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In this study we found that tumour cells can be radiosensitised by targeting the
DNA damage response kinases, ATM and ATR. Furthermore, we highlight that Weel
inhibitors, which are already under the clinical trials need to be further investigated in
combination with radiation in the context of tumour hypoxia. In addition, we observed that
induction of autophagy using STF-62247 can lead to radiosensitisation of VHL deficient
RCC cells. Our studies with the rapamycin analogue temsirolimus, already in the clinic for
the treatment of various cancers, can be a potential candidate as a radiosensitiser for RCC
cells. Overall, these finding led us to investigate further whether autophagy inducing
compounds, which are either in clinic or in clinical trials, can effect the response to
radiation. From a panel of candidate drugs which are known to induce autophagy we
identified an aminopeptidase inhibitor, CHR-2797. CHR-2797 induces autophagy in the
oesophageal cancer cell lines FLO-1 and OE21. Although, our results with CHR-2797
demonstrate it as a potential radiosensitiser, the mechanism of its radiosensitisation needs
to be established. Our results from CHR-2797-induced radiosensitisation, further led us to
investigate if other aminopeptidase inhibitors have a role in radiosensitisation. Therefore,
we selectively screened candidate aminopeptidase inhibitors and identified some

promising effects on radiosensitivity.
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Chapter 1

1.1 Cancer

Cancer is considered to be a global epidemic. In the year 2012, WHO documented
that there were 14.1 million people diagnosed with cancer and 8.2 million deaths due to
cancer worldwide (WHO, 2012). All cancers have certain characteristics in common,
which include the ability to proliferate unconditionally, migrate to surrounding tissues and

adapt to new environments and ultimately survive.

The primary causes of cancer arise as a result of genetic inheritance, exposure to
carcinogens (including smoking, Schroeder, 2013) or the individual’s lifestyle. Although,
cancer can develop in children and young adults, it is primarily a disease associated with
ageing (Balducci & Ershler, 2005). In the UK, 36% of the people diagnosed with cancer
are aged 75 or over (CRUK, 2014). In the USA, it has been projected that by the year 2030
almost 70% of people, who are aged 65 or more, will be at risk of developing some form

of cancer (Edwards et al, 2002).

Cellular ageing results in molecular changes leading to DNA damage, epigenetic
alterations, genomic instability, immune response, premature senescence, deregulated
nutrient sensing and mitochondrial dysfunction. These changes can all play a role in
increasing the probability of cancer development (Balducci & Ershler, 2005; Hoeijmakers,

2012; Lopez-Otin et al, 2013).

1.1.1 The Hallmarks of Cancer

Normal cells develop into cancer cells through a cascade of events during which
they acquire specific traits, and eventually become benign or malignant. The progression
of a normal cell into a cancer cell is a multistep process that had been described by

Hanahan and Weinberg as the Hallmarks of cancer. The six conceptual framework of
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cancer hallmarks are sustaining proliferative signalling, evading growth suppressors,
activating invasion and metastasis, enabling replicative immortality, inducing angiogenesis
and resisting cell death (Hanahan & Weinberg, 2000) (Figure 1.1). Over the years, as a
result of extensive developments in the field of cancer biology, the emerging hallmarks
(avoiding immune destruction and deregulating cellular energetics) and enabling
characteristics (genome instability and mutation and tumour promoting inflammation)
have been added to the original six hallmarks of cancer (Hanahan & Weinberg, 2011).

Together, these concepts have helped us in the development of cancer therapy.

Sustaining Evading
proliferative growth
signalling suppressors

Deregulating
cellular
energetics

Resisting
cell death

Genome
instability &
mutation

Avoiding
immune
destruction

Enabling
replicative
immortality

Sustaining
proliferative
signalling

Inducing Activating

: . invasion &
angiogenesis :
dley metastasis

Figure 1.1 Hallmarks of cancer: the next generation. Boxes shaded in blue indicate the
hallmarks proposed in 2000, whereas those in green proposed as the emerging hallmarks in
2011 [This article was published in Cell, 144, Hanahan and Weinberg, Hallmarks of
cancer: The next generation, 646-674, Copyright Elsevier (2011)]

1.2 The tumour microenvironment

Tumour cells do not often exist in isolation. Instead, tumour cells exist in what is
known as the tumour microenvironment. The tumour microenvironment refers to the
physical characteristics of the tumour as well as the heterogeneous population of cells
present in the tumour. For example, solid tumours comprise of not just one single

population of clonal cancer cells but multiple cell types and extracellular matrix. This
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mixture of cells in the solid tumour are integrated together and have been described to

function similarly to an organ (Egeblad et al, 2010).

The tumour microenvironment comprises of the stroma, tumour cells, non-
transformed cells, immune cells, lymphatic vessels and the tumour vasculature (Balkwill et
al, 2012; Junttila & de Sauvage, 2013). Depending on tumour staging the biology of the
tumour microenvironment varies, with alterations in the stroma, vasculature and immune
responses (Bissell & Radisky, 2001; Coussens & Werb, 2002; Elinav et al, 2013; Lewis &

Pollard, 2006).

The extracellular matrix (ECM) is both dynamic and complex, comprised mainly
of fibrous proteins and proteoglycans. In normal tissues as well as during embryonic
development the ECM architecture is tightly regulated, but in cancer it is highly
disorganised and deregulated (Lu et al, 2012b). The ECM plays a critical role in tumour
cell migration and is also capable of generating mechanical stress leading to regions of
stiffness and relaxation within tumours (Chen et al, 2013). The mechanical stress occurs as
a result of the increase in tumour mass, as it expands compressing the surrounding tumour
microenvironment, which in turn generates an opposing force to counter balance. Tumour
cells recognise the stiffness and generate either an opposing force leading to increased
pressure inside the tumour or remodel the architecture of the ECM to enhance growth,
survival and tumour invasion (Butcher et al, 2009). The increased pressure inside the
tumour leads to accumulation of interstitial fluid which leads to vascular abnormalities and

therefore, increased resistance to various cancer therapies (Simonsen et al, 2012).
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1.2.1 Hypoxia

Hypoxia refers to any condition of insufficient oxygen and is a common occurrence
in solid tumours. Reduced levels of oxygen occur in various pathological conditions such
as inflammation, stroke, tissue ischaemia, wound healing and cancer. Depending on the
levels of oxygen in the tissue, hypoxia can be classified as physoxia (5% O2) where tissues
homeostasis is regulated, pathological hypoxia (1% O2) which has disrupted homeostasis
due to deregulated vasculature and finally, radiobiological hypoxia (<0.4% O2) (Hockel &

Vaupel, 2001; McKeown, 2014).

Hypoxia has been shown to be a poor prognostic factor in patients with solid
tumours. Irrespective of the tumour staging, patients with higher hypoxic tumours have an
increased risk of mortality. This increased mortality rate is due to chemoresistance,
radioresistance, angiogenesis, vasculogenesis, invasiveness, metastasis, resistance to cell
death, altered metabolism and genomic instability (Semenza, 2010; Vaupel & Mayer,

2007; Wilson & Hay, 2011).

Regions of hypoxia occur in most if not all solid tumours and this is due to a
mismatch in supply and demand. Rapidly proliferating tumour cells metabolise the
available oxygen leaving other cells with insufficient and therefore hypoxic. This is
referred to as chronic hypoxia and occurs at distances more than 100 um from functional
blood vessels. Regions of acute hypoxia also occur in tumours and this is due to the
inefficiency of the tumour vasculature. Although through the process of angiogenesis
tumours are able to develop their own vasculature and blood supply, the vessels are usually
poorly formed and inefficient with many structural abnormalities. The result of this is
blocked and non-functional vessels leading to regions of acute hypoxia, which can then be

rapidly reoxygenated (Figure 1.2).
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Figure 1.2 Regions of chronic and acute hypoxia occur in solid tumours. A cross-
section of solid tumour representing regions of well aerated cells (open blood vessel),
acute hypoxia (closed blood vessel) and chronic hypoxic regions occurring either due to
their distance from the blood vessel or imbalance in oxygen supply and demand.

Lack of oxygen is not the only physical stress which contributes to the unique
tumour microenvironment. Under hypoxic conditions, there is reduced mitochondrial
consumption of oxygen and also ATP production in tumour cells. ATP depletion in the
tumour cells can lead to disruption of the Na*/K* gradient, depolarisation of membrane
potential, cellular uptake of CI-, cell swelling, increased cytosolic Ca®* concentrations and
decreased cytosolic pH resulting in acidosis (Hockel & Vaupel, 2001). The increase in
acidic pH is due to poor perfusion resulting from disorganised tumour vasculature. As a
result of this poor perfusion the acid diffuses into the stroma and leads to remodelling of
the normal cells in the proximity of the leaky site leading to local tumour invasion (Estrella
et al, 2013). The survival of tumour cells under such acidic environments is through an
adaptive mechanism (Wojtkowiak et al, 2012). Apart from these stress stimuli, tumour
cells also undergo nutrient deprivation such as glucose and amino acids. This nutrient
deprivation leads to induction of alternative metabolic pathways to fuel the metabolic

demands of the tumour (Reitman et al, 2014; Roslin et al, 2003; Sun & Denko, 2014).
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1.2.2 HIF transcription factors

The hypoxia inducible factors, HIF-1 and HIF-2, are heterodimeric transcription
factors composed of an alpha subunit HIF-1a and HIF-2a respectively, both of which
dimerise with a constitutively expressed beta subunit HIF-1 (Partch & Gardner, 2011).
The levels of HIF-1/2a are stabilised in response to decreased levels of oxygen, growth
factors, oncogenic activation or loss of the von Hippel-Lindau (VHL) tumour suppressor

gene (Keith et al, 2012).

Under normoxic conditions, the proline residues (402 and/or 564) of HIF-1a are
hydroxylated by prolyl hydroxylases (lvan et al, 2001; Jaakkola et al, 2001). This
hydroxylation initiates the binding of hydroxylated HIF-1a to an E3 ligase complex
composed of VHL, Elongin and CUL2 with subsequent ubiquitination (Kamura et al,
1999). The ubiquitinated complex of HIF-1o undergoes degradation by the 26S

proteosomal complex (Cockman et al, 2000; Groulx & Lee, 2002; Ohh et al, 2000).

In well-oxygenated cells the HIF-1a and HIF-2a subunits are also hydroxylated at
the asparagine residues 803 and 851 respectively by factor inhibiting HIF (FIH) (Lando et
al, 2002b). Similarly, to prolyl hydroxylation, the hydroxylation of asparagine residue is
also catalysed by Fe?" and 2-oxoglutarate dioxygenase (Hewitson et al, 2002; Lando et al,
2002a). The hydroxylation of the asparaginyl residue in the HIF-a subunits inhibits the
binding of HIF subunits to the transcriptional co-activators p300/CBP (p300/CREB
Binding Protein), therefore results in inactivation of HIF transcriptional activity (Freedman

et al, 2002).

Under hypoxic conditions, HIF-1a is not hydroxylated by the prolyl hydroxylases
(PHD) as PHD’s are dependent on oxygen for their catalytic activity. Therefore, HIF-1a is

not degraded by the VHL E3 ligase complex, and accumulates. HIF-1a then translocates to
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the nucleus and dimerises with HIF-1p (Depping et al, 2008; van de Sluis et al, 2010). The
stabilisation of HIF-1 initiates the binding with the cofactors p300/CBP (Partch &
Gardner, 2011). The HIF-1 dimer along with the p300/CBP binds to the hypoxia response
element (HREs) within the promoter region of HIF-1 responsive target genes and activates

transcription (Figure 1.3) (Ahn et al, 2014; Greijer et al, 2005; Ruas et al, 2005).

Normoxia

PHD/FIH | |——————  Hypoxia

(HIF-g)

p300/CBP
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Figure 1.3 Mechanism of HIF regulation in normoxia and hypoxia. Under normoxia,
hydroxylation at the proline residue (402, 560) recruits the VHL-Cul2-Elongin complex
which ubiquitinates HIF-a and subsequently is degraded by the proteosomal machinery,
whereas the hydroxylation at the asparagine residue (803, 851) inhibits binding of the
cofactor p300/CBP with HIF subunit. The hydroxylation of HIF-a under normoxia
therefore leads to inhibition of the HIF mediated gene expression. Under hypoxia, the
activity of PHD and FIH are inhibited. This initiates the interaction of HIF subunit with the
cofactors p300/CBP. The complex consisting HIF subunit and p300/CBP binds to the HRE
region (RCGTG) of the target gene and induces the expression of various hypoxia induced
HIF-mediated transcription factors. In the scheme represented above the perpendicular end
of the lines represents inhibitory effect whereas the arrows are positive regulators.

The two isoforms HIF-1a and HIF-20 are overexpressed in hypoxic regions of
solid tumours (Beasley et al, 2002; Talks et al, 2000). Although the HIF-a subunits are

structurally similar and are regulated similarly, they have a distinct transcriptional gene
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regulation pattern, in response to hypoxia (Carroll & Ashcroft, 2006; Hu et al, 2003;

Sowter et al, 2003).

1.2.3 Biological consequences of hypoxia

Primary and metastatic solid tumours with regions of hypoxia exhibit increased
levels of HIF expression. The increased levels of HIF expression could either be due to the
intratumoural hypoxia or loss of function of tumour suppressor genes (for example, VHL,
p53, TSC2, PTEN), which are involved either in increased levels of HIF or degradation of
HIF (Emerling et al, 2008; Hebert et al, 2006; Lee et al, 2012; Snell et al, 2014). The
functions of the hypoxia inducible genes are known to be involved in the regulation of

glycolysis, cell proliferation, angiogenesis, invasion and metastasis of tumour cells (Figure

1.4).
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Figure 1.4 Functions of HIF. The scheme represents the various functions of HIF in
response to hypoxia (Greer et al, 2012; Greijer et al, 2005; Henze & Acker, 2010;
Semenza, 2003).
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One of the hallmarks of cancer cells is the ability to proliferate unconditionally and
survive. A requirement for proliferation and survival of cancer cells is the availability of
supplements to fuel metabolism (Cui et al, 2012). Under hypoxic conditions, this energy
metabolism is fuelled through glycolysis. HIF regulates the transcription of most of the
glycolytic enzymes (for example aldolase, enolase and hexokinase) and glucose
transporters (GLUT1 and 3) (Jean et al, 2006; Lambert et al, 2010; Sedoris et al, 2010).
Increased tumour cell proliferation leads to increased energy metabolism demanding
reorganisation of tumour vasculature so that enough nutrient supply is maintained for
homeostasis (Dang, 2012). Angiogenesis plays an important role in tumour progression, by
modulating the tumour vasculature. HIF-1a activates the genes involved in angiogenesis
most notably VEGF, and also activates genes regulating cytokines (Carroll & Ashcroft,

2006; Doedens et al, 2013; Egger et al, 2007).

Following genetic alterations and cell proliferation, cancer cells attain the ability to
invade and metastasise. The changes in extracellular matrix, intravasation, margination and
the lymph node involvement determine the invasiveness and metastatic characteristics of
tumour cells from their primary site. A number of genes are involved in the process of
invasion and metastasis of tumour cells. Most notably the genes lysyl oxidase (LOXL) and
PLOD for extracellular matrix remodelling; VEGF, angiopoietin (ANGPT) for
intravasation and platelet-derived factor B (PDGFB) for lymphatic metastasis are
transcriptionally regulated by HIF (Gilkes et al, 2013; Schietke et al, 2010; Schito et al,

2012; Zhang et al, 2012).

1.2.4 Hypoxia induced autophagy

Cells can adapt to hypoxic stress for their survival through the induction of

autophagy (Bellot et al, 2009; Rouschop et al, 2010; Wilkinson et al, 2009). Interestingly,
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hypoxia induced autophagy can be independent of HIF and nutrient availability indicating
that various mechanisms regulate autophagy and its regulation is context dependent

(Papandreou et al, 2008).

Autophagy is a normal cellular process used for the generation of nutrients and
energy in response to stress for example, during periods of starvation. The autophagic
process is deregulated in cancer and depending on the cellular context and stress, can be
both pro-survival or lead to autophagic, programmed type 1l death (Turcotte et al, 2008b).
The important role of autophagy in cancer therapy is becoming increasingly apparent. A
wide variety of chemotherapeutics including approved agents such as Temozolomide and
more novel compounds such as Elisidepsin (antiproliferative activity) have been shown to
induce autophagy (Ling et al, 2011). The contribution of autophagy to radiation efficacy is
unclear. The autophagy inhibitor chloroquine can increase the sensitivity to radiation in
vitro and is currently being tested in clinical trials (Chaachouay et al, 2011; Solomon &
Lee, 2009). However, the induction of autophagy has also been demonstrated to enhance
the effects of radiation (Altmeyer et al, 2010; Chiu et al, 2010; Kim et al, 2009; Lin et al,
2010; Mukubou et al, 2010; Rajecki et al, 2009; Zhuang et al, 2011). The mechanism of

autophagy will be discussed in further detail later.

1.3  Cancer therapy

Surgery is the oldest form of cancer treatment. Apart from surgery other treatment
modalities include radiotherapy, chemotherapy, hormonal therapy, immunotherapy, gene
therapy (for example oncolytic viruses), photodynamic therapy, hyperthermia and laser
treatment. Treatment planning depends largely on the type of the tumour, the stage of the

tumour, and the patient. Tumours are heterogeneous and their response to a single therapy
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modality may not be sufficient therefore requiring a combination of therapies or adjuvant

treatment.

1.3.1 Historical perspective of cancer treatment

Reports on cancer and its treatment date back to 1500 B.C. in ancient Egyptian
inscriptions. In 1894, Halsted W.E., and Moore, C.H., were the first to pioneer and
develop radical mastectomy for breast cancer (Osborne, 2007). As a result of various
screening studies post World War Il, a few compounds namely, mustard gas,
Actinomycin-D and methotrexate were found to have antitumour effects (Farber, 1949;
Jacobson & Wachowski, 1947; Pinkel, 1959; Tan et al, 1959). These discoveries

transformed cancer treatment and were the basis of chemotherapy and adjuvant therapies.

The discovery of X-Rays was an important milestone in radiotherapy. Initially, X-
rays were used to treat patients with dermatological disorders and also for the treatment of
cancer. The invention of computerised tomography (CT scan), positron emission
tomography scan (PET scan) and magnetic resonance imaging scan (MRI scan) has led to
advancement in imaging diagnostics and revolutionised the delivery of radiation to the

tumour.

1.3.2 Current therapies for cancer treatment

The treatment of cancer commonly involves surgery, chemotherapy or
radiotherapy. Surgery is preferred if the tumour can be easily resected and accessed by the
surgeon. Surgery not only helps in the removal of tumour but is also used in diagnosis and
further treatment. Chemotherapy involves the use of drugs, which can be target specific
but often have deleterious side effects. Another form of common treatment for cancer is

radiotherapy, which commonly involves the use of X-rays (photons). Recent advances in
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technology, have led to the fusion of PET, CT scan and PET, MRI scan. Overall, these
advancements had led to intensity-modulated radiotherapy (IMRT), image-guided

radiotherapy (IGRT) and stereotactic radiosurgery for the treatment of cancer.

1.3.3 Personalised medicine

The treatment for primary or metastatic tumours, which are unresectable by surgery
is chemotherapy, immunotherapy, hormonal or radiotherapy. However, treatment planning
on a patient-to-patient basis, has led to the concept of personalised medicine. Personalised
medicine targets the tumour based on its genetic makeup rather than its location in the
patients. This is due to the heterogeneity in the progression of the tumour as well as the
genetic makeup, which varies among individual patients. The recent advances in
genomics, proteomics and imaging technologies has led to the understanding of the
molecular basis of disease, biomarkers and drug response. Moreover, with the sequencing
of human genome becoming cost-efficient, personalised medicine can be achieved for the

diagnosis and treatment of the disease.

Clinically it is well known that every cancer patient is unique and the response
towards treatment differs. The advent of recent technical improvements in the field of
omic’s has a great impact on tumour molecular profiling. There are numerous reports from
clinical trials indicating that cancer patients who were treated with anti-cancer drugs
matching their genomic targets individually have a better outcome (Black & Morris, 2012;
Hollebecque et al, 2013; Tsimberidou et al, 2012; Von Hoff et al, 2010). Currently, there
are 54 potential drugs for use as personalised medicines to treat cancer. Trastuzumab
(Herceptin) a recombinant monoclonal antibody is used in the treatment of HER2 positive

breast and gastric cancers. Trastuzumab was one of the first drugs to be used in targeted
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therapy in the treatment of metastatic breast cancers overexpressing HER2 (Slamon et al,

2001; Vogel et al, 2002).

1.4  Radiotherapy

Radiotherapy is given to nearly 50% of patients with cancer during their period of
treatment either alone or in combination with other treatment modalities (Begg et al,
2011). Cancer patients receive radiation either for curative or for palliative treatment.
Approximately 40% of patients receiving radiation are cured from their primary tumour
and lymph node metastases (Barnett et al, 2009). Cancer patients who present with
advanced tumours or metastatic tumours often have palliative radiation treatments to
alleviate pain, reduce tumour size, spinal compression, headaches, visual problem,
haematuria, hydronephrosis, to control bleeding and enhance the quality of life (Jones et

al, 2014).

1.4.1 History of radiotherapy

The invention of X-rays by Roentgen led to the treatment of cancer patients with
X-rays (Moullin, 1899). In the following years the discovery of electrons, natural
radioactivity and also radium led to various developments in the delivery of radiation for
treating cancer. Although, initially the advent of X-rays and radium were of much interest,
it became obvious within a short period of time that exposure to higher or unwanted

radiation doses could also cause cancer (Johnson, 1902; Moullin, 1899).

1.4.2 Modes of radiation delivery to cancer patients

Radiation can be delivered to target tumours either using X-rays or by inserting

radioactive material for eg. Cesium (brachytherapy) or through the administration of
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radioactive compounds orally or by injection (systemic radiotherapy). External beam
radiotherapy is most commonly used clinically, in which the tumours are specifically
targeted using high-energy ionising radiation (photons and heavy particles) (Kamada,
2012; Suit et al, 2010). Brachytherapy involves the delivery of radiation inside the body
through sealed catheters or radiation seeds inserted at the sites of tumour. Brachytherapy is
commonly used in the treatment of prostate and gynaecological tumours (Haie-Meder et al,

2011).

External beam radiotherapy has been around for more than a century but over the
years has made a lot of improvement with the advancement in imaging and delivery
systems. External beam radiotherapy can deliver either single or fractionated doses of
radiation. The delivery of the doses is managed through linear accelerators (LINAC) for
X-rays and electrons and by cyclotron for the delivery of protons, carbon or other heavy
ion particles. The recent advancement and implementation of heavy particles have led to
personalised radiotherapy in treating cancer patients. Particle therapy involving protons or
carbon ions are being used to target tumours by delivering large doses of radiation with
steep gradients by utilising the Bragg peak (Figure 1.5). In contrast to photons (X-rays or
gamma rays), radiotherapy involving protons or carbon ions have the advantage of lower
entry dose, minimal dose scatter when passing through the tissue and no exit dose
following its dose deposition. Similar to photons, proton and carbon ion beams can be
conformed to fit the tumour target volume with high precision and therefore improving
local control. This is now largely possible due to the integration of multimodality scanning
system like PET, CT and MRI scans and computer algorithms and various device systems

integrated with the radiation delivery unit (Thariat et al, 2013).

14



Chapter 1
Bragg’s Peak

|
v
[

— = -- Proton beam path 1
I
i/ ||

1
Target object /

/)

Depth in tissue (arbitrary um)

Relative dose delivered

777/ /////7/7/

Figure 1.5 Depth-dose distribution of a heavy ion beam. An ionisation curve of a heavy
ion proton beam depositing its maximum energy at an increased depth.

1.4.3 The5 Rs of Radiation

The outcome of the tumour response to radiation is governed by the 5Rs, which are
repair, repopulation, reassortment, reoxygenation and radiosensitivity. Radiation leads to
DNA damage, which leads to a cellular requirement for DNA repair pathways, which are
often compromised in tumours. Depending on the radiation dose the level of damage can
be lethal (cells do not survive), sublethal (cells can survive) or potentially lethal (cell
survival can be modulated post radiation). Unlike the tumour cells, normal cells have an
intact repair mechanism to repair any sublethal damage which results from radiation (Hall
& Giaccia, 2006). Therefore, the defective repair mechanism in tumour cells could be

exploited by synthetic lethal methods. This synthetic lethality can be exploited in tumour
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cells by targeting them with pharmacologically active compounds in combination with

radiation (reviewed in Good & Harrington, 2013).

During treatment, cancer patients often receive fractionated radiotherapy. Radiation
treatment is performed over a period of time by giving smaller fraction of total radiation
doses. The period between each fraction of radiation dose allows normal cells to recover
from the radiation-induced damage but at the same time, a certain number of cancer cells
also recover. Following radiation, both the normal cells as well as cancer cells repopulate
through cell division. The doubling time at which the irradiated cells repopulate depends
on the type of tissue (Hall & Giaccia, 2006). The cellular repopulation is not only
dependent on the tumour tissue type but also the host immune system, radiation fraction
and dose schedule and secretion of growth factors in response to radiation (reviewed

in Good & Harrington, 2013).

During radiotherapy, the cells are in different stages of the cell cycle. Cells in
different cell cycle phases have different radiosensitivity. Cells in S-phase are more
radioresistant whereas cells in the late G2 and M phase are relatively sensitive (Seiwert et
al, 2007). This distribution of radiation sensitivity throughout the cell cycle represents the

reassortment in the 5Rs of radiobiology.

Cells present within a tumour contain a mixed proportion of both well oxygenated
and hypoxic cells. During radiation treatment a single dose of radiation can kill cells,
which are well oxygenated and to a certain extent the sub-population of cells in
intermediate oxygen levels, sparing the hypoxic cells. This loss of well oxygenated cells
due to radiation will lead to an increase in the proportion of hypoxic cells within the
tumour. Under these circumstances, the surviving hypoxic cells may gain access to oxygen

and become oxygenated. Following each fractionated radiation dose, the reoxygenated
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hypoxic cells are killed leaving behind the hypoxic cells. This process of oxygenation of
surviving hypoxic cells in response to radiation is termed as reoxygenation (Hall &
Giaccia, 2006). Additionally, reoxygenation may occur when a large fraction of radiation
is administered. Higher doses per fraction induces VEGF, triggering angiogenesis, which
influences reoxygenation. The increased levels of VEGF protect the cells from radiation-
induced apoptosis and therefore could contribute to the outcome of radiotherapy (Hovinga

et al, 2005; Park et al, 2012).

Apart from repair, repopulation, redistribution and reoxygenation, the tumour cells
have their own intrinsic radiosensitivity. The intrinsic radiosensitivity of the tumour cells
depends on the steepness of the survival curve demonstrating the loss of reproductive
ability of the cells due to early or late reactions in response to radiation. For determining
intrinsic radiosensitivity, the survival fraction at 2 Gy (SF2) is considered. The intrinsic
radiosensitivity of tumour cells could demonstrate the clinical response of a tumour. An
advantage of intrinsic radiosensitivity being a single parameter and it does not involve any
assumptions of the mechanisms underlying the lethal effects of radiation. (Hall & Giaccia,

2006; Malaise et al, 1992; Steel et al, 1989; Szumiel, 2008).

1.4.4 DNA damage induced by radiation

Clinically, cancer patients undergoing radiotherapy are treated with high-energy
ionising radiation such as X-rays, gamma rays, electrons, protons and other heavy ion
particles. These high-energy particles when they enter into the cell have the ability to
deposit their energies through ionisation or by releasing electrons on interaction with the
molecules within the cell. This deposition of energy leads to a complex cluster of DNA
damage directly or indirectly (Anderson et al, 2006; Goodhead, 1989). The DNA damage

resulting from exposure to ionising radiation can lead to genomic instability and are
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carried through to the progeny cells (Clutton et al, 1996; Kim et al, 2006). The level of
damage inflicted determines the effectiveness of radiotherapy and also can have a role in

radiation-induced carcinogenesis.

1.45 The DNA damage response

Cells are constantly exposed to various genotoxic insults, which induce different
types of DNA damage. Clinically relevant doses of ionising radiation can induce 1000
SSBs, 40 DSBs and about 30000 damaged bases per Gray (Ward, 1994). These DSBs are
known to be deleterious for the survival of the cells. lonising radiation-induced DNA
damage triggers a signalling cascade in order to repair the damaged DNA, control cell
cycle arrest through various available checkpoint mechanisms and chromatin remodelling.
Radiosensitivity is also determined by either deletion or loss of functional genes involved
in DNA repair and processing of radiation induced DNA damage (for example ATM,
ATR, MRE11, NBS1, BRCA1/2, Rad50, Ku70/80, DNA-PKcs, Rad51, Rad52, XRCC2,
CHK1, CHK2, Weel), the mutation of oncogenes (for example RAS, PTEN, p53) or
patients with pre-disposed genetic syndromes (ATM, Blooms, Downs’ syndrome,
Fanconi’s anaemia, Gardner, Li-Fraumeni, Nijmegen breakage syndrome, retinoblastoma,
Wilm’s tumour and Xeroderma pigmentosum) (Abbaszadeh et al, 2010; Beamish et al,
2002; Christensen et al, 2014; Clark et al, 2007; Ernestos et al, 2010; Lim et al, 2014;
Mangoni et al, 2011; Neubauer et al, 2002; Petrovic et al, 2013; Williams et al, 2008b;

Wilson et al, 2010).

In response to DNA damage, cells initiate repair mechanisms by delaying the
progress of cell cycle by inducing checkpoints either before or during DNA replication
(G4/S or intra-S checkpoint) or during cell division (G2/M checkpoint) to maintain

genomic integrity (d'Adda di Fagagna et al, 2003; Gorgoulis et al, 2005). These checkpoint
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mechanisms are regulated by the protein kinases ATM and ATR (Figure 1.6). Although,
ATM and ATR phosphorylate the same cellular substrates, their response to DNA damage
is distinct (Bakkenist & Kastan, 2003; Gamper et al, 2013; Myers & Cortez, 2006; Riballo
et al, 2004). Once the checkpoints are activated the progression of cell cycle is delayed and
the repair mechanism is initiated. The DSBs are repaired either by homologous
recombination (HR) or non-homologous end joining (NHEJ). The decision between HR
and NHEJ to repair the DBS is governed by the phase of the cell cycle (Escribano-Diaz et

al, 2013; Kakarougkas et al, 2013; Karanam et al, 2012; Mao et al, 2008).
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Figure 1.6 Radiation-induced ATM/ATR signalling. In response to ionising radiation
cells initiate the DNA damage response pathway. Initially, the DNA damage sensors detect
the occurrence of damaged sites. On detecting the sites of DNA damage, the repair
machinery recruits ATM to the sites of DSB and ATR for SSBs. In response to ATM/ATR
activation a cascade of downstream signalling is mediated by CHK1 and CHK2 with the
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signalling converge to p53 and cell cycle phosphatases. As an outcome, cellular fate is
decided by either triggering checkpoint mechanism, repair damaged DNA, entry into
apoptosis, or senescence. In the scheme represented above the perpendicular end of the
lines represents inhibitory effect whereas the arrows are positive regulators.

lonising radiation-induced DSBs are sensed by ATM (Andegeko et al, 2001;
Bakkenist & Kastan, 2003). In response to DSB, ATM phosphorylates a number of
downstream targets involved in DNA damage response (DDR) including p53 (ser-15),
Brcal, NBS1, Mdm2, Chk1, and Chk2 (Borges et al, 2004; Fabbro et al, 2004; Foray et al,
2003; Gannon et al, 2012; Gatei et al, 2003; Jazayeri et al, 2006; Melchionna et al, 2000;
Momcilovic et al, 2009; Moumen et al, 2013; Zhao et al, 2008; Zhao et al, 2000). This
signalling cascade decides on the cellular fate, an example being ionising radiation induced
apoptosis. Radiation-induced apoptosis is initiated through ATM phosphorylation of
CHK2. The activated CHK2 stabilises p53 through phosphorylation at serine residues 9
and 46 (required for apoptosis) (Saito et al, 2002). The stabilisation of phosphorylated p53
leads to accumulation inside the nucleus leading to transactivation of pro-apoptotic genes
PUMA, BAX and NOXA (Kuribayashi et al, 2011; Oda et al, 2000; Toruno et al, 2014). In
addition, the activated p53 regulates cellular fate by initiating cell cycle arrest or
senescence (Chung et al, 2012; Delia et al, 2003; Wang et al, 2006; Webley et al, 2000).
These protective mechanisms therefore safeguard the genomic integrity by determining
that the mutations or the damage arising due to ionising radiation is not carried over to the

progeny cells.

1.4.6 Limitations of radiotherapy

All treatments come with limitations, and radiotherapy is not exempt. The side
effects that arise due to radiation largely depend on the part of body being exposed to

radiation and the number of fractions and the total dose that has been delivered. The
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severity of side effects depends on the area irradiated. Usually, after radiotherapy
treatment the patients can experience skin erythema, tiredness, nausea, vomiting,, muscle
or joint stiffness and hair loss. Radiotherapy can cause late effects leading to the
development of fibrosis, sarcomas or ischemic heart disease (Bernstein et al, 2013; Darby

et al, 2013; Lingos et al, 1991; Torres et al, 2013).

Radiotherapy induces clustered DNA DSBs and these DSBs can be lethal to the
cells if they fail to initiate repair mechanisms (Lomax et al, 2013). Various genetic
syndromes are known to have defective repair mechanisms (Alvarez-Quilon et al, 2014;
Bakry et al, 2014; Chen et al, 2003; Donahue & Campbell, 2004; Langland et al, 2002;
Lehmann, 2003). Therefore, cancer patients with pre-disposed genetic syndromes such as
A-T, Blooms, Downs’ syndrome, Fanconi’s anaemia, Li-Fraumeni, Nijmegen breakage
syndrome, and Xeroderma pigmentosum are not administered radiotherapy. The reason
being that they cannot be administered the same conventional radiation dose, which is
usually administered in the clinic as it could be lethal due to their defective repair

mechanisms (Kawata et al, 2003).

One of the major limitations of radiotherapy is in targeting the tumour and
delivering the maximum dose whilst sparing the normal tissues. The delivery of target
dose has its own limitation due to the movement of the tumour. This tumour motion is
largely dictated by the location of the tumour site. Tumours tend to move due to
respiration, cardiac motion and gastrointestinal movement. Therefore, treatment planning

becomes critical in dose delivery (Cole et al, 2014).

Another major drawback with radiotherapy is tumour relapse. As the tumour
develops it often develops the ability to metastasis and therefore it is critical to treat the

primary tumour in the initial stages. Unlike other molecular targeted therapies,
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radiotherapy involves targeting of the radiation beam to a localised delineated tumour
region. Tumours have the ability to metastasise and there is a higher probability that these
metastases tumours could go unnoticed for radiotherapy. The other probability being that
there could be radio-resistant subpopulation, which has the potential to metastasise post

treatment (Lizarraga et al, 2014).

1.4.7 Radiotherapy and Hypoxia

Tumour cell repopulation and tumour hypoxia are two critical factors that
determine the outcome of radiotherapy in solid tumours. The presence of oxygen
determines the effect of radiation on tumour cells (Rockwell et al, 2009). This dependence
on the level of oxygen is termed the oxygen enhancement ratio (OER). The OER is
defined as the ratio of dose under hypoxia to well-aerated conditions necessary to produce
the same biological effect. Tumour cell lines irradiated using low linear-energy-transfer
(low LET) like X-rays and gamma rays have an increased OER (2.5 — 3.0) (Figure 1.7),
with intermediate ionising radiation particles like neutrons the OER = 1.6 and for high
LET radiation like alpha-particles results in OER = 1 indicating no significant effect
(Wenzl & Wilkens, 2011). LET is the rate at which energy is lost by an ionising particle as

it passes through the soft tissue.
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Figure 1.7 A graphical representation of oxygen enhancement ratio (OER). A
schematic representation of a cell survival curve demonstrating the presence of oxygen
increases radiation-induced cell death. The ratio of radiation doses between the hypoxic
cells to that of oxygenated cells to produce an identical biological effect is termed the
OER.

The difference in OER between the various LET radiations is due to the oxygen
effect. For maximum effect oxygen must be present either during or within milliseconds of
radiation delivery. When cells are exposed to radiation, the charged particles ionise the
biomolecules in the cells resulting in free radicals. These free radicals are highly reactive
molecules having the potency to disrupt chemical bonds in DNA. These free radicals
induce damage to the DNA through the formation of peroxides due to the presence of
oxygen. However, in the absence of oxygen, peroxides are not formed and the reduced
biomolecules are restored from donor hydrogen in the thiol group present in cysteine

and/or glutathione (Bertout et al, 2008).

The OER response of cells to the same radiation dose when exposed to different
types of LET radiation is not the same. The energy deposited by the type of LET radiation
largely determines the effect of cell kill. To determine the same biological effect for a
specific dose of radiation irrespective of its LET, relative biological effective (RBE) dose

is taken into consideration. RBE is a ratio of dose from 250 kV X-ray to that of the dose
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from another source of LET radiation that produces the same biological effect (Hall &

Giaccia, 2006).

1.4.8 Radiosensitisers

To target the hypoxic fractions of tumours a number of approaches have been
investigated including, hyperbaric oxygenation therapy, blood transfusion and the use of
substances such as perfluorocarbons to increase oxygen supply to the tumour during
radiotherapy (Koch et al, 2002; Ogawa et al, 2012; Santin et al, 2003). Radiosensitisers are
classified into three categories hypoxic cell radiosensitisers that specifically target the
hypoxic tumour cells, bioreductive drugs, which become cytotoxic under hypoxic

conditions and molecular radiosensitisers targeting specific molecular pathways (Table

1.1).
Type of References
radiosensitiser Examples
Hypoxic Hyperbaric oxygen, Metwally et al, 2014; Ogawa et al,
radiosensitiser nimorazole 2012

Hendricksen et al, 2012; McKeage
Bioreductive drugs PR-104, TH-302, EO9 et al, 2012; Takakusagi et al, 2014

Molecular targeted Temozolomide, Higgins et al, 2010; Miqueli et al,
radiosensitiser cetuximab, POLQ siRNA | 2009; Stupp et al, 2009

Table 1.1 The three classes of radiosensitisers. The three different classes of
radiosensitisers and their examples along with references are listed.

A classic radiosensitiser increases the efficacy of radiation-induced lethality to the
tumour while having no effect as a single agent. The radiosensitisation effect is largely
governed by spatial cooperation, cytotoxic enhancement, biological cooperation, temporal

modulation and normal tissue protection (Katz et al, 2009). Targeting the hypoxic cells in
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a tumour is a challenge due to limited blood vessels and supply of oxygen. Since 50% of
patients treated for cancer receive radiation during their treatment, using a hypoxic
radiosensitiser or bioreductive drug or molecular targeted radiosensitiser along with

radiation could enhance the radiation-induced damage.

1.5. Mechanism of Radiosensitisation

Radiation induces damage to various subcellular components. The extent of
damage caused by radiation alone depends on its dose, the energy of the radiation particle,
its proximity to the DNA, presence of intracellular free radical scavengers and the
efficiency of DNA repair pathways within the cells. The use of radiosensitisers along with
radiation can inhibit tumour cell progression through cell cycle arrest, target a tumour
specific repair pathway or increase DNA damage to the genome. The DNA lesions that
arise as a result of radiation alone or in combination with the radiosensitisers triggers the
DNA damage response (DDR). DNA damage is repaired either by single-strand annealing,
cross link repair, nucleotide excision repair, base excision repair, mismatch repair, non-
homologous end joining (NHEJ), or homologous recombination. The initiation of these
repair mechanism is not only dependent on the type of lesion but also on the phase of the
cell cycle (Chaudhry, 2007; Escribano-Diaz et al, 2013; Frankenberg-Schwager et al,
2009; Karanam et al, 2012; Parlanti et al, 2007; Sarkar et al, 2006; Schroering et al, 2007;

Vrouwe et al, 2011).
1.5.1 Base excision repair (BER)
Simple DNA lesions such as oxidation, alkylation and single stranded breaks are

repaired by BER. BER involves the removal of damaged bases by the DNA glycosylases
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followed by trimming of the abasic site by apurinic endonuclease (APE1). The resulting 3'-
OH acts as a substrate for DNA polymerase B and the newly synthesised complementary
bases are ligated by DNA ligase. PARP1 and XRCC1 act as scaffolding proteins and are

important in coordinating the repair mechanism (Wallace, 2014).

1.5.2 Nucleotide excision repair pathway (NER)

The NER pathway is involved in the repair of lesions that arise as a result of
exposure to UV rays (cyclobutane-pyrimidine dimers and 6-4 pyrimidine-pyrimidone
photoproducts), chemical adducts, intrastrand crosslinks (for example chlorambucil,
mitomycin C, nitrous acid, platinum drugs) and ROS generated cyclopurines. These
lesions are detected by global genome NER (occurs due to structural distortion in DNA
helix) or transcription-coupled NER (lesions block the RNA polymerase Il activity). For
GG-NER, XPA binds to the site of lesion and recruits other proteins XPB and XPD,
whereas for TC-NER, the proteins CSA and CSB are recruited. Following the recruitment
of the proteins XPB, XPD and CSA, CSB, the transcription factor-1IH resolves these
damaged sites, initiating the incision by the XPF-endonucleases. The activity of
endonuclease is coordinated in parallel with the synthesis and ligation of DNA by the
replication machinery proteins PCNA, RFC, DNA Pol 6, DNA Pol € and DNA Pol «x and

DNA ligase (reviewed in Marteijn et al, 2014).

1.5.3 Non-homologous end-joining (NHEJ)

DSBs arising in the cells due to endogenous damage or genotoxic stress are
commonly repaired by either NHEJ or homologous recombination (HR). NHEJ is a repair
pathway that is most commonly implemented by the cells to repair DNA DSBs,
irrespective of the cell cycle phase. NHEJ does not require any sequence homology,

although for the initial recruitment of the NHEJ repair enzymes require terminal
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microhomology. The NHEJ machinery comprises of Ku70/80 (loads to the sites of
damage), DNA PKcs (phosphorylates Artemis), Artemis (nuclease activity), DNA pol p, A
(DNA template-independent synthesis), XLF (initiates DNA ligase 1), XRCC4 (stabilises
DNA ligase 1V) and DNA ligase 1V (ligates the DNA ends) (reviewed in Deriano & Roth,

2013).

1.5.4 Homologous recombination (HR)

Homologous recombination is one of the major mechanisms for repairing DBSs.
Unlike NHEJ, HR is active only in S-phase and G2 phase of the cell cycle. HR is an error
free mechanism as it makes use of the intact sister chromatid as a template to restore the
genetic sequence. This repair process involves the resection of broken ends nucleolytically
leading to formation of single stranded overhangs of DNA. RAD51 a recombinase protein
binds to these single stranded DNA structures giving rise to the presynaptic complex.
Following the formation of presynaptic complex, the single stranded overhangs invades
into the homologous sequence and subsequently DNA synthesis is processed at the
invading ends resulting in D-loop formation. This D-loop structure is resolved either by
synthesis-dependent strand annealing leading to a non-crossover product or through the
formation of Holliday junctions. The Holliday junctions are resolved either by HJ
resolvase into crossover product or by the action of helicase-topoisomerase complex to

give rise to a non-crossover product (reviewed in Daley et al, 2014).

1.6 Radiation-induced cell death

One of the primary end points of radiation is cell death. Radiosensitisers are known

to enhance radiation-induced cell death (Table 1.2). Radiation-induced cell death could
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trigger apoptosis, autophagy, necrosis, mitotic catastrophe and senescence. The mode of
radiation-induced cell death is dependent on various factors such as exposure to radiation
dose, oxygen tension, mutational status of oncogenes, DNA repair efficiency, gene
signature, cell cycle and type of cells (Cengel et al, 2007; Deschavanne & Fertil, 1996;
Ernestos et al, 2010; Golden et al, 2014; Hall et al, 2014; Hinz et al, 2005; Lee et al, 2004;
Overgaard, 2007; Rieckmann et al, 2013; Rothkamm et al, 2003; Tamulevicius et al, 2007;

Thangavel et al, 2014).
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Radiosensitisers

Mechanism of radiosensitisation

Reference

Hyperbaric oxygen

Generation of reactive oxygen
species and nitrogen

Ogawa et al, 2012

Hyperthermia

Heat-induced inhibition of DNA
repair leading to mitotic
catastrophe

Horsman &
Overgaard, 2007;
Mackey & lanzini,
2000

Nicotinamide with
carbogen

Increases dissolved oxygen volume
in plasma and blood flow

Janssens et al, 2012

Nimorazole

Depletion of nucleophiles and
formation of toxic products

(Thomson et al, 2014)

Mitomycin-C

DNA crosslinker

Thind et al, 2014

Tirapazamine

Produces oxidising free radicals

von Pawel et al, 2000

Fluoropyrimidine

Deregulates S-phase checkpoints

Beveridge et al, 2012

BrdU, IdU

DNA/RNA crosslinkers, DNA
repair inhibition

Wang & Lu, 2010

Gemcitabine

Inhibits cells in their S-phase

Loehrer et al, 2011

Motexafin gadolinium

Redox modulator

Bradley et al, 2013

Taxanes (paclitaxel,
docetaxel)

G2/M arrest

Brunsvig et al, 2005;
van Meerten et al,
2006

Irinotecan

DNA Topoisomerase | inhibitor

Kubota et al, 2014

Temozolomide

G2/M arrest and apoptosis

Stupp et al, 2009

PARP inhibitors

Inhibits DNA repair

Senra et al, 2011

EGFR and kinase
inhibitors (cetuximab,
gefitinib, vandetanib,
erlotinib)

Inhibits kinases which are involved
in DNA repair mechanism or
necessary for cellular metabolic
signalling pathways

Bonner et al, 2006;
Drappatz et al, 2010;
lyer et al, 2013;
Joensuu et al, 2010

Chloroquine

Inhibits autophagy

Firat et al, 2012

Temsirolimus (CCI-779),

Moretti et al, 2010

everolimus (RADO001), Autophagy enhancer Sarkaria et al, 2010;
gossypol (AT-101) Sarkaria et al, 2011
Resveratrol (natural

component found in grapes | Senescence Luo et al, 2013

and red wine)
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Table 1.2 A list of radiosensitisers which are either in clinical trials or in use for
cancer treatment. Different types of radiosensitisers, their mechanism of
radiosensitisation and references.

1.6.1 Apoptosis

Apoptosis is a highly regulated programmed cell death pathway, which is involved
in embryonic development and tissue homeostasis. Cells undergoing apoptosis are
characterised by cytoplasmic blebbing, fragmentation of DNA and nuclear condensation
leading to cell death. Deregulation of the apoptotic machinery can lead to development or
progression of cancer. In response to radiation, apoptosis can occur primarily through the
activation of p53 (intrinsic pathway) but depending on the context of the environment can
also occur through the activation of death receptor (extrinsic pathway) or by ceramide
production (membrane stress pathway) (Ch'ang et al, 2005; Inagaki-Ohara et al, 2001; Lu

et al, 2012a; Mesicek et al, 2010; Verbrugge et al, 2008)

1.6.2 Necrosis

In addition to apoptosis, high radiation doses induce necrosis. Necrotic cells have
characteristic organelle swelling, dysfunctional mitochondria and permeabilised plasma
membranes (Hotchkiss et al, 2009). Necrosis is not mediated by either the caspase, BCL-2
family of proteins or cytochrome c, the key regulators of apoptosis. However, necrosis is
triggered by the death receptors (belonging to the tumour necrosis factor receptor
superfamily), which are also known to initiate apoptosis. The Fas-associated death domain
(FADD) decides on the fate of cells by initiating the caspases leading into apoptosis or
mediates the activation of receptor interacting protein 1 (RIP1) for necrosis (Degterev et

al, 2008; Holler et al, 2000).
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1.6.3 Mitotic catastrophe

Mitotic catastrophe is another form of non-apoptotic cell death initiated in response
to ionising radiation in solid tumours. Cells undergoing mitotic catastrophe are
characterised as large cells containing multiple nuclei. Mitotic catastrophe occurs in
tumour cells with defective checkpoint mechanisms leading to aberrant mitosis and
eventually generation of aneuploidy progeny and cell death (Vitale et al, 2011). Mitotic
catastrophe can occur through the inhibition of proteins involved in the G2 checkpoint
mechanism (ATM, ATR, Chkl, Chk2 and p21) and therefore increase radiosensitivity
(Moding et al, 2014; On et al, 2011; Riesterer et al, 2011; Sarcar et al, 2011; Weston et al,

2010).

1.6.4 Senescence

Another characteristic form of ionising radiation-induced cell death is senescence.
Senescence is a condition in which the cells undergo permanent cell cycle arrest.
Senescent cells remain metabolically active even with loss of replicative potential. The
senescent cells expresses senescence associated markers for example p-galactosidase
(Sabin & Anderson, 2011). The activation of p53 due to genotoxic stimuli like radiation
induces the activity of p21, p16, and inhibits transcription of genes involved in cell cycle
progression and therefore the cells stop proliferating (di Fagagna et al, 2003). Radiation-
induced chromosomal abnormalities include end-to-end fusions, a trait of telomere
dysfunction. Cells with telomere dysfunction enter into senescence and this is tightly

regulated by p53 (Jones et al, 2005).
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1.7  Autophagy

Radiation induces damage not only to DNA but also to the cell membrane,
proteins, lipids and various sub-cellular organelles leading to cellular stress and the cells
counteract this stress through various mechanisms. Autophagy is one such mechanism,
which is initiated in response to stress. Unlike radiation-induced apoptosis which leads to
cell death, radiation-induced autophagy can be either pro-survival or pro-death depending
on the context or environment (Chaachouay et al, 2011; Ito et al, 2005; Kim et al, 2011a;
Paglin et al, 2001; Yao et al, 2003). Furthermore, inhibition of autophagy increases
radiosensitivity but in contrast, studies by various groups have also demonstrated that
promotion of autophagy can increase radiosensitivity (Altmeyer et al, 2010; Apel et al,
2008; Bristol et al, 2013; Chaachouay et al, 2011; Chiu et al, 2010; Firat et al, 2012;
Fujiwara et al, 2007; Gewirtz et al, 2009; Kim et al, 2009; Ko et al, 2014; Kuwahara et al,

2011; Lin et al, 2010; Rajecki et al, 2009).

1.7.1 Autophagic flux

Autophagy involves degradation and recycling of sub-cellular organelle and
proteins through highly regulated autophagic machinery. Regulation of the autophagic
machinery involves various signalling pathways in response to various cellular and
environmental stimuli. A characteristic of the autophagic machinery is the formation of
autophagosomes, which are double-layered membrane vesicles. The autophagosomes are
formed due to elongation of phagophores leading to sequestration of cytoplasm along with
sub-cellular organelles or proteins (Nakatogawa et al, 2007; Nath et al, 2014; Sawa-
Makarska et al, 2014). The phagophores are membrane structures which arise from
endoplasmic reticulum (ER), plasma membrane, mitochondria or ER-mitochondria contact

site (Axe et al, 2008; Hailey et al, 2010; Hamasaki et al, 2013; Hayashi-Nishino et al,
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2009; Ravikumar et al, 2010). The autophagosomes fuse with late endosomes to form the
amphisomes, which subsequently fuse with lysosomes to form the autolysosomes (Figure
1.8). These fusion events are highly regulated and mediated by Rab7, ESCRTSs (endosomal
sorting complexes required for transport), SNAREs proteins (N-ethylmaleimide-sensitive
factor-attachment protein receptors), class C Vps, small GTPase Rab7 and HOPS
(homotypic fusion and vacuole sorting protein) (Jager et al, 2004; Jiang et al, 2014,
McCullough et al, 2013). The overall process involving the transformation of

autophagosomes to autolysosomes is defined as autophagic flux (Castillo et al, 2013).
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Figure 1.8 A schematic representation of autophagic flux. Autophagy involves the
degradation of various subcellular organelles. A characteristic of autophagy is the
formation of autophagosome a double layered membrane which subsequently fuses with
lysosomes for endolytic degradation. The progress of autophagosomes transforming into
autolysosomes is termed autophagic flux. Autophagic flux can be assessed by measuring
the levels of LC3 with different inhibitors targeting a specific stage of autophagy as
indicated in this scheme. In the scheme represented above the perpendicular end of the
lines represents inhibitory effect whereas the arrows are positive regulators.
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1.7.2 Types of autophagy

Autolysosomes are involved in the degradation of sub-cellular organelles and
proteins into simpler biomolecules by the action of hydrolases present in the lysosome.
These degraded biomolecules are further assimilated for various cellular processes. The
process of sequestration and degradation by the autophagic machinery can either be non-
selective or selective. Non-selective autophagy involves random sequestration of
cytoplasmic structures by the autophagosomes formed as a result of basal autophagy (Hara
et al, 2006; Nakai et al, 2007). However, selective autophagy is dependent on autophagy
cargo-specific receptors which facilitate the sequestration of the cargo into
autophagosomes (Table 1.3) (Birgisdottir et al, 2013; Kirkin et al, 2009; Lamark et al,

2009; Lin et al, 2013; Mancias et al, 2014).

Selective Sequestered targets by autophagosomes for

autophagy lysosomal degradation Reference

Mitophagy mitochondria Saita et al, 2013

Pexophagy peroxisomes Mao et al, 2014

Lipophagy lipids Singh et al, 2009
Reticulophagy endoplasmic reticulum Ogata et al, 2006

Ribophagy ribosomes Kraft et al, 2008

) von Muhlinen et al,
Xenophagy intracellular pathogens 2012
) Thomas et al,

Aggrephagy protein aggregates 2013
Zymophagy secretory granules Grasso et al, 2011

Table 1.3 Selective autophagy and their targets for lysosomal degradation. The table
depicts different types of autophagy and their target specificity for lysosomal degradation.
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1.7.3 Autophagy regulation by cell signalling pathways

Autophagy is regulated by multiple cellular signalling pathways. The autophagic
signalling cascade is classified as mTOR-dependent (nutrient, growth factor, stress and
energy sensing) or mTOR-independent pathway (inositol signalling, Ca2*/calpain, cAMP,
JNKZ1, small molecules) (Figure 1.9). Depending on the context of autophagic induction,
mTOR plays an important role. The serine/threonine protein kinase mTOR complex
(nutrient sensing kinase) is a negative regulator of autophagy. The mTOR complex
consists of two subunits, mMTORC1 and mTORC2. mTOR inhibitors, such as rapamycin
and analogues, have the potential to inhibit the activity of mMTORCL1 and induce autophagy.
The autophagic machinery depends on the action of several autophagy-related (Atg)
proteins. The initial steps of autophagy involve the coordination of two separate ubiquitin-
like conjugation system. The first system being the conjugation of Atg5-Atgl2 which is
mediated by Atg7 (E1, ubiquitin-activating enzyme-like) and Atgl0 (E2, ubiquitin-
conjugating enzyme-like). The Atg5-Atgl2 complex conjugates with Atgl6L1 to form a
larger complex involved in the phagophore elongation until the formation of
autophagosomes (Matsushita et al, 2007; Romanov et al, 2012). In the second system, the
conjugation of microtubule associated protein 1 light chain 3 (LC3-1) to
phosphatidylethanolamine (PE) is mediated by Atg7 (E1-like) and Atg3 (E2-like) resulting
in LC3-11 which is bound to the autophagosomes (Kabeya et al, 2004). The formation of
LC3-1-PE complex can occur as a result of cross talk between the two systems through the
E3 enzyme-like activity of Atgl2-Atg5-Atgl6L1l complex and localises LC3-Il to the
autophagosomal membrane (Fujita et al, 2008). Subsequently LC3-II binds with
p62/SQSTM1 (polyubiquitin-binding protein) to the autophagosomes, for cargo selection
and subsequent degradation by fusion with lysosomal compartment (Bjorkoy et al, 2005;

Pankiv et al, 2007).
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1.7.4 Autophagosomes biogenesis

The initiation of autophagosomes biogenesis requires the ULK kinases (ULK1, 2;

unc-51-like kinase). ULK1, 2 is activated in response to nutrient starvation or mTOR

inhibition. Although, ULK1 and ULK2 share 78% homology in their protein kinase

domain, the role of ULKL is critical in the regulation of autophagy (Lee & Tournier,

2011). ULK1 forms a stable complex with ATG13, ATG101 and FIP200 (focal adhesion

kinase family-interacting protein of 220 kDa) (Ganley et al, 2009). The following step

involves the vesicle nucleation of autophagosomes by class Il PISK (hVps34, a

mammalian vacuolar protein sorting 34 homologue) and the integral membrane protein
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Atg9 (Puri et al, 2014). The lipid kinase hVps34 is a part of the autophagy-initiating
complex containing Beclin-1, Atgl4L and hVps15. The interaction of hVVps34 with Beclin-
1 enhances the phosphorylation of phosphatidylinositol to phosphatidylinositol-3
phosphate (PtdIins3P), which are important for the autophagosomes biogenesis (Axe et al,

2008; Furuya et al, 2005).

1.7.5 Maturation of autophagosomes

Cells when exposed to conditions of starvation or treatment with mTOR inhibitors
leads to activation of ULK1. The activated ULK1 phosphorylates Beclin-1 at Ser-14
residue enhancing the Atgl4L-Vps34 complex inducing autophagy (Russell et al, 2013).
Apart from this the binding of GTPase Rab5 to Beclin-1 and hVps34 complex is also
known to enhance the induction of autophagy (Ravikumar et al, 2008). The Beclin-1
interacting proteins ATG14L, Ambra (activating molecule in Beclin-1-regulated
autophagy), UVRAG (UV irradiation resistance-associated gene) and Bif-1 (endophilin
B1) promote the maturation of autophagosomes, whereas binding of Rubicon, Bcl-2 (B-
cell lymphoma 2), Bcl-X. and Bim negatively regulate the maturation of autophagosomes
(Fimia et al, 2007; Liang et al, 2008; Luo et al, 2012; Matsunaga et al, 2009; Pattingre et

al, 2005; Takahashi et al, 2007).

1.7.6 Role of AMPK/TSC/mTOR in the regulation of autophagy

In conditions with compromised energy and stress the AMPK/TSC pathway is
initiated. Cellular uptake of nutrients is converted into energy through the glycolytic
pathway or by mitochondrial respiration and stored in the form of ATP. AMPK (energy
sensing kinase) is activated when there is a decreased level of ATP/AMP (reviewed in
Hardie et al, 2012). Metabolic stress leads to the phosphorylation of AMPK by LKBL1 (a

serine/threonine kinase). The activated AMPK phosphorylates Rheb (Ras homologue
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enriched in brain) and Raptor (regulatory-associated protein of mTOR, co-subunit of
mTORC1), which dephosphorylates mTOR. This dephosphorylation of mTOR leads to its
inactivation and therefore dissociates from ULK1. In addition, AMPK phosphorylates
serine 317 and 777 of ULK1 leading to the initiation of autophagosomes formation
(Ganley et al, 2009; Kim et al, 2011b). Furthermore, AMPK directly phosphorylates
TSC2 (tuberous sclerosis protein 2), which regulates mTOR by inhibiting its subunit

mTORC1, therefore inducing autophagy (Inoki et al, 2006; Inoki et al, 2003).

1.7.7 Role of growth factors in the regulation of autophagy

Growth factors such as insulin are known to regulate autophagy by activating the
PI3KCla complex. Activation of PI3KCla complex leads to accumulation of
PtdIns(3,4,5)P3 which recruits Akt and 3-phosphoinositide-dependent kinase 1 (PDK1) to
the membrane. PDK1 phosphorylates Akt at the Thr-308 residue and mTORC2
phosphorylates at Ser-473 (Najafov et al, 2012). Activated Akt phosphorylates mTOR as
well as TSC2. Akt mediated phosphorylation of TSC2 enhances the binding of Rheb to
MTORC1 resulting in the inhibition of autophagy (Cai et al, 2006; Zhang et al, 2003).
PTEN (phosphatase and tensin homolog deleted on chromosome 10) a phosphatase
inhibits the PI3KCIa/AKT/mTOR pathway by dephosphorylating PtdIns(3,4,5)P3 in
insulin-dependent cell signalling, leading to the activation of autophagy (Errafiy et al,
2013; Ueno et al, 2008). FoxO3 (forkhead box O3), a nuclear transcription factor, is one of
the downstream effector targets of activated Akt. FoxO3 is involved in the transcriptional
regulation of the autophagosomes proteins LC3, Bnip3 (Bcl-2/adenovirus E1B 19kDa-
interacting protein), Vsp34 and ULK1 (Mammucari et al, 2007; Warr et al, 2013; Zhao et

al, 2007).
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1.7.8 Radiation induced autophagy

In response to DNA damage, FoxO3 detaches from the DNA and interacts with
ATM regulating DNA repair (Tsai et al, 2009). Both ATM and FoxO3 have been shown to
have a role in the regulation of autophagy when cells are exposed to genotoxic and
oxidative agents (Mammucari et al, 2007; Tripathi et al, 2013; Warr et al, 2013).
Activation of ATM inhibits the activity of mTORCL1 through the AMPK/TSC2 pathway
inducing autophagy whereas in response to radiation-induced DNA damage, autophagy is
regulated through the MAPK14 pathway (Alexander et al, 2010; Liang et al, 2013).
lonising radiation has been demonstrated to induce autophagy in certain cancer cell lines
but the mechanism of autophagic induction has not been studied extensively (Bristol et al,
2012; Chaachouay et al, 2011; Ito et al, 2005; Kuwahara et al, 2011; Lomonaco et al,
2009). Independent of p53’s classical function it is also involved in the induction of
autophagy through the activation of AMKP, PTEN and DRAM (damage-regulated
autophagy modulator) but contradictory studies from Kroemer’s group have reported that
deletion of p53 can lead to induction of autophagy (Crighton et al, 2007; Tasdemir et al,

2008a; Tasdemir et al, 2008b).

Radiotherapy is an effective and generally well-tolerated method of cancer therapy.
However, as discussed several limitations occur including both tumour hypoxia and the
need to reduce damage to surrounding normal tissues. The development of radiosensitisers,
which are designed to specifically target hypoxic cells, is an ideal approach (Cazares-
Korner et al, 2013). Most importantly, it is paramount that novel approaches to
radiosensitise tumours are tested in conditions, which mimic the tumour microenvironment

and in particular tumour hypoxia.
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AIM: The aim of this thesis was to investigate the possibility of using either inhibitors of
the DDR or compounds known to increase autophagy as novel means of radiosensitising
tumour cells in vitro.
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Materials and Methods
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2.1 Cells and Culture conditions

2.1.1 Cell maintenance

Cells were grown in T75 flasks (Corning) and when confluent were passaged by
rinsing with sterile PBS followed by treatment with Trypsin-EDTA (Sigma-Aldrich,
T3924) in normal tissue culture conditions (37°C in humidified air containing 5% COy).
Trypsinised cells were resuspended with culture media as listed in the Table 1 containing
either Dulbecco’s Modified Eagle’s Medium, DMEM (Sigma-Aldrich, #D5796) or
Roswell Park Memorial Institute medium, RPMI (Sigma-Aldrich, #1640) supplemented
with 10% Foetal Bovine serum (Sigma-Aldrich), 100 units/ml Penicillin, 100 pg/ml
Streptomycin (Sigma-Aldrich P4333), and cells were seeded at the required density. Cells
were maintained under normal tissue culture conditions at 37°C in humidified air

containing 5% COs,.

Cell line Tissue Disease Origin Culture
media
786-0 and 786- | Renal Adenocarcinoma Gift from Prof. DMEM
O/VHL Peter Ratcliffe,
Univ. of Oxford
A549 Lung Carcinoma ATCC DMEM
DLD1 Colon Adenocarcinoma Gift from Dr. Fred | DMEM

Bunz, Baltimore

FLO-1 Oesophageal Adenocarcinoma Gift from Dr. Ricky | DMEM
Sharma, University
of Oxford
H1299 Lung Carcinoma ATCC DMEM
HCT116 Colon Carcinoma CRUK DMEM
Hela Cervix Adenocarcinoma ATCC DMEM
IGR39 Skin Melanoma Gift from Dr. Eric DMEM
O'Neill, Univ. of
Oxford
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MDA-MB-231

Breast

Adenocarcinoma

Gift from Dr.

Amanda Coultts

DMEM

MDA-MB-468

Breast

Adenocarcinoma

Gift from Dr. Eric
O'Neill, Univ. of
Oxford

DMEM

OE21

Oesophageal

Squamous

Carcinoma

Gift from Dr. Ricky
Sharma, University
of Oxford

RPMI

OE33

Oesophageal

Carcinoma

Gift from Dr. Ricky
Sharma, University
of Oxford

RPMI

RCC4 and
RCC4/VHL

Renal

Carcinoma

Gift from Prof.
Peter Ratcliffe,
Univ. of Oxford

DMEM

RKO

Colon

Carcinoma

ATCC

DMEM

RT-112

Bladder

Carcinoma

Gift from Dr. Anne
Kiltie, Univ. of
Oxford

RPMI

SKmel28

Skin

Melanoma

Gift from Dr. Eric
O'Neill, Univ. of
Oxford

DMEM

SQ20B

Head & neck

Squamous

carcinoma

Gift from Dr. Eric
O'Neill, Univ. Of
Oxford

DMEM

U2-0S

Bone

Osteosarcoma

Gift from Dr. Eric
O'Neill, Univ of
Oxford

DMEM

us7-MG

Brain

Glioblastoma

Gift from Prof.
Adrian Harris, Univ
of Oxford

DMEM

VmCubl

Bladder

Carcinoma

Gift from Dr. Anne
Kiltie, Univ of
Oxford

DMEM
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Table 2.1 Human cancer cell lines and specifications. The table illustrates the cell lines
used in this study along with the information involving the origin of tissue, disease, the
source and culture media used.
2.1.2 Cryopreservation of cells

For cryopreservation, cell were stored in liquid nitrogen in cryovials (Thermo
Scientific Nunc, 363401) at a cell concentration of approximately 1 — 2 x 108 cells/ml.
Exponentially growing cells that had reached 70% confluence were trypsinised and
resuspended in complete media and centrifuged at 300 g for 5 min. The pellet obtained
was resuspended in freezing mixture containing 10% DMSO and 90% FBS and aliquoted
into cryovials. The cryovials were placed in Mr. Frosty (Nalgene, #CRY-OFF-700C)

containing 2-propanol for 24 — 48 h in -80°C and later transferred to liquid nitrogen.

2.1.3 Thawing cells

Frozen aliquots of cells were removed from liquid nitrogen and thawed rapidly at
37°C in a water bath. Cells were resuspended in 5 ml of complete media and centrifuged at
300 g for 5 min. The pellets were then resuspended in complete media and transferred to a

T25 flask (Corning Inc.,) and placed under normal tissue culture conditions.

2.2 Mycoplasma Testing

Cells grown in antibiotic free media were harvested when 90% confluent and
heated for 15 min at 100°C. 50 pl of the above suspension was added to 200 pl of HEK-
Blue cell (1 - 3.5 x 10° cells/ml) in HEK-Blue™ detection medium. The experiment was
performed in duplicate in a 96-well plate, along with a positive and negative control
provided by the manufacturer (PlasmoTest™, InvivoGen). Plates were incubated under
normal tissue culture conditions and observed over 24 h for a colour change. The
appearance of blue colour indicating a positive result for presence of lipoprotein expressed
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by all types of bacteria and mycoplasma. A pink colour indicated a negative result.

Mycoplasma testing was carried out routinely once every 6 months.
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2.3 List of drugs and compounds with their solubility and concentrations

N Stock Working
Name Company Solubility _ ]
solution | concentration
Cayman Chemical
STF-62247 DMSO 10 mM 0.15-1.25uM
(#CAY13084)
Temsirolimus ) )
Sigma-Aldrich (#PZ0020) | DMSO 500 uM 1-100nM
(CCI-779)
3-methyladenine Sigma-Aldrich (#¥M9281) DMSO 500mM | 1-2mM
Chloroquine Sigma-Aldrich (C6628-
_ dH20 50 mM 2—-4uM
hydrochloride 25G)
VE-821 Vertex Pharmaceuticals DMSO 10 mM 1 uM
MK-1775 Selleckchem (#S51525) DMSO 2 mM 0.2 uM
KU-55933 Tocris (#3544) DMSO 100mM | 10 uM
o Sigma-Aldrich (#P4543-
Valproic acid dH20 0.5M 1 mM
109)
o Sigma-Aldrich (C7897-
Clonidine dH20 1 mM 1 uM
100mg)
o Sigma-Aldrich (#M4145-
Minoxidil DMSO 100mM | 1uM
259)
Tosedostat (CHR- )
Tocris (#3595) DMSO 10 mM 0.01 -2 uM
2797)
_ ) Sigma-Aldrich (#N3510-
Niclosamide DMSO 10 mM 10 uM
50G)
o Santa Cruz Biotechnologies
Actinonin DMSO 10 uM 5-100 uM
(sc-201289)
Bestatin Sigma-Aldrich (B8385) dH20 10 mM 0.5-5uM
SC 5471A Sigma-Aldrich (PZ0110) DMSO 10 mM 2.5-50nM
Leuhistin Enzo lifescience DMSO 4 mM 0.05-1uM
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24 Colony Survival

For clonogenic survival studies, exponentially growing cells were trypsinised and
counted using a haemocytometer. The plating efficiency of different cell lines was
determined (Table 2.2 and 2.3) and cells were seeded such that at least 100 colonies were
obtained on the control plates. Seeded cells were allowed to adhere for 2 h under normal
tissue culture conditions pre-treatment. Post treatment colonies were allowed to form
under normal tissue culture conditions. Cells were stained with 0.5% (w/v) crystal violet in
50% methanol and 20% ethanol after 8 - 14 days depending on the cell type. Colonies
containing at least 50 cells were counted using a colony counter. The survival fraction was
calculated by considering [(number of colonies formed after treatment) / (number of cells
seeded x plating efficiency)] x 100, where plating efficiency is the number of colonies
obtained / number of cells seeded in the untreated control. The data were fitted using

Graphpad Prism v6.03.

Cell lines Seeding density of cells Plating efficiency (%)

786-0 and 786-O/VHL | 400 6 cm dishes 29.5 (786-0), 53.58 (786-O/VHL)
A549 250 6-well plate 79.2

DLD1 250 6-well plate 95

HCT116 500 6 cm dishes 70

HelLa 500 6-well plate 41

IGR39 250 6-well plate 54.52
MDA-MB-231 500 6 cm dishes 32

MDA-MB-468 500 6 cm dishes 21.6

RCC4 and RCC4/VHL | 300 6-well plate
39.8 (RCC4), 55.2 (RCC4/VHL)

RCC4 and RCC4/VHL 500 6 cm dishes

RKO 250 6 cm dishes 71.2
RT-112 250 | 6-well plate 45

SKmel28 250 6-well plate 43.2
SQ20B 200 6-well plate 56.65
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U2-0S 400 6 cm dishes 67
u87-MG 400 6-well plate 79
VmCubl 500 6 cm dishes 54.8
H1299 250 6-well plate 41.2
FLO-1 200 6-well plate 69
OE21 250 6-well plate 58
OE33 200 6-well plate 32.33

Table 2.2 A list of seeding densities used for clonogenic assay in various tumour cell
lines at 0 Gy. The table illustrates the different tumour cell lines along with their seeding
densities used for clonogenic assays performed in this study.

Cell line Seeding density of cells per 6 cm dish for the indicated doses in Gy

0 0.5 1 1.5 2 4 6 8
RKO 250 300 400 450 500 750 1000 1250
H1299 500 - - - 750 1000 1250 1500
FLO-1 200 - - - 400 600 800 1000
OE-21 250 - - - 500 750 1000 1250
OE-33 200 - - - 400 600 800 1000

Table 2.3 A list of seeding densities used for clonogenic assay of various tumour cell
lines exposed to radiation. The table illustrates the seeding densities of various tumour
cell lines used with their corresponding radiation dose.
2.5  Hypoxia treatment

Cells were exposed to hypoxia at the indicated oxygen tension using the hypoxia
chambers (Invivo2 Hypoxia Workstation 400, Ruskinn or Bactron, Shell labs). For
irradiation of cells under hypoxic conditions, custom made airtight Perspex plastic boxes
were used (Figure 2.1). These boxes were equilibrated inside the hypoxia chamber for 4 h
at the required oxygen tension. For studies involving irradiation the boxes were sealed

with the treated cells inside the chamber and irradiated. The hypoxia boxes were initially

validated by assessing the OER of cells exposed to radiation under hypoxic conditions, to
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indicate that the boxes were airtight and no reoxygenation occurred during radiation
(Figure 3.2A). For studies involving comets, cells were seeded in glass petri dishes to

reduce oxygen retention usually observed in plastic petri dishes.

Figure 2.1 Custom made air-tight Perspex hypoxia box. The figure illustrates an air
tight Perspex box which was used for radiation studies involving hypoxia.
2.6 Irradiation studies

Cells were irradiated at the required doses using Cs-137 irradiator (GSM: GSR D1)
at a dose rate of 1.7 Gy/min. All irradiations were carried out in room temperature. Cells
irradiated in hypoxic conditions were returned to normal tissue culture conditions 10 min
post irradiation and allowed to develop colonies and stained as previously described (2.4).

The surviving fractions were calculated as mentioned above (2.4) and the data was fitted

according to the linear quadratic model using the formulae SF=e P * pD?) using Graphpad

Prism v6.03.

2.7 Cell proliferation

Cells were seeded in 6-well plates as indicated, allowed to adhere for 12 h and
subsequently treated with either DMSO or STF-62247 (0.62 uM) or CHR-2797 (0.5 uM)
as indicated. Post treatment every 24 h cells were harvested by trypsinisation and the cell
number was determined using a haemocytometer.
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2.8 Protein lysate preparation

Cells were washed once with PBS, pelleted and resuspended in 60 pl protein lysis
buffer (9 M Urea, 75 mM Tris-HCI pH 7.5, 0.15 M 2-mercaptoethanol). The lysed cells
were sonicated briefly (20 s) and pelleted at 300g for 15 min at 4°C. Protein concentration
was determined from the supernatant using Nanodropl000 (Thermo Scientific) and

samples were stored at -20°C for further studies.

2.9  Western Blotting

Protein samples were solubilised in 2x Laemmli sample buffer (120 mM Tris-HCI
pH 6.8, 10% (w/v) SDS, 20% glycerol, 10% 2-mercaptoethanol, 0.02% (w/v)
bromophenol blue) and heated at 100°C for 5 min. Prepared samples were loaded onto
SDS-PAGE gels (Table 2.4) along with pre-stained molecular weight markers (Precision
Plus Kaleidoscope, Bio-Rad). Electrophoresis was carried out in a SDS-PAGE
electrophoresis running buffer (25 mM Tris, 192 mM glycine, 0.1% SDS) at a constant
current of 120 V for 60 - 90 min depending on the molecular size of the protein of interest.
Post electrophoresis, the gel was transferred to nitrocellulose membrane (Bio-Rad, #162-
0115) sandwiched between Whatmann 3MM filter paper and transferred at a constant
voltage of 100 V current for 1 h in transfer buffer (25 mM Tris, 192 mM glycine, 20%
methanol). Nitrocellulose membranes containing the transferred protein were treated with
blocking buffer solution (LI-COR Biosciences) for 1 h at room temperature on a belly
dancer.

Depending on the primary antibody (Table 2.5) the membrane was probed by
incubation at room temperature for 1 h or overnight at 4°C on an oscillator. Non-specific
binding of the primary antibody was removed with washing the membrane in TBS-T for

10 min (3x). The probed membrane was incubated in secondary antibody (Table 2.6) for 1
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h at room temperature in dark and washed with TBS-T for 10 min (2x) and further 10 min
with TBS. The membranes were scanned using the LI-COR Odyssey Imager and images

were acquired with the Odyssey software.

Resolving gel (2x)
Stacking gel (2x)
7.5% 15%
dH20 6.1 ml 7.4ml | 3.75 ml
0.5M Tris pH 6.8 2.5 ml - -
1.5M Tris pH 8.8 - 3.75ml | 3.75ml
Acrylamide/Bis 1.3 ml 3.65ml | 7.25 ml
10% SDS 100 pl 150 ul | 150 pl
10% APS 100 pl 75 ul 75 ul
TEMED 20 ul 18ul | 18l

Table 2.4 Preparation of SDS-PAGE gels. Table describing the volume of various
reagents and solutions required for casting of SDS gels.

Protein Company Mol. wt Dilution
Used
HIF-1a BD Biosciences 120 kDa 1:500
HIF-2a Novus Biologicals 120 kDa 1:500
LC3 MBL Medical & Biological Laboratories | 16, 18 kDa | 1:1000
Co., Ltd., Clone: 51-11, # M115-3
VHL BD Biosciences, #556347 21-30 kDa | 1:1000
B-Actin  (Ac- | Santa Cruz Biotechnology, Inc, #sc- | 43 kDa 1:100000
15) 69879

Table 2.5 List of primary antibodies. Table describing the primary antibodies and their

corresponding molecular weight along with the dilutions used.
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Secondary Antibody Company Dilution Used
Alexa Fluor 680 goat anti-mouse 1gG Invitrogen, #A21057 | 1:10000
IRDye 800CW donkey anti-mouse 1gG LI-COR, #926-32212 | 1:5000

IRDye 800CW donkey anti-rabbit 1gG LI-COR, #926-32213 | 1:5000

Table 2.6 List of secondary antibodies. Table describing the secondary antibodies and
the dilutions used.

2.10 Electron Microscopy
Cells were fixed in 4% glutaraldehyde in 0.1 M phosphate buffer for 15 min at

room temperature, scrapped and centrifuged at 200 g for 5 min. Pellets were resuspended
in 500 pl of fixative (1% (w/v) osmium tetroxide in 0.15 M cacodylate buffer). Samples
were then sent to Dr. David J. P. Fergusson for processing as previously described (Bertog

et al, 2000).

2.11  Immunofluorescence

Cells (1x10°% were seeded on glass coverslips overnight and treated with the
required drug concentration or exposed to irradiation. Post treatment, cells were fixed with
4% (w/v) paraformaldehyde for 10 min at room temperature and washed in PBS. Cells
were permeabilised with ice-cold methanol for 10 min at -20°C and washed with PBS.
Coverslips were incubated with primary antibody (Table 7) for 1 h at 37°C. Coverslips
were washed with PBS for 5 min (3x) and incubated with secondary antibody (Table 7) for
1 h at room temperature in the dark. Post staining, coverslips were washed with PBS for 5
min (3x) and mounted with Prolong Gold antifade reagent with DAPI (Invitrogen,
#P36935) and stored at 4°C. Cells were examined using Nikon 90i fluorescence

microscope and images were acquired using NIS Elements software.
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Protein Company Dilution Used
. LC3 nanoTools antikoerpertechnik, 1:50
Primary
Antibody #oF10 . -
53BP1 Novus Biologicals, #NB100-904 1:500
Alexa Fluor 488 | Invitrogen, #A11017 1:250
Secondary goat anti-mouse
Antibody Alexa Fluor 488 | Invitrogen, #A11070 1:250
goat anti-rabbit

Table. 2.7 List of antibodies for immunofluorescence. Table describing the primary and
secondary antibodies and their corresponding molecular weight and the dilutions used.
2.12  Fluorescence activated cell sorting (FACS)

Cells (2 x 10°) were seeded overnight and treated with the required concentrations
of the drug, post treatment cells were processed for propidium iodide staining (PI), and
BrdU staining as described below:

2.12.1 PI Staining

Cells were harvested and fixed in 500 pl of 70% ethanol in ice for 1 h and
centrifuged at 300 g for 5 min. The pellets were resuspended in PBS containing propidium
iodide (10 pg/ml; Sigma-Aldrich, #P4864) and RNAse A (100 pg/ml; Sigma-Aldrich,
#R6513) and incubated at 37°C for 30 min. Analysis was carried out for 10000 cells per
experimental condition using BD FACSort and data was analysed using ModFit LT v3.2.
2.12.2 BrdU Staining

Cells were labelled with 20 uM BrdU for 1 h at 37°C prior to harvesting and fixed
in 70% ethanol overnight at -20° C. These fixed cells were permeabilised with 0.1 mg/ml
pepsin in 2 M HCI for 20 min at room temperature. Cells were rinsed twice with 2%
FBS/PBS and stained with a BrdU monoclonal antibody (1:100; BD clone 44, #347580)
incubated at room temperature for 90 min with occasional mixing. Cells were rinsed with

2% FBS/PBS and stained with secondary antibody AF488 (1:200; Invitrogen) by
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incubating at room temperature in dark for 60 min with occasional mixing. After staining,
cells were centrifuged and rinsed with PBS, followed by incubation at 37°C for 30 min in
1 ml PBS containing propidium iodide (10 ug/ml), and RNAse A (100 pg/ml). Analysis of
the stained cells was carried out using BD FACSort with 10000 cells per experimental

sample and the data was plotted using BD CellQuest Pro v6.0.

2.13  Single cell gel electrophoresis — Comet

Comet assay is a technique that detects the level of DNA damage and repair Kkinetics at the
level of a single cell. This technique involves the detection of SSB, alkali-labile damage as
well as DSB using the alkaline assay (sensitivity > 0.1 Gy), whereas detection of DSB is
by neutral comet assay (sensitivity > 5 Gy). In principle, cells are lysed and their nuclei is
salt-extracted and subjected to electrophoresis. Following electrophoresis the nuclei
appears with the characteristic appearances of a comet. The tail of the comet is a direct

correlation to the level of damage in the DNA (Olive, 1999; Olive et al, 1990).

2.13.1 Alkaline Comet Assay

The comet assay was performed as described previously (Parsons et al, 2012), with
some modifications. 6.5 x 10* cells were seeded in glass petri dishes and allowed then to
adhere for 12 h and then exposed to hypoxia and / or Hydroxyurea (Hu) treatment. The
treated cells were trypsinised and embedded in 1% (w/v) low-melting agarose in PBS. The
slides were then lysed in the lysis buffer (2.5 M NaCl, 100 mM EDTA disodium salt, 10
mM Tris base, pH 10.5) for 1 h at room temperature for normoxic or inside the pass box of
the hypoxic chamber in the dark. All solutions used for hypoxic treatment were
equilibrated to the required O tension. The slides were removed and washed, followed by

incubation in cold electrophoresis buffer (300 mM NaOH, 1 mM EDTA and 1% DMSO,
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pH > 13) for 30 min. Electrophoresis was carried out at 1.0 VV/cm, 300 mA for 25 mins.
After electrophoresis the slides were washed with neutralisation buffer (0.5 M Tris-HClI,
pH 8.0). Finally the slides were stained with SYBR Gold (Invitrogen, S11494). At least 50
comets per slide were included in the analysis using Komet 5.5 image analysis software
(Andor Technology) in duplicate for each condition and each experiment was performed
three times. Graphs were plotted for percentage tail DNA using Graphpad Prism v6.03.
2.13.2 Neutral comet assay

Exponentially growing RKO cells, 0.65 x 10° were plated in glass petri dishes and
allowed to adhere for 12 h and then exposed to the indicated conditions. Neutral comet
assays was performed with slight modification from (Olive & Banath, 2006). Cells were
embedded as for the alkaline comet assay (see 2.12.1). Coated slides were submerged in
lysis buffer pH 8.3 (30 mM EDTA, 0.5% (w/v) sodium dodecyl sulphate, 0.5 mg/ml
Proteinase-K) for 16 h in the dark at 37°C (4°C for 2 h and then transferred to 37°C for IR
studies). In case of treatment involving hypoxic studies all the slides were incubated at
37°C inside the hypoxic chamber with pre-equilibrated solutions. Following lysis, slides
were rinsed with TBE buffer pH 8.5 (90 mM Tris, 90 mM Boric acid, 2 mM EDTA) for 16
h and electrophoresed at 1.0 V/cm for 25 min, with fresh TBE buffer. Post electrophoresis
slides were washed with double distilled water and stained with SYBR gold for 30 min.
Stained slides were washed with double distilled water and dried overnight. At least 50
comets per slide were analysed for comet using the Komet 5.5 image analysis software
(Andor Technology) in duplicate for each condition. Graphs were plotted for percentage

tail DNA using Graphpad Prism v6.03.
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2.14 Statistical Analysis
Standard errors were calculated from the data obtained. Unless indicated each data
point indicates means + standard errors from three independent experiments in triplicate. A

statistical significance of p<0.05 was calculated using one-tailed student t-test.
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Radiosensitisation through inhibition of the DNA
damage response
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3.1 Introduction

The level of oxygen in tumours plays a critical role in determining radiosensitivity.
Cells exposed to severe hypoxia are significantly more radioresistant than those in normal
oxygen conditions (normoxia). Severe levels of hypoxia or radiobiological hypoxia is a

physiological stress to which cells respond by activating the DDR.

The hypoxia-induced DDR is initiated by replication stress, which occurs as a
result of nucleotide imbalance (Pires et al, 2010b). Both ATM and ATR are induced in
response to hypoxia and in turn phosphorylate many of the well-characterised downstream,
targets (Hammond & Giaccia, 2004). Previous work has demonstrated that inhibition or
knockdown of key members of the DDR leads to increased sensitivity to
hypoxia/reoxygenation. For example knock down of either ATR or Chkl leads to
significant loss of viability in hypoxia (Cazares-Korner et al, 2013; Fokas et al, 2012; Pires
et al, 2012). The numbers of kinases within the DDR has made this an attractive pathway
to target therapeutically and more and more specific inhibitors are now available. Although
many of these have been tested as potential radiosensitisers this preclinical testing is rarely
carried out in conditions, which mimic the tumour microenvironment. As tumour hypoxia
is a major barrier to successful radiotherapy it is important to determine the potential of

these agents for use in hypoxic conditions.

AIM: To investigate the potential of inhibitors of ATM, ATR or Weel as radiosensitisers

in hypoxic conditions.
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3.2 Results

3.2.1 Hypoxia does not induce detectable damage

The level of radiation-induced killing is determined by the amount of DNA damage
induced. Therefore, before using the DDR inhibitors we determined the level of DNA
damage induced in response to hypoxia alone. Previous reports, using a number of assays
have shown that even prolonged exposure to hypoxia does not result in the accumulation
of DNA damage. However, we noted that neutral comet assays had not been carried out
and therefore decided to use this assay to verify the lack of hypoxia-induced damage
(Olive & Banath, 2006). RKO cells were exposed for 16 h either in normoxia (21% O>) or
severe hypoxia (<0.1% O2) or as a control were exposed to radiation (5 or 20 Gy) and
processed for neutral comet (Figure 3.1). As expected we observed that there was no
increased DSB damage in hypoxic cells in comparison to the normoxic samples in the
absence of radiation. In contrast, significant levels of damage were seen in the irradiated

cells.
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Figure 3.1 Hypoxia does not induce DNA damage detectable by neutral comet.

RKO cells were seeded and exposed either to normoxia (21% O2) or hypoxia (<0.1% O3)
for 16 h or indicated doses of irradiation under normoxia and processed for neutral comet
assay and at least 100 cells were scored for each conditions. (A) Images of the cells
exposed either to 21%, <0.1% O- or to the indicated doses of irradiation at 21% O.. (B) %
Tail DNA for the indicated conditions. Significance value: ‘*’ p-Value <0.05.
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3.2.2 Validating the hypoxia boxes and the period of reoxygenation required post

radiation

In order to investigate the response to radiation in hypoxic conditions a system is
required which allows the hypoxic environment to be maintained during the delivery of
radiation. For this purpose we had custom-built hypoxia boxes built (Figure 2.1). These
boxes were placed into the hypoxic chamber in order to equilibrate and then dishes of cells
were sealed inside the boxes and transported to the caesium source. We investigated the
integrity of our custom hypoxic boxes by determining the OER. RKO cells were exposed
either to normoxia (21% O2) or hypoxia (<0.1% O2) and irradiated (0 — 6 Gy) under the
same conditions. Irradiated cells were reoxygenated 10 mins post radiation and allowed to
form colonies under normal tissue culture conditions (Figure 3.2A). We observed an
OERgz7 of 2.36, suggesting the hypoxic boxes were airtight and no apparent reoxygenation

occurred prior to radiation.

Reoxygenation following hypoxia has been shown to induce DNA damage
(Freiberg et al, 2006). However, we did not know how the period of time between
irradiation and reoxygenation effected colony survival. To address this we exposed RKO
cells to hypoxia (2% O) for 16 h and irradiated (4 Gy) under the same conditions. Post
radiation, cells were reoxygenated after various periods of time (0 — 120 mins) and the cell
viability was determined by colony survival assay (Figure 3.2B). We observed no
significant change in cell viability following reoxygenation for different periods of time in
hypoxic cells exposed to radiation. Together, these data suggest that our hypoxic boxes are
suitable for radiation studies in hypoxic conditions and that the time period between

radiation and reoxygenation does not impact colony survival.
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Figure 3.2 Validation of hypoxia boxes for irradiation under hypoxic conditions.

(A) RKO cells were pre-treated for 6 h either in normoxia (21% O) or severe hypoxia
(<0.1% O>) and exposed to radiation (0 — 6 Gy) under the same conditions. Post-irradiation
cells were reoxygenated (10 mins) and allowed to form colonies under normal tissue
culture conditions and the surviving fractions were calculated. (B) RKO cells were
exposed to 2% O> for 16 h, and irradiated (4 Gy) under the same conditions using hypoxia
boxes. Post-irradiation cells were reoxygenated at indicated time periods and allowed to
form colonies under normal tissue culture conditions and the surviving fractions were
calculated. Significance value: ‘*’ p-Value <0.05, ‘ns’ non-significant.
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3.2.3 Hypoxia pre-treatment leads to increased radiosensitivity

DNA repair pathways have been shown by a number of groups to be repressed
under hypoxic conditions (Bindra et al, 2005; Chan & Bristow, 2010; Crosby et al, 2009;
Koshiji et al, 2005; Meng et al, 2005). Decreased levels of DNA repair in hypoxic cells
suggest that hypoxic cells would be more radiosensitive compared to normoxic cells.
However, hypoxic cells exposed to radiation have decreased levels of damage due to
depleted levels of oxygen, thereby rendering them radioresistant. This led us to
hypothesise that hypoxic cells would actually be more radiosensitive than normoxic

counterparts if the same amount of radiation-induced damage was delivered.

To investigate our hypothesis, RKO cells were exposed to hypoxia (1% O2) for 48
h in order to repress the DNA repair pathways and reoxygenated (5 mins) under normal
tissue culture conditions. Post reoxygenation, hypoxia pre-treated cells and the normoxic
control cells were exposed to radiation (0 — 6 Gy) in parallel. Post radiation cells were
plated and allowed to form colonies (Figure 3.3). We observed that hypoxia pre-treated
cells had decreased cell survival in response to radiation. Our result suggests that hypoxic
cells could be radiosensitised if the level of DNA damage is either increased or on par with
the damage seen in their counterpart normoxic cells. A caveat of this experimental set up is
the hypoxic cells experience additional reoxygenation-induced DNA damage, which may

account for their increased sensitivity.
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Figure 3.3 Hypoxia pre-treatment radiosensitises RKO cells.

(A) Scheme of RKO cells pre-treated with hypoxia and irradiated post reoxygenation. All
radiations were carried out under normoxic conditions. (B) Clonogenic survival of RKO
cells in response to hypoxia pre-treatment (1% O, 48 h) followed by reoxygenation for 5
mins under normal tissue culture conditions. Post reoxygenation cells were exposed to a
range of irradiation doses (0 — 6 Gy). Post radiation cells were trypsinised, plated and
allowed to form colonies and the surviving fractions were calculated. Significance value:
“*” p-Value < 0.05.
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3.2.4 Targeting radiation resistant hypoxic cells through ATM inhibition

Tumour hypoxia leads to activation of ATM (Bencokova et al, 2009). It is well
known that ATM loss leads to increased radiosensitisation but this has not been shown in
hypoxia (Cox et al, 1981; Houldsworth & Lavin, 1980; Kuhne et al, 2004; Morgan et al,
1968; Nagasawa & Little, 1983). We hypothesised that hypoxic tumour cells can be
radiosensitised by inhibiting ATM in vitro. Hickson et al., have described how the specific
ATM inhibitor KU-55933 chemosensitised and also radiosensitised HeLa cells in
normoxic conditions (Hickson et al, 2004). Initially, we investigated the effect of KU-
55933 on cells exposed to hypoxia, both mild and severe. RKO cells were treated with
KU-55933 (10 uM) or DMSO as a control and exposed to either hypoxia (2% O32) or
severe hypoxia (<0.1% O) over a period of time (0 - 24 h). Post hypoxic treatment cells
were reoxygenated for 2 h and fresh media was added to the cells and allowed to form
colonies (Figure 3.4). We observed a significant decrease in cell viability in RKO cells

treated with KU-55933 under hypoxia.

Furthermore, we investigated if KU-55933 could radiosensitise hypoxic cancer
cells. RKO cells were treated either with KU-55933 (10 uM) or DMSO as a control and
exposed to severe hypoxia (<0.1% O2) for 6 h and irradiated (0 — 6 Gy) under the same
conditions. Post radiation cells were reoxygenated for 6 h under normal tissue culture
conditions. Subsequently, fresh media was added to the cells and cell viability was
assessed by colony survival assay (Figure 3.5). We observed the treatment with KU-55933
increased radiation-induced loss of cell viability in hypoxia (SER37=2.1). Our results

suggest that hypoxic cells can be radiosensitised by inhibiting ATM.
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Figure 3.4 KU-55933 decreases cell survival in hypoxia.
(A) Scheme of RKO cells treated with KU-55933 under hypoxia. RKO cells were treated
either with DMSO or KU-55933 (10 uM) and exposed to the indicated period of time in
hypoxia at (B) 2% O, (C) <0.1% O>. Post hypoxic treatment, cells were reoxygenated for
2 h under normal tissue culture conditions. Following reoxygenation fresh media was
added to the cells and allowed to form colonies and the surviving fractions were
calculated. Significance value: ‘*’ p-Value <0.05.
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Figure 3.5 KU-55933 radiosensitises RKO cells in hypoxia.

(A) Scheme of RKO cells in hypoxia radiosensitised by KU-55933 pre-treatment. (B)
RKO cells were treated either with DMSO or KU-55933 (10 uM) for 6 h in hypoxia
(<0.1% 0O3) and irradiated under hypoxic conditions at the indicated doses. Post radiation
cells were reoxygenated for 6 h under normal tissue culture conditions. Post reoxygenation
(6 h) fresh media was added to the cells and allowed to form colonies and the surviving
fraction was calculated. Significance value: ‘*’ p-Value <0.05.
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3.2.5 Targeting radiation resistant hypoxic cells through ATR inhibition

We have shown that ATM inhibition radiosensitises hypoxic tumour cells in vitro
(Figure 3.5). We hypothesised that hypoxic cells could be radiosensitised through the
inhibition of ATR. Initially, in this study we combined the ATR inhibitor VE-821 with
radiation in a range of cancer cell lines. The breast (MDA-MB-231, MDA-MB-468),
cervical (HeLa), head & neck (SQ20B), renal (RCC4), bladder (VmCubl), colorectal
(RKO, HCT116, DLD1), melanoma (Skmel28, IGR39) and lung (H1299) cells were pre-
treated for 6 h with VE-821 (1 uM), and exposed to radiation doses (0 — 8 Gy) and cell
viability was assessed by colony survival assay (Figure 3.6 — 3.9). We observed an
increase in radiation-induced loss of cell viability in cancer cells treated in combination
with VE-821. These results suggest that the radiosensitisation effect of VE-821 under

normoxic conditions is independent of tumour type.

As the outcome of radiotherapy is partly dependent on the level of tumour hypoxia,
we evaluated the combination of radiation and VE-821 in hypoxic conditions (Begg et al,
2011). We investigated the effect of radiosensitivity of VE-821 in the oesophageal cancer
cell lines FLO-1, OE21 and OE33 under normoxia and hypoxia. The oesophageal cancer
cell lines FLO-1, OE21 and OE33 were treated in the presence or absence of VE-821 (1
uM) for 6 h either in normoxia (21% O2) or hypoxia (2% O) and exposed to radiation
under the same conditions. Post radiation cells were allowed to form colonies under
normal tissue culture conditions and the viability of the cells were assessed by colony
survival (Figure 3.10). We observed VE-821 radiosensitises OE21 and OE33 in both
normoxia and hypoxia (Table 3.1). However, VE-821 did not radiosensitise the FLO-1
cells in normoxia but radiosensitised the hypoxic cells (Table 3.1). The difference in
response to radiation to VE-821 treatment in FLO-1 cells under hypoxia and normoxia

requires further investigation.
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Figure 3.6 VE-821 radiosensitises breast and cervical cancer cell lines.

The breast cancer cell lines (A) MDA-MB-231, (B) MDA-MB-468 and cervical cancer (C)
HelLa cells were treated either with DMSO or VE-821 (1 uM) for 6 h and then exposed to
a range of radiation doses. Post irradiation cells were allowed to form colonies and the
surviving fractions were calculated. Significance value: ‘*’ p-Value <0.05. Published in Br
J Cancer, Pires et al (2012).
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Figure 3.7 VE-821 radiosensitises head & neck, renal and bladder cancer cell lines.
The head and neck (A) SQ20B, renal (B) RCC4, and bladder (C) VmCubl cancer cells
were treated either with DMSO or VE-821 (1 uM) for 6 h and then exposed to a range of
radiation doses. Post irradiation cells were allowed to form colonies and the surviving
fractions were calculated. Significance value: ‘*’ p-Value <0.05. Published in Br J Cancer,
Pires et al (2012).
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Figure 3.8 VE-821 radiosensitises colorectal cancer cell lines.

The colorectal cancer cell lines (A) RKO, (B) HCT116 and (C) DLD1 were treated either
with DMSO or VE-821 (1 uM) for 6 h and then exposed to a range of radiation doses. Post
irradiation cells were allowed to form colonies and the surviving fractions were calculated.
Significance value: ‘*’ p-Value <0.05. Published in Br J Cancer, Pires et al (2012).
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Figure 3.9 VE-821 radiosensitises melanoma and lung carcinoma cells.

Melanoma cells, (A) SKmel28, (B) IGR39 and the lung carcinoma cell line (C) H1299
were treated either with DMSO or VE-821 (1 uM) for 6 h and then exposed to a range of
radiation doses. Post irradiation cells were allowed to form colonies and the surviving
fractions were calculated. Significance value: ‘*’ p-Value <0.05. Published in Br J Cancer,
Pires et al (2012).
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Figure 3.10 Radiosensitivity of oesophageal cell lines in response to VE-821 pre-
treatment.

The oesophageal cancer cells (A, B) FLO-1 (adenocarcinoma), (C, D) OE21 (squamous
cell carcinoma), (E, F) OE33 (adenocarcinoma) were treated either with DMSO or VE-
821 (1 uM) for 6 h either in 21% or 2% O and then exposed to the indicated doses of
irradiation under the same conditions. Post irradiation cells were allowed to form colonies
under normal tissue culture conditions and the surviving fractions were calculated. ‘*’ p-
Value <0.05.
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) SER37
Cancer cell line 1% O, | 2% O,
FLO-1 1.17 1.38
OE21 2.61 2.33
OE33 1.58 1.46

Table 3.1 Sensitisation enhancement ratio (SER) for various oesophageal cancer cell
lines in response to radiation and VE-821 treatment

3.2.6 Effect of Weel inhibition on cell survival and radiosensitivity in hypoxic

conditions

Severe hypoxia has been shown to induce replication stress triggering ATM/ATR
mediated DDR signalling (Hammond et al, 2007). Inhibition or loss of ATR or CHK1 has
been demonstrated to sensitise hypoxia/reoxygenation of cancer cell lines (Figure 3.10,
(Cazares-Korner et al, 2013; Fokas et al, 2014; Hammond et al, 2004). Cancer cells with a
defective Gi-checkpoint accumulate DNA damage and are more reliant on the Go-
checkpoint compared to normal cells (Dixon & Norbury, 2002). Apart from ATR and
CHK1, Weel is involved in the maintenance of G2-checkpoint and is also regarded as the

gatekeeper of G2-checkpoint (De Witt Hamer et al, 2011; Sorensen & Syljuasen, 2012).

The Weel inhibitor, MK-1775 is currently under clinical trials but its efficacy in
response to radiation in hypoxia has not yet been studied. We hypothesised that MK-1775
could radiosensitise in hypoxia. We choose H1299 cells because they are p53 null. Cells
with a loss of functional p53 will be more reliant on the Gz-checkpoint mechanism

(Levine, 1997).

Initially, we assessed cell survival in response to MK-1775 under different hypoxic
conditions by colony survival assay. H1299 cells were treated in the presence or absence

of MK-1775 (0.2 uM) over a period of time (0 — 24 h) at different oxygen tensions (21%,
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1% and <0.1% O») and reoxygenated. Following reoxygenation, fresh media was added to
the treated cells and their cell viability was assessed by colony survival assay (Figure
3.11). We observed an increased sensitivity in response to MK-1775 from 16 h onwards in
normoxic treatment, whereas under hypoxia (1% O2), MK-1775 sensitised cells at 24 h.
Under severe hypoxia (<0.1% O) we did not observe any significant sensitisation for the

periods of treatment.
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Figure 3.11 Effect of MK-1775 in H1299 cells exposed to various hypoxic tensions.

(A) Scheme of MK-1775 treatment in H1299 cells under different oxygen tension. H1299
cells were treated either with DMSO or MK-1775 (0.2 uM) for the indicated time periods
at different oxygen tensions (B) 21% (C) 1% and (D) <0.1% O and reoxygenated. Post
reoxygenation fresh media was added to the pre-treated cells and allowed to form colonies
and the surviving fractions were calculated. Significance values: ‘*’ p-Value <0.05, ‘ns’
non-significant. Published in Tumour microenvironment and Therapy, Vol 1, O' Brien et
al., (2013).
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Recent studies have demonstrated MK-1775 radiosensitises glioblastoma cell lines
(Bridges et al, 2011; Sarcar et al, 2011). Therefore, we wanted to assess if MK-1775 could
increase the radiation-induced cell kill under severe hypoxia. To address this, we pre-
treated H1299 cells for 3 h either in severe hypoxia (<0.1% O2) or normoxia (21% O2) in
the presence or absence of MK-1775 (0.2 uM) and exposed to radiation (0 — 8 Gy) under
the same conditions. Post radiation (21 h), fresh media was added and the cell viability was
assessed by colony survival assay (Figure 3.12). As expected, under normoxic conditions
there was an increase in the radiation induced cell kill due to MK-1775 treatment
(SER37=1.40). However, under severe hypoxia we did not observe any increase in

radiation-induced cell Kill in response to MK-1775 treatment (SER37=1.18).
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Figure 3.12 Effect of MK-1775 radiosensitivity in H1299 is oxygen dependent.

(A) Scheme of H1299 cells pre-treated with MK-1775 under different oxygen tensions and
exposed to radiation. H1299 cells were pre-treated for 3 h either with DMSO or MK-1775
(0.2 uM) at (B) 21% (C) <0.1% O and then exposed to a range of radiation doses under
the same conditions. Post radiation the treated cells were returned to normal tissue culture
conditions. Fresh media was added 21 h post radiation to the pre-treated cells and allowed
to form colonies and the surviving fractions were calculated. Significance value: ‘*’ p-
Value <0.05. Published in Tumour microenvironment and Therapy, Vol 1, O' Brien et al.,
(2013).
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3.3 Discussion

Our finding that inhibition of ATM significantly increases the radiosensitivity of
tumour cells lines was unsurprising given the exquisite radiosensitivity associated with
loss of ATM in AT patients. However, our study using the Wee 1 inhibitor MK-1775,
clearly demonstrate the importance of testing agents in conditions which mimic tumour
hypoxia. In agreement with the published literature we observed increased radiosensitivity
in normoxia with MK-1775. However, we were surprised to discover that this effect was

not apparent in hypoxic conditions.

Studies in fission yeast (S. pombe) and Xenopus suggest that Weel is a direct
target of Chkl (Lee et al, 2001; OConnell et al, 1997). This raised the possibility that
Weel signalling could be mediated by hypoxia-induced Chk1 activity. We have previously
demonstrated that loss of ATR/Chk1 signalling is an effective way to increase sensitivity
to hypoxia/reoxygenation (Fokas et al, 2012; Pires et al, 2012). Therefore, we asked if
Weel inhibitors might be effective at sensitising cells to hypoxia/reoxygenation and could
also improve the radiation response of hypoxic cells. We investigated the use of Weel
inhibitors as a monotherapy for hypoxic cells we found that those cells at the most severe
levels of hypoxia were generally less sensitive. In addition to its effect as a single agent in
p53 null cells, Weel inhibition has been shown to sensitise cells to radiation therapy
(Bridges et al, 2011; Wang et al, 2001). Here, although in normoxic conditions MK-1775
was shown to significantly sensitise cells to radiation therapy, this effect was less
significant in conditions of severe hypoxia. In previous studies, MK-1775 has been shown
to sensitise cells to different chemotherapeutics (Hirai et al, 2010; Hirai et al, 2009;
Mizuarai et al, 2009; Rajeshkumar et al, 2011). It remains to be established whether these
effects will also be observed in conditions of hypoxia. Here, we have for the first time

assessed the impact of Weel inhibition under hypoxic conditions. Most importantly, we

78



Chapter 3

have highlighted the need to carry out preclinical testing of potential cancer therapeutics in
conditions, which resemble the tumour microenvironment as closely as possible. Although
Weel inhibition remains an attractive target, caution should be taken regarding the clinical
application of this novel compound, as the potential combination with other anticancer

therapies might not be effective.

Our study clearly demonstrates the potential benefit of combining an ATR inhibitor
with radiotherapy for effective targeting of cancer cells in physiological conditions.
Significantly, we observed a positive effect of combining VE-821 and radiation over a
range of oxygen concentrations, and not just under severe hypoxia (<0.1% - 2% O) (Pires
et al, 2012). Given the previously described role of ATR in the response to hypoxia-
induced replication arrest in severely hypoxic conditions, this was not surprising
(Hammond et al, 2002; Hammond et al, 2004). An analogue of VE-821, VE-822 also an
ATR inhibitor has been demonstrated to have a significant tumour growth delay in
pancreatic tumour xenograft models when combined with radiation or radiation and
gemcitabine without significant toxicity to the normal tissues (Fokas et al, 2012).
Following the outcome of the results from preclinical evaluation of VE-822, it is currently

in a phase I clinical trial.
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4.1 Introduction

Patients presenting with advanced renal cell carcinoma (RCC) have a poor
prognosis due to the relative chemo and radioresistance of this disease (Hollingsworth et
al, 2006a; Hollingsworth et al, 2006b). Radiotherapy is rarely used to treat primary RCC
although carbon ions have recently been used with some success (Nomiya et al, 2008). The
majority of patients with stage I or 11 disease undergo surgical resection and this is largely
curative although associated with future health issues such as renal insufficiency and
cardiovascular problems (Huang et al, 2009). Up to 80% of RCC cases are associated with
loss of function of the VHL tumour suppressor gene. VHL is the E3 ubiquitin ligase for
HIF-1a and therefore loss of function leads to high levels of HIF-1 and HIF-1-dependent
signalling. Due to the high levels of HIF-1, targeted therapies for RCC include the use of
angiogenesis, mTOR inhibitors and tyrosine kinase inhibitors (TKI’s) for example sutent.

Current treatments for renal cancer include the targeted agents everolimus and
temsirolimus, both of which are rapamycin analogues. The induction of autophagy through
mTOR inhibition by rapamycin is well characterised and may contribute to the benefit of
this strategy for the treatment of renal cancer (Pirrotta et al, 2011). Temsirolimus induces
autophagy and is selectively toxic to VHL-deficient cells compared to VHL-proficient
cells (Thomas et al, 2006; Yazbeck et al, 2008). Recently, Prof Giaccia and colleagues
took the novel approach of screening for small molecules that are synthetic lethal to the
loss of VHL (Sutphin et al, 2007). A number of compounds were identified including
ChAS3, STF-62247 and STF-31, all three depend on the status of VHL (Chan et al, 2011;
Turcotte et al, 2008a). However, ChA3 and STF-31 are both dependent of HIF-1, while

STF-62247 functions independently of HIF-1.

The compound STF-62247 induces autophagy, which is pro-death in VHL-

deficient cells. This agent therefore shows great selectivity for RCC compared to normal
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tissue. Here, we tested the hypothesis that the induction of pro-death autophagy by
treatment with STF-62247 increases the radiosensitivity of VHL-deficient RCCs whilst

having little effect on cells with normal VHL function.

AIM: To test the hypothesis that STF-62247 alters the radiation sensitivity of VHL-

deficient RCC cells.
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4.2  Results
4.2.1 Expression levels of HIF and VHL in the RCC cells

In order to test our hypothesis, the RCC cell lines RCC4, 786-O VHL-deficient and
RCC4/VHL, 786-O/VHL (truncated, 1-115 amino acids) VHL-proficient cells were used
(Maxwell et al, 1999). The VHL status along with their HIF expression levels in the RCC

cell lines were verified by western blot analysis (Figure 4.1).

RCC4/VHL RCC4 786-O/VHL 786-0
N H N H N H N H

u.“ HIF-1a
R o} = = =R
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Figure 4.1 Expression levels of HIF-1a, HIF-2a, and VHL in the RCC cells

The RCC cell lines RCC4, RCC4/VHL, and 786-0, 786-O/VHL were exposed to 21% and
2% O- for 24 h. Western blotting was carried out for HIF-1a, HIF-2a, VHL and B-Actin
(loading control). N, normoxia (21% O>), H, hypoxia (2% O>).

4.2.2 STF-62247 induces pro-death autophagy in a VHL-dependent manner

Previous studies from Prof Giaccia and colleagues have shown that STF-62247
induces autophagy in a VHL dependent manner (Turcotte et al, 2008a). Before embarking
on combining STF-62247 with radiation we verified some of their key findings. Treatment

with STF-62247 induced autophagy, which was significantly more pronounced in the
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RCC4 cells compared to RCC4/VHL cells as determined by both cleavage of LC3 on a
western blot (Figure 4.2A) and the appearance of cytoplasmic LC3 punctate staining
(Figure 4.2B). We further confirmed their findings in an alternative pair of RCC cell lines.
We also verified the LC3 cleavage by western blot analysis and the appearance of
cytoplasmic LC3 punctate staining in an alternative pair of cells lines, 786-O and 786-
O/VHL (Figure 4.3). From these results we were able to confirm the findings as reported
earlier in the RCC4 and RCC4/VHL cells. In addition, we were able to demonstrate LC3
cleavage and the appearance of LC3 punctate in an alternate pair of RCC cell lines and

also established a working model for our hypothesis.

RCC4/VHL RCC4

0 0.62 1.0 1.25 0 0.62 1.0 1.25 STF-62247 (uM)
<«— LC3-|
<+— LC3-II

e I —— B-Actin

0.62 1.0 1.25 STF-62247 (UM)
Figure 4.2 STF-62247 treatment induces autophagy

RCC4 and RCC4/VHL were treated for 24 h with the indicated concentration of STF-
62247. (A) Western blotting was carried out for LC3 and B-Actin (loading control). (B)
Immunofluorescence staining of cells stained for LC3 puncta (green). DAPI (blue) was
used to visualise the nucleus. Magnification = 10X.
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Figure 4.3 STF-62247 treatment induces autophagy in 786-0 cells

786-0O and 786-O/VHL were treated for 24 h with the indicated concentration of STF-
62247. (A) Western blotting was carried out for LC3 and B-Actin (loading control). (B)
Immunofluorescence staining of cells stained for LC3 puncta (green). DAPI (blue) was
used to visualise the nucleus. Magnification = 10X.

4.2.3 Assessing the autophagic flux in RCC4 cells exposed to STF-62247

Treatment with STF-62247 has shown that there is an increase in LC3 cleavage,
indicating the induction of autophagy (Figure 4.2 and 4.3). We wanted to validate if STF-
62247 has role in autophagic flux. The initiation of autophagy is through the formation of
autophagosomes, which requires class Il PI3-kinase activity (Devereaux et al, 2013;
Matsunaga et al, 2010). These autophagosomes are double layered vesicles which engulf
cytoplasmic content or subcellular organelles. The autophagosome is formed as a result of
binding of LC3 to the expanding phagophore (Mizushima et al, 2011). Autophagic flux is
a process, which involves the synthesis and fusion of autophagosomes to the lysosomes

termed as autolysosomes. Autolysosomes are involved in the degradation of the contents
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present from the fused autophagosomes. Increased levels of autophagosomes and/or LC3
can be the result of autophagy induction or due to its impairment (Mizushima et al, 2010).
In order to validate that STF-62247 treatment does not impair autophagy, our strategy was

to use various inhibitors targeting different stages of autophagy (Figure 1.8).

RCC4 cells were treated either with STF-62247 or in combination with 3-
methyladenine (3-MA), ammonium chloride or chloroquine diphosphate (CQ) and assayed
for the differences in the LC3 levels. Combined treatment with 3-MA, a class Il PI3-
kinase inhibitor, led to a decrease in the levels of LC3 cleavage (Figure 4.4A). Our next
target was inhibiting the lysosomal machinery, since the turnover of LC3 degradation
happens in the autolysosomes. Inhibiting the lysosomes with lysosomotropic reagents such
as ammonium chloride and CQ will result in increased LC3 cleavage (Klionsky et al,
2012; Mizushima et al, 2010; Rubinsztein et al, 2009). We observed increased levels of
LC3 in RCC4 cells treated in combination with STF-62247 along with either ammonium
chloride or CQ compared to the single treatment alone (Figure 4.4B and C). These results

suggest that STF-62247 induces autophagy and does not inhibit the autophagy machinery.
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Figure 4.4 Assessing the autophagic flux in STF-62247 treated RCC4 cells

RCC4 cells were treated with the indicated doses of (A) 3-methyladenine (3-MA) (B)
ammonium chloride (NH4ClI) (C) chloroquine hydrochloride (CQ) either in combination or
alone with STF-62247 (0.62 uM) for 24 h. Western blotting was carried out for LC3 and
B-Actin (loading control).

4.2.4 STF-62247 exposure to RCC cells induces translucent intra-cytoplasmic

vacuoles

In response to STF-62247, we observed the rapid (less than 2 h) formation of
numerous lucent, cytoplasmic vacuoles (Figure 4.5A). The vacuoles were more prevalent
in RCC4 and 786-0 cell lines compared to the matched VHL controls, suggesting this was

also VHL-dependent. Interestingly, primary cells taken from a RCC (Fuhrman grade 3)
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showed the same response, although we were not able to verify the VHL status due to
limited sample (Figure 4.5 A). In order to determine the nature of these vacuoles and
specifically to determine if they were part of the autophagy process, we analysed the cells
by electron microscopy. An increased number of RCC4 cells exposed to STF-62247 for 16
h contained numerous cytoplasmic vacuoles when compared to control cells (Figure 4.5B
I, i). A number of these vacuoles had the double membrane structure characteristic of
autophagic vacuoles although the majority were enclosed by a single membrane with
The presence of extremely large vacuoles in some cells suggests that the small vacuoles
form in response to STF-62247 treatment and then fuse (Figure 4.5B ii, iv). It is not clear
if these vacuoles are involved or related to STF-62247-induced autophagy, although the
high levels of LC3 staining seen by immunofluorescence suggests that this might be the

case (Figure 4.2B).
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RCC4/VHL

RCC4

| 786-0/VHL

= Primary RCC

Figure 4.5 STF-62247 induces vacuoles, which are distinct from autophagosomes

(A) The cell lines indicated were treated with STF-62247 (0.62 uM) for 24 h and then
photographed (magnification = 10X). (B) RCC4 cells were analysed by electron
microscopy after 16 h exposure to 0.62 uM STF-62247 or DMSO treated control (i).
Control cell showing nucleus (N) and normal appearing cytoplasm with few vacuoles. Bar
=1 um. (ii) STF-62247 treated cell showing a number of cytoplasmic vacuoles. Bar = 1
um. (iii) Lower box detail of cytoplasm enclosed by a double membrane representing an
autophagic vacuole (AV). Bar = 100 nm. (iv) Upper box detail of lucent vacuole with a
few vesicular structures enclosed by a single membrane. Bar = 100 nm. EM carried out by
Dr. David J. P. Fergusson.

425 STF-62247 treated VHL-deficient RCC4 cells have decreased cell viability

STF-62247 has been shown to be selectively toxic in RCC cells with deficient
VHL under normoxia, but it has not been studied for its selective toxicity under

physiologically relevant oxygen tensions. We verified that STF-62247-induced autophagic
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cell death in conditions relevant to tumour physiology. Colony survival assays with
increasing concentrations of STF-62247 under 3% O showed a significant loss of viability
of RCC4 cells but little effect on RCC4/VHL cells (Figure 4.6A). Furthermore, we
checked the proliferation rates of the RCC4 and RCC4/VHL cells treated with STF-62247
under normoxic conditions. RCC4 cells treated with STF-62247 had lower cell
proliferation rates than the VHL-proficient RCC4/VHL cells (Figure 4.6B). These data

verify the selectivity of this agent for cells lacking VHL function.

4.2.6 Exposure to STF-62247 does not alter cell cycle progression

As radiosensitivity is in part dependent on cell cycle phase, agents which arrest
cells in more sensitive phases can radiosensitise (Seiwert et al, 2007). We sought to
determine whether STF-62247 has an effect on cell cycle progression, which could in turn
affect radiosensitivity. RCC4 and RCC4/VHL cells were exposed to STF-62247 for up to
24 h followed by BrdU/PI labelling and FACS analysis (Figure 4.7). STF-62247 did not
significantly change the distribution of cells throughout the cell cycle compared to DMSO
controls or between the cell lines. In addition, there was no evidence of an increase in the
sub-G; population. These data indicate that any effect on radiosensitivity is not likely due

to changing cell cycle transit.
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Figure 4.6 STF-62247 treated VHL-deficient RCC4 cells have decreased cell viability
(A) Clonogenic survival for RCC4 and RCC4/VHL cells treated with the indicated doses
of STF-62247 for 10 days at 3% O and the surviving fractions were calculated. (B) Cell
proliferation of RCC4 and RCC4/VHL cells exposed to STF-62247 (0.62 puM) for the
indicated periods of time. *’ p-Value <0.05.
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Figure 4.7 Flow cytometric analysis of RCC4/VHL and RCC4 cells treated with STF-
62247
RCC4 and RCC4/VHL cells were treated with STF-62247 (0.62 uM) or DMSO analysed
24 h later by FACS, stained for both propidium iodide and BrdU incorporation. The
untreated control cells were processed for FACS analysis along with STF-62247 and
DMSO treated samples.
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4.2.7 RCCA4 cells are radiation resistant and do not undergo significant levels of

radiation-induced autophagy

As the effects of STF-62247 are VHL-dependent, we predicted that any effect on
radiosensitivity would also be VHL-dependent. We first examined the relative
radiosensitivity of the RCC cell lines and whether VHL status affected radiosensitivity. A
panel of cell lines including RCC4 and RCC4/VHL were plated for colony survival and
then exposed to irradiation (0 - 5.3 Gy) (Figure 4.8). The survival fraction is shown in each
case. As expected due to the previously reported radioresistant nature of RCC, the RCC4
cell lines were among the most radioresistant of the cell lines tested (Onufrey &
Mohiuddin, 1985). The data indicate that the VHL proficient cells (RCC4/VHL) were
slightly more radioresistant than the VHL deficient cells (RCC4). Radiation has been
demonstrated to induce autophagy in some cell types therefore raising the hypothesis that
radiation-induced autophagy in the VHL deficient cells was contributing to radiosensitivity
(Kuwahara et al, 2011). However, there was no detectable accumulation of LC3 in RCC4
cells irradiated (5.3 Gy) and harvested over a 24 h period (Figure 4.9A). Radiation-induced
autophagy was also not observed in RCC4 cells treated with a range of radiation doses (0.5
- 10 Gy) (Figure 4.9B). Furthermore, RCC4 cells were processed for electron microscopy
(EM) 16 h post irradiation, which revealed no obvious increase in autophagic vacuoles
compared to controls. However, certain degenerate changes were noted in the irradiated
cells including mitochondria with unusually dilated cristae not seen in controls (Figure
4.10). These experiments demonstrate that in this case radioresistance does not correlate

with radiation-induced autophagy.
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Figure 4.8 Comparison of radiosensitivity in various mammalian tumour cell lines in
response to irradiation

Clonogenic survival of the indicated cell lines exposed to irradiation (0 - 5.3 Gy). Post
irradiation cells were allowed to form colonies and the surviving fractions were calculated.
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Figure 4.9 lonising irradiation does not induce autophagy in RCC4 cells

RCC4 cells were exposed either to (A) 5.3 Gy radiation and harvested over the indicated
periods of time or (B) to the indicated doses of radiation (0 - 10 Gy) and 24 h post
radiation, irradiated cells were harvested. Western blot analysis was carried out for LC3
and B-Actin (loading control). The STF-62247 (0.62 uM, 16 h) pre-treated RCC4 cells
were used as a positive control for LC3 cleavage.
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Figure 4.10 Morphological changes in RCC4 cells mitochondria exposed to ionising
irradiation

Electron microscopy of RCC4 treated cells exposed to 3.5 Gy irradiation. (i) Low power
showing the cytoplasm of a control cell with normal cytoplasm containing mitochondria
(Mi). Bar = 1 pum. (ii) Detail showing the normal mitochondrial structure in a control cell.
Bar =100 nm. (iii) Low power of the cytoplasm of an irradiated cell showing a number of
abnormal mitochondria (Mi). Bar = 1 um. (iv) Detail of the mitochondria from an
irradiated cell showing dilatation of the cristae. Bar = 100 nm. EM carried out by Dr.
David J. P. Fergusson.
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4.2.8 STF-62247 increases radiosensitivity in a VHL-dependent manner

To test our hypothesis that the induction of autophagic cell death in combination
with irradiation increases cell killing of VHL-deficient RCCs, we added STF-62247 to
RCC4 and 786-O cells and compared their response with the associated VVHL-proficient
RCC4/VHL and 786-O/VHL cells. To address our hypothesis we determined initially the
pre-treatment time required for the induction of autophagy. Increased induction of LC3
cleavage was observed from 8 h onwards in RCC4 cells exposed to STF-62247 (Figure
4.11). Thus, indicating that the induction of autophagy by STF-62247 pre-treatment is time
dependent. We further investigated if the combination of STF-62247 pre-treatment with
irradiation shall increase the cell killing. Increased loss of cell survival was observed in

RCCA4 cells pre-treated with STF-62247 for 24 h and irradiated (Figure 4.12).
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Figure 4.11 Induction of autophagy by STF-62247 is time-dependent

The RCC4 and RCC4/VHL cells were treated with 1.25 uM STF-62247 and harvested at
the indicated times. Western blotting was carried out for LC3 and B-Actin (loading
control).
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Figure 4.12 Pre-treatment with STF-62247 increases radiosensitivity in RCC4 cells
Colony survival of RCC4 cells pre-treated with STF-62247 (0.62 uM, 24 h) and exposed
to the indicated doses of irradiation. Post irradiation cells were allowed to form colonies
and the surviving fractions were calculated. ‘*’ p-Value <0.05.

In order to verify that this loss of cell viability in RCC4 was due to the combined
effect of STF-62247 and irradiation, a colony survival assay was performed. Increasing
concentrations of STF-62247 in conjunction with 3.5 Gy resulted in increased cell kill in
RCC4 cells (Figure 4.13). This significant loss of cell survival observed indicates that the
combined effect of irradiation with STF-62247 pre-treatment in RCC4 cells is more toxic

than the STF-62247 pre-treatment alone.
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Figure 4.13 Increased doses of STF-62247 exposure in combination with irradiation
decreases survival in RCC4 cells

RCC4 cells were pre-treated with the indicated doses of STF-62247 (16 h) and were then
irradiated (3.5 Gy) or mock irradiated. Post irradiation cells were allowed to form colonies
and the surviving fractions were calculated. ‘*’ p-Value <0.05.

4.2.9 RCC4 cells are radiosensitised by STF-62247 through the induction of

autophagy

In order to determine whether the effect of STF-62247 was due to autophagy
induction, we used the drug in combination with irradiation in the RCC4/VHL cell line,
which is resistant to STF-62247-induced autophagic death. Addition of STF-62247 made
no difference to radiation-induced Killing in RCC4/VHL cells (Figure 4.14). Significantly,
the increased radiosensitivity with STF-62247 treatment was not restricted to RCC4s as we
also observed this in 786-0O cells (Figure 4.15A). As predicted, STF-62247 treatment had

no effect on the radiosensitivity of 786-O/VHL cells (Figure 4.15B). To further confirm
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our results that the radiosensitisation effect of STF-62247 was due to the induction of
autophagy, RCC4 cells were exposed to irradiation in combination with STF-62247 and 3-
MA. 3-MA is a class 111 PI3K inhibitor that inhibits the initial phase of autophagy process
by blocking the autophagosome formation. The cells treated in combination with STF-
62247 and 3-MA, when exposed to irradiation had an increased survival compared to the
cells irradiated with STF-62247 alone. Therefore, suggesting that the effect of
radiosensitisation is due to the induction of autophagy with STF-62247 treatment (Figure
4.16). These data strongly support our hypothesis that the induction of pro-death

autophagy can increase radiosensitivity in VHL-deficient RCC cells.
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Figure 4.14 RCC4/VHL cells are radiation resistant to STF-62247 pre-treatment
RCC4/VHL cells were pre-treated with STF-62247 (0.62 uM) for 24 h and then irradiated
for the indicated doses. Post irradiation cells were allowed to form colonies and the
surviving fractions were calculated.
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Figure 4.15 STF-62247 pre-treatment selectively radiosensitises VHL-deficient 786-O

cells

(A) 786-0 cells were pre-treated with STF-62247 (0.62 uM) for 24 h and then irradiated as
indicated (B) 786-O/VHL cells were pre-treated with STF-62247 (0.62 uM ) for 24 h and
then irradiated as indicated. Post irradiation cells were allowed to form colonies and the
surviving fractions were calculated. ‘*’ p-Value <0.05.
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Figure 4.16 RCC4 cells are radiosensitised by STF-62247 through the induction of
autophagy
Colony survival of RCC4 cells pre-treated either with STF-62247 (0.62 uM) alone or in
combination with the indicated doses of 3-MA for 16 h, and then irradiated as indicated.
Post treatment cells were allowed to form colonies and the surviving fractions were
calculated. “*’ p-Value <0.05.
4.2.10 STF-62247 radiosensitises RCC4 cells under physiologically relevant
concentrations of oxygen

It is important to verify that exposure to STF-62247 increased radiosensitivity in
conditions, which more accurately mimic physiological conditions. To achieve this cells
were exposed to 3% O, which more accurately reflects oxygen concentrations found
within the body as opposed to those routinely used in tissue culture (Hammond et al,
2014). RCCA4 cells were exposed to 3% O for the entire STF-62247 pre-treatment period
(16 h), irradiated at 3% O: and then allowed colonies to form in normal tissue culture
conditions . STF-62247 significantly increased radiation-induced killing in hypoxic

conditions suggesting that this effect would occur in physiologically relevant conditions

(Figure 4.17).
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Finally, electron microscopy of RCC4 cells treated with both STF-62247 and
irradiation (3.5 Gy) revealed increased numbers and size of electron lucent vacuoles
compared to either treatment alone (Figure 4.18). In addition, certain cells showed
mitochondrial changes similar to those seen after radiation. Thus, induction of autophagy

can increase sensitivity of RCC under hypoxic conditions to radiation.
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Figure 4.17 STF-62247 radiosensitises RCC4 cells, under physiologically relevant
concentrations of oxygen

RCCA4 cells were pre-treated with STF-62247 (0.62 uM) for 24 h at 3% O and exposed to
irradiation under 3% O at the indicated doses. Post irradiation cells were allowed to form
colonies under normal tissue culture conditions and the surviving fractions were
calculated. “*’ p-Value <0.05.
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Figure 4.18 Morphological appearance of RCC4 cells pre-treated with STF-62247
and exposed to irradiation

Electron microscopy of RCC4 cells treated with STF-62247 and 3.5 Gy irradiation,
showing the cytoplasm containing a number of vacuoles (V) of various sizes most of
which were enclosed by a single membrane and mitochondria (Mi) with disrupted cristae.
N =nucleus. Bar is 1 pm.

4.2.11 The rapamycin analogue temsirolimus increases radiation sensitivity of RCC4

cells

Temsirolimus can increase the effects of radiation in glioblastomas, therefore we
investigated the combination of temsirolimus and radiation in VHL-deficient RCCs
(Sarkaria et al, 2010). We first verified that temsirolimus is more toxic to RCC4 cells when
compared to RCC4/VHL cells (Figure 4.19). Pre-treatment of RCC4 cells with
temsirolimus increased the effects of radiation (0-5.3 Gy), suggesting that the combination

of these therapies together would be beneficial (Figure 4.20A). Importantly, the reciprocal
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experiment of adding radiation (one dose of either 1.75 or 3.5 Gy) increased the effects of

temsirolimus (Figure 4.20B).
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Figure 4.19 Dose dependent cell survival kinetics of RCC4 and RCC4/VHL cells
treated with temsirolimus

Clonogenic survival of RCC4 and RCC4/VHL cells treated with temsirolimus (0-100 nM).
Post treatment cells were allowed to form colonies and the surviving fractions were
calculated. “*’ p-Value <0.05.
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Figure 4.20 Temsirolimus increases radiation sensitivity of RCC4 cells

(A) Clonogenic survival of RCC4 cells pre-treated with temsirolimus (10 or 25 nM) for 24
h and then exposed to radiation (0 - 5 Gy). (B) RCC4 cells were pre-treated with the
indicated doses of temsirolimus and then either mock-irradiated or irradiated (1.75 or 3.5
Gy). Post irradiation cells were allowed to form colonies and the surviving fractions were
calculated. “*’ p-Value <0.05.
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4.3 Discussion

This study highlights the possibility of combining targeted therapeutics such as
STF-62247 or temsirolimus with radiation to reduce the reliance on partial or full

nephrectomy and improve patient prognosis (Anbalagan et al, 2012).

We have shown that the radioresistance of RCC cells can be modulated by
combination with targeted chemotherapeutics. Pre-treatment with STF-62247, a compound
shown to induce pro-death autophagy in cells lacking VHL, significantly increased the
response to radiation in both the RCC4 and 786-O cell lines. Given that this compound
appeared well tolerated in previous xenograft studies, it has real potential as a
radiosensitiser (Turcotte et al, 2008a). Radiotherapy is not generally considered for the
treatment of RCC for a number of reasons including the relative radioresistance of RCC,
the radiosensitivity of the surrounding tissue and the toleration of nephrectomy. However,
surgical removal is not always possible, for example if there is vascular involvement or
reduced kidney function. The identification of compounds which radiosensitise RCC is
essential for radiotherapy to be truly useful in the treatment of kidney cancer. In addition
to using radiotherapy to treat primary disease, increasing radiosensitivity could increase
the efficacy of palliative radiotherapy for metastases in bone or the brain. It is also
conceivable that radiotherapy could be used to palliate symptoms such as pain or
haematuria, which can be associated with unresectable primary disease. It is however
unlikely that STF-62247, a new therapy, will be tested clinically with radiation without
supporting preclinical studies. Therefore, we also tested radiation in combination with
compounds already used to treat RCC. Temsirolimus and other rapamycin analogues were
of particular interest, as they, like STF-62247, have been shown to specifically kill VHL-
deficient cells, and most importantly, also induce autophagy (Thomas et al, 2006; Yazbeck

et al, 2008; Zhang et al, 2013). The mechanism of temsirolimus-induced autophagy is
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distinct from that described for STF-62247 and in some ways is much more clearly
understood. Temsirolimus inhibits mTOR, while STF-62247 interferes with golgi-
endoplasmic reticulum transport (Turcotte et al, 2008a; Turcotte et al, 2008b). Our data
demonstrate that adding radiation increases the effects of clinically relevant doses of
temsirolimus in RCC cells. Together, our data demonstrate that combining radiotherapy
for RCC with molecularly targeted therapies is a valid approach that should be evaluated

further in pre-clinical models.
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5.1 Introduction

We have demonstrated that renal carcinoma cells, RCC4 and 786-O deficient in
VHL gene can be radiosensitised through the induction of autophagy (Chapter 4,
(Anbalagan et al, 2012). This led us to hypothesise that additional autophagy inducing
compounds combined with radiation could increase the radiation sensitivity of cancer cell
lines. To investigate this we identified, from the literature, a number of compounds which
have been demonstrated to induce autophagy, albeit in a wide range of cell lines and
contexts. Important criteria for selection of the compounds included the use of the
compound in clinical settings although not necessarily cancer related (Table 5.1). The
advantage of selecting drugs this way includes insight into the side effects and tolerability

of the drugs.

As our studies became focused on CHR-2797 (also known as Tosedostat) this drug
is described further here. CHR-2797 targets the M1 family of Zn?* metalloenzymes and
selectively inhibits aminopeptidase N. Aminopeptidase N (also known as CD13 or alanine
aminopeptidase) is an exopeptidase which catalyses the cleavage of an amino acid residue
on the free N-terminus of polypeptide chains. It is also involved in the regulation of
biologically active peptides, in protein recycling, antigen presentation and also as a
receptor for human corona viruses (Chen et al, 2012; Saric et al, 2004; Taylor, 1993;
Yeager et al, 1992). CHR-2797 is functionally related to bestatin, which is a naturally
occurring aminopeptidase inhibitor. CHR-2797 has been reported to have more specificity
in targeting the aminopeptidase N than bestatin (Krige et al, 2008). Although bestatin has
been shown to improve overall survival in patients with leukaemia and solid tumours
including malignant melanoma, carcinoma of lung, stomach, bladder, head and neck and
oesophagus, it is not in widespread clinical use outside Japan (Ichinose et al, 2003; Ota &

Uzuka, 1992; Wakita et al, 2012). CHR-2797 is a hydroxymate-containing ester prodrug

108



Chapter 5

that undergoes intracellular de-esterification to form the acid metabolite CHR-79888.
CHR-79888 is a charged acid metabolite and has extremely low membrane permeability
leading to intracellular accumulation. CHR-2797 not only inhibits the aminopeptidase N
but also LTA4 hydrolase, LAP and PuSA due to overlapping substrate preferences. CHR-
2797 is less cytotoxic in non-transformed cells (U-937, NCI-H23, MRC5, and NRK)

compared to transformed cells (Jenkins et al, 2011; Krige et al, 2008).

Krige and colleagues demonstrated that CHR-2797 has an antiproliferative effect
and induces apoptosis in multiple myeloma, myeloid leukaemia and lymphoma cancer cell
lines. The antiproliferative effect was proposed to be due to depletion of free intracellular
amino acids and the accumulation of smaller peptides that would normally act as substrates
for aminopeptidases (Krige et al, 2008). Autophagy has been reported in response to CHR-
2797, which was proposed to be due to the decreased protein turnover (Moore et al, 2009).
Protein recycling is important for cellular homeostasis and of utmost importance for cancer
cells, which are dependent on amino acids for their rapid growth and survival (Scott et al,

2000).

Inhibition of aminopeptidase N by CHR-2797 leads to intracellular accumulation
of small peptides which act as substrates for aminopeptidases. The accumulation of smaller
peptides results in the depletion of free amino acids that are required for cellular
metabolism. This depletion of free amino acids triggers a transcriptional response involved
in the up regulation of amino acid synthetic genes, transporters, and tRNA synthetases.
This transcriptional response is called the amino acid deprivation response (AADR).
Furthermore, CHR-2797 mediated aminopeptidase inhibition decreases the
phosphorylation levels of mTOR substrates, which have a role in cellular metabolism

(Krige et al, 2008).
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AIM: To test the hypothesis that autophagy inducing candidate drugs combined with

radiation could radiosensitise cancer cell lines.
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5.2 Results

5.2.1 Autophagy induction by the candidate radiosensitisers

As autophagy is known to be both cell line and context dependent we investigated
whether the chosen drugs (valproic acid, clonidine, minoxidil, CHR-2797 and
niclosamide) (Table 5.1) induced autophagy in our in vitro systems. The doses of the drugs
used for our studies were selected from the literature (Fu et al, 2010; Gies et al, 2010;
Krige et al, 2008; Moore et al, 2009; Williams et al, 2008a). Using a panel of cells lines
(U87-MG, OE21 and HCT116) we determined if the treatment with candidate drugs led to
LC3 cleavage (Figure 5.1). Of the tested drugs only niclosamide showed any evidence of
autophagy induction. Glucose uptake has been demonstrated to either induce or suppress
autophagy (Kobayashi et al, 2012; Maruyama et al, 2008; Ravikumar et al, 2003; Sarkar et
al, 2007). Routinely our experiments were performed in cell lines cultured using cell
culture media supplemented with 25 mM glucose. Therefore, we investigated if autophagy
can be induced by the candidate drugs in cancer cell lines cultured in media with
physiological levels of glucose. HeLa, HCT116, U87-MG cancer cell lines cultured in
media containing physiologically relevant levels of glucose (5 mM) were treated with the
selected candidate drugs. The drugs valproic acid, clonidine, minoxidil and CHR-2797 did
not induce significant LC3 cleavage in the treated cell lines (Figure 5.2). Irrespective of
the glucose concentration (5 or 25 mM) in the culture media only treatment with

niclosamide showed evidence of LC3 cleavage.
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Working concentration used
Drugs Current clinical use Mechanism of autophagy induction | Reference
in the referenced studies
Valproic acid | Anti-convulsant 1 mM Increased oxidative stress Fu etal, 2010
L-type Ca®* channel antagonist, K* | Williams et al,
Clonidine Anti-hypersensitive 1 uM
ATP channel opener 2008a
Vasodilator and slows hair G protein  coupled receptor | Williams et al,
Minoxidil 1 uM
loss signalling activator 2008a
Tosedostat AML and solid tumours Cortes et al, 2013;
100 nM to > 10 uM Aminopeptidase inhibitor
(CHR-2797) | (under clinical trials) Krige et al, 2008
Antihelmintic & in clinical
Niclosamide 10 uM Proteosomal inhibitor Gies et al, 2010
trials for AML patients

Table 5.1 List of candidate drugs clinically either under use or in trials that are known to induce autophagy. A table describing a list of

candidate drugs, their clinical use, working concentrations used in the referenced studies and its mode of autophagy induction.

112



Chapter 5

A cwl val Clo Min CHR Nic
<«—LC3
— | C3-Il

B-Actin

B ¢t val clo Min CHR Nic

<«—LC3-
<+—LC3-ll

A e S S ——  (_ACtin

i
-

C ctrl val Clo Min CHR Nic

<«—LC3-|
— < LC3-lI

B-Actin

Figure 5.1 Expression levels of LC3 cleavage in a panel of cancer cell lines exposed to

candidate drugs

Cell lines (A) U87-MG (B) OE21 (C) HCT116 were treated for 16 h with valproic acid
(Val, 1 mM), clonidine (Clo, 1 uM), minoxidil (Min, 1 uM), CHR-2797 (CHR, 0.5 uM),
or niclosamide (Nic, 10 uM), with the untreated acting as control (Ctrl). Western blotting
was carried out for LC3 cleavage and pB-Actin (loading control).
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Figure 5.2 Expression levels of LC3 cleavage in a panel of cancer cell lines cultured in
media supplemented with 5 mM glucose and exposed to candidate drugs

Cell lines (A) U87-MG (B) HCT116 (C) HeLa cultured in media supplemented with 5
mM glucose were treated for 16 h with valproic acid (Val, 1 mM), clonidine (Clo, 1 uM),
minoxidil (Min, 1 uM), CHR-2797 (CHR, 0.5 uM), or niclosamide (Nic, 10 uM), with the
untreated acting as control (Ctrl). Western blotting was carried out for LC3 cleavage and
B-Actin (loading control).

The lack of apparent autophagy in the selected cell lines was disappointing. We
decided to research the literature for examples of cellular contexts, which could suggest
cell lines that might respond to the drugs. We identified a report which described the use of
bestatin in oesophageal cancer (Oka, 1980). The administration of bestatin has already

been reported to radiosensitise human cervical cancer models (Tsukamoto et al, 2008).

CHR-2797 one of our candidate drugs has been reported to be functionally related to
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bestatin (Krige et al, 2008). Therefore, we decided to investigate the effect of CHR-2797
on oesophageal cell lines. The oesophageal cell line FLO-1 (adenocarcinoma) was pre-
treated with CHR-2797 (0.5 uM) over a period of time (up to 8 h) and assessed for LC3
cleavage by western blot analysis (Figure 5.3A). We observed LC3 cleavage in FLO-1
cells pre-treated with CHR-2797 from 2 h onwards. In addition, we determined the levels
of p62, another autophagic marker, in response to CHR-2797 pre-treatment. FLO-1 and
OE21 cells were pre-treated with CHR-2797 (0.5 uM) over a period of time (up to 4 h) and
assessed for p62 by western blot (Figure 5.3B). We observed a decrease in the levels of
p62 in response to CHR-2797 pre-treatment at 4 h in both FLO-1 and OE21 cells. As a

result of this analysis we decided to pursue Niclosamide and CHR-2797 for our studies.

A
0 2 8 16  Time (h)
<+— LC3-I
[}
G s St S /01
B
FLO-1 OE21
0 2 4 0 2 4  Time (h)

F— — — P p— o— D62

P— p— p— TR E=N memy  (-Actin

Figure 5.3 CHR-2797 induces autophagy in FLO-1 and OE21 cells.

(A) FLO-1 (B) FLO-1 and OE21 cells were pre-treated for the times indicated in the
presence of CHR-2797 (0.5 uM). Western blotting was carried out for LC3 cleavage, p62,
GAPDH (loading control) and B-Actin (loading control). Part B was performed by
Deborah Biasoli.
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5.2.2 Toxicity of Niclosamide and CHR-2797

As our goal was to identify a radiosensitiser it is important that the drug alone has
little or no effect on cell viability. To address this we carried out colony survival assays on

oesophageal cell lines FLO-1 and OE21 using niclosamide and CHR-2797.

Initially, the cell viability of FLO-1 and OE21 cells treated with niclosamide (10
uM) was assessed by colony survival assay (Figure 5.4). Treatment with niclosamide was
significantly toxic in both FLO-1 and OE21 cells. Moreover, recently it has already been
reported that niclosamide radiosensitises lung carcinoma cells and therefore we did not
perform any further experiments with niclosamide (You et al, 2014). In order to test the
toxicity of CHR-2797 we investigated the effect of CHR-2797 in the oesophageal cell lines
FLO-1 and OE21 by colony survival assay (Figure 5.5). CHR-2797 treatment led to a
significant decrease in FLO-1 and OE21 cell viability. Next we investigated the effects of
cell proliferation in response to CHR-2797 in FLO-1 and OE21 and observed a significant
effect on cell proliferation from 6 days onwards for FLO-1 and on the 4" day for OE21

(Figure 5.6).
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Figure 5.4 Niclosamide treatment decreases cell viability in oesophageal cell lines
FLO-1 and OE21

(A) Scheme of colony survival assay in oesophageal cell lines FLO-1 and OE21 treated
continuously with niclosamide. (B) FLO-1 (C) OE21 were treated either with DMSO or
niclosamide (10 puM) continuously throughout the assay and allowed to form colonies.
Colonies formed were stained and the surviving fractions were calculated.
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Figure 5.5 Effect of CHR-2797 treatment in oesophageal cell lines FLO-1 and OE21

(A) Scheme of colony survival assay in oesophageal cell lines FLO-1 and OE21 treated
continuously with CHR-2797. (B) FLO-1 (C) OE21were treated either with DMSO or
CHR-2797 (0.5 uM) continuously throughout the assay and allowed to form colonies.
Colonies formed were stained and the surviving fractions were calculated. Significance

value: “*’ p-Value < 0.05.
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Figure 5.6 CHR-2797 treated FLO-1 and OE21 cells have decreased cell proliferation
(A) FLO-1 (B) OE21 cells (1 x 10%) were treated with CHR-2797 (0.5 uM) and their cell
number was determined over the time period indicated. Significance value: ‘*’ p-Value
<0.05.

5.2.3 Oesophageal cancer cell lines FLO-1 and OE21 are radiosensitised by CHR-

2797

We pre-treated the OE21 and FLO-1 oesophageal cell lines for 16 h with 0.5 uM
CHR-2797 and then irradiated with 0-8 Gy. A colony survival assay was carried out
(Figure 5.7). CHR-2797 pre-treatment radiosensitised both the oesophageal cell lines
OE21 (SER37=1.30) and FLO-1 (SER37=1.60). Next, we carried out a colony survival
assay after pre-treating FLO-1 and OE21 cells with increasing doses of CHR-2797 for 16 h

followed by irradiation with 4 Gy or mock irradiated (Figure 5.8). Loss of cell viability
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was observed in both FLO-1 and OE21 cells when pre-treated with increasing doses of

CHR-2797 in combination with radiation.
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Figure 5.7 Oesophageal cancer cell lines FLO-1 and OE21 are radiosensitised by
CHR-2797

(A) Scheme of colony survival assay in oesophageal cells pre-treated with CHR-2797 and
exposed to radiation. (B) OE21 and (C) FLO-1 cells were treated either with DMSO or
CHR-2797 (0.5 uM) for 16 h and then exposed to a range of radiation doses (0 — 8 Gy).
Post irradiation cells were allowed to form colonies and the surviving fractions were
calculated. Significance value: ‘*’ p-Value <0.05.
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Figure 5.8 Radiosensitivity of FLO-1 and OE21 in response to CHR-2797 treatment
is dose dependent

(A) FLO-1 (B) OE21 cells were treated with CHR-2797 for 16 h with the indicated doses
and exposed to either 4 Gy or mock irradiated. Post irradiation the cells were allowed to
form colonies and the surviving fraction were calculated. Significance value: ‘*’ p-Value
<0.05.

Since CHR-2797 pre-treatment of the oesophageal cell lines lead to an increase in
radiosensitivity, we asked if its effects were restricted to oesophageal cell lines. HeLa and
RKO cells were pre-treated for 16 h with CHR-2797 (0.5 uM) and then irradiated (0 — 6
Gy) and assayed by colony survival assay (Figure 5.9). Interestingly, although the trend in
loss of cell viability was apparent, the effect on radiosensitivity with RKO (SER37=1.14)
and HelLa (SER37=1.16) cells pre-treated with CHR-2797 was less than observed in the
oesophageal cell lines. The reason for the differences in the radiosensitivity with CHR-

2797 pre-treatment among FLO-1, OE21, RKO and HeLa cells needs further investigation.

Unfortunately, primary oesophageal cell lines were not available and therefore, we pre-
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treated the lung fibroblast cells MRC-5 for 18 h with CHR-2797 (0.1, 0.5 or 1 uM) and
irradiated (0 — 6 Gy) (Figure 5.10). We observed decreased cell viability in MRC-5 cells
pre-treated with CHR-2797 in response to radiation. The sensitisation enhancement ratio
due to combined treatment of CHR-2797 and radiation was observed to be similar in

MRC-5 and OE21 (SER37=1.30), but less than observed in FLO-1 (SER37=1.60).
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Figure 5.9 CHR-2797 pre-treatment does not radiosensitise HeLa and RKO cell lines

(A) Scheme of colony survival assay in HeLa and RKO cells pre-treated with CHR-2797
and exposed to radiation. (B) HeLa (C) RKO cells were treated either with DMSO or
CHR-2797 (0.5 uM) for 16 h and then exposed to a range of radiation doses (0 — 6 Gy).
Post irradiation cells were allowed to form colonies and the surviving fractions were
calculated. Significance value: ‘*’ p-Value <0.05.
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Figure 5.10 Radiosensitivity of MRC-5 cells exposed to CHR-2797 pre-treatment

(A) Scheme of colony survival assay in MRC-5 cells pre-treated with CHR-2797 and
irradiated. (B) MRC-5 cells were pre-treated either with DMSO or CHR-2797 (0.1, 0.5 or
1 uM) for 18 h and then exposed to a range of radiation doses. Post irradiation cells were
allowed to form colonies and the surviving fractions were calculated. Significance value:
“*’ p-Value <0.05. Experiments performed by Dr. Remko Prevo.

Our results so far suggest that CHR-2797 may be a potential radiosensitiser under
normoxia (Figure 5.7, 5.8 & 5.10). In order to test if CHR-2797 pre-treatment can
radiosensitise the FLO-1 and OE21 cells in physiologically relevant oxygen levels a
colony survival assay was carried out. FLO-1 and OE21 cells were pre-treated for 16 h
with CHR-2797 (0.5 uM) in physiologically relevant levels of hypoxia (1% O2) and
exposed to irradiation (4 Gy) under the same conditions (Hammond et al, 2014). Following
irradiation, treated cells were allowed to form colonies under normal tissue culture
conditions (Figure 5.11). Increased radiosensitivity was observed in the FLO-1

(SF4cy=3.26) and OE21 (SFscy=2.28) cells treated with CHR-2797 in hypoxia. This
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suggests that CHR-2797 increased radiation-induced loss of viability would occur under

physiologically relevant oxygen tensions.

-2 0 16h 8orl10d
A 21% or 1% O, , 21% O
| | | 2y |
Seed cells L— DMSO/CHR-2797 —— Stain colonies
B *
1 3 oGy
=8 14/ ——— ] * £ 4oy
: 4 ERNE]
> FLO-1
U;) m
0.1 T |’J"|?‘ T T
DMSO CHR-2797 DMSO CHR-2797
21% 1% O,
C * *
1 1 3 oGy
=3 1 —— [ — 1 =30y
% ==
OE21

Surviving fraction

T
DMSO

i

CHR-2797

21%

T T
DMSO CHR-2797

1% O,

Figure 5.11 CHR-2797 radiosensitises FLO-1 and OE21 cells in hypoxia

(A) Scheme of oesophageal cell lines treated with CHR-2797 in hypoxia and exposed to
irradiation. The oesophageal cell lines (B) FLO-1 (C) OE21 cells were treated for 16 h
with CHR-2797 (0.5 uM) either under normoxia (21% O2) or hypoxia (1% Oz) and were
exposed to O or 4 Gy radiation under the same conditions. Post irradiation cells were
allowed to form colonies under normal tissue culture conditions and the surviving fractions
were calculated. Significance value: ‘*’ p-Value <0.05.
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5.2.4 Scheduling of CHR-2797 treatment and radiation

Our original hypothesis was that CHR-2797-induced autophagy could increase
radiation sensitivity. In order to determine this mechanism we first investigated the
scheduling of CHR-2797 treatment. Up to this point we pre-treated the cells with CHR-
2797 for 16 h as we assumed that the drug would need sufficient time to induce autophagy,
as observed for STF-62247. We altered the CHR-2797 pre-treatment time to between 30
mins and 24 h and then irradiated followed by colony survival (Figure 5.12). Surprisingly,
the decreased cell viability in the FLO-1 cells was detected irrespective of the pre-
treatment time i.e. the effect after 30 mins pre-treatment was not statistically significant
from 16 h treatment. Its unlikely 30 mins was sufficient for a biological effect of the drug
to enter the cell and undergo conversion to the active metabolite. This raised the possibility
that the important time period for CHR-2797 mediated radiosensitisation could be after
radiation. Therefore, we irradiated FLO-1 cells and added the CHR-2797 afterwards
(Figure 5.13). As suspected the effect on radiosensitivity was apparent even when the drug

was not present until after radiation.
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Figure 5.12 Increased radiosensitivity due to CHR-2797 is independent of pre-
treatment time

(A) Scheme of CHR-2797 treated FLO-1 cells exposed to irradiation at different periods of
time. (B) FLO-1 cells were pre-treated with CHR-2797 (0.5 uM) and exposed to 4 Gy
irradiation after the indicated period of time. Post irradiation cells were allowed to form
colonies and the surviving fractions were calculated. There was no significant difference
between the CHR-2797 treated samples with 4 Gy. Significance value: ‘*’ p-Value <0.05,
ns non-significant.
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Figure 5.13 Loss of cell viability post irradiation is increased further with CHR-2797
treatment

(A) Scheme of FLO-1 cells treated with CHR-2797 post irradiation (B) 30 mins post
irradiation (4 Gy), FLO-1 cells were treated with media containing either DMSO or CHR-
2797 (0.5 puM). Post treatment FLO-1 cells were allowed to form colonies and the
surviving fractions were calculated. Significance value: “*’ p-Value <0.05.

5.2.5 The effect of CHR-2797 on the cell cycle

The effect of CHR-2797 on the cell cycle has not been described in oesophageal
cell lines. We carried out FACS analysis to investigate the effect of CHR-2797 on cell
cycle progression, which could in turn affect radiosensitivity. As radiosensitivity is in part
dependent on cell cycle phase, agents which arrest cells in more sensitive phases can
radiosensitise (Seiwert et al, 2007). FLO-1 cells were pre-treated with CHR-2797 (0.5
uM) over a period of time (0 - 16 h) and their cell cycle profile assessed by PI staining and
FACS analysis (Figure 5.14). CHR-2797 treatment in FLO-1 cells did not significantly

change the distribution of cells throughout the cell cycle compared to the DMSO control.
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Figure 5.14 Treatment with CHR-2797 has no apparent effect on cell cycle

Plots represent the FACS analysis carried out with FLO-1 cells (0.5 x 10°) treated with
CHR-2797 (0.5 uM) or DMSO with the untreated acting as the initial time point. The
treated cells were fixed at the indicated times and stained with propidium iodide. One
representative FACS plot out of three individual experiment performed is illustrated,
whereas the bar graph represents the average of three individual experiments.

5.2.6 CHR-2797 does not induce apoptosis in FLO-1 cells

The FACS analysis on FLO-1 cells treated with CHR-2797 did not show any
apparent increase in the sub G1 population, which would be indicative of apoptosis (Figure
5.14). As CHR-2797 has been described to induce apoptosis we further investigated by
assessing the level of PARP cleavage in response to CHR-2797 alone (Figure 5.15). The
combination of no increase in sub G1 population and an apparent lack of PARP cleavage

strongly suggest CHR-2797 does not induce apoptosis in FLO-1 cells.
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Figure 5.15 CHR-2797 treatment does not induces apoptosis in FLO-1 cells

FLO-1 cells were pre-treated for the times indicated in the presence of CHR-2797 (0.5
uM). Western blotting was carried out for PARP and GAPDH (loading control). As a
positive control for PARP cleavage FLO-1 cells were grown in media containing 1% FBS
and exposed to etoposide (Etop, 50 uM) for 16 h.

5.2.7 CHR-2797 treatment alone does not induce DNA damage

Next, we asked if CHR-2797 treatment induces DNA damage which could then
add to radiation-induced levels of damage to decrease cell viability. We used three
complementary assays to investigate the level of damage induced by CHR-2797 treatment

alone in FLO-1 cells.

Firstly, FLO-1 cells were pre-treated (0 — 16 h) with CHR-2797 (0.5 uM) and
assessed for the expression levels of YH2AX by western blotting (Figure 5.16). There was
a moderate increase in the YH2AX levels. Secondly, FLO-1 cells were pre-treated for 16 h
with CHR-2797 (0.5 uM) and analysed for the level of DNA damage by alkaline comet
assay (Figure 5.17). In contrast to the western blot analysis, no significant levels of DNA
damage was observed in FLO-1 cells treated with CHR-2797 by alkaline comet assay. As
these two results were somewhat contradictory, we further assessed the levels of DNA
damage by measuring the number of nuclear 53BP1 foci formed in response to 8 h
treatment with CHR-2797 (0.5 uM) by immunofluorescence assay (Figure 5.18). No

significant difference in induction of 53BP1 focus formation was detected between the
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DMSO and CHR-2797 treated cells. On the basis of these results we concluded that CHR-

2797 treatment alone does not induce DNA damage.
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Figure 5.16 CHR-2797 treatment induces a modest increase in yH2AX
FLO-1 cells were pre-treated for the times indicated in the presence of CHR-2797 (0.5
uM). Western blotting was carried out for yH2AX and H2AX (loading control).
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Figure 5.17 CHR-2797 treatment does not induce damage in FLO-1 cells as detected
by alkaline comet assay

FLO-1 cells were pre-treated for 16 h with CHR-2797 (0.5 uM) and processed for alkaline
comet assay. (A) Images of FLO-1 cells treated with either DMSO or CHR-2797 or
exposed to radiation (5 Gy). (B) % tail DNA for the indicated conditions.
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Figure 5.18 CHR-2797 treatment does not induce DNA damage as detected by 53BP1
focus formation assay

FLO-1 cells were pre-treated for 8 h with CHR-2797 (0.5 uM) and stained for 53BP1 by
immunofluorescence. Plot shows the percent number of FLO-1 cells in response to the
above indicated treatment containing more than 5, 53BP1 foci.

5.2.8 DNA repair kinetics following a combined treatment with CHR-2797 and

radiation

So far we have demonstrated in FLO-1 cells that the treatment with CHR-2797
alone does not induce detectable DNA damage (Figure. 5.17, 5.18). We asked if the repair
of radiation-induced damage was effected by CHR-2797 treatment. To determine the
repair kinetics in FLO-1 cells treated with CHR-2797 and irradiation, we again quantified
53BP1 focus formation. FLO-1 cells were pre-treated for 8 h either with DMSO or CHR-
2797 (0.5 uM) and exposed to radiation (2 Gy). Post irradiation, treated FLO-1 cells were
fixed over a period of time (1 — 24 h) and immunofluorescence for 53BP1 staining was
carried out (Figure. 5.19). The kinetics of 53BP1 focus quantified over the period of time
showed no apparent change in the rates of repair between DMSO and CHR-2797 treated

FLO-1 cells post irradiation.
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Figure 5.19 There is no effect on the repair Kinetics in FLO-1 cells in response to
combined treatment with CHR-2797 and radiation

FLO-1 cells were pre-treated for 8 h either with DMSO or CHR-2797 (0.5 uM) and were
exposed to either 0 or 2 Gy irradiation. Cells were fixed and processed for 53BP1 foci at
the indicated time periods. (A) Immunofluorescence images of FLO-1, with (B) showing
the individual cells from inset, magnification = 40x. Images in (A) and (B) are
representative images from one of the 2 experiments performed individually. (C)
Percentage of FLO-1 cells in response to the above indicated treatment containing more
than 5, 53BP1 foci per nuclei. Significance value: ‘ns’ non-significant.
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5.2.9 Cell viability of FLO-1 cells in response to combined treatment with

aminopeptidase inhibitors and radiation

CHR-2797 is an aminopeptidase N inhibitor, and we have shown that it
radiosensitises FLO-1 and OE21 cells (Figure 5.7, 5.8). We hypothesised that other
aminopeptidase inhibitors would also radiosensitise oesophageal cell lines. We selected the
aminopeptidase N inhibitors actinonin, bestatin, and leuhistin for our studies. In addition,
we also selected SC-57461A, a LTA4 hydrolase inhibitor for our studies. SC-57461A was
included in our studies as one of the targets of CHR-2797 apart from aminopeptidase N is
LTA4 hydrolase (Krige et al, 2008). FLO-1 cells were pre-treated for 16 h with the
selected inhibitors actinonin (0 — 100 uM), bestatin (0.5 — 5 uM), SC-57461A (0 — 50 nM)
and leuhistin (0 — 1 uM) and exposed to radiation (4 Gy) and assessed for cell viability by
colony survival assay (Figure 5.20). Increased radiosensitivity was observed in FLO-1
cells which were pre-treated with actinonin (5 uM, SFscy=2.71), SC-5471A (2.5 nM,
SF4=2.32) and bestatin (5 uM, SF4=2.55). However, we did not observe any significant

increase in radiosensitivity in FLO-1 cells that had been pre-treated with leuhistin.
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Figure 5.20 Radiosensitivity of FLO-1 cells pre-treated with a range of
aminopeptidase inhibitors

FLO-1 cells were pre-treated for 16 h with (A) actinonin (B) bestatin (C) SC-57461A (D)
leuhistin for the indicated dose concentrations and exposed to radiation either with 4 Gy or
mock irradiated. Post irradiation cells were allowed to form colonies and the surviving
fractions were calculated. Significance value: ‘*’ p-Value <0.05, ‘ns’ non-significant.
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5.3 Discussion

Our previous study demonstrated that the VHL-deficient RCC cells can be
radiosensitised through the induction of autophagy by STF-62247 (Chapter 4). This led us
to hypothesise that other autophagy inducing compounds could radiosensitise cancer cells.
We investigated this by screening five different autophagy inducing drugs across a panel
of cell lines. Our results indicated that among the five candidate drugs niclosamide
induced autophagy in all the cell lines screened. Interestingly, we observed CHR-2797
induced autophagy only in the oesophageal cell line FLO-1 and OE21 but not in any other
cancer cell lines used. The pro-drug CHR-2797 is an aminopeptidase inhibitor which had
been shown to induce apoptosis, autophagy and antiproliferative effects on cancer cell
lines irrespective of the p53, PTEN and K-Ras status (Krige et al, 2008). In this study we
have demonstrated that the oesophageal cells lines FLO-1 and OE21 can be radiosensitised
by CHR-2797 in vitro in normoxia as well as under physiologically relevant oxygen levels.
CHR-2797 has been in clinical trials for solid tumours (renal cell, colorectal, lung,
prostate, breast, bladder, sarcoma, liver, lower oesophageal, melanoma, and ovarian
tumours), myelodysplastic syndrome and leukaemia (Cortes et al, 2013; Lowenberg et al,
2010; Reid et al, 2009). The dose concentrations at which we see an increased
radiosensitivity in FLO-1 (> 50 nM) and OE21 (> 300 nM) is about 20 — 120 fold lower

than the clinically reported peak plasma levels of 6 uM CHR-2797 (Krige et al, 2008).

Our hypothesis was that any potential CHR-2797-mediated radiosensitivity would
be autophagy dependent. However, we were unable to detect LC3 cleavage in CHR-2797-
induced autophagy in OE21 cells. This could be either a failure to detect autophagy or
suggest an alternative mechanism. Interestingly, we observed that CHR-2797 did not
radiosensitise RKO and HelLa cells indicating that the radiosensitisation effect of CHR-

2797 is cell line dependent. We have begun to explore the mechanism of increased
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radiosensitivity. CHR-2797 does not appear to alter the cell cycle, induce apoptosis or

effect the rate of DNA damage repair.

CHR-2797 depletes intracellular levels of free amino acids pool leading to an up
regulation of AADR. In response to CHR-2797 mediated AADR, genes involved in DNA
damage (REDD1, CHOP, GADDA45A, ATF4, ATF5), amino acid transport (SLC7A11,
SLC38A2) or metabolism (ASNS, ASS, CBS, SARS, MARS) were highly up regulated
(Krige et al, 2008). Of particular interest we would focus on REDD1 (regulates mTORC),
CHOP (transcriptional factor involved in ER stress response) and GADDA45A (involved in
genomic stability, DNA repair and in cell cycle). It will be interesting to investigate further
if these expression changes might have a role in the radiosensitisation of oesophageal cells

FLO-1 and OE21 reported here.

Cancer Research UK has recently deemed oesophageal cancer a cancer of unmet
need. Unfortunately, the incidence of oesophageal cancer is increasing globally. Therefore,
new strategies are required. We have identified a class of inhibitors (aminopeptidase)
which may prove efficacious in combination with radiotherapy. Further, in vitro testing of
the agents actinonin, SC 5471A, bestatin and leuhistin are required as well as detailed

investigation of the mechanism of radiosensitisation.
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6.0 Discussion

The aim of this thesis was to identify novel methods to increase radiosensitivity.
Radiotherapy is one of the most commonly used and effective forms of cancer treatment,
being used in at least 50% of cases. Despite this, there is an urgent need to improve the
response to radiotherapy and particularly in tumours which are radioresistant due to the
presence of hypoxic regions for example. The three chapters presented focused on firstly
the use of inhibitors to the DDR, secondly the use of a relatively uncharacterised
compound STF-62247 and finally screening for novel radiosensitisers from candidate

autophagy-inducing drugs. Each of these approaches will be discussed in turn.

Until recently inhibition of the ATR kinase has been technically challenging due to
a lack of specific inhibitors. This was exacerbated by the large size of ATR, which makes
over-expression of kinase dead mutants challenging and the finding that ATR is an
essential gene, meaning that long term knock down or knock out is problematic. However,
recently a number of ATR inhibitors have been described (Charrier et al, 2011; Foote et al,
2013; Toledo et al, 2011). Using the ATR inhibitor, VE-821 from Vertex we demonstrated
that ATR-inhibition is an effective means of improving radiation response to a wide
variety of cell lines and that this also occurred in physiologically relevant oxygen levels
(Pires et al, 2012). Since these studies were completed the clinical version of this
compound, VE-822, has been used in vivo to demonstrate increased radiosensitisation of a
pancreatic xenograft tumour (Fokas et al, 2012). More recently, VE-822 (known as VE-

970 in the clinic) has entered phase I clinical trial.

Wee 1 inhibitors have been described as useful in combination with radiation but to
our knowledge had not previously been investigated in hypoxic conditions. Our findings
were surprising in that although we observed the reported increase in radiosensitivity in
normoxic conditions this was not apparent at levels of oxygen, which occur in the most
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radioresistant fraction of a tumour. Our hypothesis is that the effect is lost in severe
hypoxia as Weel inhibition is unable to alter the cell cycle in this context and that this is
essential for the increase in radiosensitivity (O’Brien Eleanor et al, 2013). Furthermore, it
is highly likely that in response to severe hypoxia the role of Weel in replication is more
significant (Figure 6.1). Cells exposed to severe hypoxia undergo replication re-start if
oxygen is returned within an acute time period and during this time it is likely that Weel
activity is critical (Pires et al, 2010a). This study highlights the need to carry out
preclinical testing in conditions, which actually mimic the tumour microenvironment. Our
prediction is that whilst Wee 1 inhibitors may increase the efficacy of radiotherapy in the

most sensitive fractions they will not influence hypoxia-mediated radiation resistance.

Normoxia/mild hypoxia Severe hypoxia
MK-1775 MK-1775+IR? MK-1775 + IR}
Wee1 Wee1 Wee1
Loss of G5 Loss of G5 Loss of G,
check point check point check point

| | |

Premature entry

into mitosis with Cells cycling due
Premature entry . L
. o unrepaired to hypoxia-induced
into mitosis Sl S
radiation-induced replication stress
damage

Figure 6.1 A schematic representation of Weel inhibitor MK-1775 treatment either
alone or in combination with irradiation under different oxygenation status.

Our finding that inhibition of ATM increases radiosensitivity in hypoxic conditions
was perhaps not surprising given the role of ATM in the radiation response and the
extreme radiosensitivity of AT patients. However, again it is important to verify these

effects in hypoxia. Surprisingly, we observed a significant increase in sensitivity to
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hypoxia/reoxygenation in the presence of ATM inhibitors. Whilst this was expected at the
severe levels of hypoxia (0.1% O>) this was not foreseen in mild hypoxia (2% O>) (Figure
3.4) (Olcina et al, 2013). The mechanism behind this is unclear and warrants further
investigation. Recently, Cam et al have reported that hypoxia (<0.2% O) induces ATM-
mediated phosphorylation of HIF-1a at serine 696. This phosphorylation then contributes
to hypoxia-induced HIF-1 stability and gene transcription. Therefore, it is possible that
inhibition of ATM during hypoxia decreases the stabilisation/activity of HIF-1 which may

in turn effect viability (Cam et al, 2010).

The biological response to STF-62247 is very specific in that it induces pro-death
autophagy in a VHL dependent manner. This attribute makes STF-62247 an extremely
attractive compound for the treatment of RCC, which is associated with loss of VHL. It
should be noted that while many drugs induce autophagy this is often pro-survival and that
autophagy is no longer generally considered a pro-death pathway (Denton et al, 2012;
O'Donovan et al, 2011; Yu et al, 2014). Instead the context of autophagy induction appears
to play a major role in the biological response. Although radiotherapy is rarely used in the
treatment of RCC this is largely due to historical reasons. Here we have demonstrated that
STF-62247 significantly increases radiation-induced loss of viability in RCC cells
suggesting that this could be an effective treatment strategy in the future. STF-62247 has
been used in mouse models of RCC although we were not able to carry out these studies.

Our prediction would be that STF-62247 would increase radiosensitivity in vivo also.

There are major challenges in the development of novel drugs with the vast
majority not making it to wide spread clinical use. This knowledge led us to thinking about
those drugs which have already undergone clinical testing as opposed to the development
of novel drugs. With this in mind we combined radiation with temsirolimus in our RCC

study. The rationale behind this was that temsirolimus is already used clinically in the
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treatment of RCC and that it has been shown to induce autophagy through mTOR
inhibition (Kwitkowski et al, 2010; Thomas et al, 2006; Yazbeck et al, 2008). Our data
suggest that this is an efficacious combination and this is supported by the use of the same
strategy in the treatment of glioblastoma (Sarkaria et al, 2010). It is far more likely that
clinical practise could be altered by the inclusion of radiotherapy with an agent already
indicated for the disease type (temsirolimus) as opposed to the introduction of a totally
novel combination (STF-62247 and radiotherapy). However, it is unlikely that
radiotherapy will be used in the treatment of RCC and so we expanded this approach to
alternative disease sites where radiotherapy is already indicated and there is a major need

to improve treatment response.

Cancer Research UK recently deemed oesophageal as a cancer of unmet need. This
is due to an increasing incidence of disease and relatively poor survival rates.
Radiotherapy is part of the standard of care for patients with oesophageal cancer and these
cancers have be shown to have significant levels of hypoxia (Matsuyama et al, 2005).
Therefore, for the last chapter of this thesis we predominantly made use of oesophageal
cell lines. Our approach to identifying a novel means of improving the radiation response
of oesophageal cancer cells lines was to search the literature for drugs which were in
clinical use and had been described to induce autophagy. It is worth noting that although
this chapter focused on a list of six drugs there are many more that fulfil these criteria. The
possibility of using a larger panel of these drugs in the future in a chemical library screen
IS an attractive approach to identifying yet more radiosensitisers. Of the drugs initially
selected we quickly became interested in CHR-2797, which appears to increase radiation-
induced loss of viability. One of the intriguing things we noted regarding this drug is that it
does appear to work best in the oesophageal cell lines compared to the others we tested.

The reasons behind this are unclear. Further work is required to determine how CHR-2797
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increases radiation response and if indeed this is due to its activity as an aminopeptidase
inhibitor. Before investigating this mechanism we plan to carry out an experiment to verify

that CHR-2797 can radiosensitise oesophageal xenograft tumours in vivo.

As previously mentioned there is a clear need for agents which can be used to
improve the response to radiotherapy and one of the reasons for this is the relative
resistance of hypoxic cells to radiation. Our studies demonstrate that whilst some agents
have almost predictable effects on radiosensitivity, ATM inhibitors for example, others
absolutely require testing in hypoxic conditions (Wee 1 inhibitors). Given the huge amount
of time, effort and money required to bring a new drug to market we suggest that using
drugs which have already been through clinical testing for novel applications is a

promising and efficient approach.
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