydroxylation sites are not created,
preventing the VHL complex from binding to HIFa, allowing HIFa to accumulate and translocate downstream
to the nucleus, whereby it forms a dimeric complex with HIF1f. This dimeric complex binds to a specific stretch
of DNA present in some genes known as the hypoxia response element (HRE), causing the induction of target
genes that promote cell survival, proliferation, angiogenesis, and several other pathways. Figure created in

Biorender.com.
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1.2.3. The response to hypoxic stress by HIFs

HIF1a and HIF2a share many structural similarities and often overlap in expression pattern
and function. However, they also play nonredundant roles and both are required for oxygen

homeostasis.

1.2.3.1.  Metabolism
Oxygen is involved in mitochondrial aerobic respiration to produce ATP, which is involved in
providing energy. To maintain homeostasis under hypoxia, metazoans have developed
adaptation mechanisms preventing a mismatch between ATP demand and supply (Semenza,
2007). One of the ways to achieve this is reducing the reliance on oxygen by stimulating a
shift from aerobic metabolism to anaerobic metabolism, which does not rely on oxygen as
the final electron acceptor in the mitochondria, but takes place in the cytoplasm instead
where pyruvate is used as the final electron acceptor, producing lactate (Mdller et al., 2012).
HIF1a activation promotes the expression of glucose transporters and glycolytic enzymes to
facilitate anaerobic metabolism. Pyruvate dehydrogenase kinase 1 (PDK1), which is
upregulated by HIF1a, inactivates the catalytic subunit of pyruvate dehydrogenase (PDH) to
prevent the conversion of pyruvate to acetyl-CoA, which is an important step in aerobic
metabolism. PDK1 also diverts carbon away from the mitochondria, preventing carbon use
in cellular respiration. Another protein upregulated by HIF1a is lactate dehydrogenase A
(LDHA), which converts pyruvate to lactate. The upregulation of both PDK1 and LDHA by
HIF1la thus diverts pyruvate away from aerobic metabolism in the mitochondria towards
anaerobic metabolism in the cytoplasm (Holness and Sugden, 2003; Heiden et al., 2009).
However, this is unsustainable in humans due to low yields of ATP production (Mdiller et al.,

2012).

HIF1a upregulation via hypoxia reduces ATP production in the mitochondria by lowering the
activity of the mitochondrial electron transport chain (ETC), which is the site of oxidative
phosphorylation in the mitochondria (Wheaton and Chandel, 2011). Hypoxia decreases the
activity of cytochrome c oxidase (COX), which is responsible for transferring electrons to
oxygen in the mitochondria during respiration. To prevent COX activity becoming too low so
that cells are unable to survive, HIF1a upregulation induces the COX4-1 subunit to switch to

COX4-2 through increased mRNA/protein synthesis of COX4-2, and degradation of COX4-1
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via upregulating the mitochondrial LON protease. The precise functional relevance of this
subunit switch is unclear, but it is hypothesised to optimise ETC activity under hypoxic

conditions (Fukuda et al., 2007; Douiev et al., 2021).

HIF2a has also been reported to have distinct roles in modulating metabolism during
hypoxia. Antioxidant genes, such as SOD2, are upregulated by HIF2a to suppress reactive
oxygen species (ROS) that accumulate during hypoxia. This was initially demonstrated in
murine models (Scortegagna et al., 2003) and then observed in ccRCC cell lines (Bertout et
al., 2009). In addition, under hypoxic stress HIF2a reprogrammes lipid metabolism to shuttle
lipid-derived carbon away from the mitochondria and promotes lipid storage in droplets

(Qiu et al., 2015).

1.2.3.2. Vascular response

HIFs are known to play an important role in regulating angiogenesis genes during both
embryonic development and in adults, particularly in a pathological setting (Rey and
Semenza, 2010). In response to oxygenated blood not reaching tissue, such as in ischaemia,
HIF1a/HIF2a upregulate pro-angiogenic genes that stimulate blood vessel formation,
increase vessel permeability, and increase red blood cell formation. These responses restore
the delivery of oxygenated blood to ischaemic sites, restoring normal function (Majmundar
et al., 2010). In contrast to regular blood vessels, tumour vasculature is notably leaky and
disorganised, favouring continued tumour growth beyond the reach of oxygenated blood

(de Heer et al., 2020).

1.2.3.3. Inflammation

HIF function has high degree of overlap with nuclear factor-kB (NF-kB) function in
inflammatory diseases. Inflammation is an important part of the body’s immune defence
mechanism, whereby the immune system recognises and removes harmful stimuli, followed
by a healing process. Chronic inflammation can result from a failure to eliminate a particular
stimulus, or the immune system attacking normal cells of the body (Furman et al., 2020).

There is some crosstalk between hypoxia and inflammation in diseases, with several
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diseases, such as rheumatoid arthritis and inflammatory bowel disease, expressing
combined areas of hypoxia and inflammation (Gaber et al., 2005; Brown and Taylor, 2018).
A key signal in inflammatory pathways are proteins of the NF-kB family, consisting of five
members that can form any combination of homodimers or heterodimers. In canonical NF-
kB signalling, NF-kB translocates to the nucleus where it activates a complex regulatory
network. Due to the varied dimer combinations that NF-kB can form, multiple different
outcomes can arise from signalling, including apoptosis control, cellular growth, and
carcinogenesis (Perkins and Gilmore, 2006; Biddlestone et al., 2015). Several common target
genes and stimuli exist between HIF and NF-kB, whilst NF-kB also stabilises HIF1a in hypoxic
regions (D’lgnazio et al., 2016). On the other hand, HIF1a appears to repress NF-kB in
inflammatory regions, whilst HIF2a activates inflammatory pathways (Ryu et al., 2014;
Bandarra et al., 2015). Although the exact relationship between HIFs and NF-kB remains not
fully understood, both pathways appear to regulate one another and closely coordinate

signalling.

1.2.3.4. Apoptosis

Apoptosis is programmed cell death that eliminates dangerous or unwanted cells. The
intrinsic apoptotic pathway can be triggered by chemotherapeutic agents; therefore, the
apoptotic response has been studied extensively in cancers with hypoxic regions as these
appear to be more chemoresistant (Sendoel and Hengartner, 2023). The role of HIFs in
apoptosis is not fully understood, with reports suggesting that HIFs could either promote or

inhibit apoptosis.

HIF1a has been implicated in both pro- and anti-apoptotic changes as it has been linked to
causing both upregulation and downregulation of various apoptotic factors (Carmeliet et al.,
1998; Greijer and van der Wall, 2004; Kim et al., 2004; Sasabe et al., 2005; Liu et al., 2006).
In addition, HIF1a has been shown to enlarge mitochondrial morphology by inducing
mitofusin-1, which inhibits apoptosis (Chiche et al., 2010). Due to HIFla’s widespread
expression in human cells, HIF1a may have cell-type specific responses to hypoxia that
causes differential effects on apoptosis, whereby it could be beneficial to protect certain cell
types during hypoxia, such as endothelial cells in vasculature, or it could be beneficial to
eliminate unwanted cells. HIF2a appears to have a clearer anti-apoptotic role, with HIF2a
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linked to negative regulation of pro-apoptotic factors in VHL-deficient cells (Raval et al.,

2005).

p53 is a tumour suppressor protein involved in signalling to the intrinsic apoptotic pathway,
triggering programmed cell death (Ozaki and Nakagawara, 2011). The status of p53 in
hypoxic cells has been under scrutiny in recent years, with contradictory results often found.
Although p53 is the most mutated gene in human cancers, it is not commonly mutated in
ccRCC (Soussi et al., 2000). However, downstream target genes of p53 appear to be
transcriptionally repressed in ccRCC, despite normal activation of p53 through its
accumulation, localisation, and phosphorylation. Several mechanisms have been proposed
for this response, one of which is HIFs competing for the same co-transcription factors as

p53 under hypoxic conditions, such as p300 (Gurova et al., 2004; Diesing et al., 2021).

1.2.3.5. DNA repair
Due to enhanced chemoresistance in several hypoxic cancers, the role of HIFs in DNA repair
mechanisms has been studied recently with contrasting results. HIFs and DNA repair are

discussed extensively later (Section 1.5.4).
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1.3. Clear-cell renal cell carcinoma

1.3.1. Clinical features

Renal cell carcinoma (RCC) is the 6th most diagnosed cancer in men, and the 10th most
diagnosed cancer in women. It is the 13th most common cause of cancer death worldwide
with more than 170000 RCC-related deaths annually, with a greater incidence in older
people, particularly men. Some potential risk factors have been identified, including
comorbidities, environmental causes, and lifestyle choices (Capitanio et al., 2019). RCC
accounts for 80% of all kidney cancers, of which 70-80% of these are described as ‘clear-cell’
(Escudier et al., 2019) due to the appearance of the cancer cells under a microscope, which
have a transparent phenotype due to the accumulation of glycogen and lipids in cellular

cytosol (Ericsson et al., 1966).

VHL disease is an autosomal dominant hereditary cancer, characterised mainly by retinal
angiomas, hemangioblastoma in the cerebellum, and renal cysts and neoplasms (Maher and
Kaelin, 1997). VHL disease follows Knudson’s two hit model (Knudson, 1971), whereby both
copies of the VHL tumour suppressor gene are inactivated in patients (Maher and Kaelin,
1997). In more than 70% of VHL cases, patients present with ccRCC, which is the most
common cause of death in patients (Maher et al., 1990). ccRCC develops in the proximal
tubular cells and metastasises to other regions in 25% of cases. The tumours are solid yellow
masses characterised by cortical lesions, haemorrhaging, and necrosis in some regions
(Mittal and Sureka, 2016). Due to the tumour obstructing the urogenital tract in the
abdomen, patients often present with flank pain as an early symptom. This can be combined
with blood in urine (haematuria), due to tumour infiltration into the renal medulla, and
oedema in the lower extremities (Mohamed et al., 2015; Hsieh et al., 2017). Upon further
investigation, patients can present with several paraneoplastic symptoms, including hepatic
dysfunction, increased blood cell production (erythropoiesis), increased calcium in blood
(hypercalcaemia), and low blood glucose (hypoglycaemia) (Palapattu et al., 2002; Souma et

al., 2016).

1.3.2. Molecular characterisation

Almost 100% of hereditary ccRCC cases arise from patients who also have VHL disease
(Maher, 1996). These patients have a mutation in VHL, causing the VHL protein to become

12
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non-functional. In non-hereditary cases of ccRCC, 80% arise due to biallelic inactivation of
VHL, either due to mutations or methylation (Brugarolas, 2014). Non-functional VHL in
ccRCC patients causes the VHL/E3 ligase complex to be unable to bind to hydroxylated sites
on HIFa under normoxia. Therefore, the proteasomal degradation of HIFa is perturbed,
causing a constitutively increased expression of HIFa, allowing HIFa to translocate to the
nucleus and bind to HIF1B forming the HIF heterodimeric transcription factor, which binds
to HRE and activates HIF-target genes (Krieg et al., 2000). There are several other mutations
that commonly occur in ccRCC, which can either be in combination with or separate from
VHL mutations. VHL appears to be the driver gene inactivated in a majority of ccRCC
patients, followed by inactivation of several other genes. In total, there are approximately
19 significantly mutated genes in ccRCC patients, of which the following eight are the most
common: VHL, PBRM1, SETD2, KDM5C, PTEN, BAP1, MTOR, and TP53. The most common
chromosomal alteration, which occurs in 91% of ccRCC cases, is the loss of chromosome 3p,
encompassing four of the commonly mutated genes (VHL, PBRM1, BAP1, and SETD2)
(Brugarolas, 2014).

VHL inactivation can occur due to mutations or hypermethylation (Nickerson et al., 2008).
Inactivation often occurs in two stages, whereby one allele is inactivated via a mutation,
followed by deletion of chromosome 3p. In some cases, a chromosomal deletion is followed
by the duplication of chromosome 3 containing mutated VHL causing copy-neutral loss of
heterozygosity (LOH) (Sato et al., 2013). VHL mutations often introduce a premature stop
codon, causing aberrant protein translation (Merla et al., 2009; Taylor et al., 2012; Perrotta
et al., 2020). Meanwhile, many missense mutations cluster at the interface between VHL
and ELC, preventing the formation of the VHL/E3 ligase complex required for HIFa
degradation. Interestingly, the gene for ELC, TCEB1, is itself mutated in a small percentage
of ccRCC cases, exclusively alongside VHL mutations (Stebbins et al., 1999; Sato et al., 2013).
In a study by Sato et al., (2013), they found the VHL/E3 ligase complex inactivated in 92% of
ccRCC patients, of which 66% were mutations, 21% were caused by increased methylation,
and 5% were caused by TCEB1 inactivation, highlighting the crucial role of VHL inactivation
in a majority of ccRCC patients. The impact of VHL inactivation in ccRCC patients is

summarised in Figure 1.3.
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Figure 1.3: VHL inactivation in ccRCC patients causes a constitutively upregulated HIF pathway. The VHL
complex is unable to bind to hydroxylation sites (OH) on HIFa under normoxia. Therefore, ccRCC patients have
a constitutively active HIF pathway as HIFa is not degraded by the proteasome. Figure created in

Biorender.com.
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1.3.3. Current and emerging treatments

During the early stages of ccRCC before metastasis, treatments can include surgery to
remove the affected kidney region (partial nephrectomy) or the whole kidney (radical
nephrectomy). In metastatic disease, a nephrectomy is only effective if all metastatic sites
are removed. Therefore, nephrectomy has limited effectiveness in advanced ccRCC
(Flanigan et al., 2004). After metastasis, treatments often move towards targeted drug
therapy. An early strategy to treat ccRCC was to exploit the immune system via cytokines,
which modulate the immune system. Cytokines, such as interferon a (IFNa) and interleukin
2 (IL2), endogenously boost the immune system via various mechanisms, slowing tumour
development. Therefore, administering these cytokines exogenously has anti-cancer effects
(Pyrhonen et al., 1999; Sim and Radvanyi, 2014). However, cytokine therapy has several
adverse effects due to the high doses required, so it is no longer considered a first-

treatment option (Totsuka et al., 1989; Shah et al., 2021).

At the turn of the 21t century, specific pathways implicated in ccRCC progression were
targeted for a more direct response. One of the major phenotypes observed in ccRCC is
increased angiogenesis caused by high levels of vascular endothelial growth factor (VEGF),
which are targets of HIFs (Mazumder et al., 2023). Targeting either VEGF or its receptor
(VEGFR), have successfully been used to reduce tumour invasion via angiogenesis. The most
well-established class of drugs are the tyrosine kinase inhibitors (TKIS), such as sorafenib
and sunitinib, which inhibit VEGF signalling by modulating VEGFR (Comandone et al., 2021).
TKIs are currently used as first-line treatments as they have less side effects compared to
cytokines and more patients respond positively to TKls (Michaelis et al., 2022). The
mammalian target of rapamycin (mTOR) pathway is also hyperactivated in ccRCC and is
involved in neovascularisation (Pal and Figlin, 2010). Therefore, mTOR inhibitors, such as
temsirolimus, have been used as an alternative drug to target angiogenesis (Oudard and
Elaidi, 2012). Although adverse effects occur when patients are treated with either VEGF
inhibitors or mTOR inhibitors, it is often the drug resistance occurring a few months after
the initial treatment that causes major issues (Gacche and Meshram, 2014), as well as

heterogeneity in tumour cells that cause varying sensitivity to drugs (Fisher et al., 2013).
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Another strategy to treat ccRCC patients is by targeting the innate ability of tumours to
escape the immune system. Tumours overexpress certain ligands, such as programmed cell-
death ligand 1 (PD-L1), which causes inhibition of the immune system to target tumours for
cell death (Kornepati et al., 2022). These are known as immune checkpoint ligands, which
can be inhibited using immune checkpoint inhibitors (ICls), increasing the aggressiveness of
the immune response. ICls are clinically effective in ccRCC patients with PBRM1 inactivation,
which occurs in 40% of ccRCC cases (Gu et al., 2021). PBRM1 encodes for the tumour
suppressor BRG1-associated factor 180 (BAF180), which is a subunit of a polybromo BRG1-
associated factor (PBAF) subtype of the SWI/SNF chromatin remodelling complex. Loss of
BAF180 causes the formation of unstable PBAF, leading to aberrant recruitment of PBAF to
specific loci and abnormal target gene expression (Thompson, 2009; Gao et al., 2017). In
addition, the loss of BAF180 has been associated with an upregulation of immuno-
stimulatory genes (Miao et al., 2018). ICls are used in combination with VEGF inhibitors and
mMTOR inhibitors, combatting drug resistance. Combination therapy shows increased survival
in ccRCC patients; however, a complete durable response is rarely seen (Yu et al., 20213;

Ince and Eisen, 2022).

Conventional radiotherapy is often only used in ccRCC patients as a method to control local
tumour growth and limit metastasis, as ccRCC is traditionally considered to be a
radioresistant tumour (de Meerleer et al., 2014). The mechanisms behind radioresistance
are not fully understood, but several explanations have been suggested, including
upregulation of DNA damage checkpoint response to repair radiation-induced DNA breaks
in tumour-initiating cells (Li et al., 2017a) and upregulation of long non-coding RNAs that
modulate apoptosis and DNA repair (Jiang et al., 2020). However, recent trials have
suggested that stereotactic body radiation therapy (SBRT), which consists of higher radiation
doses in fewer fractions, can be used to treat ccRCC as opposed to conventional radiation
doses (Kirste et al., 2022), although these trials have involved small patient numbers, so it is
unclear if this applies generally to all ccRCC cases. In addition, SBRT has been shown to
synergise with immunotherapy (Liu et al., 2021), which could be beneficial in ccRCC patients
who have previously shown toxicity to combinatorial drug treatment strategies (Msaouel et
al., 2018). Overall, the literature surrounding radioresistance in ccRCC remains in early

stages and more research is required to understand the genetic contributions, as well as
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understanding how ccRCC patients with different genetic backgrounds respond to
radiotherapy. In addition, it is crucial to understand why SBRT appears to be more effective

in ccRCC patients compared to conventional radiotherapy.

There are several new targeted drugs that are currently in clinical trials or have recently
been approved for treating patients. The most promising emerging drugs are HIF2a
inhibitors, causing downstream target genes to no longer be constitutively upregulated in
ccRCC patients (Wallace et al., 2016). HIF2a had been previously considered undruggable
(Koehler, 2010), but the development of the HIF2a inhibitor PT2385 has provided clinicians
with a new strategy to treat ccRCC by targeting a hydrophobic pocket unique to the HIF2a
PASB domain and absent in HIF1a, which allosterically disrupts dimer formation between
HIF2a and HIF1B (Wallace et al., 2016; Cowman and Koh, 2022). HIF2a is considered the
main promoter of an aggressive phenotype in ccRCC; therefore, its downregulation is also
thought to have therapeutic potential (Kondo et al., 2003). Initial results showed that
PT2385 was well-tolerated by patients and led to disease stabilisation or remission in 52%
and 14% of patients, respectively (Courtney et al., 2018). The second generation HIF2a
inhibitor, PT2977 (also known as Belzutifan), is more potent and selective than PT2385 and
has recently been approved by the U.S. Food and Drug Administration (FDA) for treating
ccRCC patients (Fallah et al., 2022). In a clinical trial, 49% of patients with VHL-associated
ccRCC responded positively to Belzutifan, causing a reduction in renal tumour size with low-
grade adverse effects, demonstrating the potential of HIF2a inhibition for treating ccRCC

(Bensalah et al., 2022).

Current lab trials have focused on utilising bioinformatics and omics technology to find
novel targets of ccRCC (Chen et al., 2021b; Zhao et al., 2022). Furthermore, although there
are well-known non-VHL mutations in ccRCC such as PBRM1, BAP1, and SETD2, there are

currently no drugs targeting these proteins.

ccRCC remains a difficult disease to treat due to its resistance to chemotherapy and
radiotherapy. Patients can require a combination of several treatments that target different
pathways and often find that they develop resistance over time to treatments (Makhov et
al., 2018; Rossi et al., 2021). Genetic and epigenetic changes have been implicated in
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potentially enhancing radio- and chemoresistance, such as greater efficiency at repairing
DNA breaks, downregulation of apoptotic pathways, and histone modifications altering drug
transporters (Acharya et al., 2022). Understanding the molecular mechanisms surrounding
ccRCC radio- and chemoresistance are crucial to reduce the need of providing dangerously
high doses of therapeutic agents and to resensitise patients to safer doses. In addition, this
will allow for more targeted therapy that will be dependent on the genetic background of

each ccRCC patient.

1.3.4. ccRCC models

1.34.1.  Celllines
Primary cells taken directly from patients have a finite lifespan and do not expand rapidly.
Therefore, a constant supply of donors would be required to perform large-scale
experiments with reliable results (Richter et al., 2021). In contrast, immortalised cell lines
are transformed to expand rapidly and have a longer lifespan. Furthermore, they are easier
to transfect, allowing for a greater understanding of molecular mechanisms of disease that
can be replicated across many laboratories due to the ease of working with cell lines (Gresch

and Altrogge, 2012; Chong et al., 2021).

Non-tumour cell lines can be used to study the role of hypoxia in ccRCC as HIFs can be
upregulated by using pharmacological mimetics of hypoxia by targeting proteins that
contribute to HIFa degradation. PHDs and FIH require oxygen and 2-oxoglutarate as
substrates and Fe*? as a co-factor for HIFa degradation, so chemicals targeting these
substrates and co-factor have been developed to treat various conditions, such as anaemia,
whereby upregulating HIF-target EPO stimulates angiogenesis (Jaakkola et al., 2001;
Locatelli et al., 2017). Prolyl hydroxylase inhibitors (PHIs), such as Roxadustat, compete with
2-oxoglutarate, preventing formation of the hydroxylation site on HIFa (Hirota, 2021). Some

chemicals prevent the use of Fe*? as a co-factor by PHDs. Cobaltous ions, such as cobalt
chloride, can substitute Fe*? (Munoz-Sanchez and Chanez-Cardenas, 2019), whilst iron

chelators, such as deferoxamine, binds free iron (Cappellini et al., 2009). HIFs can also be
upregulated in cell lines by growing them under hypoxic conditions in a low oxygen
incubator (Matthiesen et al., 2021). Genes upregulated under low oxygen, or by mimicking

hypoxia via pharmacological inhibition of HIFa degradation, do not upregulate the same
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genes as VHL inactivation, suggesting that VHL has a distinct role besides its activity in HIF
modulation (Jiang et al., 2003). Therefore, inducing HIF accumulation in non-mutated cells is
insufficient to replicate the molecular mechanisms of ccRCC. Although HIF expression
features prominently in hypoxic signalling and PHD/VHL inhibition, manipulating each
pathway produces a myriad of effects on other genes that could also influence HIF itself and

its downstream targets.

As ccRCC is the most common form of RCC, there are several available cell lines that have
been studied. One of the first established ccRCC cell lines was 786-0, which is a VHL-
mutated line (introduction of a premature stop codon, p.G104Afs*55) that can form clear-
cell tumours when injected into nude mice. This cell line is characterised by increased
expression of VEGF, which stimulates angiogenesis, and HIF2a. Interestingly, HIF1a
expression appears to be absent in 786-0 due to truncations in HIF1aa mRNA (lliopoulos et
al., 1995). The loss of HIF1la is a common event in many ccRCC cell lines, whilst HIF2a
appears to be present in all cell lines. In 50% of the most commonly reported RCC cell lines
VHL is WT, despite VHL inactivation occurring in a majority of ccRCC tumours (Shapiro et al.,
2022). This has created a discrepancy between the actual molecular mechanisms of ccRCC in

patients and the knowledge gained from established ccRCC cell lines.

The RCC4 cell line was derived from a ccRCC primary tumour deficient in VHL originally
obtained by Professor C.H.C.M. Buys at the University of Groningen, Netherlands (Maxwell
et al., 1999). Similar to 786-0 cells, RCC4 cells can form clear-cell tumours when injected
into mice (Chittezhath et al., 2014). However, RCC4 cells differ from 786-0 cells in that both
HIF1a and HIF2a are constitutively upregulated (Maxwell et al., 1999). Therefore, RCC4 cells
provide an ideal model to study both the VHL-dependent roles of ccRCC tumourigenesis, as

well as the HIF1o/HIF2a-dependent roles.

1.3.4.2.  Zebrafish

Danio rerio (zebrafish) have proven to be an effective vertebrate model at studying rare
genetic diseases and have been successfully used in a variety of settings (Adamson et al.,

2018). Zebrafish embryo development can be tracked easily within the first few hours and

19



Introduction

days post-fertilization due to its transparent body (Kimmel et al., 1995; Vacaru et al., 2014).
In addition, nearly 80% of human disease genes have an orthologous equivalent in zebrafish,
allowing for genetic modification of disease-implicated genes, which has been well-

established, especially using CRISPR (Howe et al., 2013).

Teleosts, such as zebrafish, have a partially duplicated genome that caused multiple copies
of certain genes to arise (Howe et al., 2013). Two human VHL orthologues exist in zebrafish:
the vhl gene and the more distant vhl-like gene (vll). vhl was initially thought to play a major
role in Hif modulation, whilst v/l played a minor role (Chen et al., 1995; Van Rooijen et al.,
2009). The three human HIFa subunits are duplicated in zebrafish, thereby presenting with a
total of six orthologues (Rytkdonen et al., 2013). ccRCC research in zebrafish has mostly
focused on modulating Vhl and VIl to recapitulate the phenotypes observed in ccRCC
patients with VHL inactivation, such as HIF upregulation, as well as less well characterised

downstream targets of VHL.

The van Eeden lab has successfully created a vhl mutant showing strong activation of the Hif
pathway, which can be demonstrated in vivo by using the phd3:EGFP

Hif-activity reporter transgene, leading to GFP expression when Hif is activated
(Santhakumar et al., 2012). Although this is traditionally used to determine Hif activity, it
can also be indirectly used as a reporter for LOH of vh/ on a cell-by-cell basis in an animal
model, as LOH in vh/ leads to strong activation of Hif. LOH can be enhanced by exposing
animals to genotoxic stress. This may be used to identify compounds that could provide a

therapeutic impact in humans (Kim et al., 2020).

1.4. Types of DNA damage

1.4.1. Endogenous DNA damage

1.4.1.1. Replication errors

High fidelity DNA replication is crucial for the accurate transmission of genetic information
across many generations, whilst low fidelity DNA replication maintains genetic diversity

allowing organisms to adapt to changing conditions. DNA replication requires multiple DNA
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replication polymerases of varying fidelity to be involved in DNA replication (Kunkel, 2004).
It is estimated that errors during DNA replication causing single base pair substitutions,
insertions, or deletions accumulate at a frequency of 10 to 10 per cell per generation
(Loeb et al., 2003; Chatterjee and Walker, 2017). Alterations in the cellular environment,
such as deoxyribonucleotide triphosphate or ribonucleotide triphosphate concentrations,
can modulate the fidelity of DNA replication polymerases, increasing the frequency of single
base pair replication errors or modulating DNA replication speed (Kumar et al., 2011;
Forslund et al., 2018). Base insertions and deletions can also occur during DNA replication of
repetitive sequences due to strand slippage (Viguera et al., 2001). A failure to repair single
base pair changes can cause frameshift mutations, resulting in a different translated protein
(Roth, 1974). DNA replication polymerases may also inaccurately incorporate uracil

nucleotides in DNA causing impaired replication (Andersen et al., 2005).

1.4.1.2.  Topoisomerase-induced DNA breaks

Topoisomerase 1 (TOP1) creates transient DNA breaks to prevent supercoiling during DNA
replication, translation, and chromosomal segregation. The binding of TOP1 to DNA creates
a transient complex called TOP1-cleavage complex (TOP1-CC), which is reversible. However,
TOP1-CC removal can stall, leading to collision with a DNA replication fork, transcription
machinery, or a DNA lesion to cause DNA breaks (EI-Khamisy and Caldecott, 2006). Further

information on topoisomerases and the removal of TOP1-CC can be found in Section 1.6.

1.4.1.3.  Spontaneous base deamination

Certain nucleotides can spontaneously lose their exocyclic amine, causing conversion to a
different nucleotide (Chatterjee and Walker, 2017). Whilst this process can occur randomly,
the frequency increases on single-stranded DNA (ssDNA) during DNA replication,

transcription, or recombination (Yonekura et al., 2009).

1.4.1.4.  Abasic sites
Abasic sites (AP sites, also known as apurinic/apyrimidinic sites) are regions of DNA lacking a
purine or pyrimidine base. They are one of the most frequent spontaneous lesions in DNA

and can block DNA replication and translation (Boiteux and Guillet, 2004). Approximately
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1x10* AP sites form daily, which is exacerbated by extreme pH and high temperature. The

removal of AP sites by AP endonuclease can form single-strand DNA breaks (Lindahl, 1993;

Thompson and Cortez, 2020).

1.4.1.5. Oxidative damage

As a by-product of cellular respiration, ROS are produced which serve important functions,
such as acting as a cellular messenger and modulating immune system responses (Henle and
Linn, 1997; Forman et al., 2010; Martinvalet and Walch, 2022). ROS are tolerated at low
levels; however, ROS accumulation can cause oxidative base lesions and 2-deoxyribose
modifications (AbdulSalam et al., 2016; Andrés Juan et al., 2021). Cells can trigger various
mechanisms to limit ROS accumulation and DNA damage, such as reducing mitochondrial
respiration to protect nearby cells or quenching excess ROS by anti-oxidant enzymes, such
as superoxide dismutase (Murphy, 2009; Wang et al., 2018). ROS attack DNA bases and DNA
backbones, causing DNA strand breaks (Hegde et al., 2012; Sharma et al., 2016). Due to the
multiple functions of ROS as well as high ROS levels causing tissue damage, ROS has been
implicated in many diseases, including some cancers, inflammatory and neurological

diseases, and diabetes (Yang and Lian, 2020).

1.4.1.6. DNA methylation

Methyltransferases utilise methyl donors such as S-adenosylmethionine to spontaneously
generate highly mutagenic methylated resides, which can cause nucleotide conversions (Lu,
2000). Methylation via alternative methyl donors are less harmful, but can still cause
cytotoxic effects (Chatterjee and Walker, 2017). Unrepaired methylated DNA bases cause
genomic instability by modifying coding outcomes of protein translation (Sriraman et al.,

2020).

1.4.2. Exogenous DNA damage

1.4.2.1. lonising radiation

Alpha, beta, gamma, neutrons, and X-rays are the types of ionising radiation (IR) present in
our environment that can cause varying amounts of damage directly, or indirectly, to our

DNA. IR can disrupt the molecular structure of DNA directly, leading to cell damage or cell
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death (Chatterjee and Walker, 2017). IR can also cause indirect DNA damage by attacking
surrounding water molecules to produce free radicals, such as hydroxyl and alkoxy, which
can cause base lesions similar to that of ROS as well as forming DNA strand breaks (Vignard

et al., 2013; Desouky et al., 2015).

1.4.2.2. Ultraviolet radiation

Ultraviolet (UV) radiation is classified into three categories based on wavelength range: UV-
A (320-400 nm), UV-B (290-320 nm), and UV-C (190-290 nm) (Chatterjee and Walker, 2017).
UV rays emanate from the sun and can be absorbed by DNA with maximal absorption
occurring at 260 nm. Therefore, UV-C absorption by DNA is the most harmful, but as the
ozone layer filters out a majority of emitted UV-C, most UV absorbed by DNA is UV-A and
UV-B. Nevertheless, residual UV-C passing through the ozone layer can still cause
considerable DNA damage by covalently linking adjacent pyrimidine dimers, producing
lesions such as cyclobutene pyrimidine and pyrimidine (6-4) pyrimidone photoproducts
(Hoeijmakers, 2009). These lesions are able to distort the DNA helix, which contributes to
mutagenesis via improper DNA replication (Chan et al., 1985). UV-induced DNA damage is
the leading cause of skin cancer worldwide, which can often emerge decades after initial UV

exposure (Pfeifer, 2020).

1.4.2.3. Chemical agents

There are several chemical agents that can cause DNA damage. Tobacco smoke contains
both alkylating agents and aromatic amines that cause DNA lesions (Scherer et al., 2010; Ma
et al., 2019). Fossil fuels and automobile exhausts produce polycyclic aromatic
hydrocarbons, which are known carcinogens producing reactive intermediaries in the liver
that interact with DNA (Schoket, 1999; Siddens et al., 2015). Several strategies to treat a
variety of cancers are focused on producing chemotherapeutics that predominantly target
cancer cells (due to increased proliferation in cancer cells). These act by damaging DNA or
inhibiting DNA repair (Chatterjee and Walker, 2017). Examples of this include crosslinking
agents, such as cisplatin and psoralen (Yurkow and Laskin, 1991; Chvalova et al., 2007), and

TOP1 poisons, such as camptothecin (CPT) (Liu et al., 2000).
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1.5. DNA Damage Response

Following DNA damage, the DNA damage response (DDR) is activated to maintain genomic
stability. DDR consists of multiple signalling networks that recognise specific DNA lesions
and recruit proteins modulating various responses, including DNA repair, chromatin
remodelling, apoptosis, and cell cycle regulation. Some lesions are repaired efficiently,
allowing DNA to return to a normal state. Other lesions are either repaired inefficiently,
causing DNA to behave differently or DNA remains unrepaired, causing the cell to be
triggered for apoptosis or senescence, thus eliminating unrepaired DNA. The various
pathways are all unique from each other; however, there is overlap between the
components used in each one. Two common pathways are the poly (ADP-ribose)

polymerase (PARP) pathway and phosphatidylinositol 3 kinase-like kinase (PIKK) pathway.

1.5.1. Signal transduction induced by DNA damage

1.5.1.1. Poly (ADP-ribose) polymerase

ADP-ribosylation is a reversible post-translational modification catalysed by the ADP-
ribosyltransferase (ART) protein superfamily, which use NAD* as a substrate to transfer
single or multiple ADP-ribose (PAR) units onto target proteins and nucleic acids. PARP
proteins are an ART member, which recognise DNA breaks via zinc-finger binding motifs
(Palazzo et al., 2017). In the DDR, PARP1 and PARP2 are responsible for transferring multiple
PAR units (PARylation), creating PAR chains on proteins close to DNA breaks, as well as
PARylating themselves. PARylation changes the stability, function, and localisation of nearby
proteins as well as allowing PARP to act as a scaffold for DDR components (Liu et al., 2017).
Due to PARP’s role in coordinating many DDR proteins, PARP inactivation in human cells has
been linked to enhanced DNA damaging agent sensitivity (Gibson and Kraus, 2012). An
important downstream factor of PARP is the PIKK enzyme Ataxia-telangiectasia mutated

(ATM) (Aguilar-Quesada et al., 2007).

1.5.1.2. Phosphatidylinositol 3 kinase-like kinase

PIKK enzymes are a family of protein kinases that activate downstream mediator and

effector proteins. The main enzymes are ATM and Ataxia-telangiectasia and Rad3-related
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protein (ATR), which phosphorylate Ser/Thr-Glu motifs. ATM/ATR phosphorylation occurs
through checkpoint kinase 1/2 (Chk1/Chk2), MAP kinase-activated protein kinase 2 (MK2),
and H2A histone family member X (H2AX). ATM/ATR also autophosphorylate to increase
their stability on DNA breaks. ATM is recruited to double-strand breaks (DSBs) via the
MRE11-RAD50-NBS1 (MRN) complex. ATR is involved in repairing stalled replication forks
and single-strand breaks (SSBs), with ATR recruitment dependent on replication protein A
(RPA) and ATR interacting protein (ATRIP) (Wagh et al., 2020). Other PIKK enzymes with
important DNA repair mechanism roles include DNA-dependent protein kinases (DNA-PKs),
mTOR, serine/threonine-protein kinase SMG1, and transformation/transcription domain-

associated protein (TRRAP) (Imseng et al., 2018).

1.5.2. Nucleotide base repair

1.5.2.1. DNA damage reversal

Small amounts of DNA damage can be directly reversed in an error-free manner.
Photolyases can reverse lesions induced via UV radiation by using blue or near-UV light
(Brettel and Byrdin, 2010). Alkylated bases can be corrected by two enzyme classes. The first
enzyme class is O®-alkylguanine-DNA alkyltransferases, which reverse O-alkylated lesions by
transferring the alkyl group from oxygen of a DNA base to a cysteine residue located inside
the enzyme’s catalytic pocket (Pegg, 2011). The second enzyme class able to remove
alkylated bases are a-ketoglutarate-dependent dioxygenases, which reverse N-alkylated
bases via hydroxylation of alkyl group in an a-ketoglutarate and Fe*>-dependent manner.
The oxidised alkyl group is released as a formaldehyde, restoring the original structure of

the nucleotide base (Falnes et al., 2007).

1.5.2.2. Base excision repair

Base excision repair (BER) corrects lesions that do not cause DNA helix distortion, such as
oxidative deamination and AP site damage. DNA glycosylases, such as 8-oxoguanine
glycosylase (Dizdaroglu et al., 2008), recognise and extract damaged bases. The gap created
is then repaired by DNA polymerase (POL) B or y, followed by ligation with DNA ligase |
(LIG1) or LIG3 and X-ray repair cross complementing protein 1 (XRCC1) (Krokan and Bjoras,
2013).
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1.5.2.3. Nucleotide excision repair

Nucleotide excision repair (NER) removes bulky or multiple base lesions, such as damage
from chemotherapeutic agents or UV-induced lesions. There are two distinct NER branches:

global genome NER (GG-NER) and transcription-coupled NER (TC-NER).

GG-NER takes place across the whole genome, whilst TC-NER occurs when transcription has
stalled. Whilst both branches use the same pathway to cut and excise damaged bases, they
are activated and recognised differently. GG-NER is activated by xeroderma pigmentosum,
complementation group C (XPC) bound to UV excision repair protein Radiation sensitive 23B
(RAD23B) and centrin 2 (CETN2). This complex is also bound to UV-damaged DNA damage-
binding protein (UV-DDB) complex when repairing UV-induced lesions (Fousteri and

Mullenders, 2008).

TC-NER is activated by RNA polymerase Il stalled at a lesion, causing the recruitment of
Cockayne syndrome protein A (CSA) and CSB, which assemble other TC-NER components.

RNA polymerase Il reverse translocates, exposing the lesion (Scharer, 2013).

Both pathways then converge onto the same mechanism by recruitment of transcription
initiation factor Il H (TFIIH), a complex that switches between transcription initiation and
repair. TFIIH causes the unzipping of 30 nucleotides surrounding the lesion, which are then
stabilised by xeroderma pigmentosum, complementation group A (XPA) and RPA.
xeroderma pigmentosum, complementation group G (XPG) and excision repair cross-
complementation group 1 (ERCC1) cleave at 3’ and 5’ ends, excising the 30 nucleotides
surrounding the lesion. Following this, the gap is filled by POL §, €, or k then sealed by LIG1
or LIG2 (Giglia-Mari et al., 2011).

1.5.2.4. Mismatch repair

Mismatch repair (MMR) repairs spontaneous base-base mispairing created during DNA
replication. MMR uses the intact DNA strand as a template to repair the damaged strand.
The lesion is detected and bound by MutS, which recruits MutL. This mediates downstream
MMR effector proteins, such as MutH and UV repair protein D (UvRD). MutH is a type Il
restriction endonuclease that cleaves GATC sites, creating a DNA nick. This is followed by
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excision of erroneous DNA by exonuclease | (EXO1). The gap created is stabilised by RPA,

followed by new DNA synthesis and ligation by proteins such as POLS and LIG1 (Chatterjee
and Walker, 2017; Peéina-Slaus et al., 2020).

1.5.2.5. Interstrand cross-link repair

Interstrand cross-links (ICLs) are lesions in which two bases from complementary strands are
covalently linked. These occur due to crosslinking agents, such as cisplatin (Poklar et al.,
1996). ICLs in replicating cells are repaired via the Fanconi anaemia (FA) pathway, whilst ICLs
in non-replicating cells are repaired through FA-independent pathways, such as NER (Wang

and Gautier, 2010; Williams et al., 2013).

1.5.2.6. Translesion synthesis

Translesion synthesis (TLS) polymerases are similar to DNA polymerases but have structural
differences allowing them to bypass DNA lesions and synthesise DNA. TLS appears to

cooperate with other DNA repair pathways, such as BER and NER (Sale, 2013).

1.5.3. DNA break repair

1.5.3.1.  Single-strand break repair

Single-strand break repair (SSBR) can occur through three different pathways depending on
the source of damage. In the long-patch pathway, SSBs are recognised by PARP1 which is
PARylated, recruiting XRCC1 that acts as a scaffold for APEX nuclease (APE1), polynucleotide
kinase-phosphatase (PNKP), aprataxin (APTX), and XRCC1. Flap structure-specific
endonuclease 1 (FEN1) removes damaged 5’ termini, aided by PARP1 and proliferating cell
nuclear antigen (PCNA), forming a ssDNA gap that is filled in by POL f and POL &/¢. The final
step is ligation by LIG1 in association with PCNA and XRCC1.

In the short-patch pathway, damage recognition is by APE1, followed by recruitment of
similar factors (Abbots and Wilson Ill, 2017) as the long-patch pathway. The gap formed is
filled by POLB, then ligated with LIG3, with XRCC1 associating with both POLB and LIG3
(Brem and Hall, 2005). The third variant is DNA breaks involving topoisomerase 1, which will

be discussed extensively in Section 1.6.
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Figure 1.4: SSBR mechanism. SSB is recognised by PARP1, leading to the addition of PAR chains (PARylation) on

PARP1. XRCC1 attaches to PAR scaffold, followed by recruitment of APE1, PNKP, and APTX for end processing.

In the long-patch repair pathway, gap filling occurs via POLB, POLS/g, PCNA, FEN1, and PARP1. DNA is ligated

by LIG1 and PCNA. In the short-patch repair pathway, gap filling occurs via POLB and XRCC1, followed by LIG3

and XRCC1 ligation. Figure adapted (Ray Chaudhuri and Nussenzweig, 2017; Thomas, 2022) and created in

Biorender.com.
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1.5.3.2. Double-strand break repair

DSBs are considered the most dangerous type of lesion as they can cause deletions of large
chromosomal regions. There are an estimated 10 DSBs per day per cell, inducible by many
factors, including IR, ROS accumulation, and errors in replication (Chang et al., 2017). The
mechanisms involved in deciding the double-strand break repair (DSBR) pathway choice are
poorly understood, but is thought to rely on chromatin environment and cell cycle phase

(Scully et al., 2019).

1.5.3.2.1. Non-homologous end-joining
Non-homologous end-joining (NHEJ) is considered to be the less accurate form of DSBR due
to the higher chance of mutation incorporation following repair, although it appears to be
the preferred DSBR pathway outside of G2/S phases (Lieber, 2011). DSB activates tumour
suppressor p53-binding protein 1 (53BP1), which recruits NHEJ repair components to the
lesion site. Ku is the first protein to bind, forming a Ku:DNA complex, acting as a docking
site. As there are two broken DNA ends, a Ku:DNA complex forms on both ends. The NHEJ
components that dock to the complex include DNA-PKC, XRCC4, LIG4, XRCC4-like factor
(XLF), Werner syndrome protein (WRN), Artemis, APTX and PNKP-like factor (APLF). Ku is
pushed inwards by DNA-PKC, which phosphorylates nearby components including itself.
DNA ends are processed to remove end blockage, followed by naked strand resection. The
gaps left behind are filled by either POL p (template-dependent) or POL A (template-
independent), followed by ligation with LIG4 (Chatterjee and Walker, 2017).

1.5.3.2.2. Homologous recombination
Homologous recombination (HR) is the more accurate DSBR mechanism; however, it can
only take place in G2/S phase as it requires a nearby strand for repair. DSBs are recognised
by the MRN complex, followed by ATM, which phosphorylates H2AX (yH2AX). This serves as
an anchor for mediator of DNA damage checkpoint 1 (MDC1), which in turn is also
phosphorylated by ATM. Phosphorylated MDC1 acts as a scaffold for E3 ligases RING finger
protein 8 (RNF8) and RNF168. These two ligases stimulate H2AX ubiquitination, which
serves as a docking site for 53BP1 and breast cancer type 1 susceptibility protein (BRCA1),

initiating ubiquitination of C-terminal-binding protein interacting protein (CtIP). Other HR
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components RPA and RAD51 then make their way to DNA, then DNA ends are resected via
nucleolytic degradation in a 5’-to-3’ manner, generating 3’ overhangs. The initial resection
occurs by the endonuclease activity of MRN aided by CtIP, followed by EXO1 or bloom
helicase (BLM) with DNA replication helicase/nuclease 2 (DNA2) resection. RPA then coats
the 3’ overhang, which is displaced by RAD51, forming a nucleoprotein filament that invades
a nearby duplex DNA (aided by BRCA2 and partner and localiser of BRCA2 (PALB2)).
Template-strand invasion removes RAD51, allowing 3’-OH group to synthesise DNA by POL
6, K, and v. The Holliday junction is processed by the BLM-TOP3-RM1-RMI2 complex, GEN1
endonuclease, the MUS81-EME1 complex, and the SLX-SLX14 complex (Chatterjee and
Walker, 2017).

1.5.3.2.3. Alternative end-joining
The exact mechanisms behind alternative end-joining (Alt-EJ) remain not fully understood.
Alt-EJ shares factors and similar mechanisms to NHEJ and HR. DNA break is recognised by
PARP1, followed by recruitment of MRE11 and CtIP. Gap filling occurs by POL 6, then
ligation is by LIG1 or LIG3. Similar to HR, Alt-EJ is initiated by end resection, whilst it shares
similarities with NHEJ by not requiring a homologous template as a guide for repair. Alt-EJ
causes repair that is often error-prone and associated with large deletion, translocation, and

chromosomal defects (Sallmyr and Tomkinson, 2018; Ackerson et al., 2021).
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Figure 1.5: DSBR mechanism. A) Non-homologous end-joining (NHEJ): 53BP1 recognises DSB, leading to
recruitment of DNA-PKc and Ku to lesion site, with a Ku:DNA complex forming on both ends. DNA-PKc pushes
Ku inwards and several NHEJ components bind to Ku:DNA complex: Artemis, PNKP, APLF, WRN, APTX, and
XRCC4. DNA-PKc phosphorylates (P) nearby components and autophosphorylates itself. Gap filling is
performed by POL p/A, then ligation by LIG4. B) Homologous recombination (HR): DSB is recognised by MRN
complex and recruits ATM, which phosphorylates H2AX. This acts as an anchor for MDC1, which is
phosphorylated by ATM. Phosphorylated MDC1 acts as a scaffold for RNF8 and RNF168, which stimulates
ubiquitination (Ub) of H2AX. This serves as a docking site for 53BP1 and BRCA1, stimulating CtIP ubiquitination.
Initial resection occurs via MRN and CtIP, followed by EXO1 (or BLM) followed by DNA2. RPA coats DNA
overhang, which is displaced by RAD51 in association, with BRCA2 and PALB2, forming a RAD51 nucleoprotein
filament. This filament invades a nearby duplex DNA, forming a D-loop, which primes DNA synthesis on the
invading DNA strand, forming a Holliday junction that is processed by the BLM-TOP3-RMI1-RMI2 complex, the
MUS81-EME1 complex, GEN1, and the SLX-SLX4 complex. Gap filling is by POL §, k, and v. C) Alternative end-
joining (Alt-EJ): DSB is recognised by PARP1, which recruits MRE11 and CtIP. Gap filling takes place by POL 6,
followed by LIG1/3 mediated ligation. Figure adapted from Thomas et al., (2022) and created in

Biorender.com.
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Figure 1.6: Summary of most common sources of DNA damage and their repair pathways. DNA is damaged
through both endogenous sources, such as cellular metabolism and replication errors, as well as exogenous
sources, such as chemical agents, ionising radiation (IR), and ultraviolet light (UV). These cause a wide variety
of DNA damage, which require different repair pathways to resolve. Some types of DNA damage can be
repaired through multiple different pathways. CH3 = methyl group, 80G = 8-oxoguanine. TLS = translesion
synthesis, BER = base excision repair, NER = nucleotide excision repair, MMR = mismatch repair, SSBR = single-
strand break repair, DSBR = double-strand break repair, NHEJ = non-homologous end-joining, HR =

homologous recombination, Alt-EJ = alternative end-joining. Figure created in Biorender.com.
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1.5.4. Hypoxia in DDR

Hypoxia has been predicted to play a large role in maintaining genomic stability by
influencing DDR; however, the exact contributions are highly complex and not fully
understood, with published findings often contradicting each other. This is likely due to the
different in vitro and in vivo models used when studying hypoxia as well as differences in
classifying acute, moderate, and severe hypoxia. VHL/HIF pathway has been reported to
play a role in DDR, although there are also several DDR mechanisms reliant on hypoxia that

are independent of VHL-HIF.

Under acute hypoxia, ATM autophosphorylation (Bencokova et al., 2009) and ATR foci
accumulation (Gibson et al., 2005) induces upregulation of downstream target genes that
can protect cells from DNA damage triggered by stalled replication forks as well as
activation of BRCA1 (Gibson et al., 2006), FANCD1, and FANCD2 (Scanlon and Glazer, 2014).
Although hypoxia-induced activation of ATM/ATR is HIF-independent, there is a degree of
crosstalk between DDR and HIF signalling during acute hypoxia. ATM phosphorylation
stabilises HIF1a in human colorectal carcinoma cell line HCT116 (Cam et al., 2010), whilst
ATR activity is required for HIF1a accumulation in human bone osteosarcoma epithelial cell
line U20S (Fallone et al., 2013). HIF1la is also indirectly stabilised in human hepatocellular
carcinoma cell line HepG2 by DNA-PKs via phosphorylation of heat shock factor protein 1
(HSF1) and upregulation of heat shock proteins Hsp70/90 (Kang et al., 2008). This altogether

suggests that acute hypoxia initiates DDR, protecting cells from damage.

DNA repair pathways have different responses to chronic hypoxia as well as the severity of
hypoxia exposure. MMR gene transcription is reduced in cervical cancer cell line Hela during
severe hypoxia where it is independent of HIF (Mihaylova et al., 2003), as well as moderate
hypoxia in human stem cells, although this reduction is HIF-dependent (Rodriguez-Jiménez
et al., 2008). HR gene transcription and protein translation is reduced in both severe and
moderate hypoxia in human stem cells (Bindra et al., 2005), human non-small cell lung
carcinoma (NSCLC) cell line H1299 (Chan et al., 2008), and Hela cells (Scanlon and Glazer,
2014), with some HIF-contribution in moderate hypoxia in HCT116 cells (To et al., 2006). The
effect of hypoxia on NER is unclear, with conflicting results reported. Severe hypoxia in

mouse fibroblasts has been shown to cause a downregulation in NER capability (Yuan et al.,
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2000); however, NER appears to be more efficient in human breast cancer cell line MCF7
during moderate hypoxia (Madan et al., 2012). NER protein expression has been reported to
be unchanged during hypoxia in mouse fibroblasts (Yuan et al., 2000; Mihaylova et al.,
2003), although several NER genes contain HRE promoter regions, which HIF1a has been
shown to bind to (Rezvani et al., 2009; Liu et al., 2012), suggesting that some NER proteins
may be transcriptionally upregulated during hypoxia. Conversely, the NER protein ERCC1 has
been reported to be transcriptionally and translationally downregulated during moderate

hypoxia in human pharyngeal cancer cell line Detroit 562 (Dudas et al., 2014).

The remaining DNA repair pathways have not been as extensively studied in hypoxia as the
previously mentioned ones. The transcriptional status of NHEJ genes is unclear, with some
papers suggesting that NHEJ genes are upregulated in both moderate and severe hypoxia
(Madan et al., 2012; Ren et al., 2013). A low fidelity DNA polymerase POLL, which is involved
in TLS, has been shown to be upregulated under hypoxia-mediated HIF1la binding in many
human cancer cell lines (Ito et al., 2006). NHEJ and TLS are both error-prone DNA repair
pathways; therefore, their upregulation via hypoxia could promote genomic instability
which is common in many cancers (Scanlon and Glazer, 2015). Lastly, chronic hypoxia has

been linked to translational repression of BER proteins in H1299 cells (Chan et al., 2014).

1.5.4.1.  Zebrafish model to study HIF contribution in DDR

A major issue with utilising cell lines for hypoxia-related mechanisms of DNA repair,
especially in cancer, is the absence of surrounding tissues and cells contributing to the
microenvironment, as well as culture adaptation of cells (Weissbein et al., 2019). This can be
countered via in vivo models, such as zebrafish (Section 1.3.4.2). Kim et al., (2020)
demonstrated that v/l - embryos are more susceptible to genotoxic stress, suggesting that
the DNA repair function of human VHL (Section 1.5.4.2) was conserved in vil. However, vhl /-
;vil /- embryos were more resistant to genotoxic stress induced by CPT and X-ray. vhl 75vil /-
embryos had greater phd3:GFP expression, correlating with expression levels of Hifa,
suggesting that Hifa is responsible for the protection, and that the Hif modulatory role of
human VHL was conserved in zebrafish Vhl. Pharmacological upregulation of Hifa via Phd
inhibitor JNJ-42041935, or by injecting constitutively active forms of Hifla/Hif2a, protected
WT embryos from CPT-induced apoptosis. Therefore, DNA repair defects in v/l /- embryos
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are countered by Hif activation in vhl /-;vll /- embryos. High Hif expression has also been
shown to overcome DNA repair defects in zebrafish models with specific DNA repair genes
eliminated, such as brca2 7~ embryos and atm deficient embryos. Interestingly, vhl /-;vil -
embryos demonstrated greater resistance to genotoxic stress than WT embryos whereby
Hifa was exogenously upregulated, suggesting Vhl/VIl are also responsible for Hif-
independent mechanisms of DNA repair. Understanding the balance between Hif-
modulation via Vhl and DNA repair via VIl might be crucial for a greater understanding of

ccRCC cancer initiation.

1.5.4.2. HIF-independent mechanisms of VHL in DDR

The role of VHL in regulating HIF levels has been well established; however, HIF-
independent roles of VHL have been identified suggesting that VHL has a role in maintaining

genomic stability.

Metcalf et al., (2014) has recently identified a HIF-independent role of VHL in DSBR. In
response to DSBs, nuclear redistribution and K63-ubiquitylation of VHL occurs. This
ubiquitylation occurs via suppressor of cytokine signalling 1 (SOCS1) protein, which has
previously been found to interact with VHL for degradation of Janus-kinase 2 (JAK2), a non-
receptor tyrosine kinase promoting cellular proliferation (Russell et al., 2011). SOCS1 has
also been associated with ATM in cells undergoing signal transducer and activator of
transcription 5 (STAT5)-mediated senescence, linking SOCS1 to DDR (Calabrese et al., 2009).
Ubiquitylation is often associated with degradation; however, VHL was not degraded
following K63-ubiquitylation (Metcalf et al., 2014). K63-linked chains have previously been
identified with regulating signalling pathways, including DNA repair (Aquila and Atanassov,
2020). VHL overexpression in cells caused an increase in yH2AX baseline levels, indicating
enhanced recruitment of DSBR components. These effects were all seen in an oxygen-
independent manner, confirming that HIF is not involved in these mechanisms, suggesting
that genome stability in ccRCC models has a partial HIF-independent contribution.
Furthermore, 786-0 cells, in which VHL is mutated, were shown to have reduced levels of
both yH2AX and phosphorylated Chk1 (pChk1). Upstream of yH2AX, VHL inactivation was
also shown to cause reduced expression of phosphorylated ATM after DNA damage was
induced, as well as an impairment of MRE11 foci. Therefore, this suggests a defect in MRN
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complex-dependent DDR and a defect in the recruitment or retention of repair proteins to
DSBs (Metcalf et al., 2014). In a neutral comet assay, which only measures DSBs (Roy et al.,
2021), 786-0 cells resupplied with functional VHL had fewer unrepaired DSBs following IR
treatment. This effect was only seen in cells after a long recovery stage, suggesting VHL is

contributing to the later stages of HR (Metcalf et al., 2014).

1.6. Tyrosyl-DNA phosphodiesterase 1 and topoisomerase 1

1.6.1. Structure and mechanism of TDP1 and TOP1 protein function

Human tyrosyl-DNA phosphodiesterase 1 (TDP1) is a 68 kDa protein, predominantly located
in the nucleus, consisting of two domains: an N-terminal domain important for the
recruitment of TDP1 to damaged chromatin, and a catalytic C-terminal domain (Davies et
al., 2002). TDP1 translocates to the nucleus via two nuclear localisation sequences: NLS1-
H56 to P74 and NLS2-P216 to P223 (Das et al., 2010; Dexheimer et al., 2012). TDP1 also
localises to the mitochondria, but the mechanism behind this is not fully understood (Holt,
2009). TDP1 belongs to the phospholipase D (PLD) superfamily, which share a similar role in
catalysing a two-step phosphoryl transfer reaction via the formation of covalent
phosphoenzyme intermediates (Gottlin et al., 1998; Davies et al., 2002). TDP1 is unique
from other PLD members as it contains two catalytic HKN motifs (H263K265N283 and

Ha93Ka95Ns16), unlike other PLD members containing two HKD motifs (Pommier et al., 2014).

DNA is tightly packed in nuclei, but is unwound by helicases during transcription and
replication as well as by ATPase translocase motors during chromosomal replication and
segregation (Schvartzman et al., 2013; Ma and Wang, 2016; Chand et al., 2020). DNA is
unable to rotate freely around itself, so the relaxation of DNA causes overtwisting, also
known as supercoiling. This can cause damage to DNA structure, such as DNA deletion
(Champoux, 2001) plus blocking transcription and replication machinery (Pommier et al.,
2016). Human cells encode for six topoisomerases (TOPs) divided into three groups: Type IA
(TOP3a and TOP3B), type IB (TOP1 and TOP1mt), and type IIA (TOP2a and TOP2B) (Pommier
et al., 2016). TOP1 is the most well-characterised TOP and is closely linked to TDP1 function,

so | will only discuss TOP1.
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TOP1 resolves supercoiling by covalently binding to 5" DNA terminus via a TOP1 tyrosine
residue in a transesterification mechanism, cleaving one strand of DNA. This forms an
intermediate structure called TOP1-CC. The binding of TOP1 to DNA forms a transient DNA
break, which is easily reversible to avoid DNA strand breakage; however, the removal of
TOP1-CC can stall. SSBs and DSBs can form if stalled TOP1-CC collides with a replication fork,
transcription machinery, or if TOP1-CC is in the vicinity of DNA lesions (Figure 1.7) (EI-
Khamisy and Caldecott, 2006).

TDP1 cleaves the phosphodiester bond at the DNA 3’-end linked to a tyrosyl moiety. This
forms an intermediate complex whereby the cleaved substrate is bound to TDP1 forming a
phosphoenzyme intermediate, thus removing TOP1 from DNA. TDP1 subsequently
hydrolyses the phosphoenzyme intermediate, leading to the release of DNA and its

subsequent repair (Kawale and Povirk, 2018).
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Figure 1.7: TOP1 relieves torsional stress by forming transient DNA breaks. TOP1 prevents DNA supercoiling

by forming TOP1-CC. This complex formation is often reversible but can form permanent single-strand breaks

(SSBs) or double-strand breaks (DSBs) upon collision with replication fork, transcription machinery, or if the

complex is located close to a DNA lesion. In addition, TOP1 poisons, such as CPT, prevent the removal of TOP1

from DNA, increasing the likelihood of permanent DNA breaks forming. TDP1 removes stalled TOP1-CC. Figure

adapted from El-Khamisy and Caldecott (2006) and created in Biorender.com.
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1.6.2. Clinical relevance of TDP1

High expression of TDP1 in human cells has been associated with a significant reduction in
CPT-induced DNA damage. Resistance to CPT is often encountered in NSCLC patients (Chiu
et al., 2018), which has been attributed to increased expression and activity of TDP1 (Liu et
al., 2007). Similarly, TDP1 overexpression in human cells has been shown to counteract both
TOP1 and TOP2 associated DNA damage (Barthelmes et al., 2004; Nivens et al., 2004). In
addition, TDP1 overexpression has been associated with enhanced protection against
topotecan, a CPT-based TOP poison. This lead to the use of the TDP1/TOP1 ratio as a
predictive biomarker for topotecan responses in small cell lung cancer (Meisenberg et al.,
2014). Overall, it has been demonstrated in several studies that TDP1 can enhance

resistance to TOP1 poisons.

Due to high TDP1 expression correlating with increased resistance to TOP1 poisons, several
studies have investigated the impact of TDP1 downregulation in human cells to resensitise
previously resistant cancer cells to TOP1 poisons. Cancer cells deficient for TDP1, or
depleting TDP1 in CPT-resistant cancer cell lines demonstrated increased sensitivity to CPT
(Alagoz et al., 2014). This has also been shown in non-cancerous cell lines, such as HEK293,
whereby TDP1 depletion increases sensitivity to CPT treatment (Zhang et al., 2022). Several
TDP1 inhibitors are currently under development, although there are no validated models or

clinical trials currently under way (Khomenko et al., 2020; Munkuev et al., 2021).

ccRCC is commonly characterised by enhanced resistance to DNA damaging agents,
including TOP1 poisons (Fizazi et al., 2003; Feldman et al., 2008). The mechanisms behind
this enhanced resistance are not fully understood, so | will be investigating TOP1-relevant

repair mechanisms, including TDP1 activity, in a VHL-defective ccRCC cell line.
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1.7. Nuclear mitotic apparatus protein

1.7.1. Structure and mechanism of NuMA protein function

Nuclear mitotic apparatus (NuMA) protein is a 238 kDa protein (Yang et al., 1992) consisting
of a globular head and tail containing S/TPXX motifs required for DNA binding and found in
gene regulatory proteins (Ludérus et al., 1994). The globular heads are separated by a
discontinuous 1500 amino acid coiled-coil domain (Yang et al., 1992). NuMA is localised to
the nucleus during interphase, but during cell division it rapidly translocates to the mitotic
spindle where it is crucial for spindle pole positioning and orientation (Merdes et al., 1996;
Lorson et al., 2000; Du and Macara, 2004; Kiyomitsu and Boerner, 2021). PARP3 catalyses
PARylation in association with tankyrase 1 and NuMA, which aids in stabilising mitotic

spindles and maintaining telomeric integrity (Chang et al., 2005; Boehler et al., 2011).

NuMA appears to be involved in chromatin remodelling, which was initially identified by
NuMA impacting chromatin organisation (Leliévre et al., 1998). Moreover, NuMA was found
to functionally interact with the ISWI ATPase chromatin remodeller SNF2h/SMARCAS5, which
is important for DSBR (Erdel et al., 2010). This interaction occurs at sites of DNA damage,
suggesting a role for NuMA in genome maintenance, as evidenced by NuMA depletion in
cells causing reduced chromatin decompaction, less focal recruitment of HR repair factors,

and increased sensitivity to DNA cross-linking agents (Vidi et al., 2014).

NuMA consists of three isoforms: long, middle, and short. Long and middle isoforms are
localised to mitotic spindles during metaphase, whilst the short isoform is distinctly localised
to the cytoplasm (Wu et al., 2014). The short isoform has been identified as a potential
tumour suppressor as its downregulation has been identified in various cancer cell lines. The
overexpression of NUMA’s short isoform is sufficient to inhibit cell proliferation and colony
formation, whilst whole-genome sequencing identified decreased expression of the proto-
oncogene MYB proto-oncogene like 2 (MYBL2) when NuMA’s short isoform was

overexpressed (Qin et al., 2017).
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DSBs are processed by either NHEJ (error-prone) or HR (high fidelity) (Shrivastav et al.,
2008). p53-binding protein 1 (53BP1) is a DNA repair protein that prevents excessive
resection at DNA ends, thus 53BP1 promotes NHEJ (Callen et al., 2013). NuMA interacts and
colocalises with 53BP1, thereby inactivating 53BP1 by limiting its diffusion (Moreno et al.,
2019). DNA damage causes ATM to phosphorylate NuMA at serine 395 (S395), which
releases NuMA's interaction with 53BP1 (Matsuoka et al., 2007; Moreno et al., 2019). DSBs
induce chromatin marks, which are recognised by 53BP1, causing them to accumulate and
form 53BP1-repair foci that promote NHEJ. Therefore, 53BP1 mobility is increased in
response to DNA damage as NuMA is no longer able to sequester 53BP1. High levels of
NuMA predict better patient survival as NHEJ pathway is suppressed, so patients are more

sensitive to chemotherapeutics (Moreno et al., 2019).

The El-Khamisy lab have recently characterised NuMA as a novel TDP1-interacting protein.
Unrepaired SSBs activate PARP1, causing NuMA-dependent recruitment of SSBR proteins,
such as TDP1 and XRCC1, to damaged chromatin, as well as enhancing transcription of SSBR
proteins. This function of NUMA is mediated by the interaction of NuMA long isoform’s C-
terminal globular domain with SSBR machinery (Ray et al., 2022). The multiple functions of

NuMA are summarised in Figure 1.8.

1.7.2. Clinical relevance of NuMA

Depletion of NuMA causes embryonic lethality in mice due to aberrant spindle pole
formation (Silk et al., 2009). Whilst the role of NuMA in DNA repair has been discussed
previously, its clinical significance has not been properly established in humans. However,
owing to its role in recruiting DNA repair factors to sites of DNA damage, NuMA depletion in
human cells is likely to be related to DNA-repair deficiency disorders. In addition, increased
expression of NuMA may be related to enhanced chemoresistance due to increased

recruitment of DNA repair factors.
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Figure 1.8: NuMA has distinct functions in DNA break repair and chromatin remodelling. A) Oxidative stress
activates PARP1, causing NuMA-dependent recruitment of single-strand break repair (SSBR) proteins, such as
TDP1, to sites of damaged chromatin, as well as enhancing SSBR-protein transcription by modulating RNA
polymerase Il (Pol2). B) NuMA interacts with 53BP1 limiting its diffusion. DSB activates ATM, which
phosphorylates NuMA, releasing 53BP1, which is recruited to DNA lesions for DSBR via NHEJ. C) NuMA ensures
proper mitotic function and genomic integrity by binding PARP3 and tankyrase 1, causing mitotic spindle

stabilisation and maintaining telomeres. Figure adapted from El-Khamisy (2023) and created in Biorender.com.
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1.8. Thesis aims

1.8.1. Establish response of ccRCC cell line RCC4 to genotoxic stress

ccRCC remains a difficult cancer to treat due to its resistance to radiotherapy and
chemotherapy (Acharya et al., 2022). Genomic instability has been identified as a potential
hallmark of cell lines exposed to hypoxia due to transcriptional and translational
downregulation of DSBR and SSBR components (Mihaylova et al., 2003; Scanlon and Glazer,
2014). DDR following hypoxic exposure has both HIF-dependent and HIF-independent
contributing factors, with HIF appearing to be involved more during moderate hypoxia,
whilst DDR changes during severe hypoxia are more likely to be HIF-independent (Mihaylova
et al., 2003; To et al., 2006; Rodriguez-Jiménez et al., 2008). Furthermore, exposure time to
hypoxia has a markedly different impact on DDR, with acute hypoxia inducing upregulation
of DDR genes, whilst chronic hypoxia causes downregulation of DDR genes (Bindra and

Glazer, 2005; Gibson et al., 2005; To et al., 2006).

ccRCC patients commonly have mutations in VHL, causing a pseudohypoxic effect
(Brugarolas, 2014). Whilst this is similar to hypoxic exposure of normal cells, there are
unique pathways implicated in ccRCC progression that cannot be recapitulated by hypoxic
exposure due to the hypoxia-independent contributions of VHL and other ccRCC mutations.
Therefore, understanding the molecular mechanisms behind enhanced radio- and
chemoresistance requires utilising a ccRCC cell line, such as RCC4, which has VHL inactivated
(RCC4-VHL -/-), causing constitutive upregulation of HIF1la and HIF2a, mimicking the

phenotypes observed in ccRCC patients (Maxwell et al., 1999).

ccRCC patients are resistant to chemotherapy and radiotherapy, thus | will establish
whether these phenotypes are recapitulated in RCC4-VHL -/- by treating the cells with
chemotherapeutic agents and IR, then using DNA damage assays to assess their sensitivity.
As a comparison, | will also use RCC4 cells with functional VHL resupplied (RCC4-VHL WT) to

see if functional VHL causes clear differences in cellular response to DNA damaging agents.
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1.8.2. Identify novel DNA repair proteins modulated in RCC4-VHL -/-

Although some proteins implicated in DNA repair have been identified as being modulated
under hypoxia, most of these studies did not utilise ccRCC cell lines. Therefore, unanswered
guestions remain regarding the molecular characteristics of DDR in ccRCC. Once | have
established the chemosensitivity and radiosensitivity of RCC4-VHL -/- cells, | will assess the
gene and protein expression of novel DNA repair proteins that have not been previously
investigated. This will include components of SSBR and DSBR, such as TDP1 and PARP1
(Chowdhuri and Das, 2021), as well as NuMA which has been recently identified as a novel

protein in DNA repair (Ray et al., 2022).

Zebrafish are a useful model to study mechanisms of therapy resistance due to the presence
of the tumour microenvironment (TME), which cell lines lack. Therefore, zebrafish provide a
better understanding into how different cells, proteins, and soluble factors interact with
each other, which can impact cellular response to genotoxic agents (Sturtzel et al., 2021;
Weiss et al., 2022). Although the zebrafish Vhi/Hif pathway is well-conserved, there remains
key differences between the human and zebrafish pathway, such as duplication of Vhl and
Hif genes (Rytkdnen et al., 2013; Kim et al., 2020). Thus, differences in the molecular
characteristics of the DDR may exist between human cells and zebrafish, so it is important to
characterise DDR in both ccRCC models. Kim et al., (2020) recently identified that Hif
upregulation in zebrafish embryos was sufficient to increase resistance to genotoxic agents.
Therefore, | will investigate whether there is a link between HIF expression and any DNA

repair proteins of interest in RCC4-VHL -/- cells.

Overall, I hypothesise that increased expression of SSBR and DSBR proteins mediate

enhanced resistance to DNA damaging agents in ccRCC.
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Chapter 2 Materials and Methods

2.1. Standard solutions

10x Tris-buffered saline (TBS)

24.2 g tris base and 81.8 g NaCl was added to 500 ml ddH;O0, followed by adjusting the pH to
7.9 by the addition of concentrated hydrochloric acid. The solution was made up to a final

volume of 1 L using ddH,0. The solution was stored at room temperature.
1x TBST
900 ml of ddH,0 was added to 100 ml of 10x TBS, followed by 1 ml of Tween® 20 (Sigma-

Aldrich, P7949). The solution was stored at room temperature.

10x Running buffer

30.3 g tris base, 187.7 g glycine, and 10 g SDS was added to 1 L of ddH,0, then the solution
was stored at room temperature. Running buffer was diluted to 1x by mixing 100 ml of 10x

running buffer and 900 ml ddH,0.

1x Transfer buffer

200 ml of Trans-Blot® Turbo™ 5x Transfer Buffer (Bio-Rad, 10026938) was mixed with 600ml
ddH>0 and 200 ml ethanol to make 1 L of 1x transfer buffer, which was stored at room

temperature.

1 M Tris pH 6.8

65.57 g tris base was added to 400 ml ddH;0, followed by adjusting the pH to 6.8 using
concentrated hydrochloric acid. The solution was made up to a final volume of 500 ml using

ddH;0. The solution was stored at room temperature.

1.5 M Tris pH 8.8

90.8 g tris base was added to 400 ml ddH-0, followed by adjusting the pH to 8.8 using
concentrated hydrochloric acid. The solution was made up to a final volume of 500 ml using

ddH,0. The solution was stored at room temperature.
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10% Ammonium persulphate (APS)

Materials and Methods

1 g APS was dissolved in 10 ml ddH0, then 1 ml aliquots were stored at -20°C.

10% Sodium dodecyl sulphate (SDS)

100 g SDS was dissolved in 1 L ddH;0, then the solution was stored at room temperature.

5X Protein loading buffer

The buffer was made as per Table 2.1 and stored at room temperature.

Component Stock concentration | Final concentration Amount
required/50ml
SDS - 10% 5g

Tris HCl pH 6.8 1M 250mM 12.5ml

Glycerol 100% 25% 12.5ml

B-mercaptoethanol 100% 12.5% 6.25ml

Bromophenol blue - 0.5% 250mg
ddH.0 - - Up to 50ml

Table 2.1: 5x Protein loading buffer. Constituents and concentrations used to make 5x protein loading buffer.

1x Phosphate-buffered saline (PBS)

1 PBS tablet (Fisher Scientific, 11510546) was added to 500 m| ddH;0. Solution was

autoclaved at 121 degrees for 15 mins under 15 psi pressure, then stored at either room

temperature or 4°C.

5% Milk

1 g dried skimmed milk (Marvel, 711210) was added to 20 ml TBST and mixed well.

5% Bovine serum albumin (BSA)

1 g BSA (Sigma-Aldrich, A3059) was added to 20 ml TBST and mixed well, followed by filter

sterilisation to remove bacterial contaminants.
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0.25% (w/v) Trypsin

1 g trypsin 1:250 powder (Gibco, 27250-018) was added to 20 ml PBS, then filter sterilised.

This was topped up with 380 ml autoclaved PBS, then stored at 4°C.

4% (w/v) Ethylenediaminetetraacetic acid (EDTA)

27.4 ml 0.5 M filter sterilised EDTA was added to 72.6 ml autoclaved ddH,0. The solution

was stored at 4°C.

Trypsin/EDTA
37.5 ml autoclaved PBS, 30 ml 0.25% (w/v) trypsin, and 7.5 ml 4% (w/v) EDTA were mixed

and stored at 4°C.

LB agar
14 g LB agar was dissolved in 400 ml ddH;0 and autoclaved, then stored at room

temperature.
LB broth
10 g LB broth powder in 500 ml ddH,0 and autoclaved, followed by storing at room

temperature.

Radioimmunoprecipitation assay (RIPA) buffer

RIPA buffer was prepared as shown in Table 2.2, then stored at 4°C for up to one year.

Component Stock concentration | Final concentration Amount

required/50ml (ml)

NacCl 5M 150mM 1.5
NP-40 10% 1% 5
Sodium 10% 0.5% 2.5

deoxycholate

SDS 10% 0.1% 0.5
Tris pH8.0 1M 50mM 2.5
ddH.0 - - 38

Table 2.2: RIPA buffer. Constituents and final concentrations used in making RIPA buffer.

48



Materials and Methods

10x Tris-borate-EDTA (TBE) buffer

108 g tris base was added to 55 g boric acid and 40 ml 0.5 M EDTA (pH 8.0). The solution
was made up to a final volume of 1 L using ddH;0. The solution was stored at room

temperature. 1x TBE buffer was prepared by mixing 100 ml TBE buffer with 900 ml ddH,0.

2.2. Cell culture

2.2.1. Celllines

The following utilised cell lines were grown as monolayers:

Cell Line Source
RCC4 plus VHL (RCC4-VHL WT) ECACC (UK)
RCC4 plus vector alone (RCC4-VHL -/-) ECACC (UK)
RCC4-VHL -/- ; HIF2a. -/- This thesis
MRC5 El-Khamisy Lab

Table 2.3: Cell lines. The names and origin of all cell lines used throughout this project.

RCC4 cell lines were verified for VHL and HIFa status via western blotting (Section 2.5) and

RT-gPCR (Section 2.6).

2.2.2. Cell culture solutions

Dulbecco’s Modified Eagle Medium (DMEM)

DMEM (Sigma-Aldrich, D6546) was complemented with 10% FBS (Sigma-Aldrich, F7524) and
2 mM L-glutamine (Gibco, 25030081), along with either 0.5 mM G418 (Gibco, 11811031 or
10131027) for RCC4 cells, or 100 U/ml penicillin-streptomycin (Gibco, 15140122) for MRC5
cells. G418 was utilised as a positive selector for the pcDNA3 vector, conferring resistance to
neomycin, which has been stably transfected into RCC4 cells. The vector encodes either
functional VHL (pcDNA3-VHL) or is empty (pcDNA3). Media was stored at 4°C for no longer

than one month and warmed to 37°C before use.

2.2.3. Maintenance of cells

Cells were maintained in T75 flasks and kept in an incubator at 37°C, 5% CO2. RCC4 cells
were passaged once a week, usually 1:10. 3 ml trypsin/EDTA was added to the flask. Cells

were discarded once they had reached passage 40. Stock solutions of cells were kept in
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liquid nitrogen at low passage numbers in cryotube vials (Thermofisher, 377267) in 90%
complete media, 10% dimethyl sulfoxide (DMSO). Vials were thawed briefly at 37°C, then
the cells were added to media directly in a T75 flask. The following day, fresh media was
added to the flask to remove residual DMSO. Cells were passaged three times after thawing

before proceeding with any experimental work.

2.2.4. Cell counting

Cells resuspended in their appropriate growth media were checked for cell density to allow
for plating cells accurately. The concentration was established by counting 10 pl of cell

suspension under a haemocytometer (Neubauer, AC1000).

2.3. Zebrafish husbandry and maintenance

All adult zebrafish were raised and maintained at the Bateson Centre aquarium facilities at
the University of Sheffield under standard conditions (14 hours of light and 10 hours dark
cycle, 28 °C).

2.3.1. Zebrafish strains and lines

Two transgenic lines were used throughout this project, originating from the hypoxia
reporter line Tg(phd3:EGFP)144/1144 '\whereby GFP is expressed under high expression of the
Hif-target gene phd3 starting from 28 hpf (Santhakumar et al., 2012). These lines were
created and validated by Marchi et al., (2020). vhI"W2117/*: phd3:e GFPI144/1144 \yas created by
crossing the vhI"W2117/* line with Tg(phd3:eGFP)1144/1144 This fish line was incrossed to

generate vh[Mu2117/+hu2117.h h 3.0 GFP144/1144 referred to as vhl mutants (vhi7).

The second transgenic line used was vh/hu2117/+:y[i216/216. nhp3:eGFP144/*, This was created
by crossing vh/M2117/+;phd3:e GFP!144/1144 \ith v|[216/216 Thjs fish strain was incrossed to

generate vh/[hu2117/hu2117,\,ji216/i216. h h  3: e GFPI144/* | referred to as vhl;vll mutants (vhI”/;vil7).

The Nacre line, which lacks pigmentation owing to defects in melanophore development
(Lister et al., 1999), was used for imaging apoptosis and eye size after drug treatments.

The final line used was tdp1** as a control for functional Tdp1, created by Ruth Thomas.
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2.3.2. Embryo collection and maintenance

Trays of marbles were placed in tanks overnight to stimulate zebrafish mating, then
embryos were collected the following morning using a fine sieve and aquarium water.
Embryos were maintained in 1x E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM MgCl,, 0.33
mM CaCly, pH 7.2) with 0.0001% methylene blue at 28°C. A maximum of 60 embryos were
housed per 10 cm petri dish, in approximately 30 ml 1x E3 medium. Unfertilised or
unhealthy embryos were removed daily. Embryos were kept to no longer than 5.2 dpf, and
then discarded in accordance with UK Home Office Legislation (License number 101740898).
Embryos were anaesthetised, if necessary, by adding 1 ml of 0.4% tricaine (PharmaQ) to a

10 cm petri dish. They were then transferred to fresh 1x E3 medium for recovery.

2.3.3. Drug treatments

Embryos were transferred to 6-well plates for drug treatments. Drugs were made up in 1x

E3 medium, then added directly to each well. All drugs used were dissolved in DMSO.

2.3.4. Zebrafish microscopy

Whole embryos and fluorescent images were taken using a Leica M165FC fluorescent stereo
microscope, attached to a digital colour camera (DFC310X) and a Leica external fluorescent
light source (EL6000). Images were taken with Leica Application Suite v 4.3.0. Live embryos
were anaesthetised in tricaine methanesulfonate (MS-222) before imaging and placed on a

drop of 2% methylcellulose.

2.4. Whole-cell protein extraction

2.4.1. Lysis buffer-based extraction

2.4.1.1. Mammalian cells

Adherent cells were placed on ice, then washed 1x with ice-cold PBS. An appropriate
volume of RIPA buffer supplemented with cOmplete™, EDTA-free protease inhibitor cocktail
(Roche, 5056489001) was added, followed by scraping with a cell scraper. Basemuncher
endonuclease (Abcam, ab2700949) was added to RIPA buffer at a concentration of 25 U/ml
to reduce lysate viscosity when performing western blot. For preservation of

phosphorylated proteins, PhosSTOP (phosphatase inhibitor cocktail tablets, Roche,
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4906837001) was also added to RIPA buffer. The cells were transferred toa 1.5 ml
microcentrifuge tube and kept on ice for 30 mins, while vortexing every 5 mins. The tube
was then spun down at 13200 rpm in a 4°C centrifuge for 20 mins to remove cellular debris.
The supernatant was transferred to a fresh microcentrifuge tube. Lysates were snap-frozen

in liquid nitrogen and then stored at -80°C for long-term storage or used immediately.

2.4.1.2. Zebrafish

20 embryos per condition were transferred to a microcentrifuge tube and de-yolked in 1 ml
ice-cold PBS by pipetting the embryos up and down several times. The embryos were
washed twice with 1 ml ice-cold PBS to remove the yolk, followed by PBS removal. The
embryos were homogenised using a micropestle, then resuspended in 20 pl lysis buffer (50
mM tris pH 8.0, 40 mM NaCl, 2 mM MgCl,, 0.5% Triton™ X-100), supplemented with
cOmplete, EDTA-free protease inhibitor cocktail and PhosSTOP. The samples were kept on
ice for 30 mins, while vortexing every 5 mins. The lysate was transferred to a new
microcentrifuge tube. Lysates were snap-frozen in liquid nitrogen and then stored at -80°C

for long-term storage or used immediately.

2.4.2. Bradford assay

Protein concentration in whole-cell extracts was determined using a Bradford assay. 999 pl
of Coomassie protein assay reagent (ThermoFisher Scientific, 1856209) and 1 ul of protein
lysate was added to a cuvette and vortexed briefly. Lysates were analysed on a Helios Delta
spectrophotometer (Unicam) at an optical density of 595 nm. Protein concentrations were

calculated by standardising against a ‘Lysis buffer only’ control.

2.4.3. Protein loading buffer-based extraction

Adherent cells were placed on ice, then washed 1x with ice-cold PBS. An appropriate
volume of 1x protein loading buffer supplemented with Basemuncher endonuclease was
added, then cells were scraped using a cell scraper or a pipette tip. The cells were
transferred to a microcentrifuge tube, briefly vortexed, then left at room temperature for 15
mins. The tubes were then boiled at 95°C for 5 mins, then briefly centrifuged. The extracted

protein was stored at -20°C or utilised in a western blot.
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2.5.1. SDS-PAGE

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was used to

visualise protein amounts in protein lysates. The greater the molecular weight of the

2.5.

Western blot

Materials and Methods

proteins of interest, the lower the separating gel percentage. The gel was castina 1 mm

XCell SureLock Mini-Cell cassette (Fisher Scientific, VYXNC2010). Handmade 4-20% gradient

separating gels were cast when looking at proteins of broader molecular weights. This was

achieved by mixing 4% and 20% gels in a stripette, creating a gradient gel, then loading the

gel in the cassette.

Constituents 4% 8% 10% 12% 15% 20% 4%
Separating | Separating | Separating | Separating | Separating | Separating | Stacking
Gel (10ml) | Gel (10ml) | Gel (10ml) | Gel (10ml) | Gel (10ml) | Gel (10ml) | Gel (5ml)
ddH.0 7.2ml 4.6ml 4.0ml 3.3ml 2.3ml 2.0ml 3.74ml
30% 1.35ml 2.7ml 3.3ml 4.0ml 5.0ml 6.6ml 680pl
acrylamide
1.5M Tris pH 2.5ml 2.5ml 2.5ml 2.5ml 2.5ml 2.5ml -
8.8
1M Tris pH 6.8 - - - - - - 500ul
10% SDS 100pl 100pl 100ul 100ul 100ul 100ul 40ul
10% APS 100ul 100ul 100ul 100ul 100ul 100ul 40ul
TEMED 8ul 6ul aul aul aul 4ul 10ul

Table 2.4: SDS-PAGE gel constituents. Different separating gel percentages were used depending on the

molecular weight of the proteins of interest. 4% stacking gel was used for each blot.

2.5.2. Loading samples

5X protein loading buffer was diluted to 1x in 30 ug of quantified protein lysate, to a final

volume of 20-50 ul in a 1.5 ml microcentrifuge tube. The tubes were then boiled at 95°C for

5 mins, then briefly centrifuged. The gel was transferred to a BioRad Mini-PROTEAN Tetra

electrophoresis cell (BioRad, 16158004). Boiled samples were loaded with a gel loading tip,

whilst Precision Plus Protein™ Dual Colour Standard (BioRad, 1610374) was used as a

molecular weight ladder. The gel was run for 15 mins at 120 V, then 45 mins at 180 V, or

until the loading buffer ran off the bottom of the gel.
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2.5.3. Transfer
Gels were transferred onto an 0.2 um nitrocellulose membrane (Bio-Rad, 1704159) using a
Trans-Blot Turbo Transfer System (BioRad, 1704150) with Trans-Blot Turbo nitrocellulose
transfer packs (Bio-Rad, 1704158) soaked in 1x Trans-Blot Turbo transfer buffer using the

desired setting, depending on the size of the proteins of interest.

2.5.4. Blocking membranes

Transferred membranes were blocked for 1 hour at room temperature with constant
shaking in 5% milk or 5% BSA, to prevent non-specific antibody binding. 5% BSA was used
when probing phosphorylated proteins as milk contains the phosphoprotein casein, which
can interfere with accurate detection of the phosphorylated protein of interest (Gavini and

Parameshwaran, 2023).

2.5.5. Probing with antibodies

Blots were probed with appropriate primary antibody (Table 2.5), made up in 5% milk or 5%
BSA, overnight at 4°C on an orbital shaker. 5% BSA was used when using probing
phosphorylated proteins. Milk/BSA with primary antibody contained 0.02% sodium azide,
allowing for the reusing of primary antibody multiple times as sodium azide preserves
fouling of antibodies (Winter et al., 2012). Following overnight incubation, blots were
washed 3x in TBST, 5 mins for each wash. Blots were probed with the appropriate secondary
antibody (Table 2.5) (anti-mouse or anti-rabbit) made up in 5% milk solution for 1 hour at
room temperature with constant shaking. Blots were washed in TBST as before, followed by
the addition of Clarity™ Western ECL Substrate (Biorad, 1705060). Blots were then
visualised using a ChemiDoc™ MP Imaging System (BioRad, 1708280) and quantified in
Image Lab v 6.1 (BioRad).
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Antibody Host Source/Catalogue Dilution
Species number

B-tubulin Rabbit Abcam/ab179511 1:1000

B-actin Mouse Abcam/ab8226 1:1000

Mouse Proteintech/60008 1:5000

VHL Rabbit CST/68547 1:1000

HIF1la Mouse Invitrogen/MA1-516 1:1000

HIF2a Rabbit Invitrogen/PA1-16510 1:1000

TDP1 Rabbit Abcam/ab4166 1:1000

TDP2/TTRAP Rabbit Aviva Systems 1:1000

Biology/ARP33010_P050

TOP1 Rabbit Abcam/ab109374 1:5000

PARP1 Mouse Santa Cruz/sc-8007 1:1000

pXRCC1 (S485/T488) Rabbit Bethyl/IHC-00117 1:1000

ATM Rabbit Abcam/ab32420 1:1000

NuMA Mouse Santa Cruz/sc-365532 1:1000

pNuMA (S395) Rabbit CST/3429 1:500

pChk1 (5345) Rabbit CST/2348 1:2000

pH2A.X (5139) Mouse Sigma-Aldrich/05-636 1:1000

Mouse IgG (H+L)- HRP Conjugate Goat Biorad/1706516 1:4000
Rabbit IgG (H+L)- HRP Conjugate Goat Biorad/1706515 1:4000

Table 2.5: Primary and secondary antibodies. Antibodies used throughout western blotting, including the host

species, source, and dilution.

2.5.6. Stripping membranes

For reprobing blots, membranes were stripped using Restore™ PLUS western blot stripping
buffer (Thermo Scientific, 46430) by incubating blots with buffer at 37°C for 15 mins, then
shaking at 80 rpm. Blots were rinsed with TBST then blocked with 5% milk or 5% BSA
(Section 2.5.4). Blots were then probed with primary antibodies as described in Section

2.5.5.
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2.6. RT-qPCR

2.6.1. RNA extraction

2.6.1.1. Mammalian cells

Confluent cells in a 6-well plate were washed 1x with ice-cold PBS, which was then removed.
1 ml of TRIzol™ reagent (Invitrogen, 15596018) was added per well followed by dissociating
cells using a cell scraper, then the cells were transferred to a microcentrifuge tube and left
at room temperature for 5 mins. Afterwards, 250 ul chloroform was added to each tube,
followed by vigorous shaking for 15 secs, then leaving samples at room temperature for 5
mins, followed by centrifugation at 10000 rpm for another 5 mins. The clear, upper aqueous
phase was carefully transferred to a new tube, followed by the addition of 550 ul
isopropanol and mixing well. Samples were left at room temperature for 5 mins, followed by
centrifugation at maximum speed for 20 mins, or 30 mins for low yields. Samples were
placed on ice, followed by the removal of the supernatant, then adding 1 ml 75% ethanol.
Samples were centrifuged at 9500 rpm for 5 mins, followed by the removal of the
supernatant and leaving samples to air dry by leaving tubes open for 2 mins. Samples were
centrifuged again to remove excess ethanol. Pellets were resuspended with 30 pl RNase free
water. RNA concentration was measured using a nanodrop (ThermoFisher Scientific,

ND1000). RNA was stored long-term at -80°C.

2.6.1.2. Zebrafish

10-15 zebrafish embryos in a microcentrifuge tube were homogenised in TRIzol by using a
single-use 1 ml syringe (HENKE-JECT, 613-2794) attached to a Microlance™ 3 needle (BD,
304000), then left at room temperature for 5 mins. 100 ul chloroform was added to each
tube, followed by vigorous shaking for 15 secs, then leaving the samples at room
temperature for 3 mins, followed by centrifugation at 12000 g for 15 mins at 4°C. The clear,
upper aqueous phase was transferred to a new tube, followed by the addition of 250 pl
isopropanol and mixing well. Samples were left at room temperature for 10 mins, followed
by centrifugation at 12000 g for 10 mins at 4°C. The supernatant was removed, then the
pellet was washed with 1 ml 75% ethanol, followed by centrifugation at 7500 g for 5 mins at
4°C. The supernatant was removed, followed by a quick spin to remove residual ethanol.

The pellets were left to air dry for 2 mins with the tubes open. The pellet was dissolved in
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15ul milli-Q® (MQ) water. RNA concentration was measured using a nanodrop. RNA was

stored long-term at -80°C.

2.6.2. cDNA synthesis

The ProtoScript® Il First Strand cDNA Synthesis Kit (NEB, E6560) was used to reverse-

transcribe cDNA from RNA as below:

- Template RNA 500 ng

- d(T)3s VN 1ul

- ProtoScript Il Reaction Mix (x2) 5 ul

- ProtoScript Il Enzyme Mix (x10) 1ul

- MQ Water Up to 10 ul

2.6.3. RT-gPCR reaction

cDNA was diluted 1:10, then the reaction was set up as below in a 96-well RT-qPCR plate
(BioRad, HSP96061).

- 5x EvaGreen® HOT FIREPol® gPCR 4 ul
Mix (Solis BioDyne, 08-25-00001)

- Forward primer (10 uM) 1ul
- Reverse primer (10 uM) 1l
- MQ water 13 ul
- cDNA (1/10 dilution) 1l

Reactions were set up as technical repeats of each sample in triplicate, including a non-
template negative control. A standard curve was produced via serial dilution (100%, 10%,
1%, and 0.1% cDNA) as templates when testing new primer pairs. All primers were

purchased from Integrated DNA technologies (IDT) and can be found in Table 2.6.
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Gene Sequence Forward primer (F)

Reverse primer (R)
EGLN3/PHD3 ATTCATAGCAGATGTGGAGCC F
TCAGCATCAAAGTACCAGACAG R
PPIA GGTCCCAAAGACAGCAGAAA F
GTCACCACCCTGACACATAAA R
TDP1 GCCAGGCAAAGTTGGATATTG F
GATGAGGTTGGAGGTGTGTATG R
BRCA1 GGAATCAGCCTCTTCTCTGATG F
TGCAGAGGTTGAAGATGGTATG R
PNK AGCGTATGCGGAAGTCAAA F
CGTCCCGTCCAGATCAAAG R
FANCD2 AGGTGCTCACTCGGTTAAAG F
GTTTCCAAGAGGAGGGACATAG R
MRE11 GAGGAGCTTGACTGACCATAAA F
TTCCTCTGACTGCATCTTTCTC R
HIF1a GTCTGCAACATGGAAGGTATTG F
GCAGGTCATAGGTGGTTTCT R
HIF2a GACTTACACAGGTGGAGCTAAC F
GAGACTCAGGTTCTCACGAATC R
VEGFA CCTTGCTGCTCTACCTCCAC F
CACACAGGATGGCTTGAAGA R
XRCC1 CTTCTCAAGGCAGACACTTACC F
TGTGTATCTGCTCCTCCTTCT R
APEX2 AACCAAAGTGACCAGGGATG F
GAAGGTGGCTACACCAGAATAG R
MUS81 CCCAAGGAACAAGAGACACT F
CTGCAGTAGAGCTGGGATAAG R
ERCC4 TGACAAGACAATCCGCCATTA F
TGAGAGAGATACTGCAGCAAAG R
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tdp1 (ZF) GCTCCTCAATTGGCTTCCCT F
ATGTTCCAGATCCAAGGCCG R

rps29 (ZF) TTTGCTCAAACCGTCACGGA F
ACTCGTTTAATCCAGCTTGACG R

Table 2.6: RT-qPCR primers. List of primers used in RT-qPCR reactions.

The reactions were run in a CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad),

under the following thermal cycler conditions:

- 95°C, 10 mins
- 95°C, 15 mins
- 55°C, 15 secs
- 72°C,30secs

- Repeat from step 2, 44x

2.6.4. RT-gPCR guantification

CFX Maestro™ Analysis Software (Bio-Rad) was used to calculate quantification cycle (Ct)
values, which were then used to calculate fold change by the AACt method (Livak and
Schmittgen, 2001). The difference between Ct values of reference gene and target gene was
calculated for both control samples and treated samples (ACt). The difference between the
average ACt for both treatment and control was used as a normaliser to determine the AACt

value. As RT-qPCR is exponential, fold change is calculated as 2”- AACt.

2.7. Clonogenic analysis

2.7.1. Inducing genotoxic stress

2.7.1.1. Druq treatment

Cells were seeded at 3000-6000 cells/10 cm dish in 10 ml cell culture media and left to
adhere overnight. The following day, cells were treated with the desired chemical, which
was then washed off with fresh media, or left for the entire duration of the experiment.
Cells were left to grow in 37°C, 5% CO; until visible, non-overlapping colonies formed (7-10

days).

59



Materials and Methods

2.7.1.1.1. Camptothecin
For short-term camptothecin (CPT, Sigma, C9911) treatment, 50-200 nM of CPT was added
directly to the media for 1 hour, then replaced by fresh media without CPT. For long-term
CPT treatment, 10-18 nM of CPT was added directly to the media, then left for 3 days. The

media was then replaced with fresh CPT for another 3 days. DMSO was used as a control.

2.7.1.1.2. Olaparib
5-20 uM Olaparib (Biovision, 1952-5) was added directly to the media, then left for 3 days.
The media was then replaced with fresh Olaparib for another 3 days. DMSO was used as a

control.
2.7.1.1.3. Cisplatin
1-5 uM cisplatin (Sigma-Aldrich, P4394) was added directly to the media and left for the

duration of the experiment. DMSO was used as a control.

2.7.1.2. lonising radiation

4000 cells were isolated in 10 ml cell culture media in a 15 ml falcon tube then treated using
a Cs137 irradiator (Schering, IB 437 C) for either 1, 3, or 5 Gray. The cells were then

transferred to a 10 cm dish and left to grow in 37°C, 5% CO; until enough colonies formed.

2.7.2. Staining

Cell culture media was poured off, followed by the addition of 80% ethanol for 15 mins. The
ethanol was then poured off and left to air dry at room temperature. Once dry, 2%
methylene blue was added to each dish for 1 hour. After removing methylene blue, plates

were left to air dry at room temperature.

2.7.3. Colony counting

Colonies were counted using the ProtoCOL 3 Colony Counter (Synbiosis, SYNPROC3PLUS).
The surviving fraction was calculated as follows: Number of colonies on drug-treated

plate/Number of colonies on control plate.
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2.8. Cell viability assay

2.8.1. Cell seeding—Day 1

5000 cells/well in a final volume of 100 pl were seeded in a 96-well plate in triplicate
repeats for each drug concentration and left overnight to adhere. Cells were not seeded in
outer wells to avoid the ‘edge’ effect, whereby high rates of evaporation occur in outer

wells of 96-well plates (Mansoury et al., 2021).

2.8.2. CPT treatment — Day 2

100 pl of cell culture media containing CPT was added to each well at a final concentration
of either 10 nM, 50 nM, 250 nM, 500 nM, or 1 uM CPT. Cells treated with 1% DMSO were
included as a control. Three wells containing cell culture media without cells was included as

a ‘media only’ control. The plate was left to incubate overnight at 37°C, 5% CO..

2.8.3. CellTiter-Blue® assay — Day 3

All the following steps took place in the dark. An aliquot of CellTiter-Blue Cell Viability Assay
(Promega, G8081) was taken out of the freezer and left to thaw at room temperature. 20 pl
of CellTiter-Blue was added to each well and the plate was shaken gently to disperse the
solution, then the plate was incubated at 37°C, 5% CO; for 4 hours. The fluorescence of each
well was read using a FLUOstar® Omega microplate reader (BMG Labtech) at 490 nm. The
‘media only’ well readings were used to subtract background fluorescence. The average of
the DMSO-treated well readings were used to establish a base level of survival and

compared to CPT-treated wells to analyse surviving fraction.

2.9. Alkaline comet assay

2.9.1. Slide preparation —Day 1

The day before treating cells, frosted microscope slides (Leica, 3800280) were labelled with
pencil and placed in a clean, dry rack. 0.6% agarose was made in a universal tube by melting
0.06 g agarose in 10 ml PBS, followed by pipetting 150 pl of agarose slowly under each
coverslip (2 per slide) avoiding bubbles. The agarose was cooled to 42°C in a water bath

before plating. The slides were left overnight in a humidified chamber for the agarose to set.
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2.9.2. Cell treatment and harvesting — Day 2

The following day, 1-3 x 10° cells were isolated in microcentrifuge tubes and then treated in
suspension with either 40 uM CPT or DMSO as a control. The tubes were transferred to a
37°C, 5% CO; incubator for 30 mins. Following treatment, cells were spun down briefly in a
centrifuge, followed by the removal of drug-containing media. The cells were resuspended
in PBS, and then centrifuged for 5 mins at 4°C to remove excess media. The cells were once
more resuspended in 0.5-1.0 ml PBS, then 150 ul of the suspended cells were transferred to

a 1.5 ml microcentrifuge and kept on ice until ready to plate.

2.9.3. Plating cells
1.2% low melting point agarose was made in a universal tube by melting 0.12 g low melting
point agarose in 10 ml PBS, then cooled down to 42°C in a water bath. Coverslips were then
carefully removed from slides. With the lights switched off, the suspended 150 pl sample
was warmed in the water bath for a few secs, then combined with 150 ul 1.2% low melting
point agarose, which was pipetted up and down briefly, then 100 pl of the suspension under
a coverslip over the first layer of 0.6% agarose. The slides were left at 4°C in the dark for 30

mins.

2.9.4. Lysing cells

Incomplete alkaline lysis buffer was prepared as described in Table 2.7 and stored at 4°C.

Component Stock concentration Amount /Litre
NaCl 5M 510ml
EDTA 0.5M 204ml

Tris pH10 1M 10.2ml
NaOH 10M Titrate to pH10
ddH>0 - Until 1 litre

Table 2.7: Incomplete alkaline lysis buffer. Components to make incomplete alkaline lysis buffer, which was

stored at 4°C long term and combined with DMSO and Triton X-100 to make complete lysis buffer.

Complete lysis buffer (2.5 M NaCl, 100 mM EDTA, 10 mM tris pH 10.0, 1% DMSO, 1% Triton
X-100) was prepared less than 20 mins before use by mixing 9.8 ml incomplete alkaline lysis

buffer, 0.1 ml DMSO, and 0.1 ml Triton X-100, and then stirring for 10 mins. Once agarose
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had set after 30 mins on slides, all steps that followed until specified took place in a 4°C dark
room. Coverslips were removed from slides and 1 ml of complete lysis buffer was added to

each slide for 1 hour. After lysis, cells were washed 1x with 1 ml chilled ddH-0.

2.9.5. Electrophoresis

During lysis, complete electrophoresis buffer was prepared as described in Table 2.8,

followed by stirring for 10 mins.

Component Stock concentration | Final concentration Amount/L
EDTA 0.5M 1ImM 2ml
NaOH 10M 50mM S5ml
DMSO 100% 1% 10ml
ddH.0 - - Upto 1L

Table 2.8: Complete electrophoresis buffer. Components to make complete electrophoresis buffer, which was

prepared during lysis.

The comet assay tank (Thistle Scientific) was filled with 1 L complete electrophoresis buffer,
then the slides were carefully lowered and lined up in the same direction. The slides were
left to equilibrate in the buffer for 45 mins, then the power pack connected to the tank was

switched on at 12 V for 25 mins.

2.9.6. Neutralising comets

Following electrophoresis, slides were washed with 1 ml 0.4 M tris pH 7.0, then left to

incubate overnight in the fridge with an additional 1 ml 0.4 M tris pH 7.0.

2.9.7. Scoring comets — Day 3

SYBR green was diluted 1:10000 in PBS, then 1 ml was spread over a slide for 2 mins before
scoring in the dark. Using a 10x objective on a Nikon Eclipse TE300, comet tail moments
were scored for 200 cell/side (100 cells for each coverslip) captured with Comet Assay IV™
software (Instem). Comet tails refer to the migration of broken DNA from the nucleus,
forming a tail-like structure. Comet tail moments measure the distance from the centre of
the ‘head’ of the nucleus towards the centre of the comet tail (Roy et al., 2021) as shown in

Figure 2.1.
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Undamaged cell Damaged cell

Head Head Tail

< > > >

D B
Tail Moment Length

Figure 2.1: Measuring comet tail moment. Damaged DNA migrates from the ‘head’ of the nucleus towards the

cathode producing a comet tail. The extent of DNA damage of a cell embedded in agarose gel is calculated by
measuring the length of the comet tail moment, which is the distance between the centre of the ‘head’ and

the centre of the comet tail (Roy et al., 2021). Image taken by my MSc student Ziyan Ma.
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2.10. TDP1 activity assay

2.10.1. Preparing samples for assay

TDP1 activity was assessed using the protocol described in Zaksauskaite et al., (2021).
Whole-cell protein lysate was prepared as described in Section 2.4, ensuring the addition of
phosphatase inhibitors. 200-800 ng (mammalian cells) or 20-60 ng (4 dpf zebrafish embryos)
of lysate was combined with 1x assay buffer (25 mM HEPES, pH 8.0, 130 mM KCI, 1 mM DTT)
and 50 nM Cy5.5-labelled substrate oligomer containing a 3’-phosphotyrosyl group (5’-
(Cy5.5)GATCTAAAAGACT(pY)-3’) (Midland Certified Reagent Company Texas, USA) and 1mM
DTT in a total volume of 10 pul. The reaction was incubated at 37°C for 1 hour and
terminated by the addition of 1x loading buffer (44% deionized formamide, 2.25 mM tris-
borate, 0.05 mM EDTA, 0.01% xylene cyanol and 1% bromophenol blue) and boiling at 90°C

for 10 mins.

2.10.2. Urea gel electrophoresis

A 20% urea gel was cast in a 1 mm XCell SureLock Mini-Cell cassette by mixing components
in Table 2.9, then left to set for 1 hour at room temperature. The gel was transferred to a
BioRad Mini-PROTEAN Tetra electrophoresis cell filled with 1x TBE buffer, then 190 V of
current was passed through the gel for 30 mins to remove excess urea. 1x TBE buffer was
prewarmed to 60°C before samples were loaded onto the gel and subjected to 150 V
electrophoresis for 1.5 hours. The bands were imaged using BioRad ChemiDoc MP Imaging

System and quantified in Image Lab v 6.1 (BioRad).

Constituents Volume
SequaGel concentrate 8ml
SequaGel diluent 1ml
SequaGel buffer 1ml
10% APS 40ul
TEMED Al

Table 2.9: Components required to make a 20% urea gel. SequaGel UreaGel 29:1 Denaturing Gel System,

National Diagnostics, EC-829.
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2.11. mRNA silencing

2.11.1. Cell seeding

Cells were seeded in either 6-well plates or 24-well plates the day before transfection, so
that they were 70-80% confluent on the day of transfection. The cells were left to adhere

overnight.

2.11.2. siRNA transfection

Media was removed from cells and fresh media was added to each well (1.8 ml in 6-well
plate, 450 ul in 24-well plate). Tube A containing Opti-MEM™ (Gibco, 31985070) and siRNA
was added to tube B containing Opti-MEM and Lipofectamine™ RNAIMAX (13778075), as
per Table 2.10, and flicked to mix fully, then left for 5 mins at room temperature. 200 pl (6-
well plate) or 50 ul (24-well plate) of the solution was then gently added to each
corresponding well. The plates were left for 48 hours at 37°C, 5% CO.. The final siRNA

concentration in each well was 50 nM.

6-well plate Opti-MEM (pl) siRNA 20uM stock (ul) Lipofectamine
RNAIMAX (ul)
Tube A 100 5 -
Tube B 100 - 8
24-well plate Opti-MEM (i) siRNA 20uM stock (ul) Lipofectamine
RNAIMAX (ul)
Tube A 25 1.25 -
Tube B 25 - 2

Table 2.10: Volumes and reagents required for siRNA transfection. Opti-MEM, siRNA, and Lipofectamine

RNAIMAX were added according to the above volumes and depending on the well size.

Successful knockdown using siRNA was analysed using either western blot (Section 2.5) or

RT-qPCR (Section 2.6).
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All siRNA sequences were purchased from Dharmacon and can be found in Table 2.11.

targeting siRNA #1

Gene Sequence Company (Catalogue no.)
ONTargetplus SMARTPool GAACAAAUACAUGGGAUUA Dharmacon (J-004018-07)
HIF1a
ONTargetplus SMARTPool AGAAUGAAGUGUACCCUAA Dharmacon (J-004018-08)
HIF1a
ONTargetplus SMARTPool GAUGGAAGCACUAGACAAA Dharmacon (J-004018-09)
HIF1la
ONTargetplus SMARTPool CAAGUAGCCUCUUUGACAA Dharmacon (J-004018-10)
HIF1a
ONTargetplus SMARTPool GGCAGCACCUCACAUUUGA Dharmacon (J-004814-06)
HIF2a
ONTargetplus SMARTPool GAGCGCAAAUGUACCCAAU Dharmacon (J-004814-07)
HIF2a
ONTargetplus SMARTPool GACAAGGUCUGCAAAGGGU Dharmacon (J-004814-08)
HIF2a
ONTargetplus SMARTPool GCAAAGACAUGUCCACAGA Dharmacon (J-004814-09)
HIF2a
ONTargetplus SMARTPool GGAGUUAAGCCAAAGUAUA Dharmacon (J-016112-05)
TDP1
ONTargetplus SMARTPool UCAGUUACUUGAUGGCUUA Dharmacon, (J-016112-06)
TDP1
ONTargetplus SMARTPool GACCAUAUCUAGUAGUGAU Dharmacon (J-016112-07)
TDP1
ONTargetplus SMARTPool CUAGACAGUUUCAAAGUGA Dharmacon (J-016112-08)
TDP1
ONTargetplus Non- UGGUUUACAUGUCGACUAA Dharmacon (D-001810-01-

05)

Table 2.11: siRNA sequences. All siRNAs were diluted to 20 uM using 1x nuclease-free water and used at a

final concentration of 50 nM. Sequences purchased from Dharmacon.
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2.12. CRISPR Mutagenesis

Mutagenesis was performed as per Ann Ran et al., (2013) with minor adaptations. The

plasmids used can be found in Table 2.12.

Plasmid Source
pSpCas9(BB)-2A-Puro Addgene
pSpCas9(BB)-2A-GFP Addgene
pSpCas9(BB)-2A-Puro-gHIF1a This thesis
pSpCas9(BB)-2A-Puro-gHIF2a This thesis
pSpCas9(BB)-2A-GFP-gHIF1o This thesis
pSpCas9(BB)-2A-GFP-gHIF2a This thesis

Table 2.12: DNA constructs. Plasmids utilised in this project.

2.12.1. gRNA design
gRNA target sequences were previously designed and validated (Sanjana et al., 2014). gRNA
sequences were selected for both HIF1a and HIF2a. The plasmids used were pSpCas9(BB)-
2A-GFP (Addgene plasmid ID:4813), and pSpCas9(BB)-2A-Puro (Addgene plasmid ID:48139),
both illustrated in Figure 2.2. Appropriate nucleotides were appended at the ends of the top
and bottom oligonucleotide strands creating overhangs to allow the guides to clone into the
pair of Bpil sites in the plasmid. In addition, an extra guanine nucleotide was appended as
the first base at the 5’ of the gRNA as U6 RNA polymerase Il promoter prefers guanine as
the first base of its transcript (Guschin et al., 2010). U6 Forward sequence was purchased to
sequence for correct gRNA insertion — all sequences are found in Table 2.13, and were

purchased from IDT, resuspended to 100 uM using MQ water, and stored at -20 °C.
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Name

Sequence

U6 Forward

GAGGGCCTATTTCCCATGATTCC

HIF1a gRNA_1_top

CACCGTACTCATCCATGTGACCATG

HIF10. gRNA_1_bot

AAACCATGGTCACATGGATGAGTAC

HIF2a gRNA_1 top

CACCGCAAGGCCTCCATCATGCGAC

HIF2a. gRNA_1 bot

AAACGTCGCATGATGGAGGCCTTGC

Table 2.13: gRNAs and primers: List of gRNA sequences and primers used during CRISPR mutagenesis.
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Bpil (295} goii (267)
ue
promoter gRNA _ . )
Ampicillin scaffold Clone gRNA into plasmid and confirm
resistant insertion via sequencing
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=

pSpCas9(BB)-2A-GFP (PX458)
9288 bp

Transfect RCC4 cells with plasmid
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Cas9

=
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Select GFP positive cells/puromycin-resistant cells

Bpil (245)
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Bpil (267)
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=
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Figure 2.2: Schematic demonstrating the steps involved in CRISPR-Cas9-mediated mutations. A) Map
showing the different features located on the pSpCas9(BB)-2A-GFP (PX458) plasmid or pSpCas9(BB)-2A-Puro
(PX459) plasmid used to cause CRISPR-Cas9 mediated mutations in HIFa. gRNA was inserted between the U6
promoter and gRNA scaffold. Bpil enzyme was used to cleave DNA, allowing for gRNA insertion into the
plasmid. Cas9 is directed towards protospacer adjacent motifs in DNA. eGFP was used to FACS sort transfected
cells, or puromycin-resistant gene (PuroR) was used to sort transfected cells with puromycin resistance.
Ampicillin resistant gene ensures that only bacteria transfected with the plasmid survive antibiotic treatment.
Plasmid taken from Ann Ran et al., (2013). B) Schematic showing the steps involved in CRISPR-Cas9-mediated

downregulation of HIFa. Figure created using BioRender.com.
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2.12.2. gRNA annealing and ligation

Materials and Methods

The top and bottom strands of each gRNA were phosphorylated and annealed, forming new

bonds between each strand. The annealing mix was set up as below:

gRNA top strand (100 uM)
gRNA bottom strand (100 uM)
T4 ligation buffer (10x)

T4 PNK

MQ water

1l
1l
1l
1l
6 ul

The following thermal cycler settings were used:

37°C, 30 mins

95°C, 5 mins

Ramp down to 25°C at 5°C min*
12°C, oo

The phosphorylated and annealed oligonucleotides were diluted 1:200 by adding 1 pl of

oligonucleotide to 199 ul of room temperature MQ water. The ligation reaction for each

gRNA was set up as described as below. A ‘no-insert, plasmid only’ negative control was also

set up.

pSpCas9(BB)-2A-Puro (100 ng/ul)
Diluted oligonucleotide duplex
Tango buffer (10x)

DTT (10 mM)

ATP (10 mM)

FastDigest Bpil

T7 ligase

MQ Water

1l

2 ul

2 ul
1l
1l
1l
0.5 ul
11.5 wl
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The following thermal cycler settings were used:
- 37°C, 5 mins
- 21°C, 5 mins
- GOTO step 1, 5x
- 12°C, o0

The ligation reaction was treated with Plasmid-Safe™ ATP-dependent DNase (Epicentre,

E3101K) to digest residual linearised DNA. This reaction was set up as described below:

- Ligation reaction 11 i
- Plasmid-Safe Buffer (10x) 1.5 ul
- ATP (10 mM) 1.5 ul

- Plasmid-Safe ATP-dependent DNase 1 pl

The following thermal cycler settings were used:
- 37°C, 30 mins
- 70°C, 30 mins
- 12°C, o0

The reaction could be stored at -20 °C for long-term storage after Plasmid-Safe treatment.

2.12.3. Bacterial transformation

The Plasmid-Safe-treated plasmids were transformed into One Shot™ StbI3™ Chemically
Competent E. coli (ThermoFisher Scientific, C737303) as per manufacturer instructions. 2 pl
of the Plasmid-Safe-treated product was added into a vial of thawed Stbl3 cells. The vial was
gently mixed, then the mixture incubated on ice for 10 mins. The solution was heat-shocked
at 42°C for 30 secs and then returned immediately to ice for 2 mins. Under sterile conditions
provided by a Bunsen flame, 100 ul of room temperature SOC medium was added, then the
vial was placed in a thermal mixer for 1.5 hours at 300 rpm. 100 pul of the mixture was then
plated onto an LB plate containing 100 ug/ml carbenicillin. The plate was incubated
overnight at 37°C. Plates were checked for colonies the following day. There were typically
no colonies on the negative control and plenty on the transfected plates. Three colonies
were picked from each plate and individually inoculated using a sterile pipette tip into a 5 ml
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culture of LB medium with 100 pg/ml carbenicillin. The culture was incubated overnight at

37°C, 200 rpm.

2.12.4. Preparing glycerol stocks

Before extracting DNA, glycerol stocks of each colony were prepared under sterile
conditions by mixing 750 pl 80% autoclaved glycerol with 250 ul bacterial culture in a
cryovial. The vial was briefly vortexed, then stored at -80°C. Glycerol stocks were utilised for

future colony streaking if required.

2.12.5. Plasmid DNA extraction

Plasmid DNA was isolated using the QlAprep® spin miniprep kit (Qiagen, 27104). All
centrifugation steps took place at 13000 rpm in room temperature unless stated. Bacterial
culture was pelleted by centrifugation for 10 mins at 4°C, 4500 rpm. Pelleted bacterial cells
were resuspend in 250 pl Buffer P1 and transferred to a 1.5 ml microcentrifuge tube. 250 pl
Buffer P2 was added and mixed thoroughly by inverting the tube several times until the
solution became clear. 350 ul Buffer N3 was added and mixed by inverting as before, then
the tube was centrifuged for 10 mins. 800 ul supernatant was applied to the QlAprep spin
column, then centrifuged for 30 secs. The supernatant was discarded, then the tube was
washed by adding 0.5 ml Buffer PB, then centrifuged for 30 secs. The tube was further
washed with 0.75 ml Buffer PE, then centrifuged. Residual buffer was removed by
centrifugation for 1 min. The column was placed in a clean 1.5 ml microcentrifuge tube,
then plasmid DNA was eluted by adding 50 ul Buffer EB to the canter of the column, which
was left to stand for 1 min, followed by a 1 min centrifugation. Plasmid DNA concentration

and purity was analysed by using a nanodrop, then DNA was stored at -20°C for further use.

2.12.6. Plasmid DNA sequencing

75 ng/ul of purified plasmid in 5 ul MQ water was mixed with 5 uM of U6 Fwd primer in 5 pl
MQ water. Samples were sent for sequencing via GeneWiz. Sequence traces were analysed

using Benchling.com (2022) for the correct insertion of gRNA between the U6 promoter and
the gRNA scaffold. Plasmids without gRNA were discarded. Sequence-verified plasmids were

kept for downstream applications.
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2.12.7. Plasmid transfections in mammalian cells

Cells were seeded onto 24-well plates in complete DMEM 16-24 hrs before transfection in a
total volume of 500 pl. Cells were 70-90% confluent on the day of transfection. 500 ng of
sequence-verified CRISPR plasmid was transfected into cells in a 1:2 ratio with
polyethyleneimine (PEI, Polysciences, 23966-2) as a transfection reagent. Plasmid DNA and
PEl were added to Opti-MEM (Gibco, 31985070) in separate microcentrifuge tubes, then the
plasmid DNA mixture was added to the PEI mixture and incubated for 5 mins at room
temperature, before slowly adding to each well. If two plasmids were transfected, the total
amount of plasmid DNA was kept to 500 ng. Transfected cells underwent puromycin

selection 24 hours after transfection or GFP sorting 48 hours after transfection.

2.12.8. Puromycin selection

Transfected cells with the puromycin-resistant plasmid were supplemented 24 hours after
transfection with 500 pl complete DMEM containing puromycin, to a final concentration of

4 pg/ml. Cells were treated for 48 hours.

2.12.8.1. Serial dilution for puromycin-resistant clones

Transfected cells were washed 1x with PBS, then trypsinised and diluted to a suspension of
2x10* cells/ml in a total volume of 200 pl. Using a multichannel pipette, 100 pl of media was
added to all wells in a 96-well plate, except for position Al, where 200 ul of cell suspension
was added. 100 pl of cell suspension was transferred from Al to B1 and mixed gently by
pipetting. This 1:2 dilution was repeated down the entire column, discarding 100 ul from H1.
An additional 100 pl of medium was added to each well in column 1, then 100 pul of cell
suspension was transferred from the wells in the first column to those in the second
column. These 1:2 dilutions were repeated across the entire plate, discarding 100 ul from
each of the wells in the last column. The final volume of all wells was brought to 200 ul by
adding 100 pl medium to each well. The plate was incubated at 37°C, 5% CO> until visible
colonies were detected. Colonies arising from a single cell were subcultured in 24-well

plates, then expanded up to T75 flasks.
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2.12.9. GFP sorting

Transfected cells with the eGFP-plasmid were single-cell sorted 48 hours after transfection
into 96-well plates using a BD Bioscience FACSJazz™ Cell Sorter as per manufacturer
instructions. Colonies arising from a single cell were subcultured in 24-well plates, then

expanded up to T75 flasks.

2.13. Immunofluorescence

1x10° cells were seeded onto coverslips in a 24-well plate and left to adhere overnight. The

following day, cells were treated with compounds as required.

2.13.1. Fixation
Cells were placed on ice and washed three times with 500 pul ice-cold PBS, followed by 200pl
4% paraformaldehyde in a fume hood for 20 mins. Cells were washed 3x in PBS, followed by
adding 0.2% Triton X-100 while cells were placed on ice. Cells were then washed 3x in PBS,

with each wash lasting 5 mins on an orbital shaker, then residual PBS was removed.

2.13.2. Blocking
200 ul 3% BSA, made up in PBS and filter sterilised, was added to each well and incubated at

room temperature for 30 mins.

2.13.3. Antibody Staining

200 pl primary antibody mixed in 3% BSA was added to each well and left overnight in a
humidified chamber at 4°C. The following day, cells were washed 3x with PBS while on an
orbital shaker, followed by adding 200 pul secondary antibody mixed in 3% BSA for an hour at
room temperature in the dark. DAPI (Sigma-Aldrich, D9542) was also added at 1:1000 to
stain nuclei. After the hour incubation, cells were washed 3x with PBS while on an orbital
shaker, followed by submerging the coverslips in ddH,0. Primary and secondary antibodies

used in immunofluorescence can be found in Table 2.14.
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Antibody Host Source/Catalogue Dilution
Species number
YH2AX Mouse Sigma-Aldrich/05-636 1:1000
53BP1 Rabbit Bethyl/A300-273A 1:1000
Anti-Mouse IgG (H+L), Alexa Fluor™ Goat Invitrogen/A-11001 1:500
488
Anti-Rabbit 1gG (H+L), Alexa Fluor Goat Invitrogen/A-11012 1:500
594

Table 2.14: Immunofluorescence antibodies. Antibodies used throughout immunofluorescence, including the

source, host species, and dilution.

2.13.4. Imaging

The coverslips were carefully lifted using tweezers, then left to dry for 20 mins on tissue.
The coverslips were mounted on Shandon™ SuperFrost® microscope slides (Life Science
International, 67761207) using Thermo Scientific Shandon Immu-Mount™ (FIS9990402). The
slides were stored at 4°C in the dark for 1-3 days before microscopy. The slides were imaged
using a DFC350 FX fluorescent microscope (Leica) connected to a CTR5000 controller (Leica).
Images were taken with Leica FW4000. Foci or fluorescent intensity were quantified using
FUIJI (Image J) software v 2.1 by initially creating a mask to outline visible nuclei stained with
DAPI. For yH2AX, the mean fluorescent intensity per cell was quantified, whilst for 53BP1
maxima points were identified and counted within the visible nuclei. Macro scripts for both

guantifications can be found in the appendix.

2.14. Statistical Analysis
Quantifications and statistical analysis were performed using GraphPad Prism version 10. p<

0.05 was considered to be statistically significant for all statistical tests. Data is presented as

Mean + SEM.

An unpaired Student’s t-test was used when comparing the means of two independent
groups. A one-way ANOVA was used when comparing the means of more than two
independent groups with one variable. A two-way ANOVA was used when comparing the
means of more than two independent groups with two variables. ANOVA post-hoc tests

were used to control for the family-wise error rate: Tukey correction when comparing all

76




Materials and Methods

means against each other, Dunnet correction when comparing every mean to a control
mean, and Sidak corrections when comparing selected means. In some results the data was
normalised leading to uneven distribution of data; therefore, non-parametric tests were
utilised instead: Wilcoxon-signed rank test for two independent samples, or Kruskal-Wallis
test for more than two independent samples, followed by Dunn’s correction as a post-hoc

test (McHugh, 2011; Ranganathan, 2021).
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Chapter 3 Chemoresistance and radioresistance in RCC4-VHL -/-

3.1. Introduction

Stable cell lines have been used for decades as a model for disease, allowing researchers to
investigate the roles of specific genes and pathways in disease progression. A literature
analysis was conducted (Brodaczewska et al., 2016) to establish which cell line was most
suitable to model ccRCC and would complement the previous studies performed by Kim et
al., (2020) which utilised a zebrafish model with vh/ knocked out to show constitutive
upregulation of Hifla and Hif2a. | wanted a cell line that also had a mutation in VHL causing
it to be non-functional, leading to increased expression of HIF1a and HIF2a. | decided to use
the RCC4 cell line, which originated from a primary ccRCC tumour as it contained a missense
mutation in VHL (p.S65W), causing the cells to be in a constant state of pseudohypoxia due
to unstable VHL protein structure (Hes et al., 2007). Similar to the zebrafish model, the RCC4
cells also had constitutively high levels of HIF1a and HIF2a, as opposed to other cell lines
which possess only one or the other. To obtain a suitable control for RCC4 with functional
VHL, | also used the RCC4-VHL WT cell line created by Maxwell et al., (2020) whereby they
transfected RCC4 cells with a plasmid containing functional VHL and positively selected for
these stably transfected cells; then they validated that VHL had been functionally restored

by analysing genes responsive to hypoxia.

It has been well established that ccRCC patients often develop resistance to several types of
therapies, such as those targeting receptor tyrosine kinases, VEGF inhibitors, and mTOR
inhibitors (Rini, 2010; Gore and Larkin, 2011). RCC4 cells have been used previously to
understand the complex mechanisms behind ccRCC tumourigenesis and resistance to
therapies (Doan et al., 2019; Arnaiz et al., 2021). Furthermore, Yuen et al., (2007) suggested
that high expression of insulin growth factor receptor 1, which is commonly upregulated in
ccRCC, can contribute to tumour chemoresistance protecting cells from cytotoxic drugs that
induce apoptosis. Lastly, Okamoto et al., (2017) has shown that upregulation of HIF1a can

initiate resistance to lidocaine-induced cell death in RCC4 cells.
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It is well established that hypoxia is able to enhance resistance to radiotherapy in several
cancers (Harrison et al., 2002). There have been few studies utilising ccRCC cell lines to
study radioresistance, but previous literature suggests that the ccRCC cell line 786-0, which
exclusively expresses HIF2a, becomes more sensitive to radiation once HIF2a expression

had been reduced (Bhatt et al., 2008).

Conversely to what would be predicted, it has also been reported that RCC4 cells are more
sensitive to DNA damage due to the downregulation of DNA repair genes under hypoxia,
such as BRCA1, causing the increased formation of DSBs. Furthermore, it has been reported
that RCC4 cells had a greater sensitivity to PARP inhibitors compared to their WT

counterparts (Scanlon and Glazer, 2015; Scanlon et al., 2018).

Before starting any experiments with RCC4, it was important to confirm that the VHL status
of both lines was correct as well as confirming that the levels of HIF1la and HIF2a decrease
when VHL function is restored. Following this, | wanted to establish if enhanced
chemoresistance and radioresistance would be observed in RCC4-VHL -/- cells compared to
RCC4-VHL WT, which would match what has been found in ccRCC patients. Lastly, | wanted
to screen various DNA repair proteins to establish if any potential targets responsible for

enhanced chemoresistance had not been previously identified.

3.2 Hypothesis
RCC4-VHL -/- cells will have increased expression of HIF1a and HIF2a compared to RCC4-VHL
WT cells, causing upregulation of PHD3. This gene was chosen as its upregulation had been
previously identified in pseudohypoxic zebrafish expressing increased levels of Hifla/Hif2a
(Kim et al., 2020; Marchi, 2020) and has also been shown to be upregulated in RCC4 cell
lines expressing constitutively upregulated HIF1a/HIF2a (Harten et al., 2011). Upregulated
HIF expression will lead to enhanced chemoresistance, due to the increased expression of

various DNA repair genes.
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3.3. Aims
Identify the presence of VHL in RCC4-VHL WT cells and the absence of VHL in RCC4-
VHL -/- cells.
Establish that HIF1la and HIF2a expression levels correlate with the absence of VHL.
Confirm that PHD3, a downstream target gene of HIF1a and HIF2aq, is upregulated in
RCC4 VHL -/- cells and downregulated in RCC4-VHL WT cells.
Establish if RCC4-VHL -/- cells are more sensitive to DNA damaging agents than their
WT counterparts.
Explore the role of DNA repair proteins that may be involved in enhanced resistance

to genotoxic stress.
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3.4. Results

3.4.1. Restoration of functional VHL downregulates HIF1a and HIF2a whilst PHD3

is upregulated when VHL function is perturbed

RCC4-VHL -/- have non-functional VHL, which mimics LOH in VHL expressing cells in cysts
and tumours of ccRCC patients who are originally heterozygous for mutations in VHL. RCC4-
VHL WT has functional VHL stably resupplied to the cells, which acts as the control cell line
for my experiments. Before commencing any experiments with the RCC4 cells, it was
important to establish that the identity of each cell line was correct. Analysing protein
expression via western blot (Section 2.5) shows the absence of VHL in RCC4-VHL -/-, whilst
RCC4-VHL has a greater VHL expression. The absence of VHL is correlated with upregulation
of both HIF1a and HIF2a (Figure 3.1A). Furthermore, when performing RT-qPCR (Section
2.6), the HIF target gene PHD3 is upregulated in RCC4-VHL -/-, indicating that the
upregulation observed in HIF has functional consequences downstream of HIF (Figure 3.1B).

Therefore, | can be confident of the identity of both RCC4 cell lines.
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Figure 3.1: RCC4-VHL -/- cells have a constitutively upregulated HIF pathway. A) Lysates from RCC4-VHL WT
cells and RCC4-VHL -/- show that restoration of functional VHL downregulates protein levels of HIF1a and
HIF2a on a western blot. B-tubulin was used as a loading control. B) RT-qPCR on RCC4-VHL WT and RCC4-VHL
cells showing mRNA upregulation of HIF target gene, PHD3, in RCC4-VHL -/- cells. PPIA was used as a
housekeeping gene. Unpaired Student’s t-test, *p<0.05, Mean + SEM, n=3.
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3.4.2. RCC4-VHL -/- cells have enhanced chemoresistance, but not radioresistance,

compared to RCC4-VHL WT cells

Once the identity of the RCC4 cells had been correctly established, | explored whether RCC4-
VHL -/- would be more resistant to cytotoxic agents than RCC4-VHL WT. It was important to
use different methods and different chemicals that target various pathways to obtain a

better understanding of any differences in chemosensitivity between both cell lines.

CPTis a TOP1 poison which prevents the release of TOP1 from DNA, increasing the presence
of TOP1-CCs. This causes the increased formation of DSBs and SSBs (Liu et al., 2000).
Olaparib is a PARP inhibitor, thereby blocking DNA SSBR. As SSBR is inhibited, DNA is
repaired through error-prone pathways leading to cell death (Goulooze et al., 2016). It has
been shown that moderate hypoxia enhances resistance to Olaparib through the

upregulation of BRCA1 and BRCA2 in a HIF-independent manner (Mehibel et al., 2021).

| decided to use several different techniques to measure the effectiveness of CPT and
Olaparib to induce DNA damage and loss of cell viability: clonogenic analysis, CellTiter-Blue
assay, and alkaline comet assay. Clonogenic formation assays observe the effect of a drug
on a cell’s ability to form a colony. CellTiter-Blue assay is a viability assay that relies on viable
cells converting resazurin into a fluorescent dye, resorufin. Cytotoxic agents will cause cells
to become less metabolically active, so there will be a lower fluorescent signal (Riss et al.,
2004). The alkaline comet assay measures both SSBs and DSBs by measuring the migration
of damaged DNA in drug-treated agarose-fixed cells after electrophoresis. Broken DNA
forms a tail-like structure called a ‘comet tail’ due to the migration of DNA based off size.

Larger ‘comet tail moments’ indicate greater DNA damage (Roy et al., 2021).

Clonogenic analysis was performed as per Section 2.7. For both CPT and Olaparib
treatments, cells were treated at different doses of CPT/Olaparib or DMSO for 3 days, then
the media was replaced with fresh media containing CPT/Olaparib or DMSO for another 3
days, followed by staining and counting colonies. RCC4-VHL -/- cells showed a greater
resistance to both CPT and Olaparib treatment at all doses (Figure 3.2 A-B). For both
CellTiter-Blue assay and comet assay, only CPT was used as previous work done in the lab

had utilised CPT, so more information was available with regards to the treatment times.
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CellTiter-Blue assay was performed as per Section 2.8. RCC4-VHL -/- cells demonstrated a
slightly higher resistance to CPT compared to RCC4-VHL WT as shown by more viable cells at
lower concentrations of CPT. At 500 nM and 1 uM CPT, both cell lines exhibited similar
tolerance levels to CPT. This suggested that RCC4-VHL -/- cells demonstrate greater
chemoresistance that RCC4-VHL WT cells (Figure 3.2C).

Alkaline comet assay (Section 2.9) demonstrated that RCC4-VHL -/- cells showed no
measurable difference in comet tail moment after treating with CPT, whilst RCC4-VHL WT
cells showed clear DNA breaks (Figure 3.2 D-E). Therefore, RCC4-VHL -/- cells showed
reduced damage to DNA damaging agents. Taken together with the clonogenic analysis and
CellTiter-Blue assay, the increased survival observed in RCC4-VHL -/- cells may be due to the

reduced damage caused by CPT, rather than a lack of cellular response to damage.

As tumours from ccRCC patients typically also show enhanced resistance to radiotherapy, it
was important to see whether this phenotype could be observed in RCC4 cells. IR induces
DNA DSBs by breaking covalent bonds between DNA, thus inducing cell death. In addition,
DNA SSBs form as a secondary effect via ROS generation (Borrego-Soto et al., 2015). |
treated the cells with increasing doses of IR (Section 2.7.1.2), and then performed
clonogenic analysis as previously described. Surprisingly, no significant difference was
observed between RCC4-VHL WT and RCC4-VHL -/- (Figure 3.3). This suggested that RCC4
cells may not be a good model to study the effect of radioresistance in ccRCC patients as
RCC4-VHL -/- cells do not show enhanced resistance to IR. However, it may have been more
accurate to use a different assay to measure DNA damage as clonogenic analysis only
measures survival, rather than quantifying DNA damage. Therefore, a different assay that

guantifies SSBs and DSBs may be more accurate, such as the comet assay.

84



Survivng Fraction

Chemoresistance and radioresistance in RCC4-VHL -/-

A Camptothecin B Olaparib
™ @ RCC4A-VHLWT Lok 9 RCCAVHL WT
9 RCC4.VHL /- @ RCC4-VHL /-
l ee nan :8_ o pows ane
High HIF g -
[re High HIF
g
2
0.1+ Low HIF § 0.1+
Low HIF
0.01 T T T T 0.01 T T T T
0nM 10 nM 14nM 18 nM 0um 5uM 10 uM 20 uM
i CellTiter-Blue Assay
e RCC4-VHL WT
e RCC4-VHL /-
°
°
8
w .. anan cnne ns ns
2 1d o °
3 ® .
© o b -
z e . .
@
o
0'1 T 1 L] L] L) L]
OnM  10nM  50nM 250nM 500nM  1uM
CPT Concentration
Low HIF High HIF
40 -
0.06
ns
i . 8 0.06
. ® RCC4-VHL WT
: ¥k ns ® RCC4-VHL -+
30 - b . "
PR - ®
P g’
H o
£ ; E
@ H : =
: SR g
2 . : . = 4
= : E
T 20+ . L S
5 . N £ [
: SR N o] B .
: RN -
L :
i H 0'_!%. T T T
- i DMSO CPT DMSO CPT
: _i_ :

DMSO CPT © o DMsO CcPT

85



Chemoresistance and radioresistance in RCC4-VHL -/-

Figure 3.2: RCC4-VHL -/- cells are more chemoresistant than RCC4-VHL WT cells. A-B) Clonogenic analysis
comparing CPT or Olaparib resistance between RCC4-VHL WT cells and RCC4-VHL -/- cells. Two-way ANOVA
with Sidak correction, ***p<0.001, ****p<0.0001, Mean + SEM, n=3. C) CellTiter-Blue assay comparing cell
viability after CPT treatment in RCC4-VHL WT cells and RCC4-VHL -/- cells. Two-way ANOVA with Sidék
correction, ns=p>0.05, **p<0.01, ****p<0.0001, Mean + SEM, n=3. D-E) Comet assay comparing CPT (40 puM)
resistance between RCC4-VHL WT cells and RCC4-VHL -/- cells. D) Raw values for comet tail moments. E) Mean
come tail moment for all three biological repeats. Two-way ANOVA with Tukey Correction, ns=p>0.05,

**p<0.01, Mean = SEM, n=3.
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Figure 3.3: RCC4-VHL -/- are not more resistant to IR compared to RCC4-VHL WT cells. Clonogenic analysis

comparing IR resistance between RCC4-VHL WT cells and RCC4-VHL -/- cells. Two-way ANOVA with Sidak

correction, ns=p>0.05, Mean + SEM, n=3.
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3.4.3. RCC4-VHL -/- cells have an enhanced expression of TDP1, which can be

reduced by modulating HIF2a expression

RCC4-VHL -/- clearly showed an enhanced resistance to CPT compared to RCC4-VHL WT
(Figure 3.2). Therefore, | decided to explore the molecular mechanisms further to
understand how a lack of functional VHL causes this. The first experiment performed was a
western blot to probe for various proteins of interest that may be involved in enhancing
DNA repair or protecting cells from damage induced by CPT. | settled on probing for NUMA,
PARP1, TOP1, TDP1, and pXRCC1 due to their previously reported roles in DNA repair after
CPT treatment (Plo et al., 2003; Liu et al., 2007; Jakobsen et al., 2015; Chowdhuri and Das,
2021). RCCA4-VHL -/- cells showed a statistically significant upregulation of TDP1 and pXRCC1
compared to RCC4-VHL WT cells (Figure 3.4).

| observed the gene expression of other DNA repair genes via RT-qPCR. BRCA1 and FANCD?2
are two genes involved in HR to repair DSBs, which were reported to be downregulated in
RCC4-VHL -/- cells (Scanlon and Glazer, 2015). MRE11 has been shown to interact with both
BRCA1 and FANCD2 (Roques et al., 2009; Kais et al., 2016; Bian et al., 2019), so it would be
interesting to see if the expression of these three genes are upregulated or downregulated
in my cell lines, and whether my data matched Scanlon and Glazer (2015). Lastly, a
functional connection has been identified between polynucleotide kinase (PNK) and
XRCC1/TDP1 (Plo et al., 2003). Therefore, the gene expression of PNK was also of interest. |
found that the gene expression of BRCA1 was significantly upregulated in RCC4-VHL -/- cells,
whilst MRE11 had mild, but insignificant, upregulation. PNK expression did not change
between both RCC4 cell lines (Figure 3.5).
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Figure 3.4: Screening various DNA repair proteins in RCC4 cells. A) Lysates from RCC4-VHL WT cells and RCC4-
VHL -/- cells were probed for various DNA repair proteins of interest. B-tubulin was used as a loading control.
B) Quantification of previous western blot, showing statistically significant upregulation of pXRCC1 and TDP1.

Multiple unpaired Student’s t-test, ns=p>0.05, *p<0.05, ****p<0.0001, Mean + SEM, n=3.
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Figure 3.5: BRCA1 mRNA expression is upregulated in RCC4-VHL -/- cells. RT-gPCR was performed on
alternative DNA repair genes of interest which | was unable to probe for on a western blot. BRCAI mRNA
expression was upregulated in RCC4-VHL -/- cells. PPIA was used as a housekeeping gene. Multiple unpaired

Students’ t-test, **p<0.01, Mean = SEM, n=3.
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The strong upregulation of TDP1 was most interesting to me, as upregulation of TDP1 had
been previously identified as one of the causes of enhanced resistance to CPT in NSCLC (Liu
et al., 2007). The importance of TDP1 in protecting cells from DNA damage has also been
addressed extensively in other papers (Barthelmes et al., 2004; Zaksauskaite et al., 2021).
Therefore, most of my experiments tended to focus on the role of TDP1 in protecting cells

from cytotoxic agents.

The western blot that | had used (Figure 3.4A) to initially identify the upregulation of TDP1
had been stripped and reprobed (Section 2.5.6) three times. To make sure that the increase
of TDP1 was reproducible, | repeated the western blot once more. TDP1 protein expression
showed ~5-fold change increase between RCC4-VHL WT and RCC4-VHL -/- (Figure 3.6 A-B). |
wanted to test whether this difference would also be observed at the TDP1 gene expression
level. Therefore, | performed an RT-qPCR between RCC4-VHL WT and RCC4-VHL -/- cells
looking at TDP1 mRNA expression. This showed ~3-fold increase (Figure 3.6C), suggesting

that TDP1 is increased at the transcriptional level, and not just the protein level.

To establish whether the increase of TDP1 expression in RCC4-VHL -/- cells was also
reflected in an increased TDP1 activity, | used a TDP1 activity assay (Section 2.10) comparing
the cleavage efficiency of TDP1 on DNA in RCC4-VHL WT and RCC4-VHL -/- cells. Increasing
amounts of protein lysate were combined with oligonucleotides containing a Cy5.5
fluorophore at the 5’ end, and a phosphotyrosyl group (PY) at the 3’ end. TDP1 converts PY
to a phosphate (P) group, causing the oligonucleotide to migrate to a lower level on a urea
gel. By looking at the fraction of oligonucleotide that has shifted to the lower band, | can
calculate TDP1 processing activity (Figure 3.7A) (Zaksauskaite et al., 2021). RCC4-VHL -/-
cells were more effective at cleaving the oligonucleotide (Figure 3.7 B-C), suggesting that
the increase in TDP1 expression translates to an increased capacity for RCC4-VHL -/- to

repair damaged DNA through enhanced TDP1 enzymatic activity.
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Figure 3.6: TDP1 protein expression, and mRNA expression are upregulated in RCC4-VHL -/- cells. A) Western
blot from Figure 3.1 reprobed for TDP1. B-tubulin was used as a loading control. B) Quantification of previous
western blot showing upregulated TDP1 protein expression. Unpaired Student’s t-test, ***p<0.001, Mean +
SEM, n=3. C) RT-qPCR showing upregulated TDP1 mRNA expression in RCC4-VHL -/- cells. PPIA was used as a

housekeeping gene. Unpaired Student’s t-test, **p<0.01, Mean + SEM, n=3.
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Figure 3.7: TDP1 enzymatic activity is greater in RCC4-VHL -/- cells. A) Diagram explaining how the TDP1 activity
assay works, whereby TDP1 causes a band shift on a urea gel by converting the 3’ phosphotyrosyl group (PY) on an
oligonucleotide to a phosphate group (P), which is detectable by Cy5.5 [adapted] (Zaksauskaite et al., 2021). B)
Urea gel showing a greater shift in the 3’ PY band to the 3’ P in RCC4-VHL -/-, which corresponds to greater TDP1
activity. LB = Lysis Buffer. +ve Ctrl = purified TDP1 protein. C) Quantification of TDP1 activity assay. Two-way

ANOVA with Sidak correction, ns=p>0.05, **p<0.01, ****p<0.0001, Mean * SEM, n=3.
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The effect of VHL on modulating HIF has been extensively described (Section 1.2.2).
Therefore, | hypothesised that the upregulation of HIF1a, HIF2a, or both, was responsible
for the upregulation of TDP1. By looking at previously uploaded chromatin
immunoprecipitation sequencing (ChIP-Seq) data (Smythies et al., 2019), | discovered that
both HIF1la and HIF2a showed high interaction with TDP1 promoter regions (Figure 3.8).
Given the potential interaction between both HIFs and TDP1, this suggested that both HIFs
may be modulating the activity of TDP1 in RCC4-VHL -/- cells.

To establish whether HIF expression can modulate TDP1 expression, | used siRNA targeting
HIF1a/HIF2a (Section 2.11) and looked at what happened to TDP1 at the protein and gene
expression levels. The siRNA effectively knocked down HIF1a/HIF2a gene and protein
expression (Figure 3.9 A/C). Interestingly, whilst HIF1a knockdown seemed to show no
increase in TDP1 protein expression, HIF2a knockdown caused a trend towards
downregulation in TDP1 protein expression and gene expression. Combining both HIFla and
HIF2a knockdown caused TDP1 protein expression to return close to baseline levels,
suggesting that downregulating HIF1a may somehow be able to counteract the effect of
HIF2a on TDP1 (Figure 3.9 A-B). However, this effect was not seen in gene expression
(Figure 3.9D). In addition, | wanted to see whether the previously observed mild
upregulation of pXRCC1 in RCC4-VHL -/- (Figure 3.4) was linked to HIF expression, so |
probed for pXRCC1 on the same blots. However, | did not see any change in pXRCC1
expression, nor did | see a difference between RCC4-VHL WT and RCC4-VHL -/- (Figure 3.9E),

suggesting that any changes in pXRCC1 expression are likely to be minor and insignificant.
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Figure 3.8: HIF1a and HIF2a show high interaction with TDP1 promoter region. Integrative Genome Viewer

(IGV) snapshots of HIF1a and HIF2a ChIP-Seq signal over TDP1 promoter region. n=2. ChIP-Seq datasets

uploaded by Smythies et al., (2019).
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Figure 3.9: TDP1 gene and protein expression can be reduced via HIF2a knockdown. A) Representative
western blot showing protein expression of HIF1a, HIF2a, TDP1, and pXRCC1 after transfecting RCC4-VHL -/-
cells with control siRNA (siCtrl), HIF1a siRNA (siHIF1a), and HIF2a siRNA (siHIF2a). TDP1 protein expression is
downregulated after knocking down HIF2a. pXRCC1 expression does not change. RCC4-VHL WT was included
as a control. B-tubulin was used as a loading control. B) Quantification of western blot showing a trend of TDP1
protein expression downregulation after siHIF2a. Kruskal-Wallis with Dunn’s correction, ns=p>0.05, Mean +
SEM, n=3. C) RT-qPCR on RCC4-VHL -/- cells after transfecting with siCtrl, siHIF1a, and siHIF2a, showing
successful knockdown of target genes. PPIA was used as a housekeeping gene. One-way ANOVA with Dunnet
correction, *p<0.05, **p<0.01, ****p<0.0001, Mean + SEM, n=3. D) RT-qPCR showing that TDP1 gene
expression is downregulated after siHIF2a. PPIA was used as a housekeeping gene. One-way ANOVA with
Dunnet correction, ***p<0.001, ****p<0.0001, Mean + SEM, n=3. E) Quantification of pXRCC1 expression on
western blot showing no measurable difference in pXRCC1 expression following HIFa knockdowns. Kruskal-

Wallis with Dunn’s correction. ns=p>0.05, Mean + SEM, n=3.
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| wanted to see whether growing RCC4-VHL WT cells in a hypoxic incubator would cause
TDP1 protein expression to increase alongside increased expression of HIF1a/HIF2a. |
seeded the cells in a 6-well plate and left them to adhere overnight, before placing them in
a 1% oxygen incubator for 8 hours, harvesting cells at 2-hour intervals. HIF levels increased
the longer the cells were left in hypoxia, but this did not correlate with increased TDP1
expression (Figure 3.10). An interesting observation was that TDP1 protein expression
seemed to increase and then decrease over time, although as this was just one repeat the
results may not be consistent if they were to be repeated. This experiment suggested that
modulating HIF levels on their own via siRNA may not be sufficient to accurately establish
the role of hypoxia in chemoresistance as | was not targeting other pathways that be
impacted by hypoxia. Targeting HIFs using siRNA does not achieve the TDP1 oscillation that |
saw when growing cells in the hypoxic incubator. However, as the concentration of oxygen
used (1%) in the hypoxic incubator may not be an accurate model of tumour hypoxia as
hypoxic cores can reach concentrations as low as 0.1%, which have been shown to trigger
different pathways (Hu et al., 2003; McKeown, 2014; Hompland et al., 2018). The HIF-
independent functions of VHL may also be behaving differently when the cells are grown in

a hypoxic incubator compared to when cells are grown in a 20% oxygen incubator.
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Figure 3.10: TDP1 protein expression is not upregulated in RCC4-VHL WT cells grown in hypoxia. Western

blot for RCC4-VHL WT cells grown in a 1% oxygen incubator for different time periods, showing that growing

cells in a 1% oxygen incubator was not sufficient to upregulate TDP1 protein levels, despite the upregulation in

HIF1la and HIF2a levels. RCC4-VHL -/- cells were included to compare HIF1a, HIF2a, and TDP1 expression.

HIF2a expression of RCC4-VHL WT cells was greater than that of the pseudohypoxic RCC4-VHL -/- cells. HIF1a

appears to have three distinct bands between two- and six-hours hypoxic exposure, with a shift being

observed from the bottom band to the bottom band. The top band of HIF1a is the phosphorylated form, whilst

the bottom band is the unphosphorylated form. The middle band may be HIF1a phosphorylated on a different

site. Phosphorylated HIF1a has higher transcription activity than unphosphorylated HIF1a (Bullen et al., 2016).

B-tubulin was used as a loading control.
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Lastly, | used the HIF2a-specific inhibitor PT2385 in RCC4-VHL -/- to see if pharmacologically
targeting HIF2a only could cause a downregulation in TDP1 expression. PT2385 prevents the
dimerisation of HIF2a with HIF1B, thereby preventing the upregulation of HIF2a-specific
target genes, such as VEGFA (Wallace et al., 2016). | decided to look at the gene expression
of VEGFA via RT-gPCR following PT2385 treatment to determine whether PT2385 worked as
expected. This showed a strong downregulation of VEGFA following PT2385 treatment,
indicating that PT2385 was functioning, as the HIF2a pathway had been downregulated
(Figure 3.11A), although | was only able to plot two data points as the mRNA extraction for
the third repeat was not performed correctly. TDP1 gene expression did not seem to change
much after PT2385 treatment, only showing a minor downregulation. Interestingly, TDP1
protein expression seemed to increase, rather than decrease, after PT2385 treatment,
although the increase was not statistically significant (Figure 3.11 B-C). This ran counter to
what | had observed when knocking down HIF2a expression using siRNA, suggesting a clear
difference when using pharmacological inhibition or genetic interference. Alternatively,
TDP1 expression may have mildly increased as an early response to HIF2a-mediated

downregulation of other DNA repair proteins.
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Figure 3.11: PT2385 treatment in RCC4-VHL -/- cells does not cause reduced TDP1 expression. A) RT-gPCR on
RCC4-VHL -/- cells after treating them with DMSO, 10 uM PT2385, or 20 uM PT2385 for 24 hours. VEGFA
(HIF2a target gene) mRNA expression was downregulated upon PT2385 treatment, indicating that the
chemical is working. TDP1 gene expression did not change dramatically. PPIA was used as a housekeeping
gene. Mean + SEM, n=2. B) Representative western blot showing an upregulation in TDP1 protein expression in
RCC4-VHL -/- cells after treating them with DMSO, 10 uM PT2385, or 20 uM PT2385 for 24 hours. B-tubulin
was used as a loading control. C) Quantification of previous western blot showing that the upregulation of
TDP1 protein expression is not statistically significant. Kruskal-Wallis with Dunn’s correction, ns=p>0.05, Mean

+ SEM, n=3.
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3.4.4. RCC4-VHL -/- cells have a higher pNuMA/NuMA ratio compared to RCC4-

VHL WT cells, in a HIF-independent manner

Ray et al., (2022) recently described a protein involved in enriching TDP1 and XRCC1 at DNA
SSBs, called NuMA. Following oxidative stress, NUMA interaction with TDP1 and XRCC1 is
enriched at chromatin regions, increasing TDP1 and XRCC1 transcription and their
expression. Therefore, NuMA is important for repairing SSBs due to the recruitment of
TDP1-repair machinery. When | had previously looked at NuMA expression, | found no

significant difference between RCC4-VHL WT and RCC4-VHL -/- (Figure 3.4A).

As | had previously found upregulation of TDP1 in RCC4-VHL -/- cells, | decided to revisit
NuMA expression in RCC4. In response to DNA damage, NuMA is phosphorylated at S395,
possibly to regulate DNA repair protein enrichment at damaged chromatin (Moreno et al.,
2019). Even though NuMA expression was not different between RCC4 cells, | could see a
clear difference in the levels of NuMA phosphorylation at S395 (Figure 3.12 A-B). When
guantifying NuMA phosphorylation, | decided to standardise pNuMA expression by
comparing it to the expression of NUMA to counter any variations that may be seen in

NuMA.

As it had previously been shown that ATM/ATR is involved in phosphorylating NuMA at S395
(Matsuoka et al., 2007), | decided to treat RCC4 cells with an ATM inhibitor (KU-5593) or ATR
inhibitor (VE-821) to see if inhibiting the ATM/ATR pathway could reduce the expression
levels of pNuMA (S395). Interestingly, it was found that despite ATM inhibition reducing
pPNUMA expression, ATR inhibition increased pNuMA expression (Figure 3.12C).

One potential reason for upregulation of pNuMA in RCC4-VHL -/- is the enhanced expression
of ATM, causing greater phosphorylation of NuMA. However, ATM expression was not
found to be significantly different between the RCC4 cells (Figure 3.12B). | hypothesised
that the upregulation of pNuMA was due to the upregulation of either HIF1a or HIF2a in
RCC4-VHL -/- cells. Therefore, | knocked down the expression of either HIF1a or HIF2a in the
RCC4-VHL -/- cells to see if pPNuMA or NuMA expression would decrease upon modulating
HIFa. As pNuMA is not highly expressed under baseline conditions, | exaggerated pNuMA
expression by treating the cells with 10 uM CPT for 1 hour and compared pNuMA
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expression of the CPT-treated cells, whilst NuUMA expression was compared for both DMSO-
treated and CPT-treated cells. Modulating HIFa levels via siRNA had no measurable impact
on either NuMA or pNuMA expression (Figure 3.13), suggesting that pNuMA is upregulated

in RCC4-VHL -/- cells via HIF-independent mechanisms.
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Figure 3.12: Phosphorylation of NuMA at $395 (pNuMA) is upregulated in VHL -/- cells. A) Western blot
showing upregulation of pNuMA in RCC4-VHL -/- cells, and no difference in ATM and NuMA expression. B-
tubulin was used as a loading control. B-C) Quantification of previous western blot. Wilcoxon signed-rank test,
ns=p>0.05, *p<0.05, Mean * SEM, n=3 (ATM), n=6 (pNuMA). D) Western blot showing that the
phosphorylation of pNuMA is mediated by ATM and ATR at $395. ATM inhibition causes a downregulation of
pNuMA (S395). ATR inhibition causes an upregulation of pNuMA (5395). RCC4-VHL -/- were treated with DMSO
(Control), 10 uM KU-5593 (ATMi), or 10 uM VE-821 (ATRi). B-actin was used as a loading control.
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Figure 3.13: NuMA and pNuMA expression in RCC4-VHL -/- cells is independent of HIF expression. A)
Representative western blot showing RCC4-VHL -/- cells treated with control siRNA (siCtrl), HIF1a siRNA
(siHIF1a), and HIF2a siRNA (siHIF2a). pNuMA and NuMA expression does not change when knocking down
HIF1a or HIF2a. pNuMA expression was accentuated by treating cells with 10 uM CPT for 1 hour. B-tubulin was
used as a loading control. B-D) Quantifications of western blots showing no change in pNuMA or NuMA

expression after siRNA treatments. Kruskal-Wallis test with Dunn’s correction, ns=p>0.05, Mean + SEM, n=3.
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3.5. Discussion

3.5.1. RCC4-VHL -/- cells have enhanced chemoresistance, but not radioresistance

Enhanced chemoresistance and radioresistance in ccRCC patients has been commonly
reported (Goyal et al., 2013). Investigating the molecular mechanisms underpinning this
resistance is crucial to developing personalised therapy plans for patients that can
resensitise them to standard chemotherapeutics and radiotherapeutics. The RCC4-VHL -/-
and RCC4-VHL WT cell lines provided me with a good opportunity to model ccRCC therapy
resistance by having one cell line mimic ccRCC patients (VHL -/-) and another cell line
mimicking non-cancerous samples (VHL WT). The identity of these cell lines was confirmed
via a western blot showing that VHL is only present in RCC4-VHL WT. The absence of VHL in
RCC4-VHL -/- was correlated with a high expression of the two main HIF proteins, HIF1a and
HIF2a. Furthermore, the HIF-activated gene PHD3 was shown to be highly upregulated in
RCC4-VHL -/-, demonstrating that this cell line had a constitutively upregulated HIF pathway
(Figure 3.1).

The observation that RCC4-VHL -/- cells are more resistant to CPT and Olaparib treatment is
in line with clinical observations, but runs counter to previous literature (Scanlon and Glazer,
2015; Scanlon et al., 2018). These papers found a downregulation of DNA repair genes, such
as BRCA1, under hypoxia were responsible for the increased sensitivity to
chemotherapeutics. However, | found that RCC4-VHL -/- cells were more resistant to both
CPT and Olaparib (Figure 3.2). | demonstrated this through several ways. Firstly, a greater
fraction of RCC4-VHL -/- cells treated with either CPT or Olaparib were able to survive and
become viable colonies compared to RCC4-VHL WT cells (Figure 3.2A). Secondly, RCC4-VHL -
/- cells treated with CPT remained more metabolically viable than RCC4-VHL WT cells as
measured by the CellTiter-Blue assay, although the difference between the two cell lines
was not extreme (Figure 3.2C). Clonogenic analysis and CellTiter-Blue assay are both good
for measuring cell fate over a long period of time post-treatment. Therefore, | examined the
immediate cellular response to a drug treatment, which is why | utilised the comet assay to
look at the extent of DNA breaks. As CPT had been used extensively in the lab for other
alkaline comet assays, | was familiar with the concentrations and timescales needed to get

guantifiable comet tails. Treating RCC4-VHL WT cells with CPT caused clear comets to form,
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indicating large amounts of SSB and DSB formation. However, | did not observe many comet
tails when treating RCC4-VHL -/- with CPT, suggesting minimal sensitivity (Figure 3.2 D-E).
Overall, | was able to demonstrate that RCC4-VHL -/- cells are more resistant to DNA
damaging agents compared to RCC4-VHL, and that they can maintain that resistance

through the cellular proliferation stages.

It is unclear why my results differed so much with Scanlon et al., (2018), despite utilising the
same cell lines and methods to measure DNA damage sensitivity. The difference in gene
expression for BRCA1 and MRE11 could be explained by the different primers in RT-qPCR.
There may be alternative isoforms of BRCA1 and MRE11 that are upregulated or
downregulated under hypoxia, which would be reflected if selecting primers that target

different isoforms.

I moved on to looking at the effect of irradiation on the RCC4 cells, with the expectation that
RCC4-VHL -/- would show greater resistance than RCC4-VHL WT. | decided to treat the cells
with various doses of IR and then allow the cells to form countable colonies. However, |
unexpectedly did not observe any major differences in IR sensitivity between RCC4-VHL WT
and RCC4-VHL -/- cells (Figure 3.3). Radioresistance has not been looked at extensively in
ccRCC cell lines, so it is difficult to make an accurate comparison with previous literature.
Increased resistance to IR in hypoxic cells has been previously demonstrated (Frankenberg-
Schwager et al., 1991; Olive and Banath, 2004). Conversely, Scanlon et al., (2018) irradiated
the RCC4 cell lines and compared their capacity to grow colonies, and interestingly found
that the RCC4-VHL WT cells were more resistant to radiation. However, the findings in this
paper often contradict our previous clonogenic analysis experiments. Bhatt et al., (2008) did
find enhanced resistance in the 786-0 cell line, although they measured cell death using an
MTS-based assay, rather than clonogenic analysis, and also measured cell death via trypan
blue exclusion. Also, as the 786-0 cell line differs from RCC4, mainly due to the absence of
HIF1la expression in 786-0, this may suggest that RCC4 cells intrinsically respond differently
to radiation compared to 786-0. This could mean that the absence of HIF1a in 786-0 cells is
responsible for the enhanced radioresistance, which may explain why RCC4 cells are not
radioresistant due to the presence of HIF1a. | would like to use the 786-0 cells and apply

the same IR doses as | did with RCC4 and see if they show resistance compared to their VHL-
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supplied complement cell ling, as well as observing whether they show chemoresistance,
similar to the RCC4-VHL -/- cells. This would establish whether the presence of HIF1a in

RCC4-VHL -/- is affecting chemoresistance and radioresistance.

3.5.2. DNA repair genes are upregulated in RCC4-VHL -/- cells

TDP1 and XRCC1 are part of a larger complex involved in DNA SSBR (Plo et al., 2003). The
high expression of DNA repair genes has been associated with enhanced resistance to
chemotherapeutics (Li et al., 2021). Although the upregulation of pXRCC1 was mild (Figure
3.4), the increase in TDP1 expression was very strong at the protein (~5-fold change), gene
(~3-fold change), and activity level (Figure 3.6). This upregulation may play a part in the
enhanced chemoresistance of RCC4-VHL -/- cells as greater expression of endogenous TDP1
could be priming the cells to repair DNA breaks at a more effective rate, similar to what has
been reported elsewhere (Liu et al., 2007). During a later experiment, whereby | knocked
down HIFa expression in RCC4-VHL -/- and used RCC4-VHL WT as a control cell line, | did not
observe any difference in pXRCC1 expression (Figure 3.9E). Therefore, pXRCC1 is likely not
involved in enhancing VHL/HIF-mediated genoprotection and the previously observed mild

upregulation was likely not physiologically relevant.

| also probed for the protein expression of both TOP1 and PARP1 as they are involved in the
same repair pathway but could not find any significant difference. The gene expression of
BRCA1 was significantly upregulated in RCC4-VHL -/-, with minor upregulation in MRE11
(Figure 3.5). This suggested that the HR pathway might be enhanced, causing increased
repair of DNA DSBs. This is in contrast to Scanlon et al., (2018) who showed downregulation

of BRCA1. | did not see an increase in PNK gene expression.

Furthermore, | also probed for NuUMA due to its role in recruiting TDP1 to sites of oxidative
damage, but also found no measurable difference (Figure 3.4). However, when looking at
pNuMA | found a strong upregulation in RCC4-VHL -/- (Figure 3.12 A-B). The role of NuMA
phosphorylation at S395 is not very well understood, except that phosphorylation occurs in
response to DNA damage (Matsuoka et al., 2007). This suggests that RCC4-VHL -/- have a
higher baseline of DNA damage compared to RCC4-VHL WT, perhaps due to downregulation

or mutations in DNA repair genes. This higher level of baseline damage may have enhanced
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the recruitment of TDP1, thereby priming cells to repair DNA damage caused by exogenous
factors. We know that NuMA is involved in recruiting DNA repair factors to sites of DNA
damage (Ray et al., 2022), although NuMA expression does not differ between both RCC4
cell lines. However, pNuMA could be involved in enhancing TDP1 and XRCC1 recruitment, or
by enhancing the function of NuMA. This may explain the reduced comet tail formations in

RCC4-VHL -/- cells (Figure 3.2 D-E).

| was able to show that NuMA phosphorylation can be downregulated by inhibiting ATM;
however, it was interesting to see that inhibiting ATR caused the opposing effect whereby
pNuUMA expression increased (Figure 3.12C). It had been previously reported that ATM/ATR
were both involved in NuUMA phosphorylation (Stokes et al., 2007), so this was an
unexpected result. One potential explanation is ATR inhibition causing increased DNA
breaks, thereby activating ATM-dependent NuMA phosphorylation. This could be tested by
inhibiting ATM alongside ATR inhibition. If pNuMA does not increase in ATM/ATR inhibited
cells, this would suggest that the increase in pNuMA following ATR inhibition is due to ATM-

dependent NuMA phosphorylation.

The molecular mechanisms underlying pNuMA upregulation in RCC4-VHL -/- cells remains
unclear, as modulating HIF1a or HIF2a expression had no measurable impact on either
pNUMA or NuMA expression (Figure 3.13). Therefore, it is likely that pNuMA is upregulated

due to mechanisms independent of HIF.

3.5.3. TDP1is a direct or indirect target of HIF2a

Although there was not a lot of literature available surrounding the potential role of TDP1 in
hypoxia-relevant cancers, there were a few findings that suggested TDP1 was a potential
gene upregulated under hypoxic conditions. Cimmino et al., (2019) found that in a
neuroblastoma cell line under hypoxia, TDP1 expression increased in a HIFla-independent
manner, as well as observing hypermethylation at TDP1 CpG sites. Even though DNA
methylation is often associated with repressed gene transcription (Klose and Bird, 2006),
the genes of interest identified by Cimmino et al., (2019) did not always follow this trend.

Therefore, the impact of TDP1 hypermethylation could be unrelated to gene expression.
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Upon investigating previously uploaded ChIP-Seq datasets (Smythies et al., 2019), | found
that HIF1a and HIF2a both seemed to bind to the promoter region of TDP1 (Figure 3.8),
suggesting that TDP1 could potentially be a target of HIFs. There had been no previous
literature indicating a link between HIF2a and TDP1; therefore, it was interesting to observe
that upon HIF2a knockdown via siRNA, TDP1 protein expression and gene expression was
downregulated (Figure 3.9). HIF1a knockdown did not appear to have an effect on TDP1

expression, which would match Cimmino et al., (2019).

As | had up until now been targeting only HIF1a/HIF2a specifically, | was interested to see
whether my findings could be repeated in a general hypoxic setting, thus mimicking
conditions observed in cancerous phenotypes. Therefore, | grew RCC4-VHL WT cells in a
hypoxic incubator (1% O>) for various time periods and probed for TDP1 protein expression.
Despite seeing a strong upregulation of HIF2q, | did not see a meaningful difference in TDP1
expression (Figure 3.10). However, hypoxia in cancer cells can often reach 0.1% O, which
can trigger different pathways compared to 1% O, (Ramachandran et al., 2021).
Furthermore, | incubated RCC4 cells in hypoxic conditions for a maximum of 8 hours, which
is substantially shorter than cancer cells are often subjected to (Emami Nejad et al., 2021).
Although HIF1a reaches maximal expression around 8 hours in most cells, HIF2a requires a
substantially longer hypoxic exposure at approximately 24 hours (Bartoszewski et al., 2019),
although this has been shown to be reversed in other cell lines with HIF2a reaching maximal
expression before HIF1a (Imeri et al., 2019). Therefore, my experiment may not have
provided a meaningful comparison as HIF and its downstream target genes are not fully
activated. Establishing the precise times at which HIF1a/HIF2a reach maximal expression
accompanied by activation of known downstream target genes in RCC4 cells will allow for a
more accurate understanding of the relationship between HIF and TDP1 during hypoxic
exposure. Interestingly, the upregulation of HIF2a in RCC4-VHL WT cells exceeded that of
RCC4-VHL -/- cells, whilst HIF1a upregulation did not reach the same levels as RCC4-VHL -/-
cells. The balance between HIF1la and HIF2a expression may be important in modulating

TDP1 expression.

Since | observed that only HIF2a seemed to be modulating TDP1 expression, | decided to

investigate HIF2a further. HIF2a has been described as responsible for promoting an
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aggressive phenotype in ccRCC patients, whilst HIF1a is often described as a tumour
suppressor (Keith et al., 2012; Hoefflin et al., 2020; Shi et al., 2021). PT2385 has been
successfully used to inhibit tumour progression by specifically inhibiting the binding of HIF2a
with HIF1B (Wallace et al., 2016). Therefore, | wanted to see whether treating RCC4-VHL -/-
cells with PT2385 would show similar results as my HIF2a knockdowns. However, PT2385
did not appear to have a clear impact on TDP1 gene or protein expression, with a decrease
and increase observed, respectively (Figure 3.11). The conflicting results of PT2385 could be
explained by enhanced stabilisation of TDP1 protein as a compensatory mechanism
following HIF2a-mediated downregulation of other DNA repair proteins. Alternatively,
HIF2a inhibition has been identified as a contributor to induced oxidative stress during
intermittent hypoxia (Nanduri et al., 2009). Therefore, TDP1 may be stabilised to repair SSBs

induced by oxidative stress (EI-Khamisy et al., 2005).

3.6. Summary
RCC4-VHL -/- cells, which have a constitutively active HIF pathway, are more resistant to
chemotherapeutics compared to RCC4-VHL WT cells. This matches what has been identified
in ccRCC patients with VHL mutations. The DNA repair factors TDP1, BRCA1, and pNuMA
were found to be upregulated in RCC4-VHL -/- ; the upregulation of TDP1 can be countered
by knocking down HIF2a expression with siRNA. The upregulation of the DNA repair factors

may be responsible for the enhanced chemoresistance.

The loss of functional VHL in RCC4-VHL -/- causes constitutive upregulation of HIF2a, causing
increased expression of TDP1. pNuMA expression increases in a HIF-independent manner,
which relies on ATM expression. Therefore, TDP1 recruitment to sites of SSBs are increased,
enhancing DNA capability to repair itself after being damaged. This hypothetical model is
visualised in Figure 3.14. The next steps are to determine whether HIF2a is acting directly or
indirectly on TDP1, and whether modulating the expression of HIF2a or TDP1 is sufficient to

resensitise cells to chemotherapeutics.
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Figure 3.14: Model demonstrating the potential mechanisms by which VHL inactivation causes increased

DNA break repair. Upon VHL inactivation, HIF2a expression is constitutively upregulated, triggering increased

recruitment of TDP1 to sites of DNA damage through two methods: 1) Increasing the transcription and

translation of TDP1. 2) Increasing the formation of phosphorylated NuMA (pNuMA), which recruits TDP1 to

sites of DNA damage, leading to single-strand break repair (SSBR). The phosphorylation of NuMA occurs in a

HIF-independent and ATM-dependent manner.
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Chapter 4 Genetic modulation of HIFa or TDP1 in RCC4-VHL -/-

4.1. Introduction
RCC4-VHL -/- cells have an enhanced resistance to chemotherapeutics compared to RCC4-
VHL WT cells. VHL inactivation in RCC4-VHL -/- caused upregulation of HIF1a and HIF2a, as
well as a strong upregulation of DNA repair protein TDP1, which appeared to be modulated
by HIF2a. Therefore, | was interested to see if HIF1a, HIF2a, and TDP1 contributed to

enhanced chemoresistance mechanisms.

Targeting HIF2a is a relatively new strategy that has been introduced into clinical practice
via the HIF2a inhibitor Belzutifan, with much of the focus centring on HIF2a's role in
promoting angiogenesis (Bensalah et al., 2022). HIF2a inhibition in ccRCC patients may also
have the impact of enhancing sensitivity to chemotherapeutics as DNA repair mechanisms
in cancer cells become perturbed. Knocking down gene expression of HIF1a, HIF2a, and
TDP1 in cell lines expressing or lacking functional VHL will provide a greater understanding
into the contribution of each of the respective genes and their downstream targets in
chemoresistance.

4.2. Hypothesis
Knocking down TDP1 expression directly via siRNA, or indirectly by knocking down HIF2a,
will cause increased sensitivity to DNA damaging agents such as CPT, Olaparib, and cisplatin.
| have previously shown increased resistance to CPT and Olaparib in RCC4-VHL -/- cells,
whilst high HIF expression has been demonstrated to provide a protective effect to cisplatin
treatment (Guo et al., 2018). TDP1 is a key protein involved in DNA repair, so its
downregulation will cause cells to be less effective at repairing DNA after breaks occur.
HIF1a knock down will have no impact on chemoresistance as it does not appear to target
TDP1. Furthermore, due to the differences in acute vs chronic hypoxia, HIF2a knockdown

via CRISPR-Cas9 will cause a more dramatic increase in chemosensitivity.
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4.3. Aims

Knock down HIF1a/HIF2a or TDP1 expression in RCC4 cells.
Establish the impact of HIF1a/HIF2a and TDP1 knockdowns on chemosensitivity.
Obtain a stable RCC4 cell line containing HIF1a/HIF2a knockdown via CRISPR-Cas9.

Identify impact of long-term HIFa knockdown via CRISPR-Cas9 on chemosensitivity.
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4.4, Results

4.4.1. HIFla/HIF2a knockdown via siRNA does not cause increased sensitivity to

CPT in RCC4-VHL -/-

Knocking down gene expression using siRNA causes short-term downregulation of the gene
mMRNA of interest (Mocellin and Provenzano, 2004). By causing a reduction in HIFa
expression, | wanted to establish if elevated levels of HIF1a or HIF2a were responsible for
enhanced chemoresistance in RCC4-VHL -/- cells. Gene knockdown via siRNA targeted

HIF1a, HIF2a, or a combination of both HIF1a and HIF2a in RCC4-VHL -/- cells.

Figure 4.1A shows that the HIFa expression in siRNA-treated RCC4-VHL -/- cells reached
similar levels to RCC4-VHL WT cells, along with a reduction in TDP1 protein expression in
siHIF2a-treated cells, which had been previously established (Section 3.4.3). There was no
measurable impact on colony formation propensity when reducing HIFa expression, as
identified by clonogenic analysis (Figure 4.1B). Furthermore, HIFa knockdown did not cause
cells to take increased amounts of DNA damage in a comet assay as the quantity of comet
tails did not increase in CPT-treated RCC4-VHL -/- following HIF1a or HIF2a depletion (Figure
4.1 C-D). These results differed to the expected result of HIF2a knockdown causing greater

chemosensitivity, as downregulating HIF2a caused a reduction in TDP1 expression.

These results suggested that HIFa is not involved in the enhanced chemoresistance
observed in RCC4-VHL -/- cells. Alternatively, the short-term knockdown in HIFa expression
initiated by siRNA may not provide an accurate comparison to RCC4-VHL WT cells, which
have had HIFa expression inhibited for a longer period, causing downstream target genes of
HIFa to be more transcriptionally repressed. Therefore, | wanted to create a stable
knockdown of HIFa in RCC4 cells to establish whether the long-term modulation of HIFa is

required to observe a difference in chemoresistance.
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Figure 4.1: siHIF1a and siHIF2a have no measurable effect on sensitivity to CPT. A) Representative western
blot showing HIF1a and HIF2a knockdown in RCC4-VHL -/- cells. RCC4-VHL WT included for comparison. B-
tubulin was used as a loading control. B) Clonogenic analysis comparing CPT resistance between RCC4-VHL -/-
cells transfected with control siRNA (siCtrl), HIF1a siRNA (siHIF1a), HIF2a siRNA (siHIF2a), or a combination of
both siHIF1a and siHIF2a. CPT treatment was at the indicated concentrations for 1 hour. Two-way ANOVA with
Tukey correction, Mean = SEM, n=3. C-D) Comet assay comparing CPT resistance between RCC4-VHL -/- cells
transfected with siCtrl, siHIF1a, siHIF2a, or a combination of both siHIF1a and siHIF2a. RCC4-VHL WT
transfected with siCtrl was also included for comparison. CPT treatment was 40 uM for 30 mins. C) Raw values
for comet tail moments. D) Mean come tail moment for all three biological repeats. Two-way ANOVA with

Tukey correction, ns=p>0.05, ****p<0.0001, Mean + SEM, n=3.

119



Genetic modulation of HIFa or TDP1 in RCC4-VHL -/-

4.4.2. Creation of stable HIF1a/HIF2a knockdown lines in RCC4 using CRISPR-Cas9

To create a stable cell line in RCC4 with HIFa depletion, | followed the protocol established
by Ann Ran et al., (2013) and summarised in Section 2.12. | initially started by identifying
suitable gRNA sequences that had previously been shown to cause knockdowns in CRISPR
plasmids (Sanjana et al., 2014). The HIF1a gRNA sequence was in exon 4, whilst the HIF2a
gRNA sequence was in exon 2 (Figure 4.2A). | started by using pSpCas9(BB)-2A-Puro
plasmid to ligate my gRNAs, then once these plasmids were sequence-verified for correct
insertion (Figure 4.2B), | transfected the gRNA-containing plasmids into both RCC4 cell lines,
as previously described. After puromycin selection and diluting transfected cells to single-
cell populations, the only surviving clones were RCC4-VHL WT clones transfected with either
HIF1a gRNA or HIF2a gRNA. As HIFa is expressed at low levels in RCC4-VHL WT, | pre-treated
these cells with the HIF activator Roxadustat (ROX, 20 uM for 4 hours) or with DMSO as a
control, then looked to see if HIF expression was upregulated in the clones. Figure 4.2C
showed that ROX treatment was still able to upregulate HIF1a and HIF2a protein expression

in the clones. Therefore, these transfections failed to target HIFa expression.

| moved towards trying pSpCas9(BB)-2A-GFP plasmid to ligate the gRNAs and repeated the
transfections, as this would allow direct GFP-based selection of successfully transfected
cells. After FACS sorting single-cells that were GFP positive, the only clones that survived
were RCC4-VHL -/- cells transfected with HIF2a gRNA. | harvested these cells and analysed
HIF2a expression on a western blot. Both clones showed a knockdown in HIF2a protein
expression, indicating that the transfection was successful. Clone (B) showed a higher HIF1a
expression, suggesting genetic compensation, whilst clone (A) did not. In addition, TDP1
expression was downregulated in Clone A, potentially due to the HIF2a knockdown. (Figure
4.2D). Therefore, | expanded clone (A) RCC4-VHL -/- gHIF2a (RCC4-VHL -/-; HIF2a -/-) for

further experiments.
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Figure 4.2: Generation of HIFa knockdown in RCC4 using CRISPR-Cas9. A) Target sequences within exon 4
(HIF1a) and exon 2 (HIF2a), with gRNA sequences highlighted in yellow. Sequences obtained using Ensembl
(Version 110, Cunningham et al., (2022)). B) Sequence traces showing correct insertion of gRNA sequences into
CRISPR plasmid. gRNA sequence labelled in green. gRNA scaffold labelled in red. Sequences were analysed
using Benchling.com (2022). C) First attempt via western blot at validating HIFa knockdown using the
puromycin-resistant plasmid pSpCas9(BB)-2A-Puro. Only clones containing RCC4-VHL WT cells transfected with
either HIF1a or HIF2a survived, so cells were pre-treated with HIF activator ROX (20 uM for 4 hours) to
upregulate HIF levels. RCC4-VHL WT and RCC4-VHL -/- included as controls. No knockdown was observed in
any clones. B-tubulin was used as a loading control. D) Second attempt at validating HIFa knockdown but using
the GFP-containing plasmid pSpCas9(BB)-2A-GFP. Only clones containing RCC4-VHL -/- cells transfected with
HIF2a contained were GFP positive following FACS sorting. HIF2a knockdown was observed in both clones, as

well as a reduction in TDP1 expression. B-tubulin was used as a loading control.
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4.4.3. Long-term HIF2a knockdown via CRISPR-Cas9 does not cause a measurable

increase in sensitivity to DNA damaging agents in RCC4-VHL -/-

Since there was no effect seen in response to CPT treatment after siRNA-mediated HIFa
knockdown, | hypothesised that this may be due to the short-term nature of siRNA-
mediated knockdowns, whereby the mRNA expression is only downregulated for a short
period of time (Mocellin and Provenzano, 2004). The differences between acute hypoxia
and chronic hypoxia have been discussed previously, with several areas remaining unsolved.
Patients with ccRCC have a constitutive upregulation of HIFa, which mimics the increased
expression of HIFa observed in RCC4-VHL -/- cells. Therefore, directing RCC4-VHL -/- to
behave more similarly to RCC4-VHL WT on a molecular basis may require a more constant

downregulation of HIFa.

Since HIF2a is responsible for the previously reported role in TDP1 upregulation (Section
3.4.3), | aimed to establish whether TDP1 protein expression was downregulated in RCC4-
VHL -/-; HIF2a -/- . Interestingly, an early passage of RCC4-VHL -/- ; HIF2a -/- had
downregulated TDP1 expression, but later passages showed TDP1 expression returning to

previous levels (Figure 4.3).

RCC4-VHL -/- demonstrated increased resistance to both CPT and Olaparib, which could not
be reversed by knocking down HIF2a expression via siRNA (Figure 3.2/Figure 4.1).
Therefore, | repeated the clonogenic analysis experiment with RCC4-VHL -/- ; HIF2a -/- but
did not find a significant difference when HIF2a was knocked down via CRISPR-Cas9 (Figure
4.4 A-B). To confirm that there was no measurable difference in chemoresistance, | also
performed clonogenic analysis after treating cells with cisplatin, as cancer cell lines have
enhanced resistance to cisplatin due to hypoxic signalling (Guo et al., 2018). However, no

measurable difference was observed in resistance to cisplatin treatment (Figure 4.4C).
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Figure 4.3: HIF2a knockdown via CRISPR-Cas9 in RCC4-VHL -/- has no measurable impact on TDP1 or HIF1a
protein expression. A) Western blot from an early passage showing downregulation of HIF2a and TDP1. B)
Western blots from later passages showing TDP1 protein expression is no longer downregulated and had
varied HIF1a expression. B-tubulin was used as a loading control in all blots. C) Quantification of western blots

for both TDP1 and HIF1a expression. Wilcoxon signed-rank test, Mean + SEM, n=4, ns=p>0.05.
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Figure 4.4: HIF2a knockdown in RCC4-VHL -/- cells via CRISPR-Cas9 has no measurable impact on
chemoresistance. Clonogenic analysis comparing drug resistance using (A) Olaparib, (B) CPT, and (C) cisplatin,
between RCC4-VHL WT, RCC4-VHL -/-, and RCC4-VHL -/- ; HIF2a -/- cells. Two-way ANOVA with Dunnet
correction, ns=p>0.05, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, Mean + SEM, n=3.
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4.4.4. TDP1 knockdown does not cause a measurable increase in sensitivity to CPT

in RCC4 cells
Although targeting TDP1 indirectly via HIF2a knockdown via siRNA/CRISPR did not have any
impact on chemosensitivity, this may have been due to other targets of HIF2a being
impacted by its knockdown alongside TDP1. | wanted to only target TDP1 to assess the
overall impact on chemosensitivity, without interfering with the VHL/HIF pathway. As | have
discussed previously, enhanced TDP1 expression has been connected to increased
chemoresistance in other cancers (Plo et al., 2003; Liu et al., 2007). TDP1 deficiency has
previously been shown to cause a reduction in colony formation propensity in various cell
lines after treating with DNA damaging agents, including CPT (Huang et al., 2013; Alagoz et
al., 2014; Chiang et al., 2017; Ray et al., 2022; Zhang et al., 2022). Therefore, | expected that
reducing TDP1 expression via siRNA would cause increased sensitivity to CPT in both RCC4-

VHL WT and RCC4-VHL -/- cells.

| knocked down TDP1 expression in the RCC4 cells via siRNA, then seeded the cells overnight
either in a 24-well plate, which were harvested to confirm TDP1 knockdown, or seeded at
low density for clonogenic analysis in 10 cm plates. As siRNA-mediated knockdowns are
transient (Mocellin and Provenzano, 2004), | resorted to using acute CPT treatments, rather
than chronic, ensuring that CPT treatment only took place when TDP1 was depleted. TDP1
depletion did not cause increased sensitivity to CPT in either RCC4-VHL WT or RCC4-VHL -/-
when looking at colony formation propensity (Figure 4.5). The absence of increased
sensitivity in RCC4-VHL -/- could be due to alternative repair pathways enhanced by
upregulated HIFs. However, the absence of enhanced chemosensitivity in TDP1-depleted
RCC4-VHL WT cells was surprising due to the established role of TDP1 in DNA repair (El-
Khamisy and Caldecott, 2006; Alagoz et al., 2014).
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Figure 4.5: Knocking down TDP1 expression does not increase CPT sensitivity in RCC4 cells. A) Clonogenic
analysis comparing CPT resistance between RCC4-VHL WT and RCC4-VHL -/- cells transfected with control
SiRNA (siCtrl) or TDP1 siRNA (siTDP1). CPT treatment was for 1 hour at the specified concentrations. Two-way
ANOVA with Tukey correction. ns=p>0.05, Mean + SEM, n=3. B) Representative western blot showing TDP1
knockdown in RCC4-VHL WT and RCC4-VHL -/- cells. B-tubulin was used as a loading control.
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Zhang et al., (2022) showed that TDP1 depletion caused enhanced formation of
phosphorylated checkpoint kinase 1 (pChk1) at S345 after CPT treatment, as well as
enhanced formation of gamma H2A histone family member X (yH2AX). During the early
response phase following DNA DSB formation, yH2AX is involved in chromatin remodelling
increasing DNA accessibility to DDR proteins (Kinner et al., 2008). In addition, yH2AX stalls
the cell cycle allowing DNA to repair, and facilitates the anchoring of broken DNA ends to
promote rejoining (Celeste et al., 2002; Bassing and Alt, 2004). Therefore, yH2AX is
considered to be a reliable marker of DNA DSB formation. Chk1 is phosphorylated via ATR in
response to SSBs, activating cell cycle checkpoints that delay cell cycle progression, allowing
DNA to repair (Dai and Grant, 2010). An enhanced ATR/Chk1 pathway has previously been
implicated in protecting cells from chemotherapeutics, as DNA breaks induced by DNA
damaging agents have more time to repair (Bartucci et al., 2012). Therefore, | was
interested to see if the molecular pathways involved in DNA repair differed before and after
depleting TDP1, which could explain why a downregulation of TDP1 did not cause enhanced

sensitivity to CPT.

Similar to the previous experiment, | knocked down TDP1 expression in RCC4 cells and then
seeded them in a 24-well plate, leaving them to adhere overnight. Cells were treated with
either DMSO or 10 uM CPT for 1 hour, then cells were harvested for western blot. The
background expression levels (DMSO-treated cells) of pChk1 did not differ between RCC4-
VHL WT and RCC4-VHL -/-, with or without TDP1, although there was a trend towards
upregulated pChk1 in RCC4-VHL -/- cells (Figure 4.6B), indicating that the ATR/Chk1 pathway
is likely behaving similarly in both cell lines. In addition, background expression levels of
YH2AX were trended towards upregulation in RCC4-VHL -/- (Figure 4.6C), suggesting that
these cells were experiencing greater DSBs compared to RCC4-VHL WT. After treating cells
with CPT, pChk1 and yH2AX expression would be expected to be greater in TDP1-depleted
cells, compared to siCtrl cells (Zhang et al., 2022). Although an increase in pChk1 and yH2AX
was observed following CPT treatment, this was not exaggerated by depleting TDP1 in either
RCC4-VHL WT and RCC4-VHL -/- ; the opposite was actually observed for pChk1 expression.
RCC4-VHL WT cells transfected with siCtrl and treated with CPT had a non-significant
increase in pChk1 expression compared to the corresponding cells with TDP1 depletion. A

similar trend was observed in RCC4-VHL -/- (Figure 4.6D). yH2AX expression did increase
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following CPT treatment, but TDP1 depletion did not have a significant impact on yH2AX
expression in either RCC4-VHL WT or RCC4-VHL -/- (Figure 4.6E).

pNuMA is an interacting protein of TDP1 (Ray et al., 2022), so its expression may be affected
by TDP1 depletion. Therefore, pNuMA was also probed, initially to determine if pNuMA
expression would also differ between RCC4-VHL WT and RCC4-VHL -/- following CPT
treatment, as | had previously shown this to occur in the absence of exogenous DNA
damage (Figure 3.12). In addition, | discovered that pNuMA expression was significantly

downregulated upon TDP1 depletion in RCC4-VHL -/- (Figure 4.6F).
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Figure 4.6: TDP1 knockdown does not cause increased expression of pChk1 or yH2AX after CPT treatment. A)
Representative western blot showing successful knockdown of TDP1 in RCC4 cells after TDP1 siRNA (siTDP1).
Control siRNA was used as a control (siCtrl). CPT treatment (10 uM for 1 hour) caused upregulation of pChk1
and mild upregulation of yH2AX in RCC4-VHL WT cells. pNuMA upregulation after CPT treatment was
decreased in siTDP1 samples. B-actin was used as a loading control. B-C) Quantification of western blots
showing background expression levels of pChk1 and yH2AX. pChk1 expression was not significantly different in
any samples. yH2AX expression trended towards upregulation in RCC4-VHL -/- cells. One-way ANOVA with
Sidak correction, p value < 0.05 considered significant, Mean + SEM, n=3. D-E) Quantification of western blots
showing fold changes in pChk1 and yH2AX following CPT treatment. TDP1 depletion via siTDP1 did not cause
increased expression of either pChk1 or yH2AX. There was a trend whereby pChk1 expression in TDP1-
depleted cells is reduced after CPT treatment, compared to siCtrl-transfected cells. One-way ANOVA with Sidak
correction, p value < 0.05 considered significant, Mean + SEM, n=3. F) Quantification of western blots showing
pNuMA upregulation after CPT treatment significantly decreased after knocking down TDP1 expression via
SiRNA in RCC4-VHL -/- cells. Two-way ANOVA with Sidak correction, p value < 0.05 considered significant,
Mean * SEM, n=3.
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The unexpected pattern of pChk1 expression decreasing after TDP1 depletion, whilst yH2AX
expression did not change could have been due to the intrinsic properties of the RCC4 cells.
| explored this possibility by repeating the previous experiment using a different cell line
that had been well characterised and did not originate from a cancer patient. The MRC5 cell
line originated from 14-week-old foetal lung tissue (Jacobs et al., 1970) and has previously
been shown to be more sensitive to DNA damaging agents following TDP1 depletion (Alagoz
et al., 2014; Ray et al., 2022). Depletion of TDP1 in MRC5 did not cause a significant increase
in pChk1 or yH2AX expression following CPT treatment (Figure 4.7). Therefore, this was
different to the pattern observed in RCC4 cells, whereby TDP1 depletion caused a reduction

in pChk1 following CPT treatment (Figure 4.6).

As an alternative and potentially more sensitive technique to determine if TDP1-depleted
RCCA4 cells are accumulating more DNA breaks following CPT treatment, | decided to probe
yH2AX via immunofluorescence as it would allow for foci detection in individual cells, rather
than analysing total protein amount (Kinner et al., 2008). Another DNA repair protein of
interest | wanted to observe was 53BP1, which is involved in NHEJ to repair DSBs (Lei et al.,
2022). | performed immunofluorescence (Section 2.13) on RCC4 cells with or without TDP1
depletion via siRNA, followed by treating with 10 uM CPT for 1 hour. yH2AX foci formation
increased following CPT treatment, but similar to previous experiments, this was not
exaggerated after TDP1 depletion (Figure 4.8E). 53BP1 foci formation did not significantly
increase following CPT treatment in siCtrl cells. However, TDP1-depleted RCC4-VHL WT cells
showed a significant increase in 53BP1 foci formation following CPT treatment, suggesting
that the NHEJ pathway becomes activated to repair DSBs. Meanwhile, 53P1 foci formation
did not significantly increase in TDP1-depleted RCC4-VHL -/- cells following CPT treatment
(Figure 4.8F). This suggested that an alternative pathway is involved in repairing DSBs in

RCC4-VHL -/-.
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Figure 4.7: TDP1 knockdown in MRC5 cells does not cause increased sensitivity to CPT. A) Representative
western blot showing successful knockdown of TDP1 in MRCS5 cells after TDP1 siRNA (siTDP1). Control siRNA
was used as a control (siCtrl). CPT treatment (10 uM for 1 hour) caused upregulation of pChk1 and yH2AX. B-
actin was used as a loading control. B-C) Quantification of western blots showing that pChk1 and yH2AX
expression in CPT-treated cells was not enhanced by TDP1 knockdown. Unpaired Student’s t-test, p value <

0.05 considered significant. Mean £ SEM, n=3.
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Figure 4.8: TDP1 depletion followed by CPT treatment does not cause increased yH2AX foci formation but
does cause increased 53BP1 foci formation only in RCC4-VHL WT cells. RCC4 cells were treated with either
control siRNA (siCtrl) or TDP1 siRNA (siTDP1). A-B) Representative images for RCC4-VHL WT showing yH2AX
foci and 53BP1 foci in DMSO treated cells (control) or CPT treatment (10 uM for 1 hour). C-D) Representative
images for RCC4-VHL -/- yH2AX foci forming and 53BP1 foci in DMSO treated cells (control) or CPT treatment.
Scale bars = 100 um. yH2AX foci formation increased significantly following CPT treatment in both cell lines,
but there was no measurable difference after TDP1 depletion. 53BP1 foci formation increase was not
significant following CPT treatment but increased significantly in TDP1-depleted RCC4-VHL following CPT
treatment. One-way ANOVA with Sidak correction, ns=p>0.05, ***p<0.001, ****p<0.0001, Mean + SEM,

Biological replicate = 1, Technical repeat = 45-92 cells.
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The loss of TDP1 has been previously reported in some models to not cause increased
sensitivity to CPT due to the recruitment of other DNA repair proteins that can compensate
for the loss of TDP1. One such protein is tyrosyl-DNA phosphodiesterase 2 (TDP2), which has
been shown to be capable of repairing TOP1-mediated breaks in the absence of TDP1 (Zeng
et al., 2012; Shimizu et al., 2023). However, | did not observe an upregulation of TDP2
following TDP1 depletion (Figure 4.9A). Zaksauskaite et al., (2021) identified apex2 and
ercc4 as upregulated genes in tdp1 -/- zebrafish embryos in response to CPT treatment.
Meanwhile, the endonuclease MUS81 has been shown to be involved in TDP1-independent
mechanisms of DNA repair (Zhang et al., 2022; Marini et al., 2023), whilst the association of
XRCC1 with TDP1 is well-established (Plo et al., 2003). | harvested mRNA from RCC4-VHL -/-
transfected with siTDP1, then treated with CPT, and analysed the mRNA expression for
APEX2, ERCC4, MUS81, and XRCC1 via RT-gPCR to see if any of the target genes were
compensating for TDP1 depletion. All target genes showed a non-significant downregulation
in MRNA expression following CPT treatment in both the siCtrl and TDP1-depleted cells. This
was not obvious in XRCC1 and APEX2 due to the large variation across repeats. In TDP1-
depleted cells, there was a non-significant downregulation following CPT treatment for

ERCC4 (p=0.0655) and MUSS81 (p=0.1108) (Figure 4.9 B-F).
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Figure 4.9: Absence of clear compensatory mechanisms following TDP1 knockdown in RCC4-VHL -/-. A)
Representative western blot showing TDP1 knockdown in RCC4-VHL -/- following siTDP1. TDP2 expression did
not differ between siCtrl and siTDP1 following CPT treatment. B-F) RT-gPCR showing TDP1 expression or
potential TDP1 compensatory factors ERCC4, MUS81, XRCC1, and APEX 2 following control siRNA (siCtrl) or
TDP1 siRNA (siTDP1), and CPT treatment (10 uM for 1 hour) or DMSO as a control. TDP1 expression was close
to significantly downregulated only when cells were treated with CPT (p = 0.0532), whilst there was
significantly less TDP1 when comparing DMSO vs CPT in siTDP1 cells. ERCC4 expression decreased following
CPT treatment in both siCtrl and siTDP1, whilst MUS81 expression decreased in siTDP1 only following CPT
treatment. There was no notable trend in either XRCC1 or APEX2, as the variation in data was too extreme.

Two-way ANOVA with Sidék correction. p value < 0.05 considered significant. Mean + SEM, n=3.
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4.5, Discussion

4.5.1. HiFa knockdowns do not reduce chemoresistance

Modulating either HIF1a or HIF2a via siRNA did not cause a measurable difference in
chemoresistance following CPT treatment, measured by clonogenic analysis and comet
assay (Figure 4.1). ccRCC patients have regions of chronic tissue hypoxia, whilst siRNA-
mediated downregulation of HIFa in cell lines occurs on a more acute scale. HIF1a
expression appears to stabilise during acute hypoxia then gradually decreases, whereas
HIF2a expression stabilises during chronic hypoxia (Saxena and Jolly, 2019). This suggests
that downstream HIFa pathways differ whether cells have been exposed to acute or chronic
hypoxia. It has been previously shown in a breast cancer cell line (MCF7) that different
genes are upregulated or downregulated depending on whether cells have been exposed to
acute hypoxia or chronic hypoxia. In addition, several genes were shown to be alternatively
spliced depending on the extent of hypoxia (Han et al., 2017). Moreover, the PAS-B domain
of HIF1a can repress the expression of NBS1, an important protein of the MRN complex
involved in repairing DNA DSBs. However, the PAS-B domain of HIF2a is phosphorylated at
Thr-324, preventing NBS1 repression (D’Amours and Jackson, 2002; To et al., 2006). It is
possible that DNA repair genes in ccRCC cell lines are alternatively spliced when exposed to

acute or chronic hypoxia, causing differential responses to DNA damaging agents.

CRISPR-Cas9-mediated gene downregulation can provide a stable cell line that could
potentially overcome the limitations associated with siRNA knockdowns. Long-term
knockdown via CRISPR-Cas9 could more accurately model the pathways downstream of
HIFa, allowing for greater clinical relevance. In addition, as HIFa is constitutively
upregulated in RCC4-VHL -/-, a constitutive downregulation would be required for an
accurate comparison. | had aimed to create a stable cell line for each possible gene
combination (VHL/HIF1a/HIF2a) to analyse the contributions of each gene to
chemoresistance. However, the initial problem | faced was that | did not observe a
knockdown following transfection with pSpCas9(BB)-2A-Puro (Figure 4.2C). This could have
been due to the single gRNA not being sufficient to cause mRNA degradation, or due to low
transfection efficiency. | decided to use pSpCas9(BB)-2A-GFP, as FACS sorting GFP positive

cells would provide a clearer answer as to how many cells were being transfected. There
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were very few positively transfected cells following FACS sorting, and the only clones that
proliferated enough for serial dilution were two clones from the same transfection: RCC4-
VHL -/- ; gHIF2a. Both clones had a notable reduction in HIF2a protein expression, as well as
a reduction in TDP1 expression (Figure 4.2D), mimicking previous data that showed HIF2a
downregulation in RCC4-VHL -/- via siRNA caused TDP1 downregulation (Figure 3.9). As
HIF1a expression was upregulated in clone (B) (Figure 4.2D), potentially due to genetic

compensation, | decided to expand clone (A) for further experiments.

| wanted to see if the TDP1 downregulation I initially observed in RCC4-VHL ; HIF2a was
reproducible, so | harvested samples from later passages and analysed TDP1 protein
expression. Interestingly, TDP1 appeared to return back to normal levels and was no longer
downregulated (Figure 4.3 B-C). This could be due to genetic compensation (El-Brolosy et
al., 2019; Salanga and Salanga, 2021), whereby an unknown protein could potentially
assume the role of HIF2a, thus restoring TDP1 expression. In addition, the transfected cells
may have undergone karyotypic changes providing a selective growth advantage that
reversed the initially observed increase in TDP1 expression. This phenomenon is known as

culture adaptation (Weissbein et al., 2019).

Despite TDP1 expression returning to baseline levels, | decided to continue with the planned
experiment of comparing the chemosensitivity of RCC4-VHL -/- ; HIF2a -/- with the original
RCC4 lines. | did this via clonogenic analysis using CPT, Olaparib, and cisplatin. Whilst RCC4-
VHL -/- continued to show increased resistance compared to RCC4-VHL WT, the resistance
of RCC4-VHL ; HIF2a -/- was comparable to RCC4-VHL -/- (Figure 4.4). Therefore, | concluded

that HIF2a downregulation via CRISPR-Cas9 had no measurable impact on chemoresistance.

4.5.2. TDP1 knockdown does not reduce chemoresistance

Due to the complications associated with analysing chemoresistance in HIF2a-depleted
cells, | wanted to establish whether TDP1 depletion could restore chemosensitivity.
Increased expression of TDP1 has been established in RCC4-VHL -/-, and high expression of
TDP1 has been previously associated with chemoresistance in other disease models. TDP1
depletion in RCC4-VHL WT or RCC4-VHL -/- did not increase sensitivity to CPT when
analysing colony formation in clonogenic analysis (Figure 4.5). This was a surprising result as
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TDP1 depletion appeared to be a reliable method to increase sensitivity to DNA damaging
agents. TDP1 depletion not impacting RCC4-VHL -/- could be explained by the inherently
high levels of chemoresistance present in these cells; however, RCC4-VHL WT do not
demonstrate the same characteristics. Therefore, | aimed to investigate whether the RCC4
cell line had an inherently abnormal response to TDP1 depletion, whereby they are able to
counteract this depletion by influencing another pathway. Alternatively, clonogenic analysis
may not be the most sensitive method to detect chemosensitivity as the cells are allowed to
grow in drug-free media for a long period of time, and clonogenic analysis only determines

the colony-formation propensity of a cell, rather than how healthy a population of cells are.

| decided to look at pChk1 and yH2AX levels in RCC4 to establish if DNA repair pathways
were impacted by TDP1 depletion (Zhang et al., 2022). yH2AX is also a reliable marker of
DNA DSBs that can provide an alternative readout of DNA damage (Mah et al., 2010). In
addition, the phosphorylated form of TDP1-interacting protein NuMA, which | had
previously shown to be upregulated in RCC4-VHL -/- (Figure 3.12), was probed to see if its
expression was also impacted. The baseline expression levels of pChk1 were slightly higher
in RCC4-VHL -/- compared to RCC4-VHL WT, although not to a significant extent (Figure
4.6B), suggesting potential enhancement of DDR. Similarly, baseline yH2AX was non-
significantly higher in RCC4-VHL -/-, suggesting that there are greater DSBs forming (Figure
4.6C). However, as | have previously shown that RCC4-VHL -/- accumulate less DNA breaks
than RCC4-VHL WT in a comet assay (Figure 3.2D), this suggests that more DNA breaks are
being detected in RCC4-VHL -/-, but they are able to repair themselves more efficiently than
RCC4-VHL WT. TDP1 depletion did not impact background levels of pChk1 or yH2AX (Figure
4.6 B-C). Following TDP1 depletion in RCC4-VHL WT, CPT treatment did not cause a
significant increase in pChk1 and trended towards decreased expression compared to siCtrl-
treated cells. TDP1 depletion did not cause any difference to pChk1 expression in RCC4-VHL
-/- following CPT treatment (Figure 4.6D). In addition, whilst yH2AX expression increased
following CPT treatment in RCC4-VHL WT, TDP1 depletion did not exaggerate this increase.
A similar trend was observed in RCC4-VHL -/-. (Figure 4.6E). This suggests an inherent
property within RCC4 cells, whereby TDP1 depletion does not cause increased DNA breaks
due to a compensatory mechanism diverting DNA repair away from the pChk1 pathway.

Alternatively, TDP1 depletion may be causing increased expression of another DNA repair
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protein that can compensate for the loss of TDP1, and repair DNA breaks to a greater extent
that the TDP1 pathway. Further solidifying the suggestion that DNA repair in RCC4 following
TDP1 depletion commences via an alternative pathway, pNuMA expression in RCC4 cells
lacking TDP1 is significantly downregulated (Figure 4.6F). pNuMA recruits various DNA
repair proteins, including TDP1, to DNA break sites for DNA repair. A reduction in pNuMA,
while DNA damage levels remain stable, suggests that this pathway is downregulated and
no longer required to maintain genomic stability. Alternatively, this could be indicative of
pNUMA not being required to be upregulated as much as before due to TDP1 not being

recruited to sites of DNA damage.

To determine if this was a cell line specific phenomenon, | repeated the experiment in the
MRCS5 cell line. CPT treatment caused an increase in pChk1 expression, which was further
exaggerated upon TDP1 depletion, although not to a significant extent (Figure 4.7B). This
pattern differed from RCC4 and suggested that RCC4 cells had a unique response to TDP1
depletion. yH2AX expression increased in CPT treatment, but was not significantly impacted
by TDP1 depletion (Figure 4.7C). As the increase in yH2AX following CPT treatment in both
RCC4 and MRC5 was relatively minor, it may have been difficult to observe clearer
differences following TDP1 depletion. Therefore, it would potentially be beneficial to repeat

this experiment with a higher concentration of CPT.

Immunofluorescence can provide a more sensitive readout of yH2AX formation, so | once
more depleted TDP1 in RCC4 cells, treated with CPT, then quantified yH2AX foci formation,
as well as 53BP1, which is involved in NHEJ. 53BP1 was chosen as a potential DNA repair
protein upregulated after TDP1 depletion that could explain why TDP1 depletion does not
cause increased formation of pChk1 or yH2AX. Similar to western blot, TDP1 depletion did
not cause increased formation of yH2AX foci following CPT treatment (Figure 4.8E). 53BP1
foci formation following CPT treatment showed minor upregulation in RCC4-VHL WT and
RCC4-VHL -/-. However, TDP1 depletion caused a significant increase in 53BP1 foci following
CPT treatment, suggesting that activation of the NHEJ pathway was compensating for the
loss of TDP1. This pattern was not observed in RCC4-VHL -/- (Figure 4.8F), indicating that an
alternative repair mechanism was involved. It is important to note that this experiment was

repeated only once due to time constraints. Therefore, the conclusions drawn from this
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experiment are based solely on technical repeats, so it is extremely important to repeat this
experiment and take the average across three biological replicates before making any final

conclusions.

4.5.3. No clear compensatory factors for TDP1 depletion identified

RCC4-VHL -/- appears to be utilising unknown DNA repair mechanisms following TDP1
depletion. A potential protein that could be compensating for TDP1 depletion is the closely
related TDP2, which has been shown to repair TOP1-induced DNA damage in the absence of
TDP1 (Zeng et al., 2012). However, TDP2 protein expression did not change following TDP1
depletion (Figure 4.9A). Several alternative DNA repair genes were identified: ERCC4,
MUS81, XRCC1, and APEX2. Due to time and money constraints, | decided to look at the
gene expression of these targets following TDP1 depletion and CPT treatment via RT-qPCR.
Interestingly, TDP1 expression was not downregulated in siTDP1 cells until CPT treatment
occurred (Figure 4.9B). This is despite protein expression being downregulated. A potential
explanation for this may be due to the experimental set up. The cells were transfected with
siCtrl or siTDP1 for 48 hours, then siRNA-containing media was removed, allowing the cells
to be harvested and seeded for DMSO/CPT treatment the following day. Therefore, there
was a 24-hour period whereby siRNA was not present in the media. Thus, mRNA expression
may have started to recover towards baseline levels, while protein expression remained
low. As TDP1 protein expression was still downregulated, this should still promote TDP1-

independent repair mechanisms.

ERCC4 expression had a minor, non-specific downregulation in TDP1-depleted cells, which
was exaggerated following CPT treatment, suggesting that ERCC4 expression could be
downregulated after TDP1 depletion (Figure 4.9C). MUS81 expression was non-significantly
increased following TDP1 depletion, but CPT treatment caused minor downregulation
(Figure 4.9D). No conclusions could be drawn from XRCC1 and APEX2 expression as one
repeat of the TDP1-depleted cells without CPT treatment had an unusually high increase in
expression (Figure 4.9E). There was nothing to suggest that this repeat was done incorrectly
or was an outlier, so further repeats are required for XRCC1 and APEX2 before concluding
any trends. In addition, | would use lower doses of CPT over longer periods of time, as

opposed to a high dose over a short period, as transcriptional and translational changes in
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TDP1 compensatory factors may require a longer time period to become quantifiable

(Zaksauskaite et al., 2021).

Although | did not identify clear upregulation of any TDP1 compensatory factors, Zeng et al.,
(2012) identified that Tdp1 -/-;Tdp2 -/- murine models showed increased sensitivity to Top1
poisons, which can be partially reversed by overexpression of Tdp2. Therefore, follow up
experiments in RCC4-VHL -/- should attempt to recreate this by creating a TDP1 -/-;,TDP2 -/-
knockout to see if this causes increased sensitivity to TOP1 poisons, followed by
reintroduction of TDP2 to reverse the phenotype. Moreover, TDP2 expression may remain
stable following TDP1 depletion in RCC4-VHL -/-, but its enzymatic activity may increase as a
result of posttranslational modifications. Therefore, lysates from RCC4-VHL -/- cells with and
without TDP1/TDP2 depletion, and treated with CPT, or DMSO as a control, should be
analysed on a TDP2 activity assay (Zaksauskaite et al., 2021) to see if TDP2 is able to resolve
TOP1-CCs. TDP2 is the most well-characterised compensatory factor for TDP1 depletion
across multiple models (Zeng et al., 2012; Shimizu et al., 2023), so future work should focus

on this area.

4.6. Summary

Reducing HIFa levels in RCC4-VHL -/-, either via siRNA or CRISPR-Cas9, did not cause
reduced resistance to DNA damaging agents. This suggests that modulating HIFa alone is
likely not sufficient to reestablish chemosensitivity and that HIF-independent targets of VHL
need to be studied further, or gaining a better understanding of the lesser-known roles of
HIF3a (Ravenna et al., 2016). Upregulated expression of TDP1 in RCC4-VHL -/- did not seem
to be solely responsible for enhanced chemoresistance, as knocking down its expression did
not restore chemosensitivity. Increased TDP1 expression could be a side effect of VHL
inactivation that has no impact on chemoresistance, or other DNA repair proteins play a
larger role than TDP1 in HIF-mediated chemoresistance. Both RCC4 cell lines could have a
unique phenotype whereby alternative DNA repair mechanisms can take over from TDP1-
mediated DNA repair, such as NHEJ in the case of RCC4-VHL WT, and this needs to be
explored further. Overall, these experiments establish that chemoresistance in ccRCC is

highly complex and potentially involves crosstalk across multiple pathways. A well-designed
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experiment looking to counteract chemoresistance in ccRCC models will accurately identify

how the pathways interact and target each one as a combinatorial effort, rather than

focusing only on one pathway, as this does not mimic clinical observations.
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Chapter 5 HIF activation and chemoresistance in zebrafish

5.1. Introduction

All cell lines have disadvantages associated with their use as disease models. Established cell
lines derived years ago from patients undergo a continuous genomic evolution, causing
them to lose resemblance to the primary tumour from which they were originally derived.
These changes, which have been previously identified in well-known cell lines such as Hela
and MCF7, can include point mutations, copy number alterations, and chromosomal
rearrangements (Burdall et al., 2003; Frattini et al., 2015; Ben-David et al., 2019). Genetic
drift in established cell lines can cause certain mutated genes to increase in frequency, or it
can lead to the loss of genetic variants. Therefore, genetic drift leads to the expansion of
new subclones or the expansion of pre-existing subclones that were previously detected at
low frequencies. Other factors that can influence subclone formation and expansion in cell
lines includes changes to cell culture media, such as the use of antibiotics plus
contamination from chemicals and other cell lines (Lucey et al., 2009; Weiskirchen et al.,
2023). Furthermore, tumour cells naturally evolve as the tumour develops, potentially due
to increased genomic instability being a common trait in many tumours (Jeggo et al., 2016).
Genomic instability gives rise to new subclones, that no longer reflect the original tumour
cell. However it has been shown that evolution in cell lines diverge from tumour evolution
(Ben-David et al., 2017, 2018), so cell lines do not evolve in the same manner as the tumour

of origin.

A key disadvantage of using cell lines as a cancer model is the absence of the tumour
microenvironment (TME) surrounding the tumour cells. The TME consists of a
heterogeneous grouping of cells, proteins, and soluble factors that can impact the tumour
phenotype as well as communicating with distant cells in the body via secreted factors and
extracellular vesicles (Peinado et al., 2017). Tumour cells do not act in a cell-autonomous
fashion as the entire host organism plays a role in defining tumour cell behaviour, which in
turn impacts how tumours respond to chemotherapy. Therefore, it is crucial to also use
whole organisms to study the impact of potential therapeutics, due to the presence of the

TME.
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Zebrafish are an ideal organism to study cancer formation and drug resistance as the
complexity of the TME is present. There is a high degree of TME conservation between
humans and zebrafish, with many models having been created to study the contributions of
each component of the TME to cancer formation and metastasis (Sturtzel et al., 2021; Weiss
et al., 2022). In addition, the optical transparency of zebrafish embryos allows for high
quality image analysis and identifying key signs of disease progression, such as cancer

metastasis (Gupta and Massagué, 2006; Weiss et al., 2022).

Zebrafish vhl mutants develop key symptoms of VHL-associated diseases, such as
constitutive upregulation of the HIF pathway, ectopic vessel formation, and kidney
abnormalities (van Rooijen et al., 2011; Marchi, 2020). Human VHL function is divided
between Vhl and VI, with Hif-modulation appearing to be mostly controlled by Vhl, with
minor contribution from VIl (Chen et al., 1995; Van Rooijen et al., 2009; Kim et al., 2020). vh/
/- ; vil 7 embryos, which display a very strong upregulation of Hif pathway, have enhanced
protection from genotoxic stress induced pharmacologically via CPT or via X-rays (Kim et al.,

2020), mimicking phenotypes observed in ccRCC patients (Brugarolas, 2014).

5.2. Hypothesis
Pharmacological upregulation of Hifa via PHIs in WT zebrafish will protect them from CPT-
induced genotoxic stress, as observed previously by Kim et al., (2020). This will be replicated
in RCC4 cells, whereby pharmacologically targeting HIFa will modulate sensitivity to CPT
treatment. In addition, vhl 7~ ; vll /- embryos will have higher levels of Tdp1 due to

constitutive upregulation of Hifa, thereby boosting chemoresistance.

5.3. Aims
1. Determine chemosensitivity in WT zebrafish embryos after pharmacological
upregulation of Hifa.
2. Establish the impact of pharmacological modulation of HIFo on RCC4 cells’
chemosensitivity.

3. Identify Tdp1l expression levels in zebrafish embryos with mutations in vh/ and vll.
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5.4. Results

5.4.1. Hif activation protects zebrafish from CPT treatment

Kim et al., (2020) demonstrated that pharmacological upregulation of Hifa in WT zebrafish
embryos was sufficient to protect them from genotoxic stress induced by CPT. As | had been
having issues modulating chemosensitivity in RCC4 cells, | wanted to see if targeting HIFa
pharmacologically, rather than via siRNA/CRISPR-Cas9, would have an impact. | began by
confirming that pharmacological upregulation of Hifa in WT zebrafish was sufficient to
increase chemoresistance, as previously reported by Kim et al., (2020), who had used the Hif
activator JNJ at 100 uM. As | had previously used ROX in RCC4 cells, | was also interested in
using ROX. Unpublished data from the van Eeden lab suggested that 5 uM of ROX would be
sufficient to cause increased Hif expression. To confirm this, | treated 3 dpf vhl 55 ; vil /-
embryos with ROX or DMSO for 42 hours. Sibs refers to a population of embryos containing
one functioning allele of vhl, or two functioning alleles. As one functioning allele is sufficient
for vhl to function properly (Hes et al., 2005), there is no phenotypic difference between the
two populations. Higher levels of GFP expression in these embryos corresponds to increased
expression of hif target Phd3, particularly in the liver (Santhakumar et al., 2012; Marchi et
al., 2020). Accurately sorting GFP negative (vh/ 5*5) vs GFP positive (vhl 7*) embryos from a
vhl s ; vl 7~ incross was only possible at 3 dpf (Marchi, 2020), so the embryos could not be
treated any earlier. Figure 5.1 confirms that ROX is sufficient to cause increased expression

of hif target Phd3.
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Figure 5.1: ROX treatment upregulates Hif expression in vhl *®%;vil 7- zebrafish. Representative images of 5 dpf
vhi sibs;vll -/- embryos after treating with Hif activator ROX or DMSO. ROX treatments occurred at 3 dpf for 42
hours. GFP expression corresponds to expression of hif target Phd3, as described in (Santhakumar et al., 2012).
The region highlighted is the liver, where GFP expression increase is particularly prominent following ROX

treatment. Images taken by my MSc student Ziyan Ma.
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Once | had established the concentration of ROX to use, | dechorionated 1 dpf nacre
embryos and pre-treated them for 8 hours with one of two Hif activators: ROX (5 uM) or JNJ
(100 uM) in E3 media, as performed by (Kim et al., 2020). DMSO was used as a control.
Following pre-treatment, embryos were treated overnight with 10 nM CPT or DMSO,
alongside fresh Hif activator. At 2 dpf, drug-containing E3 media was replaced with fresh E3
media, then the embryos were imaged at 3 dpf. CPT treatment causes visible apoptosis in
the zebrafish head, which is identifiable by dark colouration. In addition, eye size can be
used as a measure of overall zebrafish health (Kim et al., 2020). Apoptosis in the head was
measured by analysing ‘mean grey value’ on FlJI software, which was also used to measure
eye size. Representative images can be found in Figure 5.2 A-B, whilst the regions of interest

can be found in Figure 5.2C.

CPT treatment caused a reduction in mean grey value, correlating with increased apoptosis,
which was expected. Pre-treating embryos with ROX followed by CPT did not rescue the
phenotype; however, it was interesting to see that ROX treatment on its own had a higher
mean grey value than DMSO treated embryos. JNJ pre-treatment alone showed no
measurable difference to DMSO treated embryos, whilst JNJ combined with CPT caused the
apoptotic phenotype to be rescued, suggesting that JNJ was protecting the embryos from

CPT-induced genotoxic stress (Figure 5.2D).

CPT-treated embryos had significantly smaller eye size compared to DMSO-treated
embryos, confirming that CPT treatment causes the embryos to become unhealthy.
However, a similar phenotype was also observed following ROX or JNJ treatment, albeit to a
lesser extent. Combining ROX or JNJ with CPT treatment did not cause a rescue of eye size

phenotype (Figure 5.2E).

Although CPT treatment only caused a minor reduction in the overall survival of treated
embryos, a combination of ROX and CPT caused a sharp decline in surviving embryos,
suggesting that both drugs cause adverse effects when used together causing embryo
death. This effect was not seen with JNJ/CPT (Figure 5.2F). Overall, this suggests that ROX

causes abnormal development in zebrafish embryos and that only JNJ should be used for
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pharmacological upregulation of Hifa, which matches previously unpublished observations

from the van Eeden lab.
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Figure 5.2: Hif activation via JNJ could protect zebrafish from CPT treatment, although Hif activation causes
abnormal embryo development. A/B) Representative images of 3 dpf nacre embryos after treatment with Hif
activators ROX or JNJ, CPT, or DMSO. Hif activator pre-treatments occurred at 1 dpf dechorionated embryos
for 8 hours. CPT/DMSO treatment occurred overnight, alongside fresh Hif activator treatment, then embryos
were left to grow in non-drug containing E3 media until 3 dpf. Scale bar is either (A) 1 mm or (B) 2 mm. C)
Example image showing the region of interest (ROI) measured for each embryo in the head and eye. D)
Quantification of head ROl in each drug treated embryo. Measurements are expressed as mean grey value,
whereby 0=black and 255=white. The lower the value, the more apoptosis present in the ROI. CPT caused
apoptosis in the embryo head, causing a reduction in mean grey value. JNJ rescued this phenotype. ROX
appeared to increase mean grey value on its own. One-way ANOVA with Sidak correction, ns=p>0.05, *p<0.05,
****¥p<0.0001, Mean £ SEM, n numbers: DMSO (10), CPT (9), ROX (10), ROX/CPT (9), JNJ (10), JNJ/CPT (9). (E)
Quantification of eye ROl in each drug-treated embryo. Larger eye size is indicative of healthy embryo. CPT
caused a reduction in eye size, as did ROX and JNJ treatment to less of an extent. Combining ROX or JNJ with
CPT did not rescue eye size phenotype. One-way ANOVA with Siddk correction, ns=p>0.05, ***p<0.001,
****¥p<0.0001, Mean £ SEM, n numbers: DMSO (10), CPT (9), ROX (10), ROX/CPT (9), JNJ (10), JNJ/CPT (9). (F)
Surviving fraction of each population of drug-treated embryos. ROX/CPT treatment caused large number of

embryos to not survive.
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5.4.2. Pharmacological modulation of Hifa has ho measurable impact on

chemosensitivity in RCC4

As Hifa pharmacological upregulation in zebrafish embryos was shown to potentially have a
protective effect, | wanted to repeat this in RCC4 cells. | used ROX as a HIF activator as ROX
had been better characterised in clinical trials than JNJ and | had previously used ROX to
upregulate HIFa when designing stable knockdowns of HIFa via CRISPR-Cas9 (Figure 4.2C).
In addition, | used the glucocorticoid receptor antagonist Mifepristone (RU486) as a
potential HIF inhibitor. Marchi et al., (2020) had previously established a glucocorticoid-Hif
interaction in zebrafish, whereby increased glucocorticoid activity stimulated an increase in
Hif expression via a positive feedback loop. HIF inhibitors are not widely available and
appear to be difficult to produce; therefore, | opted to try using RU486 as an indirect HIF
inhibitor, which has also been shown to reduce the expression of HIF target VEGF and
upregulate apoptotic pathways, causing increased sensitivity to chemotherapeutic agents in
cancer cell lines (Llaguno-Munive et al., 2021). The glucocorticoid-HIF axis remains a
complex pathway which has not been fully investigated as of yet, so the molecular

mechanisms surrounding RU486-mediated downregulation of HIF should be studied further.

To assess chemosensitivity | did clonogenic analysis, whereby | pre-treated RCC4 VHL WT
and RCC4-VHL -/- cells with either 20 uM ROX, or 20 uM RU486, followed by treating with
50 nM CPT or DMSO as a control for 1 hour. Figure 5.3 A-B shows ROX and RU486 working
as intended to either upregulate or downregulate HIF1a/HIF2a protein expression levels
after 4 hours. | did not see a significant difference in colony formation after pre-treating
cells with either ROX or RU486, suggesting that pharmacological modulation of HIFa has no

measurable impact on chemosensitivity (Figure 5.3 C-D).
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Figure 5.3: Modulating HIFa protein expression levels via chemicals has no measurable impact on

chemosensitivity. A) Representative western blot showing ROX treatment (20 uM for 4 hours) was sufficient

to cause an upregulation of HIF1a/HIF2a protein expression in RCC4-VHL WT and has no impact on RCC4-VHL -

/-. B-tubulin was used as a loading control. B) Representative western blot showing RU486 treatment (20 uM

for 4 hours) was sufficient to cause a downregulation of HIF1a/HIF2a protein expression in RCC4-VHL -/-. B-

tubulin was used as a loading control. C-D) Clonogenic analysis comparing CPT resistance (50 nM for 1 hour) in

C) RCC4-VHL WT and D) RCC4-VHL -/-. DMSO was used as a control. One-way ANOVA with Sidak correction,

ns=p>0.05, Mean = SEM, n=3.
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5.4.3. Tdp1l expression and activity is not upregulated in zebrafish embryos

deficient for vhl or vil

Despite VHL inactivation causing an upregulation of HIFa in both RCC4-VHL -/- cells and vhl -
/- zebrafish embryos, both models behave differently following pharmacological modulation
of HIFa. Hifa upregulation in zebrafish is sufficient to protect embryos from CPT-induced
genotoxic stress as shown previously (Figure 5.2) and by Kim et al., (2020). However, this
does not appear to be the case for RCC4 cells (Figure 5.3). There are several fundamental
differences between cell lines and zebrafish as a disease model, so it is important to
understand the molecular differences between them. TDP1 expression and activity is

upregulated in RCC4-VHL -/-, but the Tdp1 status of vhl /- zebrafish embryos was unknown.

| started by looking at tdp1 mRNA expression in four different genotypes: 1) vhl 5, 2) vhl -,
3) vhl s®s;vll /-, and 4) vhl /- ;vIl 7. The embryos were raised by incrossing vhl */-, as well as
incrossing vhl */-;vil /. The two incrosses were kept separate during GFP sorting, whereby
high GFP expression from the phd3:GFP reporter correlated with vh/ mutation as Hifa is no
longer inhibited (Santhakumar et al., 2012) (Figure 5.4A). mRNA was harvested from the
embryos at 4 dpf, followed by RT-qPCR to analyse tdp1 mRNA expression. As the role of
human VHL is split between zebrafish Vhl and VI, | expected that vhl 7/-;vil - embryos would
have the highest tdp1 mRNA expression. However, the opposite effect was seen as tdp1
mRNA expression was lowest in vhl 7/;;vll /- embryos (Figure 5.4B). To confirm whether lower
tdp1 mRNA expression corresponded to reduced Tdpl enzymatic activity, | performed a
Tdp1 activity assay comparing Tdp1 activity of vhl $5;vll /- and vhl /*;vll /- embryos. Similar to
RT-gPCR, there was a decrease in Tdp1 activity in vhl 7-;vil 7, although this was not

statistically significant (Figure 5.4 C-D).
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Figure 5.4: Tdp1 expression and activity is downregulated in vhI’- zebrafish. A) Representative images
showing increased GFP expression when vhl/ was mutated in embryos, corresponding to increased Hifa
expression. B) RT-gPCR in 4 dpf embryos showing downregulated tdpl expression when vhl is knocked out (vh/
7). vl - on its own does not influence tdp1 expression, but vhl 7 vil 7 enhances tdp1 downregulation. rps29
was used as a housekeeping gene. LB = lysis buffer. tdp1*/* = lysate from zebrafish homozygous for WT tdp1.
One-way ANOVA with Tukey correction, ns=p>0.05, *p<0.05, **p<0.01, Mean + SEM, n=3. C) Urea gel shows
no measurable difference in the shift from 3’PY to 3’P bands between the different genotypes at 5 dpf,
suggesting no significant difference in Tdp1 activity. D) Quantification of Tdp1 activity assay. Two-way ANOVA
with Sidak correction, Mean + SEM, n=3, ns = p>0.05. Tdp1 activity assay and analysis performed by my MSc

student Ziyan Ma.
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5.5. Discussion

Targeting Hifa in zebrafish embryos via JNJ reduced the apoptotic phenotype induced by
CPT treatment, although JNJ also caused the embryos to appear less healthy than DMSO-
treated embryos, as indicated by eye size. ROX treated embryos showed a similar defect,
whereby eye size was significantly smaller (Figure 5.2 C-D). Combining ROX treatment with
CPT caused a large fraction of embryos to die (Figure 5.2 F), suggesting that ROX is not
suitable to use in zebrafish embryos due to unknown molecular mechanisms. ROX is a
reversible prolyl hydroxylase inhibitor, leading to the stabilisation of HIFs. It achieves this by
mimicking the substrate 2-oxoglutarate, which is required for PHD enzyme function. It has
been used in patients with anaemia and chronic kidney disease (CKD) as HIF stabilisation
stimulates erythropoietin production (Jatho et al., 2022). Figure 5.2 D-F suggests that
zebrafish embryos do not tolerate ROX very well, matching previous unpublished
observations in the van Eeden lab. Yang et al., (2023) discovered that zebrafish embryos
exposed to high concentrations of ROX caused abnormal embryonic development via
shortened body length and liver defects. Zebrafish hepatotoxicity appeared to be induced
by ROX downregulating Notch signalling, as well as upregulating oxidative stress, suggesting
that ROX has off-target effects that are HIF-independent. Similar to ROX, JNJ mimics
substrate 2-oxoglutarate, inhibiting PHD activity and stabilising HIFs (Barrett et al., 2011).
There appears to be limited literature surrounding the use of JNJ in anaemic patients, so its
efficacy and safety has not been properly assessed. Further studies are required to

determine any off-target effects of JNJ.

A wide range of phenotypic abnormalities are observed in vh/ /- embryos aside from
upregulation of hif target genes, such as increased cardiac output, increased circulation of
red blood cells (polycythaemia), pericardial oedema, developmental retardation, and the
embryos do not survive beyond 8-10 dpf (Van Rooijen et al., 2009; Kim et al., 2020; Marchi,
2020). Chemical activation of Hif signalling via Phd/Fih inhibitor dimethyloxalylglycine
(DMOG) in WT embryos partially recapitulates vh/ - phenotype as previously evidenced by
upregulation of hif target genes and polycythaemia development (Van Rooijen et al., 2009).
However, there were differences in where certain hif target genes were expressed when

comparing DMOG treatment with vh/ /. DMOG treatment increased vegfa expression in
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proximal renal tubule, which does not occur in vhl 7. In addition, vhl /- embryos showed
increased expression of phd3 in the heart and vegf in the liver (Van Rooijen et al., 2009). A
similar comparison of hif target gene expression and localisation has not been performed
for ROX-treated and JNJ-treated embryos, which could be important to improve knowledge
of the phenotypic differences between chemical Hif upregulation and vh/ 7. A direct
comparison is difficult as the time point at which a hypoxic stimulus is applied differs
between chemical Hif upregulation and vh/ /-, and the level of hypoxia induced by chemical
Hif upregulation differs from vh/ /- (Van Rooijen et al., 2009). An in-depth analysis of the
genetic and phenotypic effects of ROX/JNJ treatment in WT embryos is required to compare
how effective these chemicals are at recapitulating the effects observed in vh/ /- embryos,

as well as identifying drug concentrations that are not toxic to embryos.

Despite ROX and RU486 acting as expected to increase or decrease HIF1a/HIF2a protein
expression (Figure 5.3 A-B), | did not see any impact on sensitivity to CPT treatment (Figure
5.3 C-D). Alongside its anti-glucocorticoid receptor activity, RU486 is also a prominent
progesterone receptor inhibitor (Chabbert-Buffet et al., 2005). Therefore, there may be
crosstalk between glucocorticoid and progesterone signalling nullifying any downstream
effects of RU486-mediated HIF modulation. Accurately determining whether chemical
downregulation of HIF is sufficient to resensitise RCC4 cells to CPT treatments requires a
more specific HIF inhibitor to avoid off-target effects. ROX has not been approved by the
FDA due to low efficacy in CKD patients with anaemia, and has also been associated with
complicated side effects via unknown molecular mechanisms (Zhu et al., 2022; Gul et al.,
2023; Haider et al., 2023). Therefore, whilst trials are still ongoing with ROX, new PHIs have
been developed, such as Daprodustat, which has been approved by the FDA as the only
available oral treatment for CKD patients managing anaemia (Haider et al., 2023). Due to
the uncertainty surrounding ROX, the apparent differences between ROX and JNJ, as well as
the emergence of new PHls, future experiments should focus on characterising the on-

target and off-target effects of various PHIs on ccRCC cell lines and zebrafish.

Unlike cell lines, zebrafish have a complex TME, providing a more accurate understanding
into how diseases progress (Weiss et al., 2022). Cell lines lack the complexity observed in

zebrafish, or indeed any other model organism, therefore, it was not surprising to see
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differences in how the two models respond to certain chemical treatments and differences
in genetic background. Answering the major challenges involved in treating ccRCC will

require combining cell lines and model organism work.

5.6. Summary
Pharmacological modulation of HIFa was only able to reduce CPT-induced genotoxic stress
in zebrafish. This was achieved using the JNJ compound, which caused the zebrafish to
develop abnormally, although the side effects were less severe than that of ROX. Further
research is required to investigate the differences between the various PHls, as well as
differences between zebrafish ccRCC models and cell lines, as Tdp1 expression was not

upregulated in vhl”- embryos, unlike RCC4-VHL -/- cells.
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Chapter 6 Discussion

6.1. General overview

ccRCC is the most common form of RCC and is characterised by resistance to radiotherapy
and chemotherapy (Gacche and Meshram, 2014; Li et al., 2017b; Makhov et al., 2018).
Hereditary ccRCC is closely linked to VHL disease, whilst non-hereditary ccRCC often occurs
due to inactivation of VHL, followed by inactivation of several genes surrounding VHL on
chromosome 3p (Maher, 1996; Brugarolas, 2014). Hypoxic regions of tissue are common in
many cancers, including ccRCC (Bertout et al., 2008). During hypoxia, HIFs accumulate and
translocate to the nucleus, whereby they activate the transcription of HIF target genes
allowing cells to survive under low oxygen levels, such as inducing a shift from aerobic to
anaerobic metabolism and promoting angiogenesis (Semenza, 2007; Majmundar et al.,
2010). VHL is an E3 ubiquitin ligase and forms part of a larger VHL/E3 ligase complex, which
is responsible for binding to HIFs under normoxia and targeting them for proteasomal
degradation, thereby ensuring that they do not accumulate (Haase, 2009). During hypoxia,
the VHL complex is unable to bind to HIFs to prevent their accumulation, therefore HIFs only
accumulate under hypoxia. However, in patients with VHL inactivation, there is a
constitutive upregulation of HIFs as the VHL/E3 ligase complex is non-functional. Therefore,
the downstream targets of HIFs are transcriptionally upregulated continuously, resulting in

tumour formation (Krieg et al., 2000).

There have been several proposed mechanisms of ccRCC chemoresistance and
radioresistance, such as modulation of apoptotic pathways (Acharya et al., 2022); however,
there remains a gap in knowledge regarding DNA repair pathways implicated in ccRCC
resistance to DNA damaging agents. Constitutive upregulation of HIFs has been linked to
enhanced DNA repair in zebrafish ccRCC models (Kim et al., 2020), and has been proposed
as the key transcription factor involved in mediating downstream targets that protect cells
from genotoxic stress. Previous work regarding cellular response in hypoxic cells following
genotoxic stress has been mixed, with some papers suggesting that hypoxia downregulates
DNA repair genes, whilst other papers have suggested the opposite. There also remains

guestions regarding the contribution of HIFs to genoprotection, due to the various HIF-
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independent factors involved in the hypoxic response, such as the HIF-independent roles of

VHL (Metcalf et al., 2014) which remain not fully understood.

The aim of this thesis was to identify DNA repair proteins that had not previously been
implicated in hypoxia-mediated genoprotection. | aimed to start by establishing the chemo-
and radiosensitivity of a ccRCC cell line, RCC4-VHL -/-, in comparison with a VHL functional
cell line, RCC4-VHL WT, to see if high levels of HIFs correlated with enhanced resistance to
genotoxic agents. Depending on which agents RCC4-VHL WT were resistant or sensitive to, |
would examine the expression of target DNA repair proteins that may be implicated in this
response. If | were to find differing expression in DNA repair proteins between my two cell
lines, | would then modulate the expression of the corresponding gene and see if there is a
change in response to genotoxic stress. In addition, | also planned to modulate the
expression of both HIF1a and HIF2a to see what contribution they both play towards any
potential differences in DDR and expression of target genes. Lastly, | planned on establishing
any key differences between ccRCC zebrafish models and cell lines due to their differing

microenvironments and genomes.

6.2. Lessons from DDR in RCC4
In Chapter 3, | discussed the differences in DDR between RCC4-VHL -/- and RCC4-VHL WT
following exposure to genotoxic stress. | demonstrated that RCC4-VHL -/- has constitutively
higher protein expression of both HIF1a and HIF2a, coupled with higher expression of HIF
target gene PHD3 (Figure 3.1). Therefore, | was able to confirm the identity of both RCC4

cell lines. There were two initial hypotheses | aimed to investigate:

1) RCC4-VHL -/- cells will be more resistant to genotoxic stress.
2) RCC4-VHL -/- cells will have increased expression of DNA repair proteins dependent on

the type of resistance.

| identified greater resistance to DNA damaging agents CPT and Olaparib in RCC4-VHL -/-
cells in clonogenic assays (Figure 3.2 A-B) .To confirm the enhanced chemoresistance in

RCC4-VHL -/-, | applied a readout of mitochondrial metabolic viability (CellTiter-Blue assay)
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as well as a direct readout of DNA breaks (comet assay). Due to time constraints, | decided
on only using CPT for these experiments, as | was familiar with the CPT concentrations and
incubation times required. | found similar results to clonogenic assays, whereby RCC4-VHL -
/- cells were more metabolically viable and showed less accumulation of DNA breaks (Figure
3.2 C-E). Overall, this suggested that RCC4-VHL -/- cells are more resistant to
chemotherapeutic agents. ccRCC patients also present with increased resistance to IR;
however, there was no statistically significant difference in colony formation following IR
treatment in RCC4 cells (Figure 3.3). Bhatt et al., (2008) demonstrated that HIF2a depletion
in 786-0 cells caused increased sensitivity to IR as measured by trypan blue exclusion.
However, Scanlon et al., (2018) utilised a clonogenic assay to show increased IR sensitivity in
RCC4-VHL -/-. Future experiments should focus on characterising differences in
radiosensitivity and chemosensitivity between different ccRCC lines, such as RCC4 and 786-
0O, to establish how cell lines obtained from different genetic background respond to
genotoxic stress. In addition, future experiments should apply consistent methods of

measuring radioresistance and chemoresistance.

Resistance to CPT treatment had been previously associated with increased expression of
TDP1 (Liu et al., 2007), which is an enzyme responsible for removing TOP1 from DNA, thus
reversing TOP1-CC formation (Kawale and Povirk, 2018). Data from this thesis shows mild
upregulation of BRCA1 mRNA levels in RCC4-VHL -/- cells, as well as strong upregulation of
TDP1 mRNA, protein, and enzymatic activity (Figure 3.4, Figure 3.5, Figure 3.6). TDP1 had
the clearest difference in expression between RCC4-VHL WT and RCC4-VHL -/-, so | initially
focused on the potential protective role of TDP1 in RCC4-VHL -/-. The main molecular
difference between RCC4-VHL WT and RCC4-VHL -/- is differing HIFa expression, so |
hypothesised that HIFa subunits were responsible for upregulation of TDP1. There had been
very limited data previously exploring TDP1 expression in hypoxic cells or in ccRCC models. A
ChIP-Seq dataset published by Smythies et al., (2019) suggested that HIF1a/HIF2a
interacted with TDP1 promoter regions (Figure 3.8), suggesting that HIF1la/HIF2a could be
having a modulatory role on TDP1. Following siRNA-mediated knockdown of HIFa, |
observed a transcriptional and translational downregulation of TDP1 following HIF2a

knockdown (Figure 3.9), suggesting that TDP1 is a direct or indirect target of HIF2a.
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NuMA has recently been characterised as a novel interacting protein of TDP1, pXRCC1, and
PARP1 during SSBR (Ray et al., 2022). NuMA is phosphorylated in response to DNA damage,
which has been suggested to regulate DNA repair protein enrichment at damaged
chromatin (Moreno et al., 2019). Therefore, greater expression of pNuMA could correlate
with enhanced recruitment of TDP1 to sites of DNA breaks. Although NuMA expression did
not differ between RCC4-VHL WT and RCC4-VHL -/-, there was a significantly higher
expression of pPNuMA in RCC4-VHL -/- (Figure 3.12 A/C). NuMA phosphorylation had been
reported to be ATM-dependent, which | confirmed in RCC4-VHL -/- via ATM inhibition
(Figure 3.12D). This data could suggest that RCC4-VHL -/- cells have an enhanced ability to
repair both SSBs and DSBs via the increased transcription, translation, and recruitment of

various DNA repair proteins across multiple pathways.

It remained unclear whether HIF2a was acting directly or indirectly on TDP1. Therefore, |
hypothesised that pNuMA was acting as an intermediary between HIF2a and TDP1.
However, siRNA-mediated downregulation of HIF2a did not cause a shift in pNuMA
expression (Figure 3.13), suggesting that HIF2a and pNuMA are not linked. This suggests
that pNuMA is upregulated through HIF-independent mechanisms, one of which may be

linked to the little-known HIF-independent roles of VHL.

Upregulation of both pNuMA and TDP1 could suggest that RCC4-VHL -/- accumulate greater
DNA breaks; however, comet assays show less DNA break formation (Figure 3.2 D-E).
Therefore, RCC4-VHL -/- could have a greater degree of genomic instability, but a more
efficient DDR. Thus, RCC4-VHL -/- may be chemoresistant due to constitutive upregulation
of DDR components that are efficiently repairing DNA breaks induced by genomic instability
and allows RCC4-VHL -/- to quickly repair DNA breaks induced by exogenous genotoxic
stress. This could partially explain why ccRCC patients are resistant to chemotherapeutic

agents.

6.3. Lessons from genetic modulation of HIFa and TDP1 in RCC4

In Chapter 4, | discussed the consequences of modulating HIFa or TDP1 expression in RCC4

cells. HIF2a had been previously identified as the main HIF factor influencing an aggressive
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ccRCC phenotype (Kondo et al., 2003). In addition, | had identified that HIF2a was directly or
indirectly causing increased expression of TDP1, a key DNA repair protein reversing TOP1-CC
formation (Kawale and Povirk, 2018). Therefore, the hypothesis for this chapter was that
downregulation of either HIF2a or TDP1 in RCC4-VHL -/- cells would cause increased

sensitivity to CPT-induced DNA damage.

siRNA-mediated knockdown of HIF2a did not show any measurable impact following CPT
treatment on colony formation propensity, or DNA break formation (Figure 4.1). Although
this was a surprising result, | hypothesised that siRNA-mediated knockdown was only
causing an acute reduction in HIF2a expression. Several studies have suggested that
downstream HIFa pathways behave differently depending on acute or chronic hypoxic
exposure (Mihaylova et al., 2003; Bindra et al., 2005; Kang et al., 2008; Cam et al., 2010).
Therefore, | hypothesised that a more long-term downregulation of HIF2a would be
required to increase sensitivity to CPT. CRISPR-Cas9-mediated long-term downregulation of
HIF2a produced a stable cell line RCC4-VHL -/- ; HIF2a -/-. This downregulation of HIF2a did
not have a measurable impact on CPT sensitivity (Figure 4.4). TDP1 expression was initially
downregulated during an early passage of the stable cell line; however, after several more
passages TDP1 expression was no longer downregulated. This could be an indication that
culture adaptation (Weissbein et al., 2019) in RCC4-VHL -/- ; HIF2a -/- positively selected for
cells with higher TDP1 expression due to a growth advantage. Alternatively, the
downregulation of HIF2a may reduce the genomic instability commonly observed in ccRCC
cell lines (Scanlon et al., 2018), thereby causing a reduction in background DNA damage and

a reduction in TDP1 expression.

TDP1 depletion in either RCC4 cell line did not cause a measurable change in CPT sensitivity
(Figure 4.5), despite extensive literature suggesting that TDP1 depletion increases sensitivity
to CPT treatment (Huang et al., 2013; Alagoz et al., 2014; Chiang et al., 2017; Ray et al.,
2022; Zhang et al., 2022). TDP1-depleted RCC4-VHL WT cells showed a greater reduction in
pChk1, which is induced in response to genotoxic stress (Dai and Grant, 2010), compared to
TDP1-depleted RCC4-VHL -/- cells. In addition, RCC4-VHL -/- cells had a mild, non-significant
increase in baseline levels of pChk1 and yH2AX, which are a common marker for DSBs via

the HR pathway (Mah et al., 2010) (Figure 4.6). Inmunofluorescence showed greater 53BP1
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foci formation in TDP1-depleted RCC4-VHL WT cells only (Figure 4.8). 53BP1 are crucial for
instigating NHEJ DSBR (Callen et al., 2013). Altogether, this suggests that DNA breaks
induced by CPT in RCC4-VHL WT cells may be repaired by the error-prone NHEJ pathway,
whilst DNA breaks induced by CPT in RCC4-VHL -/- cells may be repaired by the more
accurate HR pathway. Alternatively, DNA breaks may be repaired by the Alt-EJ pathway,
SSBR, or other TDP1-independent DNA repair pathways. | probed for DNA repair factors that
had previously been reported as potentially compensating for TDP1 loss in other models
(Zeng et al., 2012; Zaksauskaite et al., 2021; Shimizu et al., 2023); however, | did not find a

significant upregulation in any candidate genes (Figure 4.9).

6.4. Future work utilising RCC4
Several questions remain unanswered from this thesis, one of which is understanding the
precise contributions of VHL, HIF1a, and HIF2a to genoprotection in RCC4. Stable cell lines
should be created with every combination of VHL/HIF1a/HIF2a deletions, followed by RNA-
sequencing analysis (Li and Li, 2018), to understand which DDR genes are modulated by
VHL/HIF1a/HIF2a. Due to time constraints and issues with transfection efficiency, this was
not feasible during my project. Establishing which genes are regulated by individual
components of the VHL/HIF pathway will allow for more targeted therapy in patients with
differing ccRCC molecular phenotypes and will allow for predicting response to
chemotherapeutic agents. Deletions in VHL/HIF pathway components can be achieved by
CRISPR-Cas9; however, as | have demonstrated this can lead to potential cell culture
adaptation and off-target effects. An alternative strategy is to induce rapid protein deletion
via auxin-inducible degron technology, which reportedly has less off-target effects due to its

specificity compared to CRISPR-Cas9 (Kanemaki, 2013; Yesbolatova et al., 2020).

| have identified that the HR and NHEJ pathway response may differ between RCC4-VHL WT
and RCC4-VHL -/- following CPT treatment; therefore, the protein expression of components
in these pathways should be analysed to see if there are any differences that could explain
why both cell lines have different responses to CPT. If RCC4-VHL WT cells prefer NHEJ, whilst
RCC4-VHL -/- prefer HR, | would expect to see a greater mutation rate in RCC4-VHL WT cells

following CPT treatment due to error-prone repair resulting from NHEJ. In addition, it would
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be interesting to compare DDR component expression and response to chemotherapeutic
agents across multiple ccRCC cell lines with different genetic backgrounds, such as 786-0
cells which do not express HIF1a, and Caki-1, which does not harbour VHL inactivation

(Brodaczewska et al., 2016).

Lastly, the contributions of HIF3a in DNA repair and ccRCC tumour progression have not
been properly characterised, despite literature suggesting that HIF3a has many splice
variants with different roles (Ravenna et al., 2016). The expression pattern of HIF3a is not
well established; therefore, HIF3a expression should be analysed in RCC4-VHL -/- cells. If
HIF3a is expressed in kidney cells, then it may have a contributing role in modulating DDR

components.

6.5. Lessons from comparing zebrafish and cell lines as ccRCC models

In Chapter 5, | aimed to characterise the molecular differences in CPT sensitivity following
pharmacological modulation of HIFa in both zebrafish and RCC4. Kim et al., (2020) identified
that Hif upregulation in zebrafish was sufficient to cause increased resistance to CPT
treatment. Data in this thesis confirmed the previous observations; however, | had concerns
regarding the safety of the Hif-activators used in the study as shown by defects in zebrafish
eye size (Figure 5.2). Therefore, off-target effects of Hif-activation need to be investigated
further before confirming that pharmacological Hif activation has a genoprotective effect in
zebrafish. Some of the unintended targets of PHD inhibition via ROX/JNJ that need to be
considered in future experiments are the known HIF-independent effects of PHD inhibition.
Notably, p53 appear to be both a hydroxylation target of PHDs (Deschoemaeker et al., 2015;
Rodriguez et al., 2018), as well as a hydroxylase-independent target of PHDs which aids in
p53 protein stability (Xu et al., 2019). A wide range of other HIF-independent targets of
PHDs has been discussed by Yu et al., (2021b). Therefore, there are clear differences

between chemical PHD inhibition and Vh/ -/- in both human cells and zebrafish embryos.

| did not see an impact on CPT sensitivity in RCC4 cells following pharmacological
modulation of HIFa in RCC4 (Figure 5.3), suggesting that this effect is zebrafish specific. vhl”-

; VI’ had significant downregulation of tdpl expression (Figure 5.4B), which is opposite to
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what | had found in RCC4 cells, although Tdp1 activity assay showed only a minor, non-
significant impact from vh/ on Tdp1 enzymatic activity (Figure 5.4 C-D). These results
emphasise the importance of using a combination of human cell lines and whole organisms
when modelling disease progression and response to chemotherapeutics. The TME in
zebrafish may be contributing to the DDR, negating the need for elevated Tdp1 expression

to repair DNA breaks.

6.6. Future work utilising zebrafish
Further experiments should continue characterising differences in DDR in VHL-deficient cell
lines and Vhl-deficient zebrafish. Both models show increased resistance to
chemotherapeutic agents; however, only zebrafish embryos were able to demonstrate
increased resistance via external Hif modulators. Zebrafish have become an important
resource to study DDR due to the TME presence and the ability to track response to
genotoxic stress throughout their life course. In addition, there is a high degree of DDR gene
homology between zebrafish and human genomes (Cayuela et al., 2019). Future work
should focus on analysing the expression of DNA repair genes that could be implicated in
Hif-mediated genoprotection that | have discovered, such as tp53bp1 (53BP1 orthologue),
bard1 (BRCA1-associated BARD1 orthologue), and numa (Howe et al., 2013; Yang et al.,
2019; Thomas, 2022), as well as other HR/NHEJ components and Tdpl-independent

mechanisms of Top1-CC removal.

An interesting future experiment would be to use the zebrafish xenograft model (Chen et
al., 2021a) to increase understanding of the zebrafish TME contribution to DDR.
Chemotherapeutic agents often require a high dose to observe a functional response in
cancer patients, which can lead to harmful side effects targeting healthy tissue. However,
pre-treatment with HIF activator, such as ROX or JNJ, could potentially protect healthy
tissue from genotoxic stress while eliminating cells. This can be modelled in zebrafish by
injecting cancer cells, followed by CPT treatment, with or without Hif activator pre-
treatment. If Hif activation is shown to produce a protective effect following CPT treatment,
ccRCC patients, and indeed patients with other chemoresistant cancers, could be treated

with higher doses of chemotherapeutic agents.
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6.7. Summary

| have characterised potentially novel mechanisms of enhanced DNA repair in VHL-mutant
ccRCC cell line RCC4-VHL-/- through the upregulation of TDP1, pNuMA, and BRCAI mRNA
expression. pPNuMA promotes the translation and recruitment of DNA repair components,
such as TDP1, to sites of SSBs. Therefore, upregulation of TDP1 and pNuMA suggests the
presence of an enhanced SSBR pathway. Following exogenous genotoxic stress, such as CPT
treatment, RCC4-VHL -/- appear to prefer the more accurate HR DSBR pathway, whilst RCC4-
VHL WT prefer the error-prone NHEJ DSBR pathway. To confirm these findings, further work
will need to be performed to identify the accuracy of DNA repair following CPT treatment in
RCC4-VHL WT and RCC4-VHL -/-. If NHEJ pathway predominates in RCC4-VHL WT, then
repaired DNA is likely to contain more mutations compared to HR-repaired cells in RCC4-
VHL -/-. I have also shown that siRNA-mediated downregulation of HIF2a reduces the
transcription and translation of TDP1, indicating that TDP1 is a direct or indirect target of
HIF2a. This suggests that HIF2a is at least partially responsible for enhancing
chemoresistance in CPT-treated RCC4-VHL -/- cells. However, siRNA or CRISPR-Cas9-
mediated downregulation of HIF2a or TDP1 was not sufficient to increase sensitivity to CPT
treatment, suggesting that multiple proteins are involved in promoting chemoresistance in
RCC4-VHL -/-, such as HIF-independent mechanisms of VHL. Lastly, | demonstrated that Hif-
activation in zebrafish embryos was sufficient to increase resistance to CPT treatment;
however, vhi-deficient zebrafish embryos do not show enhanced Tdp1l expression or

activity, suggesting that CPT resistance in zebrafish embryos could be Tdp1l-independent.

In summary, | have shown that analysing HIF-mediated genoprotection in ccRCC patients is
highly complex and requires the utilisation of multiple models to achieve an accurate
representation of DNA repair mechanisms influenced by HIF. Further work should continue
utilising RCC4 as a representative model of ccRCC patients, as well as zebrafish due to the
presence of the TME. A summary of the results found in this thesis as well as potential

models describing my data is found in Figure 6.1.
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Figure 6.1: Lessons learned from this thesis and potential models. 1) VHL inactivation causes upregulation of

TDP1 and phosphorylated NuMA (pNuMA), which are recruited to sites of DNA damage. TDP1 recruitment is

HIF-dependent, whilst pNuMA expression is HIF-independent and ATM-dependent. TDP1 -/- has no impact on

chemosensitivity in RCC4. 2) DNA double-strand breaks following exogenous DNA damage appears to be

preferentially repaired via error-prone non-homologous end-joining (NHEJ) in RCC4-VHL WT, and the more

accurate homologous recombination (HR) in RCC4-VHL -/-. 3) Increasing HIF expression via chemical Hif

activators can protect zebrafish from genotoxic stress induced by DNA damaging agents.
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Appendix
Fluorescent intensity macro (yH2AX)
1. //macro to extract foci from nuclei

10.
11.

12.
13.
14.
15.

16.
17.

18.

19

20.

21

//check to see if any ROIs in manager list. If so delete them

anyROls = roiManager("count");

if (anyROls > 0) {
roiManager("Deselect");

roiManager(Delete");

//prompt user to open the dapi channel image
filepath = File.openDialog("Select dapi channel image");
open(filepath);

rename("dapi");

//prompt user to open the h2ax channel image
filepath = File.openDialog("Select h2ax channel image");
open(filepath);

rename("h2ax");

//merge channels

run("Merge Channels...", "c2=[h2ax] c3=[dapi] create");

//analyse fluorescent intensity

. selectWindow("Composite");

run("Split Channels");

. selectWindow("C2-Composite");

Appendix
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22.
23.
24.

25.
26.
27.

28.
29.

Appendix

run("Convert to Mask");
run("Fill Holes");
run("Analyze Particles...", "size=1000-20000 show=0utlines exclude include add

in_situ");

run("Set Measurements...", "area mean integrated limit redirect=None decimal=3");

selectWindow("C1-Composite");

roiManager("Measure");

//close all image files on screen

close("*");

30.//Mean values = fluorescent intensity
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10.

11.
12.
13.
14.
15.

16.
17.
18.

19.
20.
21.

Foci counter macro (53BP1)

//macro to extract foci from nuclei

//check to see if any ROIs in manager list. If so delete them

anyROls = roiManager("count");

if (anyROIls > 0) {
roiManager("Deselect");

roiManager("Delete");

//prompt user to open the dapi channel image
filepath = File.openDialog("Select dapi channel image");

open(filepath);

//set threshold for dapi and create mask
setAutoThreshold("Default dark");
run("Convert to Mask");

run("Create Mask");

run("Fill Holes");

//create outline map of nuclei

Appendix

run("Set Measurements...", "area integrated limit redirect=None decimal=3");

run("Analyze Particles...", "size=1000-20000 show=0utlines exclude include add");

//prompt user to open the h2ax channel image
filepath = File.openDialog("Select h2ax channel image");

open(filepath);
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22. //find maxima
23. run("Find Maxima...", "prominence=30 exclude output=[Single Points]");

24. rename("Maxima");

25. //redirect maxima

26. selectWindow("mask");

27. run("Set Measurements...", "area integrated limit redirect=[Maxima] decimal=3");
28. selectWindow("Maxima");

29. roiManager("Show None");

30. roiManager("Show All");

31. roiManager("Measure");

32. //close all image files on screen

33. close("*");

34.//Number of foci per cell = integrated density / 255
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