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ABSTRACT
Giacomo Maria Pirovano, Brasenose College

Submitted for the degree of DPhil, University of Oxford, Trinity Term, 2016

Radiotherapy is the use of ionising radiation to induce localised DNA
damage to cancerous tissues, leading to cell death and disease control. In
order to maximise tumour growth control and to limit damage of the healthy
surrounding tissues and the consequent side effects for the patient,
molecular determinants of tumour radioresistance are investigated as

potential clinical targets.

A high-throughput siRNA colony formation assay screen in HelLa cervical
carcinoma cells previously published by our laboratory identified modulators
of radiosensitivity. From the list CSF1R, EPHB2, GAK and TOPK, were
selected and validated. TOPK (T-LAK cell-originated protein kinase, also
known as PDZ-binding kinase, PBK) was selected for further investigation
because it is overexpressed in most malignancies but not in normal tissues,
apart from testis and placenta. Knockdown of TOPK was shown to induce
radiosensitisation in a panel of cancer cell lines with no significant effects on
normal cells. A role for TOPK in the cell cycle response to ionising radiation
(IR) was discovered in HCT116 colorectal cancer cells, with alterations in the
G,1/S and G./M checkpoints. Furthermore, immunoprecipitation experiments
identified a physical interaction between TOPK and CDKN1A (p21) at 8 hours
after IR. Apoptosis and the number of multinucleated cells were significantly
increased in TOPK depleted cells exposed to IR, suggesting the possibility of
aberrant mitosis and mitotic catastrophe in these cells. High TOPK
expression in early breast cancer patients was shown to be associated with
poor recurrence-free survival. In addition, immunohistochemistry (IHC)
analysis on samples from prostate cancer patients identified a strong
correlation between high levels of TOPK and poor clinical response to
radiotherapy.

In order to facilitate future in vivo experiments, an HCT116 shRNA stable
knockdown cell line was developed and two commercially available TOPK
inhibitors were tested and optimised.

Taken together, these data suggest that TOPK is a molecular determinant of
radiosensitivity with a great potential for future clinical applications.
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CHAPTER 1 1.1 Cancer and radiotherapy

1.1 Cancer and radiotherapy
Cancer is a disease responsible for about 13% of the total deaths in

humans. Every year over 7 million people die of cancer making it the
second leading cause of death after heart disease [1]-[3]. Recent data
produced by Cancer Research UK showed that in 2013 more than
350,000 people were diagnosed with cancer and that the related
deaths were above 160,000 in 2012 in the United Kingdom [4].

Radiotherapy is used in the treatment of about 50% of all cancer
patients for localised tumours and can also be used in combination
with drug treatment such as chemotherapy [2], [3], [5], [6]. The
decision upon the type of treatment and the use of radiotherapy,
either internally or externally delivered, is taken mostly depending on
the histological data of the patients and on the anatomical
characteristics of the tumour site. Radiation therapy is predominantly
delivered to patients with tumours located at sites such as the central
nervous system, cervix, bladder, breast, lung, prostate, oesophageal,
stomach and head and neck [3]. Radiotherapy treatment can also be
delivered neoadjuvantly or adjuvantly with other treatments, typically
surgery. In addition it can be used symptomatically to palliate

symptoms in patients with incurable disease [7]-[10].

Radiotherapy relies on the DNA damage induced by radiation and
aims to produce targeted damage to the tumour cells in order to
induce cell death [10].

12



CHAPTER 1 1.2 lonising radiation and DNA

1.2 lonising radiation and DNA
The interaction of radiation with any biological system consists of a

series of subsequent processes that can be divided into three main
phases; physical phase, chemical phase and biological phase [10].
The physical phase is the earliest set of interactions and is defined to
a time range of 10 to 10** seconds. During this period of time, the
charged particle interacts with the atoms that compose the tissue
which can be therefore excited or ionised. An acute 1 Gy of absorbed
radiation dose can produce about 10° ionisations in a cell of 10 pm in
diameter [10], producing a cascade of chemical reactions. The
chemical phase consists of the molecular interactions which follow
radiation. Typically, the important events of this stage are the
balancing of free-radicals and scavenging factors [11], [12], which can
substantially modify the amount and quality of total damage to the
DNA. This phase typically spans from 107'? to 10 seconds post
irradiation [10]. The biological phase refers to all the subsequent
processes including DNA-damage repair and eventually senescence or
cell death few days after the damage formation [13]-[15].

It has been shown that the main factor that leads to cell lethality after
ionising radiation (IR) is DNA damage [10], [13], [16] and the aim of
radiotherapy is to induce DNA damage in cancer cells in order to

control their development and therefore the disease.

1.2.1 Exogenous DNA damage
Radiotherapy consists of the use of photons with energies typically

from 100 keV to several MeV to ionise the biological matter [16] and
induce a cascade of events, including the breaking of chemical bonds
in the DNA, generating DNA damage in a direct and indirect way
(Figure 1.1)[10], [16].

13
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Figure 1.1: Graphical representation of indirect (top) and direct (bottom) IR-induced
DNA damage (Figure from [16]). In the cascade of interactions induced by the
photon-induced ionisations, free radical molecules can be generated. These highly
reactive species diffuse in the cellular nucleus and are capable of causing DNA
damage. The damage can also be generated by direct interaction of the excited
electron and the DNA chain.

IR induces a vast array of DNA lesions depending on the spatial
distribution of the breaks along the strands of the helical DNA
structure and the complexity of the damage [10], [16], [17]. It is
known [10] that 1 Gy of radiation can induce around 1000 single-
strand breaks (SSBs) and around 20-40 double-strand breaks (DSBs)
per cell with a total of about 10° ionisations (Figure 1.2). DSBs are
considered to be the main predictor of cellular outcome. The density
of IR-induced damage depends also on the amount of energy released
by the radiation into matter. This is described by the linear energy
transfer (LET), which is the rate of energy loss along the track of an

ionising particle expressed in keV/pm [10].
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Figure 1.2: Two-dimensional representation of the DNA double-helix structure
(Figure from [16]) showing (A) Undamaged DNA, (B) A single-strand break, (C) Two
single-strand breaks closely localised to form a double-strand break, and (D) A

double-strand break lesion.

1.2.2 Endogenous DNA damage
Because of its crucial role in carrying the genetic information, the DNA

is a highly stable molecule. However, even in absence of external
damaging factors, spontaneous changes in the molecular structure
occur at the rate of at least 10,000 mutations per cell per day in
humans [18]. Naturally occurring endogenous DNA damage can result
from metabolic or hydrolytic processes and the produced reactive

molecular species leading to alkylation and oxidation.
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CHAPTER 1 1.3 Cellular DNA-damage response

1.3 Cellular DNA-damage response
If left unrepaired, the damaged DNA could be replicated, and DNA

mutations would be inherited by future cell generations with potential
disastrous consequences for the organism. For this reason, cells have
evolved a prompt and efficient DNA damage response (DDR), which
repairs the DNA in order to limit the detrimental effects on the cell.
The DDR is a complex coordinated process involving many different
steps with multiple different proteins and pathways, and is an area of
intense ongoing academic investigation. As an initial event, the DNA
damage is identified by sensing proteins which trigger a signalling
cascade and help chromatin to unwind in order to grant access to the
damaged DNA site for repair to occur. Modifications in the cell
behaviour, such as cell cycle arrest through checkpoint activation,
allow the cell to prioritise the repair over other cellular activities such
as DNA replication and cellular division [10], [19]-[22].

1.3.1 Early cellular response to DNA damage
The earliest response to the DNA damage is mediated by a group of

proteins considered to be the sensors of the damage [10]. In the
literature some conflicting evidence can be found about the exact
sequence of events that trigger the DDR. This could be due to cell-line
specific differences and is still under investigation. The sensor
proteins actively survey the DNA and are activated in seconds or
minutes after the induced damage. This process triggers the DDR and
the following pathways for programmed cell death [15], DNA repair
[23], and temporary cell cycle arrest [22], [24]. The following
description is not an exhaustive description of these complex
processes but only aims at giving a general idea and introducing the

main players of this complex cellular mechanism.

One of the earliest events for the detection and localisation of DSBs,
happening within 5-30 minutes after the damaging event, is the

16



CHAPTER 1 1.3 Cellular DNA-damage response

phosphorylation of the histone H2AX at serine 139 to generate y-
H2AX by the ataxia telangiectasia mutated (ATM) protein. This co-
localises with the DNA damage site, binding to the double-stranded
DNA either side of the DSB, and can be detected with
immunofluorescence techniques in the form of foci [25], [26]. The
steps required for this process are still under investigation and
contrasting evidence is provided in literature. The damage site is
recognised by the MRN complex, comprised of the MRE11, RAD50 and
NBS1 proteins. Consequently the y-H2AX histone binds to a larger
region of 2 Mbp to 30 Mbp either side of the DSB in a complex with
MDC1 [10]. Other proteins are responsible for early damage
recognition and phosphorylation of H2AX. These are the DNA-PK
complex, formed of DNA-PK. and Ku70-Ku80, and ATR, which are
recruited at the damage site at an early stage.

In eukaryotic cells, after the damage has been recognised and
localised, DNA DSBs can be repaired by two mayor pathways: non-
homologous end joining (NHEJ) and homologous recombination repair
(HRR or HR) [10], [16], [27]. In mammalian cells, the choice of repair
is determined by the phase of the cell cycle, by the abundance of
repetitive DNA, and by other factors which are still unknown [28].

1.3.2 Non-homologous end joining repair
Non-homologous end joining (NHE]J) is responsible for repairing about

80% [29] of DNA DSBs and is activated very quickly, only a few
minutes after the DNA has been damaged. It is a less accurate
process compared to its competing pathway, homologous
recombination, and it does not require a homologous stretch of DNA
as a template. NHEJ consists in the joining of two DSB ends, which
may involve the loss of genetic information, with the potential risk of
fatal cellular repercussions. The efficacy of NHEJ in the cell survival
depends on the fact that only a small percent of the genome contains

coding regions [18] and the repair of these regions does not have to

17



CHAPTER 1 1.3 Cellular DNA-damage response

involve faithful copying using the sister chromatid as a template to

permit cell survival.

After sensing the DSB damage, the main steps of NHE) involve
nucleases to remove the damaged DNA, polymerases to synthesise
the new sequence and ligases to bind the DNA ends and restore a
continuous molecule as described in Figure 1.3.

DSB
End binding Kumm Ku7O End processing
P AADS0  KuBO 8
Gap filling by polymerase v 8
- A .
—y DNA-PKcs Holding ends,
, signalling,

Recruitment processing

AATEMIS

Recruitment and ligation

xncmmnsu

Figure 1.3: Schematic representation of double-strand break repair via non-
homologous end joining (Figure from [10]). The heterodimers Ku70 and Ku80 bind
to the DNA ends together with the MRN complex and start the recruitment of
PRKDC, Artemis and, subsequently, the ligation proteins XRCC4, XLF and DNA
Ligase IV. The NHE] repair pathway can lead to small deletions or insertions in the
DNA sequence in order to preserve genetic stability.

Within seconds after DSB formation, the heterodimers Ku70 and Ku80
bind to the DNA ends. This high affinity interaction serves for
protecting the DNA ends from exonuclease degradation and to recruit
PRKDC to the damaged site [30]. PRKDC, the DNA-dependent protein

18



CHAPTER 1 1.3 Cellular DNA-damage response

kinase catalytic subunit (also known as DNA-PK.), forms a physical
bridge between the two broken ends and, at the same time,
phosphorylates a large number of substrates. X-ray repair cross-
complementing protein 4 (XRCC4), XRCC4-like factor (XLF) and DNA
Ligase IV assemble at the site as well and start a complex DNA-
damage response cascade [10], [30]-[32]. When the damage is
complex and it involves a large area of the DNA chain, other
important elements of the repair process are needed in order to
overcome the complexity in rejoining the loose DNA ends. These
include Artemis, which is recruited to bind to the DNA in order to
process the loose ends to make them suitable for ligation [33]. The
translation synthesis polymerases PolA, Polp and TdT (terminal
deoxynucleotidyl transferase) perform gap filling, introducing
complementary bases in the single-stranded regions at either side of
the break in order to make these regions double-stranded. For this
reason breaks repaired via NHEJ often show small insertions [10]. The
final step is the ligation of the adjoining ends carried out by ligase IV
together with XRCC4 and XLF [34], [35] (Figure 1.3).

Under particular circumstances, such as the absence of Ku, Lig4 or
DNA-PK., NHE]J is substituted by alternative end-joining (Alt-EJ) [36],
which has been described as a DSB repair pathway. Alt-E] is
commonly associated with high levels of chromosomal
rearrangements and is considered to be highly mutagenic. This
process is mediated via FEN1, CtIP, MRN complex, PARP-1 and DNA
ligase 3 (Lig3) and it has been recently linked to the low fidelity DNA
polymerase Pol6 (POLQ) [37] but the mechanism determining the
choice of classic NHE]J or AIlt-E] is still unclear and is under
investigation [38]-[41].
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CHAPTER 1 1.3 Cellular DNA-damage response

1.3.3 Homologous recombination repair
Homologous recombination repair (HR) is considered to be an error-

free pathway that uses the undamaged sister chromatid as a
template to repair a double strand break. Because the sister
chromatid is required as a template, it is only possible for a cell to
undergo HR once the DNA has been replicated, which occurs in the S-
phase of the cell cycle. HR is a process that can take up to 6 hours or
more to be completed (Figure 1.4) [10].
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Figure 1.4: Schematic representation of double-strand break repair by homologous
recombination (Figure from [10]). The MRN complex recruits Rad51 protein while
RPA protein coats the DNA strand. After strand invasion of the sister chromatid,
helicases unwind the DNA and polymerases use the sister chromatid as a template
to faithfully repair the DNA damage.

Figure 1.4 shows a schematic representation of double-strand break
repair by homologous recombination. The first step in the process is
carried out by an exonuclease making a 3' overhang to create a
single-stranded DNA region (ssDNA) around the DSB. This process is
mainly executed by MRE11l, a component of the MRN complex. The
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ssDNA is then immediately coated with replication protein A (RPA).
RPA is then replaced by RAD51, which promotes the subsequent
identification of the DNA homologue and the strand invasion helped
by several paralogue proteins, such as RAD51C and RADS51D. The
Breast Cancer susceptibility gene 2 (BRCA2) promotes the assembly
and formation of the RAD51 nucleoprotein onto the ssDNA by blocking
ATP hydrolysis. The hosting undamaged chromatid gets unwound by
helicases, allowing DNA polymerases to carry out the error-free DNA
synthesis using the other strand as a template. Different enzymes
called resolvases then cut the DNA at the crossover sites. Once repair
has been completed by DNA polymerases, two double Holliday
junctions are formed. These structures are resolved by resolvases
such as GEN1, the BLM/TOP3a/BLAP75 complex and the MUS81/EME1
complex, which nick and then rejoin the DNA to separate the sister
chromatids [10], [21], [42].

1.3.4 Cell cycle modifications
The cell cycle is a complex orchestrated sequence of macromolecular

events that allows the cell to duplicate into two daughter cells
identical to the parental. All non-germ eukaryotic cells achieve this
through mitosis. During mitosis the cell has to duplicate all its cellular
components and in particular its DNA and then divide correctly into
two identical cells. The cell cycle of somatic cells can be divided into
four phases [43], [44]:

* G; - Gap phase 1, the longest phase during which the cell is

preparing for replication

« S - DNA synthesis phase, during which the DNA is replicated

and a complete copy of each chromosomes is made

* G, - Gap phase 2, during which the cell checks if the DNA was
properly replicated
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* M - Mitosis, during which the cell distributes chromosomes and

divides into two identical daughter cells.

After mitosis cells can also stop proliferating and enter a quiescent
state called G, (Figure 1.5).

&=
3

?

Cyclin EIA/(p)

Figure 1.5: Schematic representation of the cell cycle outlining the four different
stages that lead to cell division: Gi1, S, G2, M. The progression from each stage to the
next one is tightly regulated by the CDK/Cyclin complexes which control protein
phosphorylation. Cells can also exit the cell cycle after mitosis and enter a transient
or permanent state of quiescence called Go.

Cellular division must be precisely controlled and timed to complete
the developmental process of a tissue or organism and in order to
properly replicate the genome and guarantee functional offspring. For
this reason, progression through different cell cycle stages is
regulated by heterodimeric protein kinases formed by a regulatory
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subunit called cyclin and a catalytic subunit called cyclin-dependent
kinase or CDK. Polyubiquitinylation is the process needed for marking
proteins for degradation by proteasomes to ensure irreversible cell-
cycle progression. CDK/Cyclin complexes regulate the activity of a set
of proteins which promote DNA replication and mitotic division
through inhibitory and activational kinase activity. Each CDK can
interact with different cyclins and have different substrates depending
on the formed heterodimer, and cells employ a set of mechanisms for
regulating the activity of CDK/Cyclin complexes.

CDK/Cyclins are divided into three classes depending on the cell cycle
stage they are involved in: G CDK/Cyclins, S-phase CDK/Cyclins and
mitotic CDK/Cyclins [44].

G, CDK4/6/Cyclin D regulate via phosphorylation of the transcription
factors of those genes required for the proper chromosome
replication. S-phase CDK2/Cyclins E/A are synthesised in late G; but
remain bound to their inhibitors and therefore inactive until G;
CDK/Cyclin complexes reach their maximal activity and phosphorylate
them. This process is favoured by the SCF complex (F-box containing
complex, an ubiquitin-protein ligase) which polyubiquitinylates them
resulting in a sudden increase of S-phase activity during which pre-
replication processes are started. Mitotic CDK1/Cyclin B/A complexes
are synthesised during late S and G, and get activated to start
mitosis. Their dephosphorylation leads to the decondensation of
chromosomes, reassembly of the nuclear envelope and nuclear pore
complexes around the segregated chromosomes to form the two
daughter nuclei, and cytokinesis to complete cell division [44].

As cells are constantly exposed to damage, surveillance mechanisms
known as checkpoints (also known as restriction points or R points)
evolved to ensure that the cell is competent to undergo major cell-
cycle transitions only after the previous step has been completed.

Checkpoints are controlled by the CDK/Cyclin complexes at different
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stages of the cell cycle, as shown in Figure 1.5 above. When a CDK
catalytic subunit forms a complex with the correspondent cyclin
regulatory subunit, the CDK protein kinase is activated to trigger
specific cell cycle events by phosphorylating proteins. The expression
of cyclins varies depending on the cellular stage of the cell, whereas
CDKs are regulated by controlled transcription, inhibition, and
proteolysis which separates the complex, rendering it inactive. The
variations in the expression profile of cyclins is represented in Figure
1.6.

Cyclin E Cyclin A

CyclinD

Expression

Figure 1.6: Cyclins are expressed depending on the cell-cycle stage and regulate
progression through it.

Different categories of checkpoints exist including the G: checkpoint
that ensures the cell is large enough to start division, intra S-phase
and G3/M checkpoints which ensure that DNA replication is completed,
spindle-assembly checkpoints which check all chromosomes
kinetochores are attached to spindle microtubules, spindle-position
checkpoints to ensure chromosomes are segregated to daughter cells
correctly, and DNA-damage checkpoints which check that damaged
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DNA has been repaired and are activated in response to genotoxic

stress such as IR-induced DNA damage.

After DNA damage, the cell cycle DNA damage checkpoints are
activated, and as a consequence cell cycle progression is halted [10],
[18], [21], [45]-[48]. In many cancers checkpoints are overcome,
leading to uncontrolled proliferation and accumulation of DNA
mutations [46], [49].

The DDR to ionising radiation is a complex cascade of events that
allow the cell to avoid replicating damaged DNA. Loss of replication
control is a fundamental hallmark of cancer which confers its
malignant characteristics [46], [49]. As previously described in the
“Early cellular response to DNA damage” section, this process is
initiated by the phosphorylation of histone H2AX and of 53BP1 by ATM
and ATR which trigger the damage signalling process. This process
involves many other proteins such as tumour suppressors and proto-
oncogenes (Figure 1.7). To orchestrate the global cellular response to
DSBs efficiently, ATM and ATR regulate the checkpoint mediators and
the transducer kinases, CHK1 and CHK2.
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Figure 1.7: Schematic representation of the activation of checkpoints as a response
to double-strand breaks. Tumour suppressors are shown in red and proto-oncogenes
are shown in green.

Figure from [45].

ATR has a role in initiating the cellular response to replication-fork
arrest induced by either DNA damage or other stresses, whereas ATM
initiates the response to DNA damage in terms of checkpoint
activation.
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Known checkpoint mediators for the ATM signalling cascade include
MDC1 (mediator of DNA damage checkpoint 1; NFBD1), 53BP1 and
BRCA1l, and for the ATR-controlled checkpoint signalling, claspin.
Claspin is a mediator protein that selectively interacts with chromatin
structures created by active replication forks, and is thought to be

required for activation of CHK1.

CHK1 can induce intra-S phase checkpoint activation with consequent
arrest through inhibitory phosphorylation of CDC25s and SMC1. Once
the DNA damage has been repaired, CDC25s are activated, leading to
the removal of inhibitory phosphate residues from target CDKs, with

consequent CDK/Cyclin complex formation and cell cycle progression.

ATM-mediated phosphorylation of CHK2 promotes phosphorylation of
p53, encoded by the TP53 gene, which is a pro-apoptotic protein often
referred to as “the guardian of the genome” [50], and a negative
regulator of p53, MDM2, disrupting the balance between the two.
After IR-induced DNA damage, unbalanced high levels of p53 trigger
the transcription of p21 (CDKN1A also known as p2lwafl/cipl), an
inhibitor of CDK1 and CDK2 [18], [21], [45], [51]. High levels of p21
inhibit the phosphorylation of CDKs through its N-terminal
homologous sequence, consequently inhibiting the formation of the
CDK/Cyclin complex and therefore inactivating CDK activity and cell
cycle progression [45], [52]-[55]. This set of events leads to
checkpoint activation and cell cycle arrest at the G;/S and G;/M
checkpoints [44], [45].

G; and S phase cell-cycle arrests prevent damaged DNA from being
replicated, which could induce mutations in the genome and
chromosomal rearrangements. G,/M checkpoint activation and cell-
cycle arrest allows repair of the damaged DNA before mitosis. This
repair can be mediated by homologous recombination, using the

available sister chromatid as a template for repair [44].
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The induced imbalance between levels of p53 and MDM2 leads to
increased apoptotic cell death, and for this reason p53 is classified as
a strong tumour suppressor. However, p53 is found to be mutated in
more than 50% of human cancers [56] and is known to be involved in

many other pathways and damage response cascades [10], [18], [21].

Another key player for the transition from G; to S phase is the E2F
transcription factor, which is required to regulate many of the genes
necessary to start DNA replication, and which is kept inactive in G,
phase by binding to the retinoblastoma protein (Rb). In normal
conditions, the G, CDK/Cyclin complexes phosphorylate Rb with a
consequent separation from E2F, permitting progression to S phase.
IR induced activation of p53 promotes expression of p21, which is
then responsible for inhibiting the CDK/Cyclin complex with a
consequent inhibition of cell-cycle progression [10].

S-phase checkpoints are regulated by Chkl and Chk2, which are
direct targets of ATR and ATM respectively. lonising radiation induces
ATR and ATM mediated activation of Chkl and Chk2, which induces an
increase in phosphorylated CDK2 and a consequent slower
progression through S phase [10].

IR induces a temporary arrest at the G,/M checkpoint in cancer cells
[24], [57], which is required to allow DNA damage to be repaired
before entry into mitosis [51]. The G,/M checkpoint is regulated by the
CDK1/Cyclin B complex which must be dephosphorylated to become
active and could be ATM/ATR-dependent or -independent [10]. A post-
translational role for p53 and p21 in regulating and sustaining the
G2/M arrest has been thoroughly investigated and described [24],
[52]-[54], [57].
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1.4 Radiotherapy in the clinic
As previously stated, radiotherapy is the use of radiation to Kkill

tumour cells and subsequently control the tumour growth. Therefore,
targeted dose escalation is essential and has to take into account the
balance between tumour-specific damage and the damage of the
surrounding healthy tissues. A high-dose treatment might increase
the DNA damage in the tumour cells and tumour cell death, but can
also induce mutations and cell death in the surrounding healthy
tissues, causing unacceptable side effects. Therefore, the delivery of
the treatment is limited by the dose tolerance of the normal tissues
[58].

Different approaches can be adopted in order to minimise the
radiation dose delivered to the normal tissues. Modern technologies
allow the three dimensional tumour mass to be defined to locally
target the radiation dose. These technologies include computed
tomography (CT), magnetic resonance imaging (MRI) and positron
emission tomography (PET). CT is based on the absorbance curve
variations of monochromatic X-rays to discriminate between different
tissues. Modern machines scan the patient from different angles with
a rotating X-ray emitter, conferring a three dimensional reconstruction
of the scanned body and a better dose distribution with a final
resolution of about 0.5 mm. For MRI, the patient is submerged in a
combination of a static or gradient magnetic field and a radio-
frequency electromagnetic field. The consequent proton spin
alignment, excitation and relaxation produce a signal that can be
detected and reconstructed computationally. MRI spatial resolution is
lower compared to CT (1.5 to 2.00 mm) but MRI does not have any
risk in terms of dose to the patient, and therefore live imaging is
possible with a time resolution of about 50 ms. PET scans are based

on the use of a positron emitting radionuclide as a tracer. The
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radionuclide with a short half life, typically fluorine-18 with a half life
of 109.8 minutes, is injected in the patient and binds to highly-
metabolic cells, such as the cancerous tissues. The emission of a
positron and the subsequent positron-electron annihilation produces
two back-to-back 511 keV photons which can be detected to localise
the tumour. The principal downside of this particular technique is the
difficulty of producing and handling a radionuclide with a short half
life. These different imaging techniques help to spatially define the
tumour and to deliver radiotherapy locally. Another approach to
improve radiotherapy localisation to the target tissue is the use of
higher mass particles such as protons and carbon ions. Their
distribution of energy loss when interacting with matter peaks at the
end of the particle path. This is known as Bragg's peak, and can be
shaped in order to colocalise with the tumour. However, a downside of
this approach is that it needs a synchrotron machine to produce and
accelerate the particles at the desired energy, and these machines

are very expensive to build and to maintain.

As a consequence, a different approach is needed in order to widen
the therapeutic window to achieve tumour control with lower doses to

the patient and a consequent reduction in early and late toxicity.

1.4.1 The therapeutic window
The balance between tumour control and normal tissue complications

can be depicted as hypothetical curves for tumour control probability
(TCP) and normal tissue complication probability (NTCP), as illustrated
in Figure 1.8. As TCP increases with cumulative dose, the NTCP also
increases. The region between these curves is called the “therapeutic
window” [10] in which a curative dose can be delivered effectively.
Avoiding normal tissue complications by achieving better dose
localisation to the tumour widens this therapeutic window by shifting
the NTCP curve to the right, providing the opportunity to escalate the

radiation dose and therefore increase tumour-specific damage,
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leading to disease control. At the same time, to achieve greater
widening of the therapeutic window, factors that shift the TCP curve

to the left must be determined and assessed.
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Figure 1.8: Graphical representation of the typical dose response. Tumour control
probability (TCP),in blue, and normal tissue control probability (NTCP), in red,
outline the therapeutic window of intervention. The shifting of these two curves
apart is an essential strategy to improve radiotherapy and clinical outcome.

One major determinant of the TCP curve is intrinsic radiosensitivity
[46], [49], [59]. An attractive approach is to shift the probability of
achieving tumour control towards the left, by modulating the intrinsic
radiosensitivity of the tumour cells without affecting the normal
tissues. Sensitising the tumour to radiation in this way would achieve
the same level of TCP with lower total dose and therefore benefit the
patient. For this reason it is potentially viable to tune intrinsic
rasiosensitivity or radioresistance in order to obtain a differential
response to the same radiation dose based on intrinsic gene

expression differences between tumour cells and healthy tissues [60].
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1.5 Intrinsic radiosensitivity
Genetic variations in tumour cells give rise to unique phenotypes that

confer a differential susceptibility to ionising radiation treatment
compared to the healthy cells [46], [49]. This variation of intrinsic
radiosensitivity impacts the radiation response at different clinical
endpoints, including survival, local control and disease free survival
[61].

One of the gold standard approaches to test intrinsic radiosensitivity
in vitro is the colony formation assay (CFA) with the use of small-
interfering RNAs (siRNA) for gene silencing [62]-[66]. This technique
tests the ability of single cells to proliferate into a colony after

radiation, without the target gene being expressed.

1.5.1 Gene silencing and molecular targeting
siRNA gene silencing consists of transfecting cells with short double-

stranded RNA (dsRNA), typically 20-25 base pairs in length,
engineered to target a specific gene. The transfected siRNA induces a
RNA interference phenomenon (RNAi) which targets a specific mRNA
and degrades it before it can be translated into protein [43]. The
double-stranded RNA is recognised and cleaved in the cellular
cytoplasm by a RNase Il family endonuclease called Dicer. The
product of such a cleavage is a two-nucleotide long 3' overhang which
will then form a complex with a ribonucleoprotein called RNA-induced
silencing complex (RISC) [43], [66], [67]. This complex mediates the
unwinding of the siRNA duplex inducing a high affinity with a target
MRNA in a sequence-specific manner. The binding to the mRNA
induces a cut in the middle of the sequence mediated by Slicer, an
Argonaute protein with a RNase H-like domain called PIWI, which is
part of the RISC complex. The cleaved mRNA is then recognised as
aberrant and degraded by nucleases present in the cytoplasm and

32



CHAPTER 1 1.5 Intrinsic radiosensitivity

therefore does not get translated into a protein product as described
in Figure 1.9 [66].

The major weakness of using siRNA relates to off-target effects. The
transfected siRNA can present multiple mRNA affinities and therefore
silence different unwanted targets [66]. To remedy this problem, an
appropriate deconvolution experiment can be performed to test the
specificity of the the gene knockdown.

Another disadvantage in the siRNA technique is the transient nature
of the knockdown. To obviate this issue short-hairpin RNA shRNA can
be used instead. As shown in Figure 1.9 the shRNA gene-silencing
technique consists of transfecting cells with a plasmid able to express
the shRNA sequence, a precursor of the siRNA. The shRNA gets then
processed by the dicer into siRNA in the cellular cytoplasm resulting
in the target-gene silencing [66].
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Figure 1.9: Schematic representation of shRNA and siRNA mechanisms of action
(Figure from [66]). A plasmid expressing shRNA can be stably transfected in a cell.
This will constantly generate dsRNA which is then uncoupled and generates a
SSRNA siRNA able to target a specific mRNA sequence and, with the contribution of
a Dicer and the RISC complex, disrupt its translation. These two techniques are
widely used in stable and transient gene silencing.

Another approach to increase intrinsic tumour radiosensitivity is the
inhibition of specific targets at the post-translation stage [68]. This
can be accomplished by the chemical development of specific drugs
able to bind to and alter the role of specific proteins. A good example
of this technique, with wide clinical potentiality, is the use of
molecular drugs targeting epidermal growth factor receptor (EGFR),
such as monoclonal antibodies like Cetuximab, or drugs that inhibit
EGFR phosphorylation [10]. The overexpression of EGFR has been
shown to be correlated with poor clinical outcomes in patients
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because of its induced radioresistance [10], [69] and the use of such

drugs results in reduced cell proliferation in vitro [10] and in vivo [70].

1.5.2 siRNA screening to identify radiosensitisers
The technique of siRNA silencing of a single gene or a pool of genes

has opened the way to high-throughput screening (HTS) to identify
radiosensitivity modulators. These screens can have different
endpoints such as cell death via apoptosis, cell proliferation,
micronuclei formation, DNA-damage foci quantification, cell growth

and survival, and colony formation.

The colony formation assay (CFA) is the gold standard for determining
radiation sensitivity because it allows the assessment of the loss of
proliferative potential (clonal inactivation) caused by radiation
treatment. This assay measures the ability of a singular cell to
replicate into a colony up to 2 weeks after the treatment. Previous
work in our lab involved the development of a high-throughput
version of the CFA in a 96-well plate format, which enabled the
screening of a library of siRNAs [64]. Using this technique, a set of
709 kinases was previously screened to identify which genes modified
the cellular response to radiation in terms of colony formation. The
screening was performed in two repeats on Hela cells using 7 Gy IR,
and produced a ranked list of the tested genes depending on their

effect on radiosensitisation.

From this list of kinases, one of the best targets for further study was
the T-LAK cell-originated protein kinase, TOPK (also known as PDZ-
binding kinase PBK), whose role will be investigated in this thesis. The
selection criteria of this gene as a valid candidate for investigation
include its novelty in the context of radiation, its differential
expression between normal and cancer tissues, and the availability of
reagents to allow its study. This choice will be discussed in more

depth in the following chapters of this thesis.
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1.5.3 T-LAK cell-originated protein kinase
TOPK is a Ser/Thr protein kinase of 322 amino-acids (Figure 1.10) first

identified in 1999 from a lymphokine-activated killer T (T-LAK) cell
subtraction cDNA-fragment library [71]. The same protein was
identified the following year in a hDIg two-hybrid screen [72]. TOPK
has been shown to be a member of the MAPKK family, the mitogen-
activated protein kinase cascade responsible for many cellular
functions [71]. TOPK phosphorylates p38 and is phosphorylated
during mitosis by cdc2/Cyclin B [71], [72] and during spermatogenesis
[73]. Its depletion has been shown to lead to multinucleation in HelLa
cells [74].

320 aa
laa 32aa 322 aa
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N-terminus C-terminus

Figure 1.10: Schematic representation of the PBK/TOPK protein structure showing
the N- and C-terminus, the kinase domain and the PDZ-interaction domain.

One of the reasons why TOPK is an attractive candidate as a
radiosensitising gene is its differential expression between normal and
cancerous tissues. It has been shown that TOPK is expressed only in
testis and placenta [71]-[74] and is upregulated in most cancers [75],
[76]. Furthermore, high levels of TOPK have been linked to poor
clinical outcomes for many different types of cancer. TOPK expression
has been shown to correlate with adverse outcomes in terms of

overall survival and recurrence free survival in breast cancer patients
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[77]. The role of TOPK as a prognostic marker and its adverse effects
on tumour control have also been shown in non-small-cell lung cancer
(NSCLC), where it has been positively correlated with p53 mutant
expression levels and where of the highest TOPK expression was
noted in lymph nodes and metastases [78]-[80]. Levels of TOPK were
also shown to commensurate with invasiveness and cancer stage in
prostate cancer, with higher levels of expression in circulating tumour
cells (CTCs) and negative effects on patient outcomes. A correlation
with invasiveness was also confirmed using in vitro assays [81], [82].
In colorectal cancer, levels of TOPK were correlated with levels of
interlukin-8 (IL-8 or CXCL8) [83] and KRAS and BRAF mutations [84],
and a prognostic role of TOPK for predicting poor clinical outcomes

was suggested.

These publications outline a clear role for TOPK in influencing clinical

outcomes, making it an interesting clinical target for further study.

TOPK has been studied previously in absence of DNA damage.
Published works have been showing that overexpressed TOPK
immunoprecipitate with a-tubulin and with both Cyclin B1 and CDK1 in
COS-7 cells [74]. In HEK293 cells overexpressing TOPK and in HCT116
untransfected cells, TOPK has been shown to participate in a positive
phosphorylation loop with ERK2 [85] and a physical interaction
between TOPK and PTEN was identified in HelLa cells through
immunoprecipitation experiments [86]. It has been also shown that
TOPK phosphorylates p38 in TOPK-overexpressed COS-7 cell lysates
and in a kinase assay in vitro [71]. In lung cancer cell lines TOPK has
been reported to participate to the PI3K/AKT pathway and influence
cell migration through a negative correlation with the levels of PTEN
and an increased level of phospho-AKT [80]. In breast cancer TOPK
has been published for its ability in phosphorylate histone H3 in vitro
and in vivo [87].
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None of the published works was performed after IR-induced DNA
damage and TOPK has only been studied in response to doxorubicin
treatment [88], [89], arsenite (As3*) treatment [90] and ultraviolet
radiation (UV-B) [91]. After doxorubicin treatment, overexpression of
TOPK in HT1080 cells has been shown to physically interact with p53
and attenuate the G./M checkpoint [89] and TOPK knockdown in
HCT116 cells increased p53-dependent overexpression of p21,
elongated the doubling time through accumulation in G,/M and
increased the levels of apoptosis [88]. After UV-induced DNA damage
TOPK depletion has been shown to reduce the number of y-H2AX foci
and decrease cell survival in MCF-7 cells [91]. After arsenite treatment
TOPK has been published to bind to H2AX, colocalise with y-H2AX foci
and inhibit apoptosis in RPMI7951 cells [90].

At the time of writing this was the first study to investigate the role of
TOPK in the radiation response, and the radiosensitisation observed in
the kinase screen in HelLa cells after siRNA-mediated TOPK
knockdown was the first result suggesting that TOPK could be a
potential radiosensitising target gene.
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1.6 Aim of this thesis
Our laboratory previously performed and published a HTS using a

kinase library of 709 siRNAs to identify novel genes that alter intrinsic

radiosensitivity.

The aim of this doctorate thesis is to study some of the identified

novel genes. In particular this thesis focuses on the identification and

validation of a novel role for the T-LAK cell-originated protein kinase

TOPK, as a potent modulator of radiosensitisation. The thesis aims to

address the following questions:

Is TOPK a modulator of radiosensitivity in a range of cancer cell

lines?

Is TOPK a modulator of radiosensitivity in normal tissue cells?
Does knock-out of TOPK cause radiosensitisation?

Is TOPK overexpressed in cancer?

Does depletion of TOPK affect the DNA damage response?

How does TOPK depletion alter the cell cycle of asynchronous

cells in response to radiation?

Can depletion of TOPK alter the G:/S or G./M checkpoints in

response to radiation in synchronised cells?

Is nuclear morphology affected by radiation following TOPK

depletion?
How is cell death altered by radiation following TOPK depletion?

Which proteins physically interact with exogenously expressed
TOPK?
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« Can putative TOPK interaction partners interact with
endogenous TOPK, and are the interactions radiation-
dependent?

* Does TOPK expression affect prognosis?
» Does stable knockdown of TOPK cause radiosensitisation?
* Does inhibition of TOPK cause radiosensitisation?

« Can TOPK depletion sensitise to widely used

chemotherapeutics?

The presented results show TOPK to be a tumour specific modulator of
radiosensitivity, and provide a possible mechanistic description of its
role in the cellular response to ionising radiation in terms of cell-cycle
progression modifications, increased apoptosis, altered cell
morphology and impaired cellular growth. Furthermore, prognostic
data and immunohistochemical data show the effect of TOPK

expression on clinical outcome.

We therefore propose that TOPK inhibition may be of significant
clinical benefit by increasing tumour radiosensitivity without
exacerbating radiation induced side-effects, and that TOPK could be
targeted in order to widen the therapeutic window and improve

cancer treatment.

40



CHAPTER 2

MATERIALS AND METHODS

41



CHAPTER 2 2.1 Cell culture

2.1 Cell culture

2.1.1 Cell line maintenance

HCT116 (colorectal), HeLa (cervical), MRC5 (lung fibroblast), HFL-1
(lung fibroblast), DU145 (prostate), PC3 (prostate), H1299 (lung), T24
(bladder) cell lines were purchased from American Type Culture
Collection (ATCC). SQ20B (head and neck) cells were provided by Dr.
Ralph Weichselbaum (University of Chicago, Chicago, IL). Hela,
SQ20B, DU145, PC3, HCT116 and H1299 cells were maintained in
Dulbecco's modified Eagle's medium (DMEM, Sigma) supplemented
with 10% foetal bovine serum (FBS). The T24 cell line was maintained
in Roswell Park Memorial Institute (RPMI-1640, Sigma) media
supplemented with 10% FBS. MRC5 cells were maintained in minimum
essential medium (MEM, Sigma) supplemented with 10% FBS. HFL-1
cells were maintained in DMEM/F-12 Ham’s media supplemented with
10% FBS. The HAP1 cell lines were purchased from Horizon Discovery
and maintained in Iscove's Modified Dulbecco's Medium (IMDM). All
cell lines were authenticated by LGC standards (ATCC) by short
tandem repeat (STR) profiling. The SQ20B cell line was authenticated
by the laboratory of Professor Ruth Muschel using STR profiling. All
cell lines were tested for mycoplasma using MycoAlert (Lonza).

2.1.2 Cell line storage and resuscitation
Cells were kept in cryovials stored in vapour phase liquid nitrogen.

Cells were thawed in a water bath at 37°C. Cells were immediately
diluted in 10 ml of media in a 50 ml falcon tube and centrifuged at
240 x g for 5 minutes. The media was removed, and the cells were re-

suspended in 5 ml of media and seeded in a T25 flask.

2.1.3 Passaging cell lines
The media was removed from the flasks. Cells were washed in 5-10 ml

of 1 x phosphate buffered saline (1xPBS) and 1-2 ml of trypsin-
ethylenediaminetetraacetic acid (EDTA) was added to the flask. Cells
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were then returned to the 37°C incubator for 5-10 minutes. Medium
was added after cells had lifted, and the cell suspension was diluted
appropriately in medium. Typically the cells were passaged at 1:10,
1:12 or 1:20 and returned to the incubator. Cell lines were passaged
for a maximum of 3 weeks, and were passaged when cells reached ~
60-80% confluency. Cells were cultured in incubators at 37°C supplied
with 5% CO,.

2.1.4 Cell counting
The cells were trypsinised as described above. A 50 pul cell suspension

was diluted 1:10 in DMEM in a microcentrifuge tube and counted
using the Scepter 2.0 (Millipore) hand held automated cell counter.

2.1.5 Cell synchronisation
Cell synchronisation in G:/S phase was achieved using a double-

thymidine block in a 6-well plate format. On day 0, when cells reached
25-30% confluency, thymidine was added to each well at a
concentration of 2 mM, and the plates were returned to the incubator
for 18 hours. The next day the medium was removed and the cells
were washed with 1 ml of 1xPBS. After the wash, fresh medium was
added to release the cells from the first block. 9 hours after release,
thymidine was added for a second block at a concentration of 2 mM.
On day 2, 17 hours after the second thymidine treatment, the cells
were released by washing twice with 1xPBS and adding fresh medium.
Cell synchronisation in G>/M phase was achieved using a nocodazole
block in a 6-well plate format. 50 ng/ml of nocodazole was added to
adherent cells at about 50-60% confluency. After 14 hours, the cells
were released by washing off the nocodazole, washing twice with 1 ml
of 1xPBS, and adding fresh media. Cell cycle stage was confirmed by
propidium iodide FACS analysis.
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2.2 SDS-Page and Immunoblotting

2.2.1 Buffers and reagents
Buffer Name Buffer composition
0.8 M Tricine, 1.2 M Tris, 2% SDS, 50

20 x running buffer purchased from | ' 4 m bisulfite. Diluted in dH,0

Expedeon to 1 x working condition
25 mM Tris, 190 mM glycine, 20%
Western transfer buffer methanol made up to 1 L in dH,0

. ReBlot Plus Mild Antibody Stripping
Stripping bul\f,lfﬁlripp;rfhased from | " solution, 1:10 dilution with dH,0

. 40% glycerol, 4% lithium dodecyl
LDS Sample Loading Buffer (4X) | e (| ps). 4% Ficoll*- 400, 0.8 M

purchased f"O”T Expedeon triethanolamine-Cl pH 7.6, 0.025%
supplemented with 20 mM of .
Dithiothreitol (DTT) reducing agent phenol red, 0.025% coomassie
99 G250, 2mM EDTA disodium

. ) . 1 ml of RIPA lysis buffer: 25 mM Tris-
e rsc | HO (GH7.6)150 m Nl 1% .
P 40, 1% sodium deoxycholate, 0.1%

supplemented with protease SDS
Inhlibr:;oigi(th{)(:ccf(l)ec)k:;?Zp?;Sp:]:\:;case 143 pl of 7x protease inhibitor, 10 pl
9 of phosphatase inhibitor cocktail
100 ml 10xTBS, 1 ml Tween diluted
TBST to 1 L with dH,0

TBST-Milk (5% w/v Marvel powder
milk in TBST) or TBST-BSA (5% w/v

Bovine Serum Albumin, Sigma)
Immobilon Western HRP Sul:?strate from Millipore, used
Chemiluminescent according Fo the manufacturer’s

instructions

Reagent A- sodium carbonate,
. . sodium bicarbonate, bicinchoninic
BCA ?f:gtne\l‘?ha;rigzslzitezl:i?:ased acid and sodium tartrate in 0.1 M

sodium hydroxide

Reagent B- 4% cupric sulfate

Blocking Reagent

Amersham Protran Premium 0.2
nitrocellulose membrane (GE
Healthcare)

RunBlue® pre-cast gels (Expedeon)

Table 2.1: Formulation and preparation of buffers used for immunoblotting

44



CHAPTER 2 2.2 SDS-Page and Immunoblotting

2.2.2 Protein lysate preparation
Cells grown in 6-well plates were lysed in 120 pl/well RIPA lysis buffer

with inhibitors, as described in Table 2.1, using a cell scraper. Cell
lysates were transferred to 1.5 ml microcentrifuge tubes, incubated
on ice for 5 minutes and then sonicated for 10 seconds. Lysates were
centrifuged at 25000 x g in a 4°C centrifuge for 10 minutes.
Supernatants were transferred to fresh microcentrifuge tubes and

stored at -80°C until further use.

2.2.3 Protein concentration quantification
Protein extracts were quantified using a bicinchoninic acid assay

(BCA) kit (Thermoscientific) according to the manufacturer’s
instructions. Briefly, 2 ul of protein lysates were pipetted in triplicate
into a 96-well plate. A standard curve was produced using bovine
serum albumin (BSA), with concentrations ranging between 0 ug/ml
and 2000 upg/ml. 200 ul of the reagent mixture was added to each well
containing sample or standard, and incubated at 37°C for 30 minutes.
The absorbance was read at a wavelength of 562 nM using a
POLARstar Omega plate reader (BMG Labtech). Protein concentrations
for samples were calculated using the standard curve.

2.2.4 SDS-PAGE
RunBlue pre-cast 4-12% gradient SDS-PAGE gels, RunBlue running

buffer and loading buffer were purchased from Expedeon. 25%
loading buffer was added to protein extracts and denatured for 10
minutes at 72°C in a heat block prior to loading, and 15-30 pg of
protein sample was loaded per lane on an SDS-PAGE gel. Dual color
precision plus protein standards purchased from Bio-Rad were run
alongside all samples. Gels were run for 1 hour at 150 V.

2.2.5 Immunoblotting
The XCell II™ Blot Module (Invitrogen) was used to set up the transfer.

Hybond nitrocellulose transfer membrane (GE-healthcare) and the

SDS gel were sandwiched between two sheets of Whatman paper and
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compressed with sponges. The proteins were transferred onto the
nitrocellulose membrane in tris glycine transfer buffer at 30 V for 1
hour. Next, the membranes were blocked in 5% blocking agent for 1
hour at room temperature. Primary antibodies were diluted to the
manufacturer’s recommendations in 5% BSA/TBS-T or 5% Milk/TBS-T.
A list of all antibodies and their working concentrations can be found
in Table 2.2.
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Western
Additional Protein
blot
information . Size (kDa)
dilution
Sigma
TOPK Used for WB 1:1000 36 M
ouse
and IP (BSA) SAB5300406
clone 2C8
Cell
Phospho- | Used for WB 1:1000 . Signaling
40 Rabbit
TOPK and IHC (BSA) Technology
#4941
FLAG; peptide
. Pep 1:500 .
Antiflag M2| sequence (milk) Mouse Sigma F3165
mi
DYKDDDDK
Cell
1:1000 Signaling
Cyclin E1 (HE12) 48 Mouse
(BSA) Technology
#4129
Cell
1:1000 _ Signaling
Cyclin B1 55 Rabbit
(BSA) Technology
#4138
Cell
Phospho- 1:1000 _ Signaling
(Tyrl5) 34 Rabbit
cdc2 (BSA) Technology
#4539
Cell
1:1000 Signaling
Cdc2 CDK1 34 Mouse
(BSA) Technology
#9116
Phospho- 1:1000 17 Rabbit Cell
histone H3 (BSA) Signaling
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Technology
#3377
Cell
_ Signaling
TOPK Used for IHC 1:50 36 Rabbit
Technology
#4942
Cell
1:1000 _ Signalling
p21 CDKN1A 21 Rabbit
(BSA) Technology
#2947
catalytic
subunit of BD
DNA-PK 1:500 Pharmingen
DNA-PK, . . . 450-465 Mouse
involved in (milk)
Cat
NHE] N0.556456
signalling
membrane-
cytoskeletal
. . _ 1:40000 Abcam
Vinculin protein _ 124 Mouse
_ (milk) ab18058
(loading
control)
nonmuscle Sigma
. cytoskeletal | 1:20000
B-Actin . . . 45 Mouse Al1978
actin (loading (milk)
control)
ImmunoPure
Goat Anti- h .

. . ermoscien
Anti-rabbit | g5t 196G (H "
secondary |) peroxidase 1120000 Rabbit tific

antibody | . gated 31460
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. ImmunoPure
Anti-mouse _ _ _
Rabbit Anti- Thermoscien
secondary 1:20000 Mouse .
. mouse 1gG (H tific 31335
antibody R

Table 2.2: Details of antibodies and their working concentrations

Primary antibody incubations were performed overnight at 4°C. Three
washes of 1 hour were conducted with TBS-T between primary and
secondary antibody incubation. Secondary HRP-conjugated anti-
mouse and anti-rabbit antibodies (Thermofisher) were diluted to a
concentration of 1:20000 in 5% Milk/TBS-T. Membranes were washed
3 times in TBS-T and incubated with Immobilon Western
Chemiluminescent HRP Substrate (Millipore) for five minutes.
Membranes were Vvisualised using photographic film (FujiFilm
SuperRX) and an X-ray developer (CP 1000, AGFA).

2.2.6 Stripping and re-probing
Blots were stripped in 10 ml stripping buffer (Millipore) for 15 minutes

at room temperature. The membrane was washed in TBS-T for 5
minutes. The blots were then blocked in blocking buffer and incubated

with the desired antibodies as described above in Table 2.2.
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2.3 Forward shRNA transfection
GIPZ™ Lentiviral shRNA particles were purchased from Dharmacon™

GE Healthcare. The gene target mature antisense sequence is

specified in Table 2.3 below:

Construct
Mature Antisense Volume/Vial Quantity
symbol
shTOPK 1 AATGTTACAGTTTACAGCG 25 ul 2
shTOPK 2 AGAGTCTAATAACTACTGA 25 pl 2
shTOPK 3 TAATGTTACAGTTTACAGC 25 pl 2

Table 2.3: GIPZ Lentiviral TOPK constructs

HCT116 cells were plated in a 96-well plate at a concentration of 8000
cells/well. The next day the purchased viruses were diluted in DMEM
without FBS (DO) as described in Table 2.4 and added directly to the
cells after medium was washed off. Each well was topped up with DO
medium to reach a total volume of 50 ul/well. After 4-6 hours
incubation, 150 ul of DMEM with 10% FBS (D10) were added to each

well.

shRNA Multiplicity of Infection (MOI)

shNS 0 1 5 10 20
shTOPK_1 0 1 5 10 20
shTOPK_2 0 1 5 10 20
shTOPK_3 0 1 5 10 20

Table 2.4: Experimental setup for Lentiviral transduction

48 hours after transduction plates were monitored under a
fluorescence microscope to qualitatively evaluate the transfection
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efficiency based on the number of GFP (green fluorescent protein)
positive cells. Cells were then lifted with trypsin and transferred to a
new 24-well plate with fresh D10 medium. The following day 2 ug/ml
puromycin were added to select the cells expressing the viral-induced
vector. Selection was carried for the following 6-9 days. Cells were
transferred in a 6-well plate when 80-90% confluent and then lysed
for western blot knockdown evaluation (see chapter 2.2 “SDS-Page
and Immunoblotting”). A non-specific ShRNA control was used (shNS).
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2.4 Reverse siRNA transfection
Unless otherwise stated, transfections were performed in 6-well plates

72 hours before lifting and replating the samples. siRNAs (Ambion)
were diluted in Opti-MEM (Invitrogen) and the INTEFERIn-HTS
transfection reagent (Polyplus) was diluted in RNase free water. The
final siRNA concentration was 20 or 40 nM depending on cell line.
Reagent complexes were formed in 1.5 ml microcentrifuge tubes
using the conditions stated in Table 2.5. The diluted siRNA was added
to the diluted INTERFERIn-HTS and incubated for 30 minutes at room
temperature before addition to a suspension of 180,000 cells per well

in a 6-well plate.

SIRNA final INTERFERINn-HTS concentration
Cell line concentration
(nM) (ul/well)

Hela 1.0
HCT116 20 1.0
H1299 20 1.0
SQ20B 20 1.2
HFL-1 20 2.0
MRC5 40 1.8
PC3 20 1.0
T24 20 1.4
DU145 20 1.0

Table 2.5: Transfection conditions for different cell types in 6-well plates
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2.5 Colony formation assay
siRNA transfected cells were plated in 6-well plates in triplicate wells

in 2 ml of medium, allowed to settle for 4 to 6 hours and then given
the appropriate dose of IR using an IBL637 caesium-137 irradiator.
The cells were cultured for two weeks, stained with crystal violet and
counted using a GelCount colony counter (Oxford Optronix). Plated
cell numbers are shown in Table 2.6 below.

Cell line Number of plated cells/well

0 Gy 2 Gy 4 Gy 6 Gy

Hela 200 400 800 2000
HCT116 200 400 800 1600
H1299 200 400 800 3200
SQ20B 400 800 1600 3200
HFL-1 1000 2000 4000 8000
MRC5 800 1600 4000 8000
PC3 400 800 1600 3200
T24 200 400 800 1600
DU145 200 400 800 1600
HAP1 200 400 800 3200

Table 2.6: Plated cell numbers for the colony formation assay

53



CHAPTER 2 2.6 lrradiation

2.6 Irradiation
All irradiations were performed at the indicated dose using the

caesium-137 irradiator, Gamma Service: GSR D1; dose rate 1.938
Gy/min.

2.7 Statistical analysis for the CFA
Survival data was curve fitted using GraphPad Prism by non-linear

regression of the linear quadratic equation (1):

S=exp—(aD+pD?) (1)

Where S denotes surviving fraction, D (Gy) is radiation dose and «
(Gy?') and B (Gy?) are the two variables to fit. The sensitisation
enhancement ratio was calculated at 10% surviving fraction (SER1o)
using a (Gy?') and B (Gy?) estimated coefficients as described in
equation (2):

SER = Duntreated/Dtreated (2)

The Duntreates aNd Dreated Values were calculated using a (Gy?) and B
(Gy?) coefficients that yielded 10% survival by solving the quadratic
equation (3) below:

pD’+aD—2.3026=0 (3)

A factorial 2-way ANOVA was performed with survival as the
dependent variable, and with dose levels (2, 4 and 6 Gy) and
treatment (control/DMSO, siRNA/TOPKi) as the two factors. p-values

produced were for interaction between treatment and dose.
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2.8 qPCR
Cell plated in a 6-well format were washed with 1 ml of 1xPBS, and

then the GenElute kit (Sigma) was used to extract RNA from the cells
according to the manufacturer’s instructions. RNA was eluted from
the wash column in 40 ul of elution buffer. RNA concentrations were
determined using a Nanodrop 1000 spectrophotometer (Thermo
Scientific). cDNA was prepared from 500 ng total RNA using an Affinity
script cDNA synthesis kit (Agilent) according to the manufacturer’s
instructions. qPCR reactions were set up using qPCR Brilliant SYBR
green (Agilent) according to the manufacturer’s instructions and were
run on a MX3005P gPCR machine (Agilent Technologies). The
reactions were prepared using a final primer concentration of 2 uM
and 2 ul of cDNA template. Amplification of GAPDH was used as a
loading control. All primers were ordered from Eurofins MWG Operon.

Primer forward (F) and reverse (R) sequences 5' to 3' are described below in
Table 2.7:

Target Primer sequence

GAPDH-F CCGCATCTTCTTTTGCGTCGC

GAPDH-R AAATGAGCCCCAGCCTTCTCCATG
TOPK-F GACTCTGGACTGAGAGTGGC
TOPK-R: TAAACGGAGAGGCCGGGATA

Table 2.7: qPCR primers sequences
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2.9 TOPK plasmids
Vectors coding for TOPK wild-type (pCMV6-TOPK-Myc-DDK) and the

TOPK K64M kinase mutant (pCMV6-TOPK-K64M-Myc-DDK) cDNA clones
were purchased from Origene. Both the TOPK wild-type and TOPK
K64M cDNA clones are 969 bp in length, and differ in sequence at
only two bases to confer the K64M mutation. K64 is encoded by AAA
in the TOPK wild-type, whereas M64 is encoded by ATG in the TOPK
K64M kinase dead mutant. The empty vector control was pCMV6-Myc-
DDK.

pCMV6-TOPK-K64M-Myc-DDK DNA sequence:

ATGGAAGGGATCAGTAATTTCAAGACACCAAGCAAATTATCAGAAAAAAAGA
AATCTGTATTATGTTCAACTCCAACTATAAATATCCCGGCCTCTCCGTTTATGC
AGAAGCTTGGCTTTGGTACTGGGGTAAATGTGTACCTAATGAAAAGATCTCC
AAGAGGTTTGTCTCATTCTCCTTGGGCTGTAATGAAGATTAATCCTATATGTAA
TGATCATTATCGAAGTGTGTATCAAAAGAGACTAATGGATGAAGCTAAGATTT
TGAAAAGCCTTCATCATCCAAACATTGTTGGTTATCGTGCTTTTACTGAAGCC
AGTGATGGCAGTCTGTGTCTTGCTATGGAATATGGAGGTGAAAAGTCTCTAA
ATGACTTAATAGAAGAACGATATAAAGCCAGCCAAGATCCTTTTCCAGCAGC
CATAATTTTAAAAGTTGCTTTGAATATGGCAAGAGGGTTAAAGTATCTGCACC
AAGAAAAGAAACTGCTTCATGGAGACATAAAGTCTTCAAATGTTGTAATTAA
AGGCGATTTTGAAACAATTAAAATCTGTGATGTAGGAGTCTCTCTACCACTGG
ATGAAAATATGACTGTGACTGACCCTGAGGCTTGTTACATTGGCACAGAGCC
ATGGAAACCCAAAGAAGCTGTGGAGGAGAATGGTGTTATTACTGACAAGGC
AGACATATTTGCCTTTGGCCTTACTTTGTGGGAAATGATGACTTTATCGATTC
CACACATTAATCTTTCAAATGATGATGATGATGAAGATAAAACTTTTGATGAA
AGTGATTTTGATGATGAAGCATACTATGCAGCCTTGGGAACTAGGCCACCTA
TTAATATGGAAGAACTGGATGAATCATACCAGAAAGTAATTGAACTCTTCTCT
GTATGCACTAATGAAGACCCTAAAGATCGTCCTTCTGCTGCACACATTGTTGA
AGCTCTGGAAACAGATGTCTAG
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Plasmid amplification was performed by transforming One Shot®
TOP10 Chemically Competent E.coli (Thermo Fisher Scientific)
following the manufacturer’s instructions. Colonies were plated on LB
agar plates containing 50 mg/ml ampicillin, grown overnight and then
transferred to 10 ml LB medium containing 50 mg/ml ampicillin. The
next day, bacteria culture was expanded into 200 ml LB broth media.
For DNA extraction from the transformed bacteria, 50 ml of culture
was centrifuged at 6000 x g for 15 minutes, 4°C. DNA purification was
then performed using the QUIAGEN Plasmid Plus Kit (Quiagen)
according to manufacturer’s instructions, using a vacuum pump to
eliminate the flow through. The concentration of the DNA was
quantified using a Nanodrop 1000 spectrophotometer (Thermo
Scientific).
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2.10 TOPK inhibitor
The OTS964 TOPK inhibitor (Figure 2.1, Table 2.8) was purchased from

DC Chemicals, Room 610,Building 15, Jinxiang Rd 201,Pudong District,
Shanghai, China. 200150. Catalogue number: DC7723. Purity > 99%.

Figure 2.1: Molecular representation of the OTS964 TOPK inhibitor [111].

Molecular .
Formula Solubility Storage

Weight

0TS964 378.49 C22H22N20,5 DMSO -20°C Powder

Table 2.8: Details of the OTS964 TOPK inhibitor

0TS964 was dissolved in DMSO, and aliquots were stored at -80°C.
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2.11 Immunoprecipitation protocol

2.11.1 Transfection
HCT116 cells were expanded into 4 x T175 flasks per condition
(Empty Vector, TOPK, TOPK kinase dead) or one T75 flask per
condition, depending on the experimental endpoint (see Table 2.9
below). The next day, when cells reached

Lipofectamine Plasmid DNA
Flask type 2000 final final

Total media in

) . each flask
concentration concentration
T75 0.25% 0.5 pg/ml 10 ml
T175 0.5% 1 pg/ml 20 ml

Table 2.9: Transfection conditions for the immunoprecipitation experiments

2.11.2 Irradiation
The next day cells were irradiated with a dose of 4 Gy gamma rays

and lysates were collected 8 hours after irradiation.

2.11.3 Immunoprecipitation
All of the following steps were performed on ice. Each flask was

washed twice with ice cold 1xPBS. The PBS was carefully removed and
250 pul of RIPA lysis buffer (Thermo Scientific, 25 mM Tris-HCI pH 7.6,
150 mM NacCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS) with 1
X protease inhibitor cocktail (Roche) and 1 x phosphatase inhibitor
cocktail 2 (Sigma) was added. The cells were then scraped and
transferred into 1.5 ml microcentrifuge tubes. Benzonase was added
at a concentration of 1 ul/ml of lysate. The samples were then
incubated for 30 minutes on a rotating wheel at 4°C. The samples
were then passed through a 26 gauge needle 3-5 times and
centrifuged at 25000 x g for 10 minutes. The supernatant was
transferred in a fresh 1.5 ml tube containing 20 ul of A/G bead slurry

for preclearing and incubated on a rotating wheel for 1 hour at 4°C.
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The beads were previously washed three times with RIPA buffer. The
samples were then centrifuged at 60 x g. For the input samples, 25 ul
of supernatant was collected. The remainder of the supernatant was
incubated overnight with 40 ul anti-Flag M2 agarose beads (Sigma)
per condition at 4°C with rotation. When the IP was performed to
investigate interactions between endogenously expressed proteins,
samples were incubated with the target antibody overnight with
rotation and the next day incubated with A/G beads for 4 hours with
rotation. The beads were then centrifuged at 60 x g at 4°C for 2
minutes. Lysis buffer without protease inhibitors was used to wash the
beads three times before the supernatant was completely removed
and the bound proteins were eluted. For samples intended for LC-
Ms/Ms analysis the washes were performed in a detergent-free
washing buffer instead of RIPA (50 mM Tris-HCI, pH 7.4 with 150 mM
NaCl).

2.11.4 Elution
For high throughput LC-Ms/Ms analysis, proteins were eluted by

washing beads five times with 100 pl of a solution of 25 mM Na-Hepes
pH 7.5, 100 mM NaCl, 1 mM PMSF, 0.2 ug/ul 3X Flag Peptide. For SDS-
PAGE, samples were eluted using 30 upl of 2 x loading buffer
(Expedeon, 40% glycerol, 4% lithium dodecyl sulfate, 4% Ficoll*-400,
0.8 M triethanolamine-CI pH 7.6, 0.025% phenol red, 0.025%
coomassie G250, 2 mM EDTA disodium) with 20 mM DTT. The gel was
either stained with InstantBlue coomassie stain (Expedeon) and band
extracted for mass spectrometry, or it was transferred to a membrane
for western blotting. For transfection efficiency analysis the gel was
stained with SYPRO Ruby Gel Staining kit (Thermo Fisher Scientific,
#S512000) and visualised under ultraviolet light.

2.11.5 Sample preparation for mass spectrometry
For high throughput LC-Ms/Ms analysis, DTT (Sigma) was added to the

samples to a final concentration of 5 mM. Samples were vortexed and
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incubated at room temperature for 60 minutes. IAA iodoacetamide
alkylating agent (Sigma) was added to the samples to a final
concentration of 20 mM. The samples were vortexed and incubated at
room temperature for 60 minutes. TCA (24% Trichloroacetic acid
diluted in dH,O) was then added to the samples to a final
concentration of 6%, and the samples were vortexed, incubated for 2
hours at 4°C, and then centrifuged at 12000 x g for 30 minutes at
4°C. The supernatant was carefully removed and 1 ml of ice cold
acetone was added to the pellet. The samples were then centrifuged
at 12,000 x g for 5 minutes, the supernatant was carefully removed,
and the pellets were allowed to air dry. The pellet was then
reconstituted with urea buffer (8 M urea in 20 mM HEPES, pH 8),
trypsin beads (Pierce-Perbio, 20230) were added and the samples
were incubated at 37°C for 16 hours with shaking for protein
digestion. After digestion, TFA was added, and then the samples were
centrifuged at 2000 x g and passed through a C18+carbonSpintip
(Glygen) tube as indicated by the manufacturer, and after four
washes (first two washes were performed with 200 pl of 70% ACN,
30% H,0, 0.1% formic acid, the last two washes were performed in
200 pl of 99% ACN, 1% H,0, 0.1% formic acid) were eluted into a
fresh Eppendorf tube. Samples were stored at -20°C until LC-MS/MS

was performed.
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2.12 Flow cytometry
2.12.1 Cell cycle analysis by propidium iodide staining

Cells were lifted using Trypsin-EDTA, re-suspended in medium,
transferred into FACS tubes and pelleted by centrifugation at 200 x g
for 5 minutes. The medium was removed and cells were fixed in ice-
cold 70% ethanol. Samples were then centrifuged at 400 x g for 5
minutes and the ethanol was removed. The cells were washed once in
1xPBS to remove the ethanol, and then 300 pl propidium iodide (PI)
staining solution (50 pg/ml PI, 200 ug/ml RNase) was added. Cells
were vortexed briefly and incubated at room temperature in the dark
for 10 minutes. Stained cells were analysed using a FACSort flow
cytometer (Becton Dickinson). The cytometer settings were set at a
flow rate of 150-300 events per second and the working voltage
varied between 200 V and 400 V. Histogram plots were produced
using open source Flowing Software 2.5.1.

2.12.2 Annexin-V/Propidium iodide staining
Cells were stained with Annexin-V and propidium iodide using the

Annexin-V-FLUOS staining kit (Roche). Cells were washed with 1xPBS,
lifted in trypsin-EDTA, re-suspended in medium, transferred to FACS
tubes and spun down at 200 x g for 5 minutes. The pellet was washed
with 1 ml 1xPBS and resuspended in 100 pl of Annexin-V staining
solution (2 pl Annexin-V and 2 pl propidium iodide diluted in 100 pl
Roche provided incubation buffer per sample). FACS tubes were gently

vortexed and immediately analysed with the FACSort flow cytometer.

2.12.3 BrdU/Propidium iodide staining
20 uM BrdU (Sigma) was added to adherent cells in a 6-well plate 30

minutes before being lifted. After samples had been fixed in 70%
ethanol and subsequently washed with 1xPBS, 2 M HCI containing 0.1
mg/ml pepsin was added and samples were incubated at room
temperature for 20 minutes. Samples were then washed three times
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with 2% FBS (Foetal Bovine Serum)/1xPBS and then resuspended in
100 pl of 2% FBS/1xPBS with 1 ul Mouse anti-BrdU monoclonal
antibody (1:100, BD Bioscience). After 90 minutes incubation at room
temperature, mixing every 30 minutes, 1xPBS was added, samples
were centrifuged at 350 x g and the pellet was resuspended in 100 pl
2% FBS/1xPBS with 0.5 pl Goat anti-Mouse AF488 antibody (1:200
dilution) and incubated for 60 minutes at room temperature in the
dark, mixing every 30 minutes. Finally samples were washed in 1 ml
1xPBS and resuspended in 0.5 ml 1xPBS containing 50 pg/ml
propidium iodide, diluted as necessary to give a flow rate on the
FACSort cytometer (Becton Dickinson) between 150 and 300.
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2.13 Immunofluorescence
2.13.1 Immunofluorescence analysis

siRNA-transfected cells were plated in 96-well plates. At various time-
points following IR treatment, cells were washed with 200 pl 1xPBS
and fixed with 100 ul 3% paraformaldehyde in 1xPBS for 10 minutes.
After washing with 200 pl 1xPBS, cells were blocked and
permeabilised in 100 pl 1xPBS with 0.1% Triton, 1% BSA and 1% Goat
serum at room temperature for at least 1 hour. The blocking buffer
was removed and cells were probed with anti-y-H2AX Serl39
(Upstate/Millipore, #05-636) and anti-53BP1 (Cell Signaling
Technology, #4937S) antibodies at a concentration of 1:1500 and
1:800, respectively diluted in 1% BSA, 1% Goat serum in 1xPBS
overnight at 4°C. Plates were washed thrice with 200 ul 1xPBS with
the second wash lasting 10 minutes. The cells were then incubated
with Alexa Flour 488 goat anti-mouse (Invitrogen #A11001, 1:2000)
or Alexa Fluor 568 Goat Anti-Rabbit (Invitrogen # A11011, 1:2000)
conjugated secondary antibodies and 0.5 ug/ml 6-diamidino-2-
phenylindole (DAPI) for at least 1 hour in the dark. Once more, plates
were washed thrice with 200 ul 1xPBS. Foci were detected using the
IN Cell Analyzer 1000 automated epifluorescence microscope (GE
Healthcare). Foci were quantified using the IN Cell Analyzer
Workstation software (v3.5). A minimum of 500 cells per well were
counted per condition.

2.13.2 Hoechst apoptosis analysis
Cells were plated in 96-well plates (six wells/condition). On the

appropriate day after irradiation 20 ug/ml Hoechst was added to each
well, and the plates were incubated for 30-40 minutes. The plates
were then analysed using the IN Cell Analyzer 1000 automated
epifluorescence microscope (GE Healthcare). The total cell number
and the number of cells with bright nuclei were quantified using the IN
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Cell Analyzer Workstation software (v3.5). The threshold for bright
nuclei was set to include apoptotic nuclei, but not mitotic nuclei in
which the DNA is condensed.

2.13.3 Cell morphology analysis
Cells were allowed to adhere to glass coverslips on the bottom of

each well in a 24-well plate. Cells were fixed with 70% ice-cold
methanol for 10 minutes and then incubated with 250 ul of 1xPBS
containing 1 pg/ml DAPI and 1 ug/ml FITC. The coverslips were then
washed, removed from wells and mounted on a microscope slide
using VECTASHIELD antifade mounting media. Samples were analysed
with a confocal microscope (Zeiss710, Zeiss) and cell morphology
were scored using a cell counter plug in (Image] open source

software).
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2.14 COMET assay
Reagents were prepared as described in Table 2.10.
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Reagent name Reagent composition

Normal melting point agarose (1%) in

distilled water. 800 ul molten normal
melting point agarose was added on
each slide after being heated

Agarose for slides coating carefully in microwave. A coverslip

was added on top and was left to set

for 5 minutes. The coverslip was then
removed and slides were left to air

dry overnight.

1% Low Melt Agarose (BioRad
#1613111) in 1xPBS was kept at
37°C in the water bath for the

duration of the experiment.

Low melting point agarose

2.5 M NaCl, 100 mM EDTA disodium
salt, Tris base 10 mM in distilled
water, pH 10.5 (adjusted with NaOH).

Lysis Buffer Stored at 4°C. Prior to use, the
solution was completed by adding a
mixture of 1 ml DMSO and 1 ml Triton
X-100 to 98 ml cold lysis buffer.

300 mM NaOH, 1 mM EDTA and 1%
Electrophoresis Buffer DMSO in distilled water, pH > 13.
Stored at 4°C.

Neutralisation Buffer Tris-HCI 500 mM, pH 8.0

MilliQ water - KOH was added drop-

Distilled water pH 8.0 . )
wise to adjust the pH to 8.

SYBR Gold (SYBR® Gold Nucleic Acid
Staining buffer Gel Stain, # S-11494) diluted
1:10000 in distilled water, pH 8.0

Table 2.10: Reagents used for COMET analysis
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After radiation treatment, cells were lifted at the appropriate time
point and transferred into a 1.5 ml tube. 1 ml of Low Melt Agarose was
then added, samples were mixed gently by pipetting up and down
and immediately transferred to a slide on ice. A coverslip was added
on top to level the agarose. When the sample was solidified on the
slide, after about 5 minutes, slides were transferred to a coplin jar
containing fresh cold alkaline lysis solution and incubated in the dark
at 4°C for one hour. The slides were then placed side by side in a dark
horizontal electrophoresis tank filled with fresh cold electrophoresis
buffer. The samples were left for 30 minutes for alkaline unwinding in
the dark inside the tank. The samples were subjected to
electrophoresis at 25 V for 25 minutes, at a current of 300 mA. After
electrophoresis, slides were removed carefully from tank and rinsed
with 1 ml of neutralisation buffer for 5 minutes twice, and then
allowed to air dry overnight. The next day, the slides were hydrated in
distilled water at pH 8.0 for 30 minutes, and then 1 ml of staining
buffer was added for 30 minutes. The samples were then washed with
water and left to dry overnight. The samples were scored under a
fluorescence microscope (Nikon 90i, Nikon) at 459 nm excitation wave

length, using Komet 5.5 Software (Andor Technology).
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2.15 Prognostic analysis
Prognostic analysis was carried out by Dr. Francesca Buffa as

previously described [92], [93]. Briefly, the prognostic meta-analysis
was carried out using the rmeta R package (http://cran.r-project.org/).
A fixed-effect model was used. The log hazard ratios and standard
errors were obtained for each study from Cox proportional hazards
regression, study results were combined using the generic inverse-
variance method. The variance was estimated as the square of the
standard errors. This follows a Chi-Squared distribution with
approximately k-1 degrees of freedom (k=number of studies). The
patient numbers and treatment information for the data sets were as

follows:

. GSE6532: Early stage breast cancer patients given adjuvant
tamoxifen [94]. GSE65320xf, GSE6532KI, GSE6532GUY datasets
contain 98,136 and 87 patients, respectively.

. GSE2034: 286 patients with early breast cancer not receiving
either adjuvant or neoadjuvant therapy. 219 patients received breast
conserving surgery and 67 were given radical mastectomy. 248
patients received radiotherapy [95].

. GSE9195: 77 early stage breast cancer patients which were
treated with adjuvant tamoxifen monotherapy [94].

. GSE1456: 159 patients early breast cancer patients. 104 receiving
adjuvant tamoxifen or chemotherapy [96].
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2.16 Immunohistochemistry analysis
Prostate cancer samples for IHC and associated anonymous follow up

data (ORB ethics 09/H0606/5+5) were a kind courtesy of Dr Richard |
Bryant (Nuffield Department of Surgical Sciences, University of
Oxford).

The biopsy samples had been fixed in formalin and embedded in
paraffin before they were archived in 4 um sections mounted on a
microscope slide. The cohort included n=128 patients who received
radical localised radiotherapy with curative intent. Prostate biopsies

were collected at the time of diagnosis.

2.16.1 Staining
Samples staining was a kind courtesy of Lucia Cerundolo (Nuffield

Department of Surgical Sciences, University of Oxford).

On day 1 slides were submerged in Histo-Clear Il solution (National
Diagnostic - HS-202) twice for 5 minutes with gentle shaking. Slides
were then submerged in sequence for 5 minutes in ethanol at
different dilutions in H,O (100% two times, 90%, 70%). To prevent
background staining slides were then washed for 10 minutes in 10%
hydrogen peroxide in methanol. Slides were then submerged in 90%
and consequently in 70% ethanol and three times in fresh H,O (5
minutes incubation for each step). Slides were then submerged 10
minutes in Na citrate for de-masking at a temperature of just below
100°C (to prevent boiling). Slides were then incubated at RT for 10
minutes and then incubated for 30 minutes at RT in 5% normal goat
serum (NGS) in PBS in order to quench non-specific immunoproteins.
110 pl of primary antibody were then added to each sample. The
antibody used for detecting TOPK was purchased from Cell Signaling
Technology (#4942S) and used at a diluted concentration of 1:50 in
5% NGS/PBS. Samples were incubated overnight in a humidity
chamber at 4°C.
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On day 2 slides were washed twice by submersion in PBS with gentle
rocking for five minutes. Secondary antibody was then added at a
1:250 dilution in 5% GS/PBS and incubated at RT for 45 minutes in a
humidity chamber. The antibody used was purchased by Vector
Laboratories (BA-1000, 1.5 mg/ml biotinylated Anti-Rb 1gG affinity
purified). After incubation the slides were washed in PBS for 5 minutes
at RT. ABC reagent was then added (RTU Vectastain - Vector
Laboratories PK-7100) for exactly 15 minutes in the humidity chamber
at RT. After exactly 15 minutes each slide was washed with PBS for
three times. DAB substrate kit for peroxidose SK-4100 - Vector
Laboratories was then added for exactly 5 minutes and slides were
then washed with PBS first and then with H,O. Harris Hematoxilin
(SIGMA HHS32-1L) was added for 15 seconds and then washed off
with water. Slides were then dehydrated by incubating for about 1
minute in subsequently 70%, 90%, 100% ethanol. Finally samples
were covered carefully with a coverslip with mounting medium

Omnimount (National Diagnostic - HS-110).

2.16.2 Scoring
Scoring was kindly performed by Dr Clare Verrill, pathologist (Nuffield

Department of Surgical Sciences & Department of Cellular Pathology,
University of Oxford).

A four-point staining intensity scoring system was devised for
determining the relative expression of TOPK in cancer specimens. The
maximum staining intensity score ranged from 0 (no expression) to 3
(maximal expression). Samples were scored for nuclear TOPK
expression and for cytoplasmic TOPK expression. A relative
percentage of cancer cells with the assigned protein intensity was
also given. The intensity and percentage scores were multiplied to
give a TOPK expression score (0-300) for nuclear or cytoplasmic
expression. Total TOPK expression was obtained by addition of the

nuclear and cytoplasmic score (0-600).
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2.16.3 Statistical methods and patient survival analysis
Patients survival curves were obtained by Kaplan-Meier analysis using

a log rank test and SPSS statistic 22 software (IBM, Portsmouth, UK).
All statistical tests were performed as two-tailed tests. Differences

were considered significant at a p-value of less than 0.05 (p<0.05).
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3.1 Introduction
Finding and targeting novel genes that regulate radiation response in

tumours would widen the therapeutic window between tumour control
probability and normal tissue complication probability, allowing better
disease control and improved patient survival. It is therefore crucial to
identify in vitro those modulators of radiosensitivity which could be
translated into the clinic and the colony formation assay (CFA) has
become the gold standard for assessing radiation treatment in vitro
[62].

Our laboratory has recently developed a 96-well plate colony
formation assay, enabling the screening of novel radiosensitising
targets with a high-throughput approach with the use of siRNA gene
silencing [64]. In order to identify novel radiosensitising genes, Dr.
Gagan Tiwana and Dr. Remko Prevo in our laboratory used this assay
to perform an siRNA screen in Hela cells treated with 0 Gy and 7 Gy
IR, after pooled siRNA gene knockdown targeting kinases. HelLa cells
were chosen because they form distinct and tight colonies, have a
good transfection efficiency, and are a widely used cancer model. A
colony was considered to be a group of about 50 cells or more, and
the number of cells plated was optimised to make it possible to
calculate the surviving fraction (SF). Figure 3.1A shows an example of
an irradiated and an unirradiated 96-well plate showing a difference in
colony formation post 7 Gy IR and siRNA treatment. In this example
the magnified well shows radiosensitisation due to thiamine
pyrophosphokinase-1 (TPK1) siRNA knockdown [64]. A non-targeting
SiRNA (siNT) was used as a negative control (average plating
efficiency: 28%, average surviving fraction at 7 Gy: 0.084) and DNA-
PK. was used as a positive control (average surviving fraction at 7 Gy:

0.0038). A radiosensitisation score (Rswre) Was calculated in order to

74



CHAPTER 3 3.1 Introduction

rank the genes as described in equation (4) below, with low values

representing greater radiosensitisation [64].

R, =(normalised SF —1)/( meanabsolute deviationof normalised siNT SF) (4)

score

The process included two phases, a primary screen to identify genes
whose depletion increased radiosensitivity from a pool of 709 siRNAs
(siRNA library: Dharmacon ON-TARGET plus), and a secondary screen
(siRNA library: Dharmacon siGENOME) of the top 76 genes that
showed radiosensitising properties in the primary screen. Both
screens were performed in two replicates, and a heat map showing
the top candidate genes, ordered by rank-product between the two
repeats, of the secondary screen is shown in Figure 3.1B. The screen
identified known modulators of radiosensitivity, including DNA-PKc
(PRKDC) and ATM (Figure 3.1B) as genes with low Rsore rankings,
confirming the ability of the screening technique to identify

radiosensitising genes Figure 3.1C.

The screen identified a large list of candidate genes that needed
further validation and investigation.
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A

In each replica ordered by rank product

R-ﬂm

Figure 3.1: A high-throughput colony formation screen performed by Gagan
Tiwana and Remko Prevo in our laboratory identified a list of candidate genes that
modulate radiosensitivity in HelLa cells (adapted and permission gained from [64]).
(A) An example of two 96-well plates either unirradiated (top) or irradiated
(bottom). Each well represents a gene knockdown. The two magnified wells show
the difference in colony formation after 7 Gy IR for the same siRNA treatment (in
this example siRNA targeting TPK1). (B) Heat map of the kinase primary screen
showing the two repeats (left and right) ordered by Rswe ranking of the
investigated 709 kinase genes. Radioprotection is labelled in blue and
radiosensitisation in red. (C) A magnification of the greatest modulators of
radiosensitivity after siRNA knockdown identified in the secondary screen (showing
the top 34 genes out of 76). It is interesting to note that some of the genes
identified by the screen are, as expected, known determinants of radiosensitivity
such as DNA-PK., ATM, CDC2.

Targets were ranked based on their Rsoe and the rank product was
generated between replicate runs for both the primary and the
secondary screen as described previously [64]. Figure 3.2A and Figure
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3.2B show two separate repeats of the secondary screen, in which
only the top 76 radiosensitising siRNAs from the primary screen were
tested. In both repeats of the secondary screen, knockdown of GAK,
EPHB2, CSFIR and TOPK caused reproducible radiosensitisation in

Hela cells.
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Figure 3.2: Secondary screen dot-plot of the Rs.. for each kinase gene in Hela
cells. (A) The first repeat. (B) The second repeat. The selected genes CSF1R, EPHB2,
GAK and TOPK are shown in red and are labelled. The Rs.r indicates the degree of
radiosensitisation (for negative values) or radioprotection (for positive values).
SiRNAs that reduced the plating efficiency under a level of 5% were excluded from

the analysis. Adapted and permission gained from [64].

77



CHAPTER 3 3.2 Results

3.2 Results

3.2.1

Gene selection and validation

The criteria used to determine which genes to investigate further

were as follows:

Novelty in the context of radiation. A literature research was
performed to assess whether the gene was already known as

radiosensitiser.

Differential expression. The Oncomine 3.0 [75], [76] database
was used to evaluate the tumour and normal tissue expression
profile of the candidate gene. An ideal modulator of
radiosensitivity is differentially expressed in tumour and normal
tissues. Targeting of differentially expressed genes may allow

widening of the therapeutic window in the clinic.

Availability of reagents for further studies. In order to determine
the mechanism of action of radiosensitisation, reagents such as
antibodies are essential. Reagent availability was therefore
determined by literature searching and checking various

scientific suppliers.

This preliminary approach identified a list of potentially interesting

candidates, four of which will be presented in this chapter. Before

considering these genes as potential modulators of radiosensitivity,

their validation and a mechanistic characterisation was needed.

The selected candidate genes for further investigation are described

in Table 3.1 and are represented in red in the dot-plot of the Recre Of

the two repeats of the secondary screen in Figure 3.2.
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) . Screening final
Candidate Full name Known function

ranking [64]

Controls the
production,
differentiation and
functions of

Colony )
_ _ macrophages. It is
stimulating )
CSF1R also upregulated in 24t
factor 1 _ _
different leukaemias
receptor

and may be involved
in mammary
carcinogenesis [97],
(98]

_ Regulates glioma cell
Ephrin type-B _
EPHB2 adhesion, growth and 20t

receptor 2
P invasion [99], [100]

Androgen receptor

Cyclin G- .

. related gene involved
GAK associated _ 10
_ In prostate cancer
kinase
development [101]

MAPKK:-like kinase,
T-LAK cell- can be a substrate for
originated CDK1/Cyclin B.
protein kinase [Phosphorylated in

TOPK (also known as/mitosis. Role in 32
PBK, PDZ- proliferation.
binding Suppression induces
kinase) multinucleation [71],
[72], [74]

Table 3.1: Kinome targets chosen for further investigation. The known function
column gives a short description of the most relevant published literature. The
screening final ranking column represents the final ranking for each siRNA on the
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list of radiosensitisers with 1 being the most radiosensitising siRNA. The final
ranking was calculated based on the Rs.r Of the different repeats of the screen.
The first step taken to validate the selected four candidate genes,
CSF1R, EPHB2, GAK and TOPK was to test whether radiosensitisation
was also observable in cell lines other than Hela following siRNA-
mediated depletion of the gene activity. A set of 6-well plate CFAs
were conducted in a panel of different cancer cell lines and the data is
presented in Figure 3.3 for HelLa (cervix adenocarcinoma) cells, in
Figure 3.4 for SQ20B (laryngeal carcinoma) cells, and in Figure 3.5 for
T24 (bladder carcinoma) cells.
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Figure 3.3: CFAs in HelLa cells to validate the four selected genes. HelLa cells were
transfected with the indicated siRNA. After 48 hours the cells were lifted, counted,
replated in fresh medium and irradiated at either 2 Gy, 4 Gy or 6 Gy. Colonies were
stained and counted after 2 weeks. siRNA knockdown of CSF1R (A), EPHB2 (B),
GAK (C) and TOPK (D) caused radiosensitisation in HelLa cells. (E) CSF1R, EPHB2
and GAK knockdown was confirmed with qPCR, and TOPK knockdown was
confirmed by immunoblotting.

All data are representative of three independent experiments and presented as
mean +/- SD from triplicate wells. Cells were transfected with the indicated siRNA
at 20 nM final concentration. Colonies were stained and counted about 2 weeks
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after IR depending on growth rate. p-values were generated by factorial 2-way
ANOVA. PE = Plating Efficiency. SERi, = Sensitisation Enhancement Ratio at 0.1
surviving fraction calculated from non-linear regression of linear quadratic model.
Student's t-test was calculated for the statistical significance of gPCR knockdown
levels. ¥p<0.05, **p<0.01, **p<0.001.

$Q208 $Q20B
1004 =+ siNT 1004 & siNT
- & siCSF1R - I & siEPHB2
8 p <0001, SER,; 1.02 8 p=0001, SER.y 118
k7] k3]
] ]
b b
(IS (IS
= =@
£ £
= =
= =
5 FA 5 :
7] SINT PEga,: 30.3 % (+- 6.2 %) n SINT PEgg,: 30.3 % (+- 6.3 %) 4
SICSF1R PEge, 29.3% (#/-64 %) SIEPHB2 PEyc,. 9.8% [+i- 3.7%)
10 T T Y 10 T T ]
0 2 4 [ 0 2 4 [
Dose (Gy) Dose (Gy)
50208 $Q208
1004 & siNT 1008 - siNT
c & SIGAK c r 4 SITOPK
8 p <0001 SER, 123 o p < 0.001, SER,y 113
k3] S
g & 5
('R [T
@ ., @
E £
E =
s 4 =
= 'S .
2 : ; m e 3 o ; " a
@ SINT PEggy: 303 % (+-B.3 %) h SINT PEgg, 33.7 % (+- 123 %) ;
SIGAK PEyay: 24.9 % (+- 19.3 %) l SITOPK PEqy. 55.4 % (+/- 24.6 %)
10 T T 1 10 T T )
0 2 4 [ 0 2 4 8
Dose (Gy) Dose (Gy)
E SQ20B mRNA
h
% %

Refative expression

£ 4 f}; § o

Figure 3.4: CFA with SQ20B cells to validate the four selected genes. (A) CSFI1R
SIRNA knockdown caused radiosensitisation in SQ20B cells. (B) Survival curves for
EPHB2 showed a significant radiosensitisation on SQ20B cells. (C) siGAK showed
the greatest radiosensitisation in SQ20Bs. (D) TOPK knockdown showed a
significant radiosensitising effect in SQ20B. (E) CSF1R, EPHB2 and GAK knockdown
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was confirmed with gPCR, TOPK knockdown was confirmed by immunoblotting.

All data are representative of three independent experiments and presented as
mean +/- SD from triplicate wells. Cells were transfected with the indicated siRNA
at 20 nM final concentration. Colonies were stained and counted about 2 weeks
after IR depending on growth rate. p-values were generated by factorial 2-way
ANOVA. PE = Plating Efficiency. SER:y = Sensitisation Enhancement Ratio at 0.1
surviving fraction calculated from non-linear regression of linear quadratic model.
Student's t-test was calculated for the statistical significance of gPCR knockdown
levels. ¥**p<0.01, **p<0.001.
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Figure 3.5: CFA in T24 cells to validate the four selected hits. (A) CSF1R siRNA
knockdown did not show a significant radiosensitisation in T24 cells. (B) Survival
curves for EPHB2 showed poor radiosensitisation in T24 cells. (C) GAK siRNA
knockdown shows the most evident radiosensitisation. (D) TOPK showed a good
radiosensitisation in T24 when knocked-down. (E) CSF1R, EPHB2 and GAK
knockdown were confirmed with qPCR, TOPK knockdown was confirmed by

immunoblotting.

All data are representative of three independent experiments and presented as
mean +/- SD from triplicate wells. Cells were transfected with the indicated siRNA
at 20 nM final concentration. Colonies were stained and counted about 2 weeks
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after IR depending on growth rate. p-values were generated by factorial 2-way
ANOVA. PE = Plating Efficiency. SERi, = Sensitisation Enhancement Ratio at 0.1
surviving fraction calculated from non-linear regression of linear quadratic model.
Student's t-test was calculated for the statistical significance of gPCR knockdown
levels. ¥**p<0.001.

In order to investigate the effect of depletion of the CSFIR, EPHB2,
GAK and TOPK genes on intrinsic radiosensitivity, HelLa, SQ20B and
T24 cells were transfected with the indicated siRNAs. After 48 hours
cells were lifted, counted, replated in fresh medium and irradiated at
either 2 Gy, 4 Gy or 6 Gy. Colonies were stained and counted about 2
weeks post IR depending on growth rate. Finally, the surviving fraction
was determined for each dose and the Sensitisation Enhancement
Ratio (SER10) was calculated at 0.1 surviving fraction from non-linear
regression of the linear quadratic model. Statistically significant
radiosensitisation was observed following knockdown of CSFIR,
EPHB2, GAK and TOPK in HelLa cells, with SERi, values of 1.62, 1.51,
1.84 and 1.28, respectively (Figure 3.3). A statistically significant
radiosensitisation was also observed following knockdown of CSFIR,
EPHB2, GAK and TOPK in SQ20B cells, with SER1, values of 1.02, 1.18,
1.23 and 1.13, respectively (Figure 3.4) and following knockdown of
the GAK and TOPK genes only in T24 cells, with SER;, values of 1.62
and 1.37, respectively (Figure 3.5). Knockdown of CSFIR gene
expression could not be achieved in T24 cells, which may explain why
significant radiosensitisation was not observed, but it is unclear why
significant radiosensitisation was not observed following EPHBZ2
knockdown in T24 cells.

As CSFIR and EPHBZ2 knockdown did not radiosensitise T24 cells, it
was decided not to investigate these two genes further. From CFA
results the greatest radiosensitising effects were observed after GAK
and TOPK knockdown.
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As previously stated, the ideal gene for modulating radiosensitivity as
a potential clinical target would show a differential effect between
normal and cancerous tissue. If a gene is not expressed in normal
tissue, its siRNA-mediated knockdown should not be effective and
should not modify the cellular behaviour in terms of
radiosensitisation. In order to test whether the radiosensitising effect
of the knockdown of GAK or TOPK was tumour specific, a set of CFAs
was performed in HFL-1 and MRC5 cells (normal lung fibroblasts).
These two normal cells were chosen based on their ability to form

countable colonies in CFAs.

GAK knockdown showed radiosensitisation with an SERi, of 1.19 in
HFL-1 cells and a greater radiosensitisation with a SERi, of 1.32 in
MRC5 cells, whereas TOPK knockdown did not induce any detectable
effects (Figure 3.6). Levels of TOPK expression were not detectable in
both cell lines, and therefore it was not possible to determine the

efficiency of the siRNA-mediated knockdown.
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Figure 3.6: CFAs in HFL-1 and MRC5 normal cells to test radiosensitisation due to
GAK or TOPK depletion. (A) GAK siRNA knockdown showed radiosensitisation in
HFL-1 cells with a SER10: 1.19. (B) GAK siRNA knockdown showed radiosensitisation
in MRC5 cells with a SER10: 1.32. (C) TOPK depletion did not show any significant
radiosensitisation in HFL-1 cells. (D) TOPK depletion did not show any significant
radiosensitisation in MRC5 cells. (E) GAK knockdown was confirmed with qPCR in
both cell lines, but TOPK levels were undetectable in both cell lines by
immunoblotting.

All data are representative of three independent experiments and presented as
mean +/- SD from triplicate wells. Cells were transfected with the indicated siRNA
at 20 nM final concentration. Colonies were stained and counted about 2 weeks
after IR depending on growth rate. p-values were generated by factorial 2-way
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ANOVA. PE = Plating Efficiency. SERi, = Sensitisation Enhancement Ratio at 0.1
surviving fraction calculated from non-linear regression of linear quadratic model.

Although GAK knockdown caused a radiosensitisation effect that was
non-significant, TOPK siRNA depletion did not show any significant
radiosensitising effects on HFL-1 and MRC5 cells, with SER;, values of
0.96 and 0.99, respectively. These survival curves showed that siRNA-
mediated knockdown of TOPK does not induce radiosensitisation in

the two normal tissue cell lines tested.

As previously stated, one of the criteria for target selection was the
differential expression between normal and cancerous tissues. For this
reason the Oncomine 3.0 [75], [76] database entry for each gene was

checked and is shown in Figure 3.7.
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Figure 3.7: Oncomine 3.0 Database disease summary for CSF1R, EPHB2, GAK and
TOPK.

Data were retrieved from the Oncomine cancer microarray database through the
Oncomine web platform described in [75], [76]. Data represent the up-to-date
collection of all the published works containing microarray data about the enquired
gene. The total number of studies considered is indicated in the “Total Unique
Analyses” field, where the “Significant Unique Analyses” field indicates the
significant analysis based on the selected threshold. Colours are Z-score

normalised and represent least expressed (blue) to most expressed (red). The
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number in each square indicates the amount of significant studies in which the
gene had differential expression in cancer compared to normal tissue.

Threshold was established using the suggested values from [75] (p-value) 1x10*.
Fold change 2. Gene rank top 10%. Red indicates relative overexpression and blue
indicates relative underexpression. The number in each square represents the
number of studies analysed to produce the data.

Figure 3.7 presents the Oncomine 3.0 database entry for each gene.
Data are presented in red or blue depending on the gene mRNA
levels, being overexpressed or underexpressed respectively in each
cancer type. The number in the coloured square indicates the amount
of significant studies in which the gene had differential expression in
cancer compared to normal tissue. CSFIR is overexpressed in seven
of the total number of considered cancers and is underexpressed in
three of them including bladder cancer. This might explain why CFAs
did not show radiosensitisation nor gene knockdown in the T24
bladder cancer cell line. EPHBZ2 is overexpressed in the majority of the
considered cancers and is underexpressed in two. Oncomine reports
GAK to be overexpressed in only two cancers and underexpressed in
four. Data for TOPK expression show a very marked overexpression in
the majority of the reported cancer types and underexpression in
three of them. The clear differential TOPK expression between cancer
and normal tissues suggested that TOPK would be a good candidate

for further study.

Furthermore, in order to confirm that TOPK has differential expression
between normal and cancer tissues at a protein level, immunoblotting
was performed to investigate TOPK levels in cell lysates from a set of
different cancer cell lines and two normal tissue cell lines. The
membrane was probed using an anti-TOPK antibody to detect the
protein at the expected size of ~ 40 kDa. The tested cell lines are
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listed in Table 3.2 and the resulting immunoblot is presented in Figure
3.8.

DLD1 Colorectal adenocarcinoma

A549 |Lung carcinoma

H460 |Lung carcinoma

HeLa Cervix adenocarcinoma

SQ20B |Laryngeal carcinoma

T24 |Bladder carcinoma

HCT116 Colon carcinoma

H1299 Non-small cell lung carcinoma

MRC5 |Normal lung tissue

HFL-1 |Foetal normal lung fibroblast

Table 3.2: List of the cell lines tested for TOPK protein level. Two normal tissue cell
lines were included (MRC5 and HFL-1). All cell lines were authenticated by STR
profiling.

Figure 3.8: Immunoblotting of different cancer and normal tissue cell lysates
revealed detectable levels of TOPK protein only in the cancer cell lines. The
Ponceau staining of the membrane is shown as a protein loading control.

Levels of TOPK varied between the tested cell lines but showed a
striking difference between cancer cell lines (DLD1, A549, H460,
Hela, SQ20B, T24, HCT116 and H1299) and normal cells (MRC5 and
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HFL-1). Highest TOPK protein levels were detected in the DLD1, A549,
HCT116 and H1299 cell lines.

These observations suggested that TOPK was the leading candidate
for further investigation. Therefore this thesis will focus on the study
of TOPK.

3.2.2 Identification of TOPK as modulator of
radiosensitivity
The T-LAK cell-originated kinase TOPK, also known as PDZ-binding

kinase (PBK), is a 322 amino-acid Ser/Thr kinase first identified in
1999 [71].

One of the reasons that makes TOPK an attractive candidate as a
modulator of radiosensitisation is its differential expression between
normal and cancerous tissues (Figure 3.7 and Figure 3.8) and the
consequent radiosensitisation of cancer cells with no effects on
normal tissues after siRNA knockdown (Figure 3.3, Figure 3.4, Figure
3.5, Figure 3.6 and Figure 3.6).

In order to investigate the effect of TOPK knockdown in other cell
lines, CFAs after TOPK depletion were performed on a panel of cancer
cell lines including HCT116 (colorectal cancer), H1299 (non-small cell
lung carcinoma), DU145 (prostate cancer), and PC3 (prostate
adenocarcinoma). The results are presented in Figure 3.9. Depletion
of TOPK showed significant radiosensitisation in HCT116 (Figure 3.9A),
H1299 (Figure 3.9B), DU145 (Figure 3.9C), and PC3 (Figure 3.9D) cell
lines. In particular the HCT116 and DU145 cell lines showed the
strongest effect with an SER;o of 1.45 and 1.55, respectively. The
SER;o for H1299 cells was 1.28, and for PC3 cells was 1.35. The level
of TOPK knockdown, shown by immunoblotting, was good in HCT116,
H1299 and DU145. Although incomplete knockdown was observed in
PC3 cells, this was still sufficient to induce radiosensitisation. Either B-
Actin or Vinculin were used as a loading control. These data suggest
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that targeting TOPK could improve sensitivity to radiation in a range

of tumour types, making this an attractive possible clinical approach.
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Figure 3.9: TOPK knockdown causes radiosensitisation in multiple cancer cell lines.
(A) Colony formation assay (CFA) in HCT116 cells. (B) CFA in H1299 cells (C) CFA in
DU145 cells (D) CFA in PC3 cells. For all the four cell lines TOPK knockdown was

confirmed by immunoblotting (ins

et).

All data are representative of three independent experiments and presented as

mean +/- SD from triplicate wells. Cells were transfected with the indicated siRNA
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at 20 nM final concentration. Colonies were stained and counted about 2 weeks
after IR depending on growth rate. p-values were generated by factorial 2-way
ANOVA. PE = Plating Efficiency. SERi1y = Sensitisation Enhancement Ratio at 0.1

surviving fraction calculated from non-linear regression of linear quadratic model.

3.2.3 Validation of TOPK as modulator of radiosensitivity
In order to exclude possible off-target effects, a deconvolution CFA

was performed using the HCT116 cell line. The cells were transfected
either with siTOPK_1 or siTOPK_2 siRNAs at 20 nM final concentration.
These two different siRNA constructs target different regions within
the TOPK gene. After 72 hours the cells were then lifted, replated and
irradiated. Colonies were counted after 2 weeks. The produced

survival curves are shown in Figure 3.10A:
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Figure 3.10: (A) Colony formation assay (CFA) in HCT116 cells irradiated 72 hours
post Ambion siRNA transfection at 20 nM final siRNA concentration with either non-
targeting (siNT), siTOPK 1 or siTOPK 2. (B) HAP1 wild type (WT) cells expressing
TOPK showed a statistically significant radioresistance when compared to the HAP1
TOPK knock-out (k.o.) cell line. TOPK knockdown or knock-out was confirmed by
immunoblotting (inset).

All data are representative of three independent experiments and presented as
mean +/- SD from triplicate wells. HCT116 cells were transfected with the indicated
siRNA at 20 nM final concentration. Colonies were stained and counted about 2
weeks after IR depending on growth rate. p-values were generated by factorial 2-
way ANOVA. PE = Plating Efficiency. SER1, = Sensitisation Enhancement Ratio at 0.1
surviving fraction calculated from non-linear regression of linear quadratic model.

in

The survival 3.10A showed a significant

radiosensitisation for both the siRNAs siTOPK_1 and siTOPK 2, with a
SER;o of, respectively, 1.74 and 1.49, suggesting a gene-specific

curves Figure

effect on colony formation due to siRNA silencing of TOPK.

Furthermore, a HAPl1 TOPK knock-out (TOPK k.o.)
purchased from Horizon Discovery. This cell line is an adherent

cell line was

haploid cell line derived from the KBM-7 leukaemia cell line in which
the gene of interest, TOPK, was knocked-out by the Clustered
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regularly-interspaced short palindromic repeats (CRISPR/Cas9)
technique. By comparing the TOPK k.o. line to the parental cell line,
HAP1 wild type (WT), it was possible to test the effects of lack of TOPK
on radiosensitivity in a colony-formation assay. The results are shown
in Figure 3.10B and reveal a pronounced radiosensitising effect
associated with TOPK knock-out, with a SER1, of 1.45 and a p-value of
less than 0.001. The protein expression level for TOPK and the B-Actin
loading control were tested with immunoblotting on cell lysates. Taken
together, these results suggest that the radiosensitisation observed

following TOPK depletion is not due to an unknown off-target effect.
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3.3 Discussion
The need to identify novel modulators of radiosensitivity led our

laboratory to develop a high-throughput kinase screen in 96-well plate
format. This technique, based on the ability of cells to form colonies
after a specific gene knockdown and ionising radiation, was used to
screen a total of 709 kinases, producing a ranking based on the
radiosensitisation of HelLa cells after siRNA knockdown [64]. One of
the limitations of this assay is the use of only one cell line. The HelLa
cell line was chosen because it is a very well described cancer model,
and because of its ability to form countable colonies in a 96-well
plate. However, a response observed using the HelLa cell line is not
necessarily representative of responses observable using other cell
lines. Another limitation of the screen is the possibility of off-target
effects with the potential of consequent false-positive or false-
negative results. These limitations make further investigation and
validation of candidate radiosensitising genes a necessity.

From the list of kinases with the highest rank product, shown in Figure
3.1, four genes were selected for further investigation and validation
based on their novelty in the context of radiation, their differential
expression in normal tissues compared to cancerous tissues, and the
availability of reagents. These genes were CSF1R, EPHB2, GAK and
TOPK (Figure 3.2).

CSF1R, Colony Stimulating Factor 1 receptor, has been described as a
key regulator of monocyte differentiation and of the generation of
tissue-resident macrophages. It has also been shown to be
upregulated in different leukaemias and may be involved in mammary
carcinogenesis [97], [98], [102]. In the presented study it was shown
to radiosensitise HeLa and SQ20B cells but not T24 cells. Furthermore
the available expression data showed overexpression of CSFIR in a
limited number of cancers (Figure 3.7).
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EPHBZ2, Ephrin type-B receptor 2, has been shown to regulate glioma
cell adhesion, growth and invasion. It is a prognostic factor and a drug
target for the treatment of colorectal cancer and is often mutated in
prostate cancer [99], [100], [103]-[105]. Here it was presented as a
modulator of radiosensitivity in HeLa and SQ20B cells, but not in the
T24 cell line. Expression data in Figure 3.7 from the Oncomine 3.0
database showed overexpression of EPHB2 in a number of cancers

and underexpression in only two types.

GAK, Cyclin G-asociated kinase, is an androgen receptor related gene
that is involved in prostate cancer development. It regulates
epidermal growth factor receptor signalling and promotes microtubule
outgrowth during spindle assembly [101], [106], [107]. In this study it
was shown to induce significant radiosensitisation after siRNA
knockdown in all cancer cell lines tested. However, radiosensitisation
was observed following GAK depletion in HFL-1 and MRC5 normal
cells, and expression levels did not suggest overexpression of GAK in

the majority of cancers.

TOPK was identified as a strong modulator of radiosensitivity in a
panel of cancer cell lines with no effects on normal tissues.
Furthermore, Oncomine 3.0 data revealed TOPK overexpression in the
majority of cancer types. Therefore TOPK was the most promising
candidate, and was chosen for further studies.

TOPK, also known as PDZ-binding kinase (PBK), is a 322 amino-acid
Ser/Thr kinase first identified in 1999 [71]. Its differential expression
between normal and cancerous tissues and its known correlation with
bad outcome when upregulated in tumours suggested it could be an
attractive candidate as a modulator of radiosensitivity. It has been
shown that TOPK expression in normal tissues is restricted to testis

and placenta [71]-[74] and that it is upregulated in most cancers.
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High levels of TOPK have been linked to poor clinical efficacy in many
different studies. In breast cancer patients TOPK expression has been
shown to correlate with adverse outcomes in terms of overall survival
and recurrence free survival [77]. Its adverse effects on tumour
control have also been shown in non-small-cell lung cancer (NSCLC),
where TOPK has been positively correlated with p53 mutant
expression levels with highest TOPK expression in lymph nodes and
metastases [78]-[80]. In prostate cancer patients levels of TOPK were
also shown to commensurate with invasiveness and cancer stage,
with higher levels of expression in circulating tumour cells (CTCs) and
a negative effect on clinical outcome. In colorectal cancer, levels of
TOPK were correlated with levels of interlukin-8 (IL-8 or CXCLS8)
[83] and KRAS and BRAF mutations [84], and a prognostic role of
TOPK for predicting poor clinical outcomes was suggested.

The Oncomine 3.0 Database entry for this gene [75], [76] confirmed
that TOPK is overexpressed in most cancerous tissues as shown in
Figure 3.7.

Previous studies have tried to identify the mechanisms of action of
TOPK in different cellular contexts. It has been shown that TOPK
phosphorylates p38 [71] and that it is able to downregulate PTEN
expression with consequent phosphorylation of AKT and an increased
cell migration and invasion effect [80]. TOPK was shown to serve as
an oncogenic kinase that exerts positive feedback loop on ERK2 which
promotes colorectal cancer formation in vitro and in vivo [85]. Hu et
al. (2010) showed a direct interaction between TOPK and the tumour-
suppressor p53, with consequent regulation of p21 expression and
effects on cellular growth [88]. A major role for TOPK during mitosis
has also been described. It was described in HeLa as a regulator of
the mitotic C2H2 zinc finger proteins [108] and to participate together
with PTEN in CHFR mediated mitotic checkpoint activation [86]. TOPK
phosphorylates histone H3 (Serl0), which is needed for the initiation
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of metaphase, and TOPK down-regulation with RNAi results in
cytokinetic failure and cell cycle arrest [109], [110]. Furthermore, a
positive regulatory role in proper chromosomal separation has been
described for TOPK [74], [109].

In the context of DNA damage, TOPK has only been studied in
response to doxorubicin or arsenite treatment [88], [89] and
ultraviolet radiation (UV-B) [90], [91] showing an inhibition of the
damage-induced checkpoint activation and, when depleted, a
decreased phosphorylation of the H2AX histone [91].

To the best of my knowledge, the radiosensitisation observed in this
study after siRNA knockdown of TOPK, presented in Figure 3.3-3.5, is
the first study of TOPK in the context of ionising-radiation induced
DNA damage.

The radiosensitising effect of TOPK depletion was tested in a colony
formation assay (CFA) format in a panel of different cancer cell lines.
Furthermore, these CFAs were performed in a 6-well plate format
rather than the 96-well plate format used for screening, which allows
a better discrimination of colonies for more precise counting. Whereas
the screen tested only 0 Gy and 7 Gy, these 6 well CFAs tested four
different radiation doses (0, 2, 4 and 6 Gy) to investigate the dose-
dependency of the effect.

The differential expression between normal and cancerous tissues
(Figure 3.7) was confirmed on a protein level with immunoblotting of
whole cell lysates from a panel of cancer cell lines and two normal cell
lines which did not show a detectable band (Figure 3.8). CFAs using
two normal cell lines not expressing TOPK showed no
radiosensitisation following TOPK depletion, suggesting a potential
tumour-specific role for TOPK in the response to ionising radiation
(Figure 3.6C and D).
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TOPK was shown to be expressed in a panel of cancer cell lines, and
its depletion was shown to radiosensitise HelLa, T24, SQ20B, HCT116,
H1299, DU145 and PC3 cells. However, for the following experiments
and mechanistic investigations HCT116 cells were chosen as the most
suitable model. This is because HCT116 cells have a high level of
TOPK expression, as shown in Figure 3.8, and convincing
radiosensitisation was observed after siRNA mediated knockdown of
TOPK, with an SER;o of 1.45. Furthermore high levels of TOPK have
been previously shown to be correlated with a lower survival and
disease-free survival in colorectal cancer patients [83] and to be an
unfavourable prognostic indicator in patients with sporadic KRAS or
BRAF mutations [84]. HCT116 have been shown to form xenograft
tumours in mice, so this cell line could be a good model for future in
vivo experiments [85]. Mechanistic studies have shown an interaction
between TOPK and the DNA-binding domain of p53 and an increase in
levels of apoptosis after doxorubicin treatment in HCT116 [88]. The
0TS964 TOPK inhibitor has been tested on HCT116 with an ICs, of 33
nM [111]. Furthermore, HCT116 form very defined and countable
colonies in a CFA, are p53 wild type, and are relatively easy to
transfect. Therefore the studies presented in the subsequent sections
of this thesis will focus on HCT116.

Gene silencing is a potent tool for discover new targets but can be
frequently influenced by the discovery of false-positives. These arise
from unspecific targeting of the siRNAs which might induce silencing
of random genes which will affect the final endpoint [112]. It becomes
crucial then to validate siRNA silencing by excluding the possibility of
the observed effect to be off-target.

A deconvolution experiment was performed in HCT116 cells in order
to exclude the possibility of an off-target effect of the siRNA. Two new
siRNA sequences, siTOPK 1 and siTOPK 2, caused a significant
radiosensitisation in a CFA format (Figure 3.10A). The
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radiosensitisation effect was further confirmed using the HAP1 TOPK

knock-out cell line (Figure 3.10B).

A further experiment to exclude off-target effects was performed by
overexpressing an siRNA-resistant TOPK vector in HCT116 cells (data
not shown). The goal was to rescue the radiosensitisation observed
after siRNA-mediated knockdown of TOPK. Unfortunately the
experiment did not work. There could be multiple explanations for
this, including an inappropriate level of TOPK protein overexpression,
or inappropriate timing of TOPK expression. Addressing these issues
was beyond the scope of this work.

Taken together these results identify TOPK as a molecular regulator of
radiosensitivity with broad potential for further mechanistic studies
and possible future clinical applications.
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4.1 Introduction
TOPK was selected from a list of candidate genes identified by a high-

throughput CFA screen of 709 kinases as a potential regulator of the
radiation response in cancer cells. In this study, an increased
radiosensitisation after siRNA TOPK knockdown was observed in a
panel of cancer cell lines, with no effect on normal tissues.
Furthermore, TOPK is overexpressed in cancer, conferring poor
prognosis, and is not expressed in most normal tissues. These
findings made TOPK an ideal clinical target candidate, but did not
reveal a mechanism of action for the radiosensitisation.

In order to explore the role of TOPK in altering tumour radiosensitivity,
its effects on the cellular response to ionising radiation were
investigated. Several approaches were undertaken to investigate
different endpoints in irradiated HCT116 cells following TOPK
depletion.

Various previous studies have implicated TOPK in cell proliferation and
cell migration. In absence of DNA damage, overexpressed TOPK has
been shown to immunoprecipitate with a-tubulin and with both cyclin
B1 and CDK1 in COS-7 cells [74]. It has been also shown that TOPK
phosphorylates p38 in TOPK-overexpressed COS-7 cells and in a
kinase assay in vitro [71]. TOPK was shown to participate to the
PI3BK/AKT pathway and influence cell migration [80]. This study
revealed a negative correlation of the levels of TOPK protein with the
levels of PTEN and a consequent positive correlation with the levels of
phospho-AKT in lung cancer cell lines. Furthermore in breast cancer
TOPK has been shown to phosphorylate histone H3 in vitro and in vivo
[87]. A two-hybrid screen identified an interaction of TOPK with the
PDZ2 domain of hDIg tumour suppressor [72] and IkBa leading to NF-
kB activation [113]. In HEK293 cells overexpressing TOPK and in
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HCT116 untransfected cells, TOPK has been shown to participate in a
positive phosphorylation loop with ERK2 [85].

Prior to the present work, the role of TOPK in the cellular response to
IR-induced DNA damage has not been published in the literature. In
the context of DNA damage, TOPK has only been studied in response
to doxorubicin treatment [88], [89], arsenite (As**) treatment [90] and
ultraviolet radiation (UV-B) [91]. Overexpression of TOPK in
fibrosarcoma cells (HT1080) has been shown to physically destabilise
tumour-suppressor p53 and attenuate the G./M checkpoint after
doxorubicin treatment [89]. Furthermore it has been shown that TOPK
knockdown in HCT116 cells increases p53-dependent overexpression
of p21 and elongates the doubling time through accumulation in G>/M
together with an increase in the levels of apoptosis after doxorubicin
treatment [88]. In the context of UV radiation, TOPK depletion has
been shown to reduce the number of y-H2AX foci and decrease cell
survival in human breast adenocarcinoma cells (MCF-7) [91]. TOPK
has also been shown with LC-Ms/Ms (liquid chromatography mass
spectrometry) to bind to H2AX, colocalise with y-H2AX after UV
damage and inhibit arsenite-induced apoptosis in melanoma cells
(RPMI7951) [90].

In contrast with doxorubicin, UV light and arsenite, radiation-induced
DNA damage consists mostly of direct and indirect double-strand
breaks [10]. When the DNA is damaged a prompt and efficient DNA
damage response (DDR) occurs in order to repair the break and limit
the detrimental effects on the cell. The DDR is a complex coordinated
process involving many different steps with multiple different proteins
and pathways which depend also on the type of damage, and is an
area of intense ongoing academic investigation. One of the earliest
events in this process is the identification of the DNA damage site,
which allows the recruitment of the proteins that are needed for DNA
repair. This step can be monitored with immunofluorescence (IF)
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techniques which allow the formation of DNA damage foci at repair
sites to be observed. The phosphorylation of histone H2AX and the
localisation of 53BP1 at the damaged site are broadly used to
evaluate the levels of DNA damage after double-strand breaks (DSBs)
in terms of early damage signalling at few minutes after IR and in

terms of persistent DNA damage at later time points following IR [10].

The COMET assay may also be used to study IR-induced DNA breaks,
signalling and repair. The COMET assay (also known as Single Cell Gel
Electrophoresis assay) uses an electric field to induce migration of the
denatured DNA in an agarose gel. With this technique it is possible to
quantify the DNA damage by measuring the length of the tail
produced by the unwound DNA migration (tail momentum).

Another important event in the DDR is activation of cell cycle
checkpoints. The activation of the G4/S, intra-S and G,/M checkpoints
temporarily halts progression through the cell cycle in order to allow
the faithful repair of the damage before the cell divides. This is a
crucial mechanism for the maintenance of genetic stability and could
lead to senescence (Go) or cell death when the damage is not repaired
[10], [43]. Flow cytometry can be a useful method to divide a cell
population depending on the phase f the cell cycle for each cell. In
particular propidium iodide (Pl) could be used to determine the DNA
content of each nucleus and therefore whether a cell is in G, or G,/M
phase, and bromodeoxyuridine (BrdU) can be used to distinguish early
and late S phase based on its levels of incorporation in newly
synthesised DNA.

The two major types of cell death after irradiation are apoptosis and
mitotic catastrophe. Mitotic catastrophe is sometimes considered as
an aberrant mitosis followed by apoptosis, and is one of the major

events post radiotherapy, especially in solid tumours [114].
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Apoptosis occurs when the cellular genetic stability is irreversibly lost
and it is then easier to limit the damage to the organism by killing the
cell via a programmed cell death pathway. The most evident
hallmarks of apoptosis include cell shrinkage, membrane
permeabilisation and disruption, and chromosome condensation [21].
A key player of this process is p53 [46], [115]. Under normal
conditions p53 is constantly degraded by its binding partner MDM2,
forming a balanced equilibrium. After IR injury, ATM phosphorylates
p53 and MDM2, disrupting the balance. As a consequence the excess
in activated p53 can lead to apoptosis through the activation of pro-
apoptotic genes such as BAX and PUMA [10], [21], [46]. Annexin V
can be used to detect cells that have expressed phosphatidylserine
(PS) on the cell surface, an event which occurs in the early stages of

apoptosis.

Mitotic catastrophe is the improper completion of cell division and is
morphologically associated with the accumulation of multinucleated
cells with the presence of chromosome aberrations and micronuclei,
and has been linked to abnormal CDK1/Cyclin B activation [10]. G;
and mitosis checkpoints are involved in preventing mitotic
catastrophe by ensuring the correct completion of DNA replication
before progression through mitosis, and the bypass of these
checkpoints permits premature mitosis with unrepaired or not fully
replicated DNA leading to this form of cell death [10], [21], [114].
Mitotic catastrophe is a delayed form of cell death and can occur a
few days after treatment [114]. For these reasons, and because a role
for TOPK in mitosis has been thoroughly described in the absence of
ionising radiation [74], [86], [108]-[111], mitotic catastrophe was
studied.

In order to better understand the mechanism behind TOPK modulation
of radiosensitivity, a series of different immunoprecipitations were
performed using different approaches to identify which proteins might
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interact with TOPK at 8 hours after 4 Gy IR in HCT11l6 cells.
Immunoprecipitation is a technique used to separate (pull down) a
target molecule and its interacting partners from the whole cellular
lysate with the use of a specific antibody. The molecules that are
pulled-down are then eluted and analysed in order to identify
interactions.  Immunoprecipitation can be performed after
overexpression and flag pull down or at the endogenous level using a
specific antibody.
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4.2 Results

4.2.1 TOPK depletion alters the early response to
radiation-induced DNA damage
The earliest cellular response to DNA double-strand breaks (DSBs)

involves the phosphorylation of the histone H2AX, forming y-H2AX
foci which localise at the damage site. Simultaneously 53BP1 also
localises at the same DNA region. These two early events trigger the
DNA-damage response and help to recruit DNA repair proteins to the
DSB [10], [21], [25].

In order to test whether TOPK-dependent radiosensitisation was due
to impaired DNA repair machinery, the kinetics of y-H2AX and 53BP1
foci formation and resolution after 4 Gy IR were investigated in
HCT116 cells. This experiment was a time course from 30 minutes,
when the y-H2AX and 53BP1 foci formation are expected to reach a
peak [25], [116], to 24 hours after IR. Foci can be quantified in cellular
nuclei by immunofluorescence techniques. A primary antibody
binding to either y-H2AX or 53BP1 was used with a fluorescent
labelled secondary antibody with excitation at 488 nm (green) and
568 nm (red), respectively. The nuclei were stained with the
fluorescent nuclear dye, DAPI (blue), and the average number of foci
per cell was counted automatically using the InCell Analyzer. The
results, shown in Figure 4.1A, revealed a small but significant
difference in the number of foci between cells transfected with NT
siRNA and cells transfected with TOPK siRNA at 30-minutes with a p-
value of less than 0.1, although this difference was not observed at
the later time points. Similar kinetics were observed also when
scoring cells for 53BP1 foci as shown in Figure 4.1B. However, these
differences are not observed at 4, 8 and 24 hours post IR, suggesting
that TOPK might not have a prominent role in the signalling of DSBs
induced by IR.
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To determine whether the observed kinetics of DDR foci resolution
correlated with the persistence of DNA breaks, the levels of DNA
damage were tested using an alkaline COMET assay and the cellular
growth rate was monitored in vitro by resuspending trypsinised cells

and counting them.

A primary antibody binding to either y-H2AX or 53BP1 was labelled
with fluorescent secondary antibody with excitation at 488 nm (green)
and 568 nm (red) respectively. The nuclei were stained with
fluorescent DAPI (blue) staining and the average number of foci per
cell was counted automatically using the InCell Analyzer. The COMET
assay consisted of encapsulating a low-density cell suspension in low-
melting agarose on a microscope slide. Samples were then lysed with
an alkaline lysis buffer in order to permeabilise the cell membranes
and disrupt the DNA double helix, and were subjected to
electrophoresis at 25 V for 25 minutes, at a current of 300 mA. The
electric field allows the damaged DNA strand to migrate out of the
nucleus into the agarose gel. This process forms a tail drawn from the
nucleus which is detectable with DNA staining and is correlated in
length and intensity to the amount of initial DNA damage. Samples
were stained with SYBR Gold nucleic acid gel stain which has an
excitation maximum at 300 nm (yellow). The tail momentum was
quantified using Komet 5.5 Software (Andor Technology).

The obtained results are shown in Figure 4.1 below.
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Figure 4.1: The role of TOPK in the early DNA-damage response. (A) The number of
y-H2AX foci per cell at 0 hours, 0.5 hours, 2 hours, 4 hours, 8 hours and 24 hours
following 4 Gy IR, 72 hours after transfection with NT or TOPK siRNAs. (B) The
number of 53BP1 foci per cell at 0 hours, 0.5 hours, 2 hours, 4 hours, 8 hours and
24 hours after 4 Gy IR. (C) Alkaline COMET assay to quantify the amount of DNA
damage at 0 hours, 0.5 hours, 2 hours and 8 hours following 4 Gy IR, 72 hours after
transfection with NT or TOPK siRNAs.

Unpaired two-sided student's t-test *p<0.05.

The COMET assay (Figure 4.1C) showed no significant differences
between the cells transfected with TOPK or NT siRNAs in terms of DNA
damage after 4 Gy IR at 30 minutes, 2 hours and 4 hours post
irradiation.

These results suggested that the increased radiosensitivity observed
in the CFAs after irradiation following TOPK knockdown in HCT116
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cells was probably not due to impaired DNA-damage response
machinery. The COMET assay did not show any difference in terms of
DNA damage for siNT and siTOPK at any time point. As a role has
already been described for TOPK in cell cycle progression, it was
therefore speculated that the small difference at 30-minutes for y-
H2AX and 53BP1 foci presented in Figure 4.1A and B might be due to

alterations in the cell cycle progression in the TOPK-depleted cells.

4.2.2 IR-induced alteration of the cell cycle profile after
TOPK depletion
One of the consequences of IR-induced DNA damage is the alteration

of the cell cycle to allow completion of DNA damage repair in order to
avoid the potential catastrophic consequences of undergoing mitosis
with persistent DNA damage. lonising radiation induces a series of
events that allow the cell to repair the DNA damage. One of these
events is the activation of the G:/S and G./M cell cycle checkpoints
[21], [46], [57]. Checkpoint activation is a complex cellular process
which inhibits cell cycle progression until the DNA damage has been
appropriately repaired. If this inhibition of cell cycle progression is not
overcome, the cell may undergo quiescence or programmed cell
death [10], [21], [46], [51].

To investigate the role of TOPK in this process, the cell cycle profile
was examined at different time points in TOPK-depleted HCT116 cells
after 4 Gy irradiation.

In order to study cell cycle modifications, flow cytometry analysis was
performed using Bromodeoxyuridine (BrdU) in combination with
propidium iodide (Pl). BrdU was added at 20 uM concentration to
living cells 30 minutes before being lifted and fixed. BrdU is a
thymidine analogue and gets incorporated into the newly synthesized
DNA of replicating cells during S phase of the cell cycle. Pl is an
intercalating agent and a fluorescent molecule which binds to the
DNA and makes it possible to distinguish the cell cycle stage based on
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the DNA content differences in each phase. These two molecules were
used in combination in flow cytometry experiments to divide the cell
population into four different groups depending on the cell cycle stage
(Gy, early S, late S, G/M) as shown in Figure 4.2 and Figure 4.3. G;
cells have low PI signal and low BrdU signal, early S phase cells have
low PI signal and high BrdU signal, late S phase cells have high PI
signal and high BrdU signal and G»/M cells have high Pl signal and low
BrdU signal.

The depletion of TOPK via siRNA in unirradiated cells, shown in Figure
4.2A, did not alter the asynchronous population compared to the
control cells (siNT), as visible in the propidium iodide (Pl) plot in the
left box and Table 4.1. A time course experiment with BrdU and Pl was
performed in order to distinguish the four phases of the cell cycle: G,
(bottom-left quadrant), early S-phase (top-left quadrant), late S-phase
(top-right quadrant), and G,/M (bottom right quadrant).

From these results (shown in Figure 4.2 and quantified in Table 4.1) a
detectable difference in the cell cycle progression after 4 Gy IR was
shown for cells in which TOPK was knocked-down. Despite the
observed difference was not huge if compared to previously-published
variations in the cell cycle profile after IR [117], it was consistent
throughout different repeats. The control population showed a faster
decrease in the G; peak at 2 hours after IR (A decrease of 8.25% in
the G; population after 2 hours for the siNT compared to a 1.40%
decrease in the G; population after 2 hours for the siTOPK). There was
a corresponding increase in the G./M population which is mostly
noticeable at 6 to 12 hours post IR (47.15% G>/M population for the
SiNT compared to the 33.40% G./M population for the siTOPK at 8
hours post IR). Cells depleted of TOPK showed a weaker accumulation
in G2/M, with a greater population of cells appearing to be in G; at 8
hours post IR (38.16%, compared to 20.31% for the siNT), suggesting
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a possible deficiency in the cellular response to the DNA damage in

terms of checkpoint activation.
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Figure 4.2: Cell cycle progression of HCT116 cells post TOPK siRNA depletion.

115

(A)



CHAPTER 4 4.2 Results

Unirradiated cells transfected with either NT or TOPK siRNAs showing a propidium
iodide (PI) histogram profile in the left box and a Bromodeoxyuridine (BrdU) vs Pl
dot plot in the box on the right. (B) The time course of the cell progression after 4
Gy IR was monitored using Pl vs BrdU staining. Cells were irradiated with 4 Gy IR
at 72 hours post siRNA transfection and then fixed at different time points. BrdU
was added 30 minutes before lifting each sample to allow incorporation into the
DNA. After fixation, Pl was added to intercalate with the DNA. Samples were
analysed using flow cytometry.

The quantitative description of these flow cytometry dot plots was performed with
Flowing Software and can be found below in Table 4.1.

HCT116 population cell cycle progression (%)

Time post 4 Gy IR (h)

o 2 4 6 8 12 16 20 24

G: 33.60 | 25.35 | 18.40 | 14.59 | 20.31 | 24.36 | 36.22 | 35.93 | 33.59

E Early S | 24.66 | 26.23 | 26.14 | 19.32 | 7.05 | 4.38 | 15.36 | 25.53 | 16.55
(7] Late S | 18.02 | 22.91 | 23.16 | 27.64 | 25.49 | 18.77 | 11.32 | 11.12 | 20.00
G./M 23.59 | 25.41 | 32.21 | 38.42 | 47.15 | 52.49 | 37.10 | 27.41 | 29.84

G: 38.61 | 37.21 | 37.21 | 33.45 | 38.16 | 38.36 | 51.73 | 48.41 | 47.56

E Early S | 21.67 | 22.08 | 22.08 | 17.46 | 7.96 | 5.26 | 15.65 | 18.15 | 12.22
,g Late S | 17.67 | 17.75 | 16.63 | 19.75 | 20.48 | 16.63 | 10.20 | 11.92 | 14.11
’ G./M 22.05 | 22.94 | 24.05 | 29.34 | 33.40 | 39.76 | 22.40 | 21.49 | 26.09

Table 4.1: Quantification of the flow cytometry dot plots for asynchronous HCT116
cells presented in Figure 4.2A and B above. Proportions were calculated with
Flowing Software. Gi: bottom-left quadrant. Early S: top-left quadrant. Late S: top-
right quadrant. Go/M bottom-right quadrant.

Figure 4.2 showed that TOPK depletion via siRNA caused a small but
detectable reduction in the accumulation of cells at G,/M post
irradiation. One possible interpretation of this experiment is that cells
in which TOPK is depleted arrest in G; in response to IR. Another
interpretation is that the cells do not arrest at the G./M checkpoint in
response to IR. In order to distinguish between these possibilities, a
time course experiment was conducted in HCT116 cells after release
from a double-thymidine block to synchronise the cells at the G./S

116



CHAPTER 4 4.2 Results

boundary. High concentrations of thymidine interrupt DNA replication,
therefore halting cells before they enter S phase [118]. The double-
thymidine block was achieved by incubation with 2 mM thymidine for
18 hours, then release for 9 hours in fresh medium followed by
another 17 hours thymidine at 2 mM. This technique synchronises

cells at the G./S phase boundary.

The experiment examined cell cycle progression using both Pl and
BrdU staining of the same sample.
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Figure 4.3 Progression of double thymidine block synchronised HCT116 cells

through the cell cycle. BrdU was added to the medium 30 minutes before

collecting and fixing the samples to allow its incorporation. (A) Pl vs BrdU plot

comparing siNT and siTOPK cells. Cells were transfected with siRNA and

synchronised in G; with a double-thymidine block. Samples were then released

into fresh medium and collected at each time point. (B) G: synchronised HCT116

cells were synchronised in G; with a double-thymidine block and then irradiated

with 4 Gy IR at T = 0, 72 hours post siRNA transfection. Cells were then released

and collected at the various time points for flow cytometry analysis.

The quantitative description of these flow cytometry dot plots can be found below

in Table 4.2 for unirradiated samples and in Table 4.3 for irradiated samples.
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Synchronised HCT116 population cell cycle progression (%)

Not irradiated

Time post release (h)

0 2 4 6 8 24

G: 95.59 | 23.67 | 14.89| 9.56 | 8.99 | 56.33

E Early S 0.02 | 60.24 | 17.22 | 4.88 | 3.54 | 3.09
0] Late S 0.00 | 13.52|55.50 | 69.45|39.87 | 5.98
G2/M 4.39 | 2.57 |12.38|16.11 | 47.60 | 34.60

G: 94.28 | 48.70 | 30.83 | 25.23 | 22.55 | 58.27

E Early S 0.00 | 42.51|37.56|18.42 | 9.62 | 2.24
.% Late S 0.00 | 6.66 | 29.49|42.44|47.85 2.61
G>/M 572 | 2.13 | 2.11 | 13.91 | 19.98 36.88

Table 4.2: Quantification of the flow cytometry dot plots for unirradiated

synchronous HCT116 cells presented in Figure 4.3A above. Proportions calculated

with Flowing Software. G;: bottom-left quadrant. Early S: top-left quadrant. Late S:

top-right quadrant. G,/M bottom-right quadrant.

Synchronised HCT116 population cell cycle progression (%)

4 Gy irradiated

Time post release (h)

o 2 4 6 8 24

G: 92.96|23.71|14.98 | 11.53  10.01 | 49.95

E Early S 0.00 [48.34|17.52| 8.75 | 5.70 | 2.07
0 Late S 0.00 | 22.67 | 58.55|64.80 | 65.87 | 3.25
G/M 7.04 | 5.27 | 8.95 | 14.92|18.42 44.72

G: 85.32144.02 | 28.61 | 25.31 | 26.51 | 51.55

z‘_ Early S 0.02 | 30.73|31.66 | 16.45 | 8.62 | 2.69
.% Late S 0.00 | 9.55 | 26.05|40.03 44.63| 3.08
G:/M 14.66 | 15.69 | 13.68 | 18.20 | 20.24 | 42.68

Table 4.3: Quantification of the flow cytometry dot plots for irradiated synchronous

HCT116 cells presented in Figure 4.3B above. Proportions calculated with Flowing

Software. G;: bottom-left quadrant. Early S: top-left quadrant. Late S: top-right
quadrant. G»/M bottom-right quadrant.
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Figure 4.3A is a BrdU vs Pl dot plot distribution analysed by flow
cytometry. Unirradiated HCT116 cells were synchronised at the G./S
boundary using a double-thymidine block, and then released into

fresh medium at time T = 0, 72 hours after siRNA transfection.

Cells depleted of TOPK showed a delayed exit from G; into S-phase
after release when compared to the control (a 71.92% decrease in the
G; population was observed after 2 hours for the control cells
compared to a 45.58% decrease in the G; population after 2 hours for
the cells depleted of TOPK as presented in Table 4.2 for the
unirradiated samples). Despite the difference was small if compared
to previously-published work [117], it was consistently detectable
throughout repeats. This delayed G; exit was also observed in the
irradiated TOPK-depleted cells when compared to the irradiated
control as shown in Figure 4.3B and quantified in Table 4.3 (a 69.25%
decrease in the G; population after 2 hours for the control compared
to a 41.30% decrease in the G; population after 2 hours for the cells
depleted of TOPK, as presented in Table 4.3 for the irradiated
samples). At 24 hours post release, the samples had an asynchronous
profile, suggesting that the majority of cells continued to cycle.

As TOPK depletion was shown to delay the progression into S phase
following IR, an experiment was conducted to investigate the changes
in the expression of cell cycle markers after release from a double
thymidine block. HCT116 cells were transfected with NT or TOPK
siRNAs, arrested at the Gi/S boundary by double-thymidine block,
irradiated with 4 Gy 72 hours after the transfection, and then released
into fresh medium. The antibodies used were against TOPK and
phospho-TOPK to study potential changes in expression and
phosphorylation of TOPK, histone H3 and phospho-histone H3 in order
to study mitotic progression, cyclin E1 which regulates the G./S
transition, cyclin B1 and CDK1 which regulate the G,/M transition, and
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p21, a known CDKs inhibitor. Vinculin was used as a loading control.
The immunoblot is shown in Figure 4.4.

G, synchonous cells released at T=0

siNT siTOPK

Time post4GyIR(h)» 0 2 4 6 8 10 24 0 2 4 6 8 10 24 « Time post G, release

TOPK

phospho-Histone H3

Histone H3 p|

Cyclin E1

Cyclin B1

p21

phopsho-CDK1 »

CDK1

Vinculin

Figure 4.4: Immunoblotting of the whole cell lysate of synchronised cells. Samples
were transfected with siRNA and synchronised with a double-thymidine treatment.
Cells were irradiated at time T = 0 and released immediately after into fresh
medium. At each time point, cells were lysed in RIPA buffer containing phosphatase
and protease inhibitors. Lysates were run on an SDS-Page gel and transferred to a
membrane for immunoblotting. TOPK knockdown was confirmed using an anti-TOPK
antibody. Phospho-histone H3 was used to monitor mitosis. Cyclin E1, cyclin B1,
CDK1, pCDK1 and p21 levels were also investigated. Vinculin was used as loading
control. Representative of n = 3 independent repeats.

The immunoblotting presented in Figure 4.4 showed differences
between the control and TOPK depleted cells. TOPK immunoblotting
confirmed TOPK expression in the control samples and TOPK
knockdown in the TOPK depleted samples. An anti phospho-TOPK
antibody was used to investigate the phosphorylation of TOPK during
mitosis in agreement with previous literature [71], [72], [87], [108],
[109], which was demonstrated by an increase in band intensity at 8
hours after release (data not shown). Levels of total TOPK did not
change significantly over time. This observation was in contrast with
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published data showing an increase in TOPK expression levels at 7-9
hours post G, synchronisation and release in HelLa cells [74] and an
increase at 9 hours post early S synchronisation in T47D (breast
cancer) [87]. This discrepancy might be due to cell line specificity or
to an IR-dependent effect. The phosphorylation of TOPK correlated
with the entry into mitosis at 8 hours, as assessed by BrdU staining in
Figure 4.3. Comparison with the cell cycle progression in Figure 4.3
also agrees with cyclin E1 being expressed at its highest level at the
G41/S transition in the control samples, with the strongest band in the
earliest time points (T = 0 and T = 2) and at the latest time point (T =
24) as expected, whereas the TOPK depleted samples had a
consistently low level of cyclin E1 expression at all time points. Cyclin
B1l expression peaked at 10 hours after radiation for the control cells,
reflecting a coordinated progression through the cell cycle until
mitosis is reached at around 10 hours after release. The TOPK
depleted cells had a weaker band at the earliest time points (T = 0
and T = 2), with a peak in expression at 8 hours. Levels of CDK1, the
kinase controlling entry into mitosis, peaked at 6 to 10 hours in both
the control and TOPK depleted «cells. In stark contrast,
phosphorylation of CDK1 was only observed in the control cells. A
previous publication showed a small decrease in CDK1 and cyclin B1
expression after TOPK depletion in unirradiated Hela cells [74]. The
membrane was also immunoblotted for histone H3 and phospho-
histone H3. The phosphorylated form of this histone is known to be a
marker for mitosis [21], [119] which has also been shown to be
phosphorylated directly by TOPK [87]. For the control cells, the
histone was phosphorylated at 10 and 24 hours post release, whereas
in the cells depleted of TOPK it was found to be phosphorylated at 8
and 24 hours with a peak band intensity at 10 hours post release. The
level of expression of p21 did not show a dependency on the levels of
TOPK which is in contrast with the increase of p21 levels after TOPK
knockdown in HCT116 which have been previously published [88].
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The lower levels of cyclin E1 in the TOPK depleted samples are
consistent with a more protracted exit from G: into S phase, in

agreement with the BrdU staining shown in Figure 4.3.

Interestingly, these results also suggest that in TOPK depleted
samples, the G,/M DNA damage checkpoint is impaired, as CDK1 is
not phosphorylated, an event required to arrest the cells at the
checkpoint. This promotes premature entry into mitosis, as revealed
by expression of the CDK1 partner, cyclin B1, and in phospho-histone
H3 at 8 hours in TOPK depleted cells.

4.2.3 TOPK depletion causes alteration of nuclear
morphology and apoptosis after IR
Failure to activate the G,/M DNA damage checkpoint can lead to

premature entry into mitosis with unrepaired DNA [114]. Should the
cell attempt to divide with unrepaired DNA, this can lead to changes
in nuclear morphology, failure to complete cytokinesis, and cell death
via apoptosis or mitotic catastrophe. The effects of TOPK depletion
were therefore investigated in terms of nuclear morphology and

apoptosis.

One of the mechanisms of cell death after IR is mitotic catastrophe
which occurs during or as a result of an aberrant mitosis. This process
may be caused by incorrect chromosome separation with a
consequent formation of giant cells (where the nucleus occupies the
majority of the cellular volume), micronucleation (where a cell
contains a nucleus and a smaller portion of a second nucleus in the
cytoplasm) or multinucleation (where a single cytoplasm contains two
nuclei) and typically occurs after DNA damage and deficient
checkpoint activation. Cell death due to mitotic catastrophe typically
occurs few days post DNA damage and is considered a delayed type
of cell death [10], [114].

Alterations in the nuclear morphology were studied with an
immunofluorescence approach. HCT116 cells were transfected with
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SsiRNA targeting TOPK (siTOPK) and compared to a control siRNA
(siNT). 72 hours after transfection cells were irradiated at 4 Gy,
returned to the incubator and then fixed 72 hours post IR. The
immunostaining was performed using DAPI, a fluorescent DNA-binding
agent used to stain the nucleus, and FITC, a protein binding agent
used to stain the cytoplasm. Samples were mounted on a microscope
slide and analysed under a confocal fluorescent light microscope.
Cells were manually scored for micronucleation, binucleation and
multinucleation, counting a minimum of 100 cells per condition.
Figure 4.5A shows an example of altered morphology of HCT116 cells
after TOPK depletion and 4 Gy IR, with micronuclei highlighted by the
white arrows. The result of the cell morphology scoring is presented in
Figure 4.5B.

A DAPI DAPI + FITC

72 h post 4 Gy IR
sINT

sITOPK
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Figure 4.5: Cellular morphology and cell survival alterations in HCT116 cells after
TOPK siRNA silencing. (A) Representative field of view of the immunofluorescence
analysis of HCT116 cells. 72 hours after 4 Gy irradiation. DAPI-stained nuclei (blue)
showed a high number of multinuclei. FITC-stained cytoplasm is shown in green.
The multinuclei in the siTOPK samples are labelled with white arrows as an

125



CHAPTER 4 4.2 Results

example. (B) Quantification of the percentage counts of micronuclear, binuclear
and multinuclear cells showed a statistically significant difference between siNT
and siTOPK after 4 Gy IR in the number of micronuclei and multinuclei. At least 100
cells were counted per condition. (C) Growth delay in vitro from 0 to 6 days after 4
Gy IR in HCT116. Cell growth was measured by resuspending cells in 800 ul fresh
medium after 200 ul trypsin, and counting their concentration in triplicate.

Average of n = 3 independent experiments. Unpaired two-sided student's t-test
comparing sSiNT 72 hours post 4 Gy IR to siTOPK 72 hours post 4 Gy IR, *p<0.05,
**p<0.01, ***p<0.001.

Figure 4.5A presents an example of a field of view of the stained cells.
At 0 Gy, there was no significant difference in multinucleation
between the control and TOPK depleted samples. In the irradiated
samples, TOPK depleted cells showed a higher degree of
multinucleation as shown by the white arrows in the DAPI view in
Figure 4.5A, bottom left box. A significant increase in micronucleated
and multinucleated cells was observed after 4 Gy IR in the TOPK
depleted cells compared to the control cells (Figure 4.5B), with an
unpaired two-sided student's t-test showing a p-value of less than
0.05 and less than 0.01 respectively. This finding suggested a role for
TOPK in accurate cellular division, leading to the formation of two
daughter cells from a single progenitor. IR has been shown to induce
multinucleation via DSBs and premature transition into mitosis [120]
and TOPK knockdown has been previously shown to induce an
increase in multinucleated Hela cells in the absence of radiation [74].
In this experiment an increase in multinuclear cells was not
detectable in unirradiated HCT116 cells, although a significant
increase was observed in irradiated cells at 72 hours post IR. This

discrepancy could be due to differences between the two cell lines.

In order to study the growth rate and to understand how IR might
induce cell death in TOPK-depleted cells, HCT116 cells were counted
daily for six days following irradiation. Cells were first transfected with
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either NT or TOPK siRNAs and then irradiated 72 hours post
transfection. On the day of counting, one sample was lifted in 200 pl
trypsin and 800 ul fresh medium. Samples were then counted in
triplicate in order to obtain the number of cells/ml, which is plotted in
Figure 4.5C. Irradiated control and TOPK-depleted samples showed a
slower growth rate when compared to the unirradiated samples.
Irradiated TOPK-depleted cells also showed a further decrease in
growth rate when compared to irradiated control cells at 3, 4, 5 and 6
days after IR, with p-values less than 0.01, 0.01, 0.001 and 0.001,
respectively. There was no significant difference in the growth of
unirradiated cells transfected with NT or TOPK siRNAs during the
course of the experiment suggesting that depletion of TOPK only has
an effect on cell growth following IR in HCT116 cells, and that these
differences are only observed 4 to 6 days after IR.

In order to determine whether TOPK-depleted cells also die by
apoptosis in response to IR, levels of apoptosis were measured after
TOPK siRNA depletion paired with radiation in HCT116 cells at 24, 48
and 72 hours post IR. The first approach was to test annexin V
incorporation via flow cytometry (Figure 4.6A and B). Annexin V is
known to migrate to the external cellular membrane during apoptosis,
so a fluorescent marker targeting annexin V can be used to count
apoptotic cells with a flow-cytometer [121]. Propidium iodide (Pl) was
also included for analysis of DNA-content. The second approach
adopted was to identify apoptotic cells with bright condensed DNA by
assessing Hoechst incorporation using the InCell Analyzer (Figure
4.6C).

127



CHAPTER 4

4.2 Results

A

128

Not irradiated
sINT siTOPK
= 24h-sINT-0Gy h-srTOPK-UGy 24h-siTOPK-0GyY
24l Plneg. 2 PI neg.
4 Lal
] PI pos. PI pos.
ol AT et . it 5
E I:48h-5|NT-065r = 48h-siINT-0Gy 48h-siTOPK-0GY 48h-siTOPK-0GY
E 24l Pineg. | =3 PI neg.
9 4 Eal
g i
z g ]
& q i
e ]
1 A PI pos. PI pos.
g ; 72h-siNT-0Gy o 72h-sINT-0Gy ?lh-slTOPK-UC!y 72h-siTOPK-0GY
. 24| PIneg. i 2 Pl neg.
4 Lal
] | Plpos. | Pl pos. |
FL1-H FL3-H m FL1-H FL3-H




CHAPTER 4 4.2 Results

Irradiated 4 Gy

sSINT siTOPK
E 24h-sINT-4Gy 24h-sINT-4Gy h-srTOF’K-4Gy 24h-siTOPK-4Gy
= | PIneg. o PI neg.
bal Lol 1)
I =
& ]
= | =,
= PI pos. e PI pos.
e e e pu T
E 48h-sINT-4 Gy 48h-siTOPK-4Gy 48h-siTOPK-4Gy
= | PIneg. o PI neg.
Lal Ealt 1)
I =
& ]
= | =,
= PI pos. e PI pos.
£ e £
T P T ks i T TT TR T i
FL1-H am FL3-H i FLL-H am FL3-H
E : 72h-sINT-4Gy 72h-sINT-4Gy 7h-5rTOF’K-4Gy T2h-siTOPK-4Gy
; o 21l Plneg. : ) PI neg.
bal Lol 1)
I =
& ]
= | =,
= PI pos. e | P1pos.
R i3 al a4 e i ¥iffor e e i

129



CHAPTER 4 4.2 Results

c

Not irradiated Irradiated 4 Gy

Ly
®

3 siNT 3 sINT
SITOPK 20- T . SiTOPK

e a8
! ! :

Apoptotic cells (%)
s

Apoptotic cells (%)
=

o
i

(-]
I

Figure 4.6: Levels of apoptosis in HCT116 cells after TOPK depletion. (A) Flow
cytometry dot plots of Pl vs annexin V (left boxes) and Pl histograms (right boxes)
of unirradiated samples comparing siNT and siTOPK transfected HCT116 cells. (B)
flow cytometry sorting dot plots of Pl vs annexin V (left boxes) and Pl histograms
(right boxes) of 4 Gy irradiated samples comparing siNT and siTOPK transfected
cells at 24, 48 and 72 hours post IR. (C) Bright, hoechst positive cells observed
using the InCell Analyzer to investigate levels of apoptosis in siTOPK cells
compared to siNT at 24, 48 and 72 hours post 4 Gy IR. The threshold was adjusted
for each experiment to include apoptotic cells with bright, condensed DNA, but to
exclude mitotic cells that also have less bright, condensed DNA. Unpaired two-
sided student's t-test comparing siNT to siTOPK 72 hours post 4 Gy IR, ***p<0.001.

A quantitative description of the Annexin V results can be found in Table 4.4 below.

The quantification of the above Annexin V experiment is presented in
Table 4.4. The percentage of apoptotic cells, displayed as red dots in
the dot plots in Figure 4.6A and Figure 4.6B, is shown with respect to
the total number of cells analysed for each condition.
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Apoptotic population (%)

Not irradiated Irradiated
SiNT siTOPK SiNT siTOPK
24 h 5.53 10.13 7.80 9.53
48 h 3.69 10.98 5.41 14.36
72 h 8.52 2.7 16.58 24.60

Table 4.4: Quantification of the percentage level of apoptotic population for the
Annexin V experiments described in Figure 4.6A and B.

Proportions calculated with Flowing Software. Apoptotic cells: red dots.

In the absence of radiation, a higher number of apoptotic cells,
identified as red dots in the Pl vs Annexin V dot-plot, was observed
following TOPK knockdown at 24 hours (10.13% apoptotic cells
compared to 5.53% apoptotic cells in the control population, as shown
in Table 4.4). The increase in apoptosis was also observable simply by
analysing the number of Pl positive cells, displayed as a histogram
(right box). At 48 hours the percentage of apoptotic cells increased by
0.85% following TOPK knockdown, whilst the percentage decreased
by -1.84% in the control. Conversely, in the 72 hours unirradiated
samples, TOPK depletion caused 5.82% less apoptotic cells compared
to the control. In the irradiated sample a significantly higher apoptotic
population, labelled in red in the Pl vs Annexin V dot-plot in Figure
4.6B, was consistently observed following TOPK knockdown at 24, 48
and 72 hours post 4 Gy IR when compared to the control cells, with
increases of +1.73%, +8.95%, and +8.02% at 24, 48 and 72 hours,
respectively. The same effect was also visible by Pl staining alone
(histograms displayed in the right boxes).

The number of apoptotic cells was also determined by quantifying the
percentage of cells with bright, condensed DNA stained by Hoechst at
24, 48 and 72 hours. This showed a significant (p-value less than
0.001) increase in the percentage of apoptotic cells at 72 hours in the
unirradiated TOPK depleted sample, with 1.12% apoptotic cells in the
control compared to 6.41% apoptotic cells in the TOPK depleted
samples, as shown in Figure 4.6C. Cells irradiated at 4 Gy showed a
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statistically significant increase in apoptosis for the TOPK depleted
samples at 48 and 72 hours post radiation, respectively. The
percentage of apoptotic cells in the control was 4.99% at 48 hours
and 7.14% at 72 hours, whereas the percentage of apoptotic cells in
the TOPK depleted sample was 17.48% at 48 hours and 13.62% at 72
hours (p-values of less than 0.001).

Taken altogether these results suggested that TOPK knockdown
causes apoptosis at 48 to 72 hours after 4 Gy IR in HCT116 cells.

4.2.4 TOPK overexpression and LC-Ms/Ms analysis
For the study of a role for TOPK in cancer cells, a series of different

immunoprecipitation experiments was performed in HCT116 cells.
Immunoprecipitation involves the extraction of the protein of interest,
TOPK in this case, and its binding proteins from a cell lysate, which
can subsequently be identified by mass spectrometry or western
blotting. The identification of those proteins that may physically
interact with TOPK may give an insight into the observed response to
radiation following TOPK depletion, and may determine which future
directions should be explored. At the time of writing, there were no
publications on the role of TOPK in response to IR-induced DNA
damage or the proteins with which TOPK interacts in response to

ionising radiation.

Immunoprecipitation experiments were performed in HCT116
colorectal cells. The interactions were first investigated after
overexpression of either TOPK WT (TOPK wild-type, pCMV6-TOPK-Myc-
DDK) or TOPK KD (TOPK K64M kinase dead mutant, pCMV6-TOPK-
K64M-Myc-DDK) using proprietary overexpression vectors (Figure
4.7A). HCT116 cells were transfected with the TOPK WT, TOPK KD and
empty vectors, using four T175 flasks per condition. After 48 hours,
adherent cells were irradiated with 4 Gy IR and immunoprecipitation
was performed on ice 8 hours later. Samples were lysed with 250 ul of
RIPA lysis buffer per flask containing protease and phosphatase
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inhibitors. The samples were then incubated with benzonase in order
to disrupt the DNA and therefore avoid the pull-down of DNA-binding
proteins rather than target-specific binding proteins. A pre-clearing
step was included by incubation with the beads in the absence of
antibody to avoid non-specific binding to the beads. Prior to the pull-
down incubation, 25 ul input samples were collected. The pull-down
incubation with the anti-Flag M2 agarose beads was performed
overnight to allow the Flag/DDK-tagged TOPK WT or TOPK KD proteins
to bind to the beads. After three washes with RIPA buffer, samples
were eluted from the beads using 2 x loading buffer containing SDS.

A 2 ul input sample was run on a SDS-Page gel for immunoblotting.
The immunoblotting, shown in Figure 4.7B, confirmed that TOPK WT
and TOPK KD were overexpressed in the samples. The overexpressed
proteins were identified by both the anti-TOPK and anti-Flag
antibodies, as expected. 2 ul of each elute was run on a separate
SDS-Page gel which was then stained with SYPRO Ruby protein stain
and visualised with UV light (Figure 4.7C). This showed a number of
proteins of different molecular weights that were pulled-down
together with TOPK. Some bands were more intense in the samples
overexpressing TOPK WT or TOPK KD compared to the empty vector
control sample, suggesting that they could be TOPK-specific protein

interactors.
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Figure 4.7: Overexpression of TOPK in HCT116 cells. (A) TOPK was overexpressed in
a C-terminal DDK (Flag) tagging pCMV6-Entry Vector (Origene). (B) TOPK and TOPK
KD were overexpressed in HCT116 cells, which were then irradiated at 4 Gy.
Immunoprecipitation was performed using anti-Flag M2 beads 8 hours after
irradiation. In the elute sample the TOPK antibody recognises the overexpressed
protein and the M2 Flag antibody confirms the overexpression. A non-specific band
of a larger size is also visible this being the heavy chain of the antibody. (C) The
elute SYPRO Ruby protein gel stain visualised under a UV lamp. A band at the right
molecular weight for TOPK was identified with many other bands identifying
proteins that were pulled-down with TOPK confirming the success of the

immunoprecipitation technique.

The remainder of the cell lysate was then processed for liquid
chromatography mass spectrometry analysis (LC-Ms/Ms) by adding
iodoacetamide alkylating agent (IAA) followed by Trichloroacetic acid
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(TCA). After denaturation, samples were reconstituted with urea buffer
and then digested in trypsin for 16 hours with shaking. After
incubation, Trifluoroacetic acid (TFA) was added and samples were
filtered through C18 Spin Tips for desalting and removing urea and
other contaminants. LC-Ms/Ms analysis was completed by the
laboratory of Professor Benedikt Kessler (Nuffield Department of
Medicine, Medical Sciences Division, University of Oxford), in
collaboration with Dr lolanda Vendrell. The analysis was performed
using the MASCOT Database (Search algorithm for Mass Spectral
proteomics peak lists) [122] using the parameters shown in Table 4.5
(parameters from [123], [124]). The protein database used for
matching the results of the in silico digestion was the
UniProt_Swissprot 20150204 database sequence
(http://www.uniprot.org). For proteins to be considered valid, an ion

score cut-off of 20 was set, with a false discovery rate (FDR) of 1%
with a p-value < 0.05. These parameters were set with the

assumption that 1 in 100 peptides identified were false positive.
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MASCOT data search parameters

Database UniProt_SwissProt 20150204

Taxonomy Homo Sapiens (human) (20,274 sequences)
Type of search Ms/Ms lon Search

Enzyme Trypsin

Fixed modifications

Carbamidomethyl (C)

Variable modifications

Oxidation (M), Phospho (ST, Y), Deamidation
(N)

Mass values

Monoisotopic

Protein mass

Unrestricted

Peptide charge +2, +3, +4
Decoy database v
Peptide mass tolerance |10 ppm

Fragment mass tolerance |0.05 Da
Max missed cleavages 1
Instrument type Q-Exactive
#C13 +1
Significance threshold

0.05
p<
Max number of families AUTO
lons score cut-off 20
FDR 1%
Threshold Homology threshold

Table 4.5: MASCOT database parameters used to identify valid hits from the LC-
Ms/Ms analysis comparing the obtained protein score (sum of the scores of peptides

matching a protein) to the UniProtSwissprot database. An ion score cut-off of 20

was set, with a false discovery rate (FDR) of 1% and a p-value < 0.05.

The obtained results for the TOPK WT and TOPK KD elute are
presented in Table 4.6 below.

Proteins identified (FDR 1%; prot scores > 20, ions > 20, peptides 2 1)

protein name

. Number of TOPK form
Protein

significant overexpresse
d

score
sequences

Tubulin alpha-8 chain OS=Homo
sapiens GN=TUBAS8 PE=1 SV=1

QIONY65

93 4 WT and KD

P31947 14-3-3 protein sigma OS=Homo

69 KD
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sapiens GN=SFN PE=1 SV=1

E3 ubiquitin/ISG15 ligase TRIM25
Q14258 OS=Homo sapiens GN=TRIM25 58 2 WT
PE=1 SV=2

Dual specificity mitogen-
activated protein kinase kinase 2

P36507 ) 53 1 WT
OS=Homo sapiens GN=MAP2K2

PE=1 SV=1

Cyclin-dependent kinase inhibitor
P38936 1 OS=Homo sapiens 50 1 WT
GN=CDKN1A PE=1 SV=3

DNA-dependent protein kinase
P78527 catalytic subunit OS=Homo 48 2 WT
sapiens GN=PRKDC PE=1 SV=3

X-ray repair cross-complementing
P12956 protein 6 OS=Homo sapiens 44 1 KD
GN=XRCC6 PE=1 SV=2

Table 4.6: List of some interacting proteins identified via LS-Ms/Ms in TOPK
immunoprecipitation samples. The accession number in the first column is the
unique protein identifier assigned to each peptide sequence upon inclusion in the
UniProt database. The protein score is the MASCOT-calculated probabilistic score to
allow comparison of the experimental data to the database sequences. The number
of significant sequences is the number of significant peptides that match the
identified protein. The TOPK form overexpressed column indicates if the interaction
was identified in the TOPK WT (wild-type) or the TOPK KD (kinase dead) transfected
sample.

Table 4.6 shows the list of the most interesting candidates interacting
proteins for TOPK. XRCC6, also known as Ku70 is a member of the
DNA-PK complex which is a key non-homologous end joining (NHE))
complex [10]. Interestingly, PRKDC, known as DNA-PK. was identified
and is also a component of the complex. SFN, also known as 14-3-30,

has been shown to be upregulated by p53 and BRCAL in response to
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IR, and binds to CDK1 and sequesters it into the cytoplasm [125],
[126]. MAP2K2, also known as MEK2, phosphorylates and activates
ERK2, a known TOPK substrate in absence of radiation [85] CDKN1A,
also called p21, is a p53 target and has known roles in cancer cells
and cell cycle regulation, including CDK1 inhibition in response to
ionising radiation [53]-[55]. TRIM25 ubiquitinates 14-3-30 and binds
to p53 after IR [127] TUBAS, also known as tubulin alpha 8, a member
of the a-tubulin family, is a known TOPK-interacting protein [74],
[110].

4.2.5 Validation of the TOPK interactions
The scale and complexity of the LS-Ms/Ms experiment presented in

the “TOPK overexpression and LC-Ms/Ms analysis“ section made it
feasible to analyse only irradiated samples, without an unirradiated
control. With this method it was possible to identify those proteins
that interact with TOPK WT and KD after irradiation but it was not
possible to state whether the interaction was induced or enhanced by
radiation.

In an attempt to repeat the experiment and confirm the results
obtained and presented in Table 4.6 above, a different approach was
used. Overexpression of TOPK kinase dead (KD), TOPK wild type (WT)
or the empty vector control was performed, samples were either
unirradiated, or were irradiated with 4 Gy IR, and the IPs were carried
out with anti-M2 Flag beads as described above. The entire
immunoprecipitated elutes were then run on a SDS-Page gel and
stained with InstantBlue coomassie stain. The bands that appeared to
vary in intensity between the three different lanes were excised using
a clean scalpel and cut in cubes of ~ 0.5 mm size. The samples were
washed, and then the gel pieces were dehydrated and digested in
trypsin before being analysed by LC-Ms/Ms.

The bands that were excised are indicated in Figure 4.8A with
numbered red arrows. The results obtained by LC-Ms/Ms were then
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compared to the expected molecular weight of each protein to
confirm that the peptides identified correspond to the expected
molecular weight of the predicted protein in kDa and are listed in
Table 4.7.
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Proteins identified (FDR 1%; prot scores > 20, ions > 20, peptides 2 1)

Band
reference
. Number of number on
) Protein | ]
protein name significant gel (Figure
score
sequences 4.8A) and
molecular

weight (kDa)

DNA-dependent protein kinase
Q9Y4A5 catalytic subunit OS=Homo 3340 146 1(470)
sapiens GN=PRKDC PE=1 SV=3

Tubulin alpha-1C chain
Q9BQE3 OS=Homo sapiens GN=TUBA1C 3180 24 7 (50)
PE=1 SV=1

Lymphokine-activated killer T-
cell-originated protein kinase

Q96KB5 _ 2502 20 9 (36)
OS=Homo sapiens

GN=PBK/TOPK PE=1 SV=3

Lymphokine-activated killer T-
cell-originated protein kinase

Q96KB5 _ 2137 28 16 (36)
OS=Homo sapiens

GN=PBK/TOPK PE=1 SV=3

E3 ubiquitin-protein ligase
P19474 TRIM21 OS=Homo sapiens 548 21 8 (54)
GN=TRIM21 PE=1 SV=1

Cyclin-dependent kinase 1
P06493 OS=Homo sapiens GN=CDK1 140 4 10 (34)
PE=1 SV=3

Histone H2A type 1 OS=Homo

POC0S8 sapiens GN=HIST1H2AG PE=1 107 2 12 (14)
SV=2
P38936 Cyclin-dependent kinase 65 3 11 (21)

140



CHAPTER 4 4.2 Results

inhibitor 1 OS=Homo sapiens
GN=CDKN1A PE=1 SV=3

Table 4.7: List of some potential TOPK interacting proteins identified via LS-Ms/Ms
extracted from an SDS-Page gel. The accession number in the first column is the
unique protein identifier assigned to each peptide sequence upon inclusion in the
UniProt database. The protein score is the MASCOT-calculated probabilistic score to
allow comparison of the experimental data to the database sequences. The number
of significant sequences is the number of significant peptides that match the
identified protein. The band number reference on gel column indicates the
corresponding band as labelled by red arrows in Figure 4.8 below.
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Figure 4.8: Exogenously overexpressed TOPK interacts with p21. (A) SDS-Page gel
stained with InstantBlue coomassie stain to identify proteins that were eluted from
the M2 Flag beads following immunoprecipitation using TOPK WT or TOPK KD
overexpressing cells, 8 hours after 4 Gy. The red arrows indicate the bands that
vary in intensity between the three samples. A dashed red line indicates the band
corresponding to the molecular weight of TOPK. (B) Immunoblotting of different
immunoprecipitations comparing unirradiated to 4 Gy irradiated samples. The
membrane was probed for TOPK (top) and p21 (bottom). The TOPK antibody
identified TOPK expression in the input and TOPK overexpression in the TOPK WT
and TOPK KD elute, whereas a band was not detectable in the empty vector control.
The p21 antibody recognised a strong band in the input and a band in the 4 Gy
irradiated elute for TOPK WT which increases in intensity in the TOPK KD sample.

This method identified a list of interacting proteins as outlined in Table
4.7 and in Figure 4.8A. The highest protein score (3340) corresponded
to PRKDC, or DNA-PKs, which was also identified from the first LC-
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Ms/Ms (Table 4.6). TUBA1C (3180 protein score) is a different isoform
of a-tubulin compared to TUBAS8, which was identified by the previous
experiment. Bands number 9 and 16 were identified as TOPK,
confirming its overexpression. A different form of TRIM, TRIM 21, was
identified compared to the previous run. This experiment also
identified CDK1 as band number 10, at the correct molecular size (~
34 kDa), confirming this previously-published interaction [74], [110].
another protein interaction that has been previously published and
that was identified by this experiment was histone H2A [90]. This
experiment also identified CDKN1A (p21) at 21 kDa, the predicted
molecular weight for p21 [128].

The interaction between TOPK and p21 was selected for further study
because it is novel, both TOPK and p21 have roles in cell cycle
regulation, and because p21 was identified in both experiments. The
immunoprecipitation experiment was repeated a third time with the
inclusion of an unirradiated control for all conditions in order to check
whether the interaction between TOPK and p21 was observable in the
absence of IR. In this experiment, proteins were eluted using SDS
loading buffer, and then run on a SDS-Page gel and transferred to a

membrane for immunoblotting.

Figure 4.8B shows the membrane that was probed with anti-TOPK and
anti-p21 antibodies. TOPK was present in the input samples as
expected, and was overexpressed in the TOPK WT- and TOPK KD-
transfected samples compared to the empty vector control. In the
elute no band was detectable in the empty vector control at the
correct molecular weight for TOPK. The p21 antibody recognised a
strong band in the input and a band in the 4 Gy irradiated elute. A
strong band was observable in the TOPK WT, but a stronger band was
observable in the TOPK KD elute. Two bands are visible for TOPK in
the input samples, with the lowest band thought to be the
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endogenous protein, and the highest band, which is also stronger in

intensity, thought to be the overexpressed form.

These results suggest that p21 and TOPK physically interact at a
protein level when TOPK is overexpressed in HCT116 cells, 8 hours
after the samples have been irradiated with 4 Gy IR. The band for p21
in Figure 4.8B seems to increase in intensity in the TOPK KD elute
compared to the TOPK WT elute, but this might be due to higher
expression of TOPK KD compared to TOPK WT, as also visible in Figure
4.7B and C, above.

4.2.6 Endogenous TOPK-p21 interaction
All of the previously presented IP experiments were performed in

HCT116 cells after TOPK WT or TOPK KD were overexpressed. With the
aim of investigating whether this specific radiation-dependent
interaction was physiologically relevant, it was subsequently studied

at an endogenous level.

Co-immunoprecipitation was performed in untransfected HCT116 cells
using A/G agarose beads and antibodies against TOPK (Figure 4.9A) or
p21l (Figure 4.9B). 4 Gy irradiated and unirradiated samples were
compared to test whether the interaction was dependent upon IR. For
this experiment, cells were plated in T75 flasks without being
transfected and were irradiated when adherent.  The
immunoprecipitation was performed at 8 hours post IR. Cells were
lysed with RIPA buffer and incubated on ice with benzonase to disrupt
the DNA. Samples were then incubated with beads without antibody
for pre-clearing. 25 ul of the samples were collected at this stage as
inputs, and the remaining samples were incubated overnight with
either TOPK or p21 antibodies depending on the desired pull-down.
The following day, beads were added to the sample to bind to the
antibody. Proteins were eluted from the beads using a 2 x loading

buffer and then run on a SDS-Page gel. Samples were then transferred
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to a membrane for immunoblotting using the reciprocal antibody and
the obtained blots are shown in Figure 4.9.

A B

TOPK pull down p21 pull down
Not IR IR 4 Gy Not IR IR 4 Gy
%, %, B, U %, B,

O, O S A, &, B
G R G R TR

Figure 4.9: Endogenous TOPK interacts with endogenous p21. (A) TOPK was
immunoprecipitated from HCT116 cells, 8 hours after either 0 Gy or 4 Gy. The
membrane was probed for p21 and showed a clear band in the input samples,
which increased in intensity in the irradiated cells. A band which increases in
intensity after radiation was also present in the elute lanes, suggesting the
presence of p21 in the TOPK pull-down. (B) Co-immunoprecipitation was then
performed pulling down p21 in HCT116 irradiated and unirradiated samples. The
membrane was probed for TOPK. A clear band at 37 kDa was recognised by the
anti-TOPK antibody in the input and in the elute lanes.

TOPK was pulled-down in the irradiated and unirradiated samples, and
p21 was identified by immunoblotting in both the input and elute for
both samples (Figure 4.9A). Furthermore, when p21 was pulled-down
(Figure 4.9B), the anti-TOPK antibody recognised a band at the
appropriate size for TOPK in both the input and elute. In both cases a
slight increase in band intensity in the irradiated elute was observed,
suggesting that the interaction between TOPK and p21 is increased
following IR. This result suggests that endogenous TOPK and
endogenous p21 physically interact at 8 hours after 4 Gy IR in HCT116
cells.
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4.3 Discussion
After TOPK was selected from a kinase screen as a target with clinical

potential, this chapter investigated its role in modulating the

observed radiosensitivity in HCT116 cells in vitro.

TOPK depleted cells showed a small but statistically significant
reduction in y-H2AX and 53BP1 foci at 30 minutes after radiation.
However, this difference could not be explained in terms of residual
DNA damage, as shown by the COMET experiment in Figure 4.1C,
which showed no difference in DNA damage at 0.5, 2 or 8 hours.
These time points were chosen to identify differences in the DNA
damage repair following IR in TOPK depleted cells compared to the
control cells, whereas the foci time range of 0.5-24 hours is the typical
timing for formation and loss of DNA-repair related foci [25], [116]. It
was speculated that in this context the difference in foci formation (y-
H2AX and 53BP1) at 30 minutes after IR might be due to differences
in cell cycle progression after TOPK knockdown. TOPK depletion alters
cell cycle progression in unirradiated cells [85], [86], [88], [111],
[129]. This could lead to a reduction in the number of cells
undergoing DNA replication, and therefore a smaller DNA content per
cell. This discrepancy in DNA content might be the reason why a

difference in foci formation is noted at 30 minutes after IR.

The cell cycle progression of irradiated, unsynchronised HCT116 cells
was monitored after TOPK knockdown. BrdU vs Pl plots presented in
Figure 4.2 and Table 4.1 showed a detectable reduction of the G./M
peak in TOPK depleted cells when compared to control cells. It is
possible that this difference is due to an increase in G; arrested cells
or an increase in cells progressing through mitosis without arresting at
the G,/M DNA damage checkpoint. In order to characterise the G./S
transition, cells were synchronised in G; using a double-thymidine
block, and then released. The TOPK depleted cells had a weaker
synchronisation and a slower transition from G; into early S-phase as
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shown in Figure 4.3, and quantified in Table 4.2 and Table 4.3. This
phenotype was also observed after 4 Gy IR, and was supported by the
finding of lower levels of cyclin E1 in TOPK depleted cells.

One of the events that allows the cell to survive the IR-induced DNA
damage is the activation of DNA damage checkpoints, which
promotes the correct repair of DNA damage before progression into
the next cell cycle stage.

Immunoblotting analysis of G; synchronised, irradiated and released
HCT116 cells was performed. In this experiment the mitotic markers,
phospho-Histone H3 and cyclin B1 were observed in TOPK depleted
cells at 8 hours, but were not observed in the control cells until 10
hours after IR, in agreement with what has been previously observed
in unirradiated conditions in breast cancer [87]. Levels of total TOPK
did not change significantly in time, in contrast with an increase in
TOPK expression levels at 7-9 hours post G: synchronisation and
release in Hela cells which has been published previously [74]. In
contrast to previous observations in doxorubicin-treated cells [88],
levels of expression of p2l1l did not seem to be TOPK-dependent.
Furthermore, TOPK knockdown inhibited the phosphorylated form of
CDK1 without affecting the levels of expression of CDK1, suggesting
an inability to activate the G,/M checkpoint in the absence of TOPK.

These results suggest an impaired checkpoint activation with effects
on the G;/S transition and on the G./M arrest post IR and these cell
cycle modifications could be a cause of the observed

radiosensitisation.

In order to correlate these findings to the observed radiosensitivity,
cell fate was investigated. Nuclear morphology was monitored (Figure
4.5A and B) as well as the in vitro growth rate (Figure 4.5C). A
significant difference was observed in the growth rate in irradiated
cells when TOPK had been depleted at 3-6 days after IR, together with
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an increase in multinucleated cells at 72 hours post IR when
comparing TOPK depleted cells to control cells. These results,
presented in Figure 4.5, suggest a role for TOPK in modulating mitotic
catastrophe after IR in HCT116 cells which would also agree with the
known roles of TOPK in mitosis [72], [73], [86], [87], [108], [109].
TOPK has been shown to be a master mitotic regulator in HelLa cells
by phosphorylating C2H2 zinc finger protein [108] and to be
phosphorylated by CDK1 [72], [110]. It has also been shown to
interact with PRC1 in G,/M [110] and to be associated with
microtubules [73], [74]. None of the previously published studies was

performed in the context of ionising radiation.

Apoptosis was investigated with two different approaches as shown in
Figure 4.6 and quantified in Table 4.4. TOPK depleted cells had
increased levels of apoptosis at 48 and 72 hours after 4 Gy IR. These
results are consistent with the hypothesis that in TOPK depleted
samples, the G,/M DNA damage checkpoint is impaired, promoting
premature entry into mitosis. It is possible that the entry into mitosis
with unrepaired damage leads to cytokinetic issues, with a
subsequent increase in multinucleation and apoptosis observed at
later time points. This result is in agreement with what has been
already published in unirradiated samples after shRNA-mediated TOPK
depletion [88].

In order to outline the role of TOPK in modulating radiosensitivity, the
proteins with which TOPK physically interacts were investigated. To
study TOPK interacting proteins after radiation a set of
immunoprecipitations were performed with multiple approaches. First
TOPK was overexpressed (Figure 4.7) and pulled-down 8 hours after 4
Gy IR, and samples were analysed with LC-Ms/Ms using the
parameters described in Table 4.5. The results are presented in Table
4.6. LC-Ms/Ms analysis was also carried out on samples cut from an
SDS-Page gel after TOPK was overexpressed and pulled-down (Figure
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4.8A and Table 4.7). Finally the IP experiment was repeated including
an unirradiated control and the elutes were transferred to a
membrane which was immunoblotted with specific antibodies binding
to the previously identified TOPK interacting proteins (Figure 4.8B).
The identified interaction between TOPK and p21 was then studied at
the endogenous level with co-IP (Figure 4.9).

LC-Ms/Ms experiments revealed that TOPK may interact with a series
of different proteins which are listed in Table 4.6 and Table 4.7. These
proteins are of interest because they are involved in DNA repair (DNA-
PKs, XRCC6) or cell cycle regulation (14-3-30, TRIM25, CDK1, p21)
after IR or because they were previously identified for interaction with
TOPK (histone H2A, a-tubulin, MAPK2K, CDK1). From the presented list
only p21 was confirmed by the three different approaches adopted.

CDKN1A, or p21, is a CDK inhibitor with many roles in cell cycle
regulation after IR [24], [52], [54], [55], [130]. p21 has been shown to
modulate transition through different stages of the cell cycle
[52] under normal conditions or after UV- or IR-induced DNA damage
[57], [131]. p21 can promote the kinase activity of CDK4 or CDK®6 in
complex with cyclin D and as a consequence promotes G;
progression. It has been shown to inhibit CDK2/Cyclin E complex
formation, thus inhibiting RB phosphorylation and progression into
and through S-phase. It has also been shown to inhibit CDK2/Cyclin A
and CDK1/Cyclin A complexes, therefore inhibiting S phase and G
progression. Additionally it has been shown to inhibit the activity of
CDK1/Cyclin B1, which is necessary to progress into G2/M phase after
DNA damage [22], [24], [52], [55], [57], [132]. p21 expression is
upregulated after DNA damage through a p53-dependent mechanism,
but can also be expressed in a p53-independent manner [22], [24],
[55].
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The interaction between TOPK and p2l was detectable at the
endogenous level in HCT116, as shown in Figure 4.9, and may be

enhanced after IR.

It has to be noted that the list of proteins identified by LC-Ms/Ms
(Table 4.6 and Table 4.7) does not include some known TOPK
interacting proteins that have been previously published, such as p53
[88], [89]. This is probably due to the different conditions in the
experimental set-up and to the different endpoints investigated. The
presented immunoprecipitations were performed in HCT116 cells at 8
hours after 4 Gy irradiation and aimed at identifying interactions after
IR. The interaction between TOPK and p21 seemed to be very weak in
the unirradiated control and this might be the reason why this
interaction has not been seen before in other studies without IR. The
increase in this interaction after IR could be due to an increased
expression of p21 after IR [24], [52], [54], [55], [57], [130] which
makes it more likely to bind to TOPK.

Taken altogether these results showed a role for TOPK in the cellular
response to radiation in terms of cell cycle modification, cell fate

alterations, and protein interactions.
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5.1 Introduction
The importance of looking for new modulators of radiosensitivity lies

in the possibility of using them in the clinic. Radiotherapy can only be
effective in tumour control if delivered within the therapeutic window
which represents the balance between tumour control and normal
tissue complications [10]. In order to widen this region of action, and
in particular to shift the probability of achieving tumour control
towards the left towards a lower radiation dose, a possible approach is
the modulation of intrinsic radiosensitivity by the identification of
novel tumour-specific modulators of radioresponse.

TOPK has been previously shown to be upregulated in most cancers
and to be linked to poor clinical outcomes in different types of cancer.
TOPK expression has been shown to correlate with adverse outcomes
in terms of overall survival and recurrence free survival, identifying
TOPK as a prognostic marker in breast cancer patients [77]. In non-
small-cell lung cancer (NSCLC) TOPK expression has been associated
with histological tumour type, lymph node metastasis and cancer
stage (TNM, where T identifies the size of the primary tumour and
whether it has invaded the surrounding tissue, N identifies involved
nearby lymph nodes, and M identifies distant metastasis involved).
The median survival for NSCLC patients with low TOPK levels was
significantly longer (47 months) than patients with high levels of TOPK
(18 months). Tumours positive for both TOPK and Ki67, or TOPK and
mutant p53, had a significantly poorer prognosis in surgically
removed tumour samples (279 samples) [78], [79]. Another study in
NSCLC confirmed a correlation between high levels of TOPK and low
overall survival, and between high levels of TOPK and poor disease-
free survival, and showed that high levels of TOPK paired with low
levels of PTEN give an even poorer survival (119 analysed samples)
[80]. In 2009 a paper was published identifying the opposite
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correlation: TOPK was shown to confer a better survival when
overexpressed in cholangiocarcinoma, but the correlation was
statistically weak and the cohort only contained 24 patients [133]. In
colorectal cancer (CRC) patients TOPK was found to be overexpressed
(study of n = 1044 patients) and to positively correlate with KRAS or
BRAF mutations. Among patients with KRAS or BRAF mutations, those
with diffuse TOPK staining had a significantly poorer prognosis [84]. In
colorectal cancer, levels of TOPK have also been correlated with levels
of interlukin-8 (IL-8 or CXCL8) and as a consequence with poorer
prognosis in the examined cohort of 186 patients [83]. Levels of TOPK
have been studied also in prostate cancer and high TOPK levels have
a strong correlation with advanced grade of cancer in 71 human
prostate cancer and 30 benign prostate hyperplasias [82] and to be
correlated with invasiveness and distant metastasis formation (120
patient cohort) [81]. In contrast with the literature, a recent paper has
shown the opposite effect in terms of a prognostic role for TOPK in
oral cancer. The IHC data from a cohort of 287 patients identified
TOPK as a favourable prognostic marker for overall survival in young

patients, smokers, and patients with late stage disease [134].

In this thesis, TOPK is shown to be a tumour-specific modulator of
radiosensitivity which is upregulated in most cancers and not
expressed in normal tissues, to alter the DNA damage response in
terms of foci formation at early time points, to alter the cell cycle
profile, to interact with p21 and modulate expression and post-
translational modifications of the mayor players in the cellular
radiation response, and to increase levels of cell death via apoptosis

and mitotic catastrophe in vitro.

Further studies are needed in order to understand the potential of
TOPK as a clinical modulator of radiotherapy response in patients. It
was therefore examined if expression levels of TOPK in tumour
samples showed any correlation with the clinical outcome. The
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publicly available early breast cancer patient cohort was used for the
statistical analysis which was performed by Dr Francesca Buffa using
the rmeta R package (http://cran.r-project.org/) as previously
described [92], [93].

Prostate cancer is the commonest malignancy in men and the second
leading cause of male cancer-related death worldwide [135]. External
beam radiotherapy is a commonly used treatment modality for the
radical treatment of localised and/or locally advanced prostate
carcinoma within the United Kingdom before the introduction of
hormone therapy combined with radiation [135], [136]. In order to
determine whether there was a statistically significant correlation
between levels of TOPK and clinical outcome post radiotherapy,
diagnostic pre-radiotherapy prostate cancer samples with associated
anonymous clinical follow up data from a cohort of 128 patients were
investigated with immunohistochemistry (IHC), in collaboration with
Dr Richard J Bryant.

As shown in “CHAPTER 3 “, TOPK siRNA depletion induces a significant
reduction in colony formation after radiation. A limit of the use of
SiRNA constructs to decrease TOPK expression is the transient nature
of this silencing method, which is problematic for in vivo experiments
and for clinical applications.

In order to overcome this problem, two different methods of
disrupting TOPK activity were investigated: shRNA silencing and
kinase inhibition. Short hairpin RNA (shRNA) results in the constitutive
expression of an interfering double-stranded RNA in the nucleus, and
can induce a permanent stable knockdown of the targeted gene.
Molecular inhibition of the TOPK kinase activity was achieved using a
previously described TOPK inhibitor (TOPKi) to inhibit its kinase
activity [111]. Both of these approaches have applications in vivo,
allowing xenograft formation with shRNA TOPK-depleted cells or drug
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administration to inhibit TOPK activity, allowing the study of TOPK in

mouse models.

Finally, in order to test whether the observed effects were strictly
dependent on the IR-induced type of damage and response, and to
test whether TOPK could be exploited in clinical applications in
combination with chemotherapeutic drugs, a set of four
chemotherapeutic drugs including 5-FU, Cisplatin, Etoposide and
Vinblastine were also tested in vitro on HCT116 cells where TOPK was

depleted.
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5.2 Results

5.2.1 Prognostic significance of TOPK expression in breast
cancer patients
A correlation between high levels of TOPK expression and clinical data

was explored in order to investigate a negative role on outcome and

recurrence-free survival (RFS).

The prognostic meta-analysis was carried out by Dr Franceca Buffa
using the rmeta R package. The patient numbers and treatment

information for the data sets were as follows:

. GSE6532: Early stage breast cancer patients given adjuvant
tamoxifen [94]. GSE65320XF, GSE6532KI, GSE6532GUY datasets
contain 98,136 and 87 patients, respectively.

. GSE2034: 286 patients with early breast cancer not receiving
either adjuvant or neoadjuvant therapy. 219 patients received breast
conserving surgery and 67 were given radical mastectomy. 248
patients received radiotherapy [95].

. GSE9195: 77 early stage breast cancer patients which were

treated with adjuvant tamoxifen monotherapy [94].

. GSE1456: 159 early breast cancer patients. 104 receiving

adjuvant tamoxifen or chemotherapy [96].

TOPK expression was investigated at an mRNA level in these cohorts
for a total of 1050 early breast cancer patients, who received the
treatments described above. The obtained result is shown in the
Forest plot in Figure 5.1.
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Figure 5.1: TOPK expression strongly correlates with worse recurrence-free survival
in breast cancer patients. Six different curated retrospective breast cancer datasets
were analysed and the hazard-ratio for recurrence-free survival (RFS) is shown
above at the 95% confidence interval (Cl). The bottom diamond shows the
summary effect for the whole cohort (1050 samples). Summary effect = 3.535, 95%
Cl (2.330; 5.364). Analysis performed by Dr Francesca Buffa.

The different cohorts of patients showed different levels of correlation
between TOPK expression and RFS. The strongest effect was identified
in GSE1456 cohort, followed by GSE65350XF. The summary effect was
estimated to be 3.535 at 95% confidence interval (Cl) 2.330-5.364 as
shown in Figure 5.1 above, confirming a potent overall effect of TOPK

MRNA expression levels on recurrence-free survival.

5.2.2 Immunohistochemistry analysis of prostate cancer
cohort
A cohort of 128 patients with prostate cancer treated with primary

radiotherapy was analysed with IHC in order to determine if levels of
TOPK expression were associated with clinical outcome. All patients
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were treated with primary radiotherapy with curative intent and had
archived prostate biopsies available from their initial diagnosis.
Importantly, this was a cohort where men had been treated with
radiotherapy alone, rather than with the current strategy of treatment
using radiotherapy with neoadjuvant and adjuvant androgen
deprivation therapy. Levels of TOPK expression were investigated in
relation to disease recurrence-free survival, metastatic recurrence-
free survival (i.e. proven metastasis), local recurrence-free survival
(i.e. PSA increase of >2 ng/ml above the PSA nadir post-treatment in
the absence of proven metastases) and all-cause mortality.
Demographics of the analysed prostate cancer cohort can be found in
Table 5.1.

Radical radiotherapy
(n=128)

n (%)

Median age (range), years 69.4 (range 54.7 - 78.8)

Pre-treatment PSA

<10 46 (35.9)
10.1-20 43 (33.6)
>20 32 (25)
Unknown 7
cT-stage

=cT2 78 (60.9)
=cT3 42 (32.8)
Unknown 8 (6.3)

Gleason Grade

<6 30 (23.4)
7 83 (64.9)
=8 15 (11.7)
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Median FU (range), years 7.9(0.5-12.7)
Any recurrence during follow-up 62 (48.4)
Local recurrence during follow-up 44 (34.4)
Metastatic recurrence during follow-up 18 (14.1)
Death (all-cause) during follow-up 26 (20.3)

Table 5.1: Clinical characteristics of the radical radiotherapy prostate biopsy cohort.
Abbreviations: PSA, prostate specific antigen; cT, clinical T-stage; FU, follow-up.

The demographics of the analysed group of patients described in
Table 5.1 show that in the 128 patients the median age was 69 years.
The prostate specific antigen (PSA) baseline was found to be < 10
ng/ml for 36% of the cohort, between 10.1 and 20 ng/ml for 34% of
the cohort, and > 20 ng/ml for 25% of the cohort (unknown for 7
patients). Clinical T-stage (cT) was less than cT2 (i.e. organ-confined)
for 78 patients and more than cT3 (i.e. locally advanced) for 42
patients (unknown for 8 patients). Gleason grade was < 6 for 30
patients, equal to 7 for 83 patients, and = 8 for 15 patients within the
analysed cohort. Median follow-up after treatment was 7.9 years. 62
patients had a recurrence during follow-up, of whom 44 (34%) had
local recurrence and 18 (14%) had metastatic recurrence. Deaths due
to any cause during the follow-up period occurred for 26 patients
(20%).

Nuclear, cytoplasmic and total TOPK expression scores were obtained
by a pathologist (see section 2.16.2 of “MATERIALS AND METHODS”
chapter), and the scores were dichotomised into high and low TOPK
scores in order to perform Kaplan-Meier analyses to investigate
potential associations with clinical outcomes following radiotherapy.

Examples of IHC stained slides can be found in Figure 5.2.
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Figure 5.2: Example of the field of view of prostate cancer IHC stained slides. 20X
magnification. (A) Example of a section with absent/low levels of TOPK. (B)
Example of a section with high levels of nuclear and cytoplasmic TOPK. TOPK
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localisation is visible in brown, hematoxylin counterstain highlights the nuclei in
blue.

Relative expression of TOPK in cancer specimens was determined using a four-
point staining intensity scoring system. The maximum staining intensity score
ranged from 0 (no expression) to 3 (maximal expression). Samples were scored for
nuclear TOPK expression and for cytoplasmic TOPK expression. A relative
percentage of cancer cells with the assigned protein intensity was also given. The
intensity and percentage scores were multiplied to give a TOPK expression score
(0-300) for nuclear or cytoplasmic expression. Total TOPK expression was obtained
by addition of the nuclear and cytoplasmic score (0-600).

Various cut-off points were used to dichotomise TOPK expression as high versus
low for Kaplan-Meijer analysis. Staining performed by Lucia Cerundolo. Scoring
performed by Dr Clare Verrill.
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Samples were scored by a pathologist and differentiated into low
(Figure 5.2A) or high (Figure 5.2B) nuclear, cytoplasmic and total

TOPK expression as well as depending on TOPK localisation (nuclear

or cytoplasmic).

Figure 5.3 shows the results obtained for analysis of nuclear TOPK.
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Figure 5.3: Nuclear expression of TOPK and clinical outcome in the prostate cancer

cohort. Kaplan-Meier analysis of nuclear TOPK levels and (A) overall survival, (B)

recurrence-free survival, (C) local recurrence-free survival, and (D) metastatic

recurrence-free survival.

High levels of nuclear TOPK were associated with significantly increased risk of
local- and any-recurrence following radiotherapy.

Two-tailed p-value was considered significant at p<0.05.
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Figure 5.3A shows that there was no statistically significant difference
between high and low levels of nuclear TOPK in terms of overall
survival (p=0.539). Recurrence-free survival for any recurrence
showed a significant effect (p=0.018) with high levels of TOPK
correlating with a shorter recurrence-free time (Figure 5.3B), but only
4 patients were included in the high TOPK group with a cut-off point
score of 200. Similarly, as shown in Figure 5.3C, a worse local
recurrence-free survival seemed to correlate with high levels of
nuclear TOPK, but this result was obtained with a cut-off point of 200
and included only 3 patients in the high TOPK group. Metastatic
recurrence-free survival did not show any statistically significant
correlation with the levels of nuclear TOPK (p>0.05) as shown in
Figure 5.3D.

Sections were also scored based on the cytoplasmic TOPK expression.
The obtained results are presented in Figure 5.4.
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Figure 5.4: Cytoplasmic expression of TOPK and clinical outcome in the prostate
cancer cohort. Kaplan-Meier analysis of nuclear TOPK levels and (A) overall survival,
(B) recurrence-free survival, (C) local recurrence-free survival, and (D) metastatic

recurrence-free survival.

High levels of cytoplasmic TOPK were associated with significantly increased risk of
local- and any-recurrence following radiotherapy.

Two-tailed p-value was considered significant at p<0.05.

No association between levels of cytoplasmic TOPK and any-cause
mortality was found (Figure 5.4A), with no statistically significant
difference detectable between high and low levels of TOPK scoring in
the cytoplasm in terms of overall survival (p=0.361). Figure 5.4B
shows recurrence-free survival for any recurrence. High levels of TOPK
in the cytoplasm were associated with poorer RFS with p=0.028

(protein expression cut-point 200). Similarly high levels of cytoplasmic
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TOPK were associated with poorer (p=0.015) local recurrence-free
survival as shown in Figure 5.4C. A similar effect was not observable

in the context of metastatic recurrence-free survival (Figure 5.4D).

Samples were then analysed regarding total levels of TOPK calculated
by adding cytoplasm total score and nuclear total score (range O-
600). Results are shown in Figure 5.5.

165



CHAPTER 5 5.2 Results

Overall Survival Any Recurrence
1.0 Total TOPK Laley Total TOPK
~MLow —_ ~MLow
- [
§ 0.8 High =2 B High
s ~4=Low-censored L ~4=Low-censored
& 0.6 =}-High-censored 'g 0.6} =}-High-censored
o >
o 2
= T 0.4
'_g 0.4 E
£ o 0.2+
U 0.24
=0.01
p=0.142, ns 0.0 P
0.0+ 1 1 1 1 ] 1 1
0o 2 4 6 8 10 12

T T
0 8 3 8 20 43 Recurrence-Free Survival

Overall Survival (years) (years)
Local Recurrence Metastatic Recurrence
1.0 Total TOPK 1.0 “1:',;:: Total TOPK
i LILow = JILow
LS —FHigh 2 08 _High
5 == Low-censored L == Low-censored
0.6+ v 0.6
3 ~}-High-censored pl ~}-High-censcred
= =
5 0.4 5 0.4+
3 =]
E E
g 0.2+ 3 0.2
0.0- P=0.011 0.0~ P=0.423, ns
1 1 1 I I I | 1 1 1 I I I I
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Local Recurrence-Free Survival Metastatic Recurrence-Free
(years) Survival (years)

Figure 5.5: Total expression of TOPK and clinical outcome in the prostate cancer
cohort. Kaplan-Meier analysis of nuclear TOPK levels and (A) overall survival, (B)
recurrence-free survival, (C) local recurrence-free survival, and (D) metastatic

recurrence-free survival.

High levels of total TOPK were associated with significantly increased risk of local-
and any-recurrence following radiotherapy.

Two-tailed p-value was considered significant at p<0.05.

Analysis of the overall survival, presented in Figure 5.5A, did not
reveal any association between total levels of TOPK and any-cause
mortality. On the other hand, both recurrence-free survival and local
recurrence-free survival were significantly shortened in cases with
higher levels of TOPK (cut-off point of 200) with p-values of
respectively 0.01 and 0.011 (Figure 5.5B and C). No statistically

166



CHAPTER 5 5.2 Results

significant effect was observed for metastatic recurrence-free survival
based on levels of total TOPK, as shown in Figure 5.5D.

Taken together, these results suggest an effect on clinical outcome
based on levels of expression of TOPK. In particular, high levels of
TOPK correlate with a poorer therapy efficacy in terms of local
recurrence and any recurrence-free survival. This effect was more
evident in the analysis conducted on cytoplasmic and total TOPK
staining compared with nuclear staining. Metastatic recurrence-free

survival did not appear to be associated with levels of TOPK.

5.2.3 Generation of an shRNA stable knockdown cell line
Stable shRNA-induced TOPK knockdown was performed using the

HCT116 cell line because of its potential utility for in vivo mice
experiments and because it showed significant radiosensitisation after
TOPK siRNA knockdown.

The first round of lentiviral transduction was performed at a MOI
(multiplicity of infection, the ratio of agents to infection targets) of 20
in each well of a 96-well plate. As shown in Figure 5.6A, three different
shRNA sequences were tested together with a non-specific control
shRNA (shNS) and the levels of knockdown were shown by
immunoblotting to detect TOPK.

167



CHAPTER 5 5.2 Results

MOl 20
HCT116
-~ shihS
%, % Y 1004
0, 0y 0 - & ShTOPK
%J‘ S L b p=0023, SER,,: 1.19
TOPK® T w
1
-EE'D 10

Vinculin » =
£ L

=]
] ShNT PEqga, 50.3 % (+- 9.7 %) W

SHTOPK PEpe,: 43.2 % (+- 4.5 %)
102 T T )
0 2 4 6
B Dose (Gy)
Selected clone
%
%, 0,
T H

TOPK P

Vinculin P

Figure 5.6: (A) Immunoblotting of the first round of lentivirus transduction with 20
MOI shRNA targeting TOPK. Of the three shRNA constructs tested, shTOPK 1 and
shTOPK_3 show the greatest reduction in band intensity when compared to the non-
specific shRNA construct (shNS). (B) Immunoblotting of the selected clone from a
single cell from the shTOPK 3 population showing a stable TOPK knockdown.
Vinculin was used as a loading control. (C) CFA showing the radiosensitisation of
HCT116 due to TOPK stable shRNA silencing with the selected clone.

Clonogenic data are representative of three independent experiments and
presented as mean +/- SD from triplicate wells. Colonies were stained and counted
about 2 weeks after IR depending on growth rate. p-values were generated by
factorial 2-way ANOVA. PE = Plating Efficiency. SER1, = Sensitisation Enhancement
Ratio at 0.1 surviving fraction calculated from non-linear regression of linear
quadratic model.

The three shRNAs targeting TOPK caused a reduction in TOPK band
intensity compared to shNS, which was more evident for constructs
shTOPK_1 and shTOPK 3.

The population of mixed clones following shTOPK 3 expression, was
selected for clonal expansion and colony selection. The shTOPK 3
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clonal population was replated in a 96-well plate at a cell density of
0.6 cells/well in order to select colonies growing from a single
knockdown cell. Cells were then monitored, grown in neomycin
selection medium to select for cells expressing shTOPK 3, and
expanded. Different clones were tested by immunoblotting for levels
of TOPK expression and one clone was selected with the best
knockdown (Figure 5.6B). The obtained HCT116 shRNA stable TOPK
knockdown cell line was tested in a colony formation assay, and
significant radiosensitisation was observed with a p-value of 0.023
and a SERjo of 1.19. The radiosensitisation observed was not as great
at the radiosensitisation observed following transient TOPK
knockdown, probably due to the remaining TOPK expression observed

with this stable knockdown method (as shown in Figure 5.6B and C).

5.2.4 Inhibition of TOPK activity in vitro
Two different TOPK inhibitors have been described previously, HI-

TOPK-032 [81], [129], [137] and OTS964 [111]. These inhibitors were
tested in order to examine whether they induced radiosensitisation in

cancer cell lines.

HI-TOPK-032 was selected by screening 36 drug candidates targeting
TOPK in an in vitro kinase assay [129]. This inhibitor was shown to
bind to the ATP-binding site of TOPK and to inhibit its kinase activity,
to inhibit colon cancer cell growth, to induce apoptosis in vitro and to
reduce colon cancer growth in a xenograft model in vivo [129]. HI-
TOPK-032 has also been shown to reduce sphere formation capacity of
glioma initiating cells (GICs) and to increase apoptosis at 5 uM in
vitro, and to reduce tumour xenograft growth in mice at 5 mg/kg or 10
mg/kg [137].

OTS964 was developed through screening of a high-throughput
compound library and extensive structure-activity relationship studies
(SAR). It was shown to inhibit TOPK activity at a concentration of 1, 2,
and 5 yuM with effects on cell growth of HCT116 with a ICso value of 33
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nM. It has been tested in vivo using liposomal intravenous
administration at a concentration of 40 mg/kg or orally at 50 or 100
mg/kg, showing tumour xenograft shrinking and complete tumour

regression [111].

As a first step both TOPK inhibitors were tested on HAP1 TOPK k.o.
cells to test off-target toxicity. Cells were plated for a CFA, treated
with the inhibitor for 24 hours, and then allowed to recover for 2
weeks in fresh medium. The tested concentrations were 2 and 3 uM,
which are even lower concentrations than the published working
concentration range of 5-10 uM for HCT116 in vitro experiments [81],
[129], [137]. HI-TOPK-032 showed a high level of toxicity when added
to adherent HAP1 TOPK k.o. cells at a concentration of 2 and 3 uM,
suggesting an off-target effect at this concentration which impaired

colony formation.
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Figure 5.7: HI-TOPK-032 showed a significant reduction in colony formation in
unirradiated HAP1 TOPK k.o. cells at the published ([81], [129], [137]) working
concentrations of 2 uM and 3 uM. After plating, cells were incubated for 24 hours
with HI-TOPK-032 (A) Colonies formed after treatment with 2 or 3 uM of TOPKi HI-
TOPK-032 (top and bottom wells represent two replicates of the same experiment).
(B) Quantification of the number of colonies. Unpaired two-sided student’s t-tests
comparing DMSO to TOPKi *p<0.05, **p<0.01

In contrast, OTS964 was tested on HAP1 WT and HAP1 TOPK k.o. cells
in a CFA format and did not show toxicity on its own at 0 Gy as shown
in Figure 5.8A below, with the following 0 Gy plating efficiencies for
the HAP1 TOPK k.o. cell line: DMSO PEocy 56.7% (+/- 8.3%) and TOPKi
PEosy 43.7% (+/- 6.1%). HAP1 cells were plated and then incubated
with the optimised concentration of 70 nM OTS964 TOPK inhibitor for
four hours before being irradiated at different doses. The survival
curves are shown in Figure 5.8A and B. OTS964 induced significant
radiosensitivity in the HAP1 WT cell line with an SER1, of 1.36, which
was comparable to the sensitisation due to TOPK deletion in HAP1
cells. Furthermore, OTS964 did not show a significant radiosensitising
effect on the HAP1 TOPK k.o. cell line. Taken together, this suggests
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that OTS964 is a specific TOPK inhibitor causing radiosensitisation at
70 nM in HAP1 cells.
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Figure 5.8: Colony formation assay (CFA) of HAP1 cells and OTS964 TOPK inhibitor.
The cell lines were incubated for 4 hours with the TOPK inhibitor at 70 nM
concentration or a DMSO control before being irradiated at various doses. (A) HAP1
WT cells, expressing TOPK, showed a radiosensitising effect when TOPK activity was
inhibited with 70 nM OTS964 with a SER;o of 1.36, p-value = 0.003. OTS964 did not
induce a significant drop in plating efficiency at 0 Gy: DMSO PEos, 56.7% (+/- 8.3%),
TOPKi PEocy 43.7% (+/- 6.1%). (B) HAP1 TOPK k.o. cells did not show any significant
radiosensitising effect of the OTS964 TOPK inhibitor at the stated concentration of
70 nM (p-value = 0.351, non significant).

The OTS964 TOPKi was further tested on normal and cancer cell lines
to verify its radiosensitising properties through inhibition of TOPK.
Colony formation assays were performed in a 6-well plate format.
Cells were incubated with 70 nM OTS964 for four hours prior to
irradiation, and then the medium was replaced after a further 20
hours and the cells allowed to grow for 2 weeks. The results, shown in
Figure 5.9, confirmed that OTS964 radiosensitised cancer cell lines
HCT116 and SQ20B with SER;, of respectively 1.40 and 1.54 but not
normal tissue cell lines HFL-1 and MRC5.
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Figure 5.9: CFA in two cancer cell lines (top) and two normal tissue cell lines
(bottom). TOPK was inhibited with 70 nM OTS964. Cells were plated and incubated
with the inhibitor for four hours before being irradiated at the indicated doses. (A)
TOPK inhibition with the inhibitor showed a significant radiosensitisation in HCT116
cells. (B) Significant radiosensitisation was also observed in SQ20B cells. (C) HFL-1
normal fibroblasts, which do not express TOPK, were not affected by the TOPKi in
terms of colony formation. (D) MRC5 do not express TOPK and did not show a
significant radiosensitisation in a CFA format.

All data are representative of three independent experiments and presented as
mean +/- SD from triplicate wells. Cells were treated with the indicated inhibitor at
70 nM concentration. Colonies were stained and counted about 2 weeks after IR
depending on growth rate. p-values were generated by factorial 2-way ANOVA. PE =
Plating Efficiency. SER;1, = Sensitisation Enhancement Ratio at 0.1 surviving fraction
calculated from non-linear regression of linear quadratic model.
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5.2.5 Cellular response to chemotherapeutic drugs after
TOPK depletion
TOPK has been previously studied in response to doxorubicin

treatment [88], [89], and arsenite (As3*) treatment [90].
Overexpression of TOPK in HT1080 cells attenuates the G./M
checkpoint via p53 destabilisation after doxorubicin treatment [89].
TOPK knockdown in HCT116 cells increases p53-dependent
overexpression of p2l1 and slows growth rate in vitro through
accumulation in G,/M together with an increase in the levels of
apoptosis after doxorubicin treatment [88]. In RPMI7951 cells TOPK
binds to H2AX and inhibits apoptosis after arsenite treatment [90].

In order to investigate if the observed role of TOPK in the cellular
response to radiation was replicable with chemotherapeutic drugs,
four different clinically used compounds were tested in a cell viability
assay using alamarBlue® staining in HCT116 cells. Although not as
sensitive as the CFA, the viability assay is a quicker way to investigate
cell survival and allows the testing of multiple different drug doses in
a 96-well plate format.

5-FU (fluoracil), Cisplatin, Etoposide and Vinblastine were tested on
HCT116 cells in a range of concentrations to study dose-dependent
effects (see Table 5.2 below). Cells were first transfected in a 6-well
plate format with NT or TOPK siRNAs, and then transferred to a 96-
well plate 48 hours post transfection. Cells were allowed to adhere for
4 hours, and then the chemotherapeutic drug was added to the
medium for the following 24 hours. Finally cell viability was analysed

with an alamarBlue assay using a plate reader.
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Mechanism of Action Tested
concentration

(brief description) range

Interferes with DNA synthesis by blocking
5-FU the thymidylate synthetase conversion of 0 -50 pg/ml
deoxyuridylic acid to thymidylic acid.

Cisplatin Induction of DNA crosslinks. 0-1.5 pg/ml
Topisomerase inhibitor, preventing ligation
Etoposide of the DNA strands, leading to strand 0 -5 pg/mi
breakage.

Vinblastine |Suppressor of microtubule polymerisation.| 0 - 40.6 ng/ml

Table 5.2: List of the four chemotherapy compounds, a brief description of their
mechanism of action, and the tested concentrations in HCT116 cells.

The effect of these four chemotherapeutic drugs is shown in Figure
5.10.
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Figure 5.10: HCT116 cells viability after siRNA TOPK depletion combined with
different doses of four different chemotherapeutic drugs. (A) 5-FU was added to
samples for a 24 hours incubation at a range of doses (B) The surviving fraction of
SiNT and siTOPK treated cells after Cisplatin administration. (C) Etoposide surviving
fraction of siTOPK HCT116 cells when compared to siNT after 24 hours incubation
with the drug. (D) TOPK siRNA depletion in the response to different doses of
Vinblastine when compared to siNT in HCT116 cells.

The tested concentrations for the four drugs presented in Figure 5.10
did not show any enhanced effect after TOPK depletion in HCT116
cells. This could be due to many different factors including the limited
sensitivity of the alamarBlue assay and the tested concentrations for
each drug, as well as differences in the mechanism of action of these
drugs compared to ionising radiation. For these reasons it was
decided to not proceed any further with these chemotherapeutic

treatments.
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5.3 Discussion
TOPK has been previously proposed as a clinical prognostic indicator

of patient therapy outcome. In Figure 5.1 prognostic data from five
different breast cancer patients cohorts was presented. The mRNA
levels analysed showed a very solid correlation between TOPK
expression and the hazard ratio for recurrence free survival (RFS).
High levels of TOPK were shown to correlate with poor outcome in the
clinic. The analysed database was chosen because of its free
availability. The five cohorts included patients treated with different
methods such as adjuvant tamoxifen (GSE6532, which included
GSE65320xf, GSE6532KI, GSE6532GUY and 77 patients from the
GSE9195 cohort) [94], radiotherapy (248 patients out of the GSE2034
cohort) [95], and adjuvant tamoxifen or chemotherapy (104 patients
from GSE1456) [96]. The treatment heterogeneity of the analysed
cohorts made it difficult to determine whether the effect was
treatment-dependent and made it impossible to produce a radiation-
only correlation between levels of TOPK and clinical outcome. A total
of 1050 patients were analysed and the summary effect estimation
was 3.535 at 95% confidence interval (Cl) 2.330-5.364, suggesting a
strong correlation between levels of TOPK and poor clinical outcome.

Immunohistochemistry analysis of TOPK expression has been
previously published, showing correlations between levels of TOPK
and clinical outcome. Most published papers have found that high
levels of TOPK correlate with adverse outcome to therapy in many
different cancer types, as previously discussed. At the time of writing,
only two papers showed an opposite trend. In one of these papers,
TOPK was shown to favour survival in cholangiocarcinoma by
modifying the median survival form 8 months to 14 months in
patients with high levels of TOPK [133], although this study was
performed on a relatively small cohort of patients (n=24). A second
published paper suggested a positive correlation between high levels
of TOPK and prognosis in a multivariate analysis (n=287). High levels
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of TOPK combined with young age (<57), smoking habit, and poorly
or moderately differentiated tumour led to a significantly improved
survival [134]. In contrast, TOPK has been demonstrated to correlate
with poor prognosis in prostate cancer, especially in patients with
Gleason score = 8 (p=0.0016), PSA > 20 ng/ml (p=0.02), and stage >
T2c (p=0.035) [82]. At the time of writing, to my knowledge, this
thesis is the first work analysing a patient cohort receiving curative
radiotherapy.

The results presented in Figure 5.3, Figure 5.4 and Figure 5.5 show
that high levels of TOPK confer a poor clinical outcome in terms of
recurrence-free survival and local recurrence-free survival following
radiotherapy, which was more evident for total and cytoplasmic TOPK
compared to nuclear TOPK. At ten years post treatment, the Kaplan-
Meier graphs appeared to converge, suggesting that radiotherapy
alone may be insufficient to cure many prostate cancers. Indeed,
radiotherapy with concurrent androgen deprivation therapy is more
effective that radiotherapy alone, and is now the “gold standard” in
the clinics. Metastatic recurrence was not affected by levels of TOPK,
suggesting that the observed effect on local recurrence might be
radiation-specific and might not affect distant metastasis that could
have formed before starting the treatment. Overall survival did not
show any significant correlation with levels of TOPK. This might be
due to the fact that follow-up data for the analysed prostate patients
cohort did not distinguish between cancer deaths and any-cause
deaths, and there were few deaths overall. Therefore it is not possible
to state whether TOPK might have influenced the overall cancer-
specific survival. These findings suggest that changes in TOPK
expression may potentially be wuseful clinically as a biomarker
predictive of local recurrence in prostate cancer patients treated with
radiotherapy. These results may also suggest that modulation of TOPK

might influence radiosensitivity in prostate cancer.
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In order to be able to investigate modulation of radiosensitivity and a
possible role for TOPK in vivo in future studies, an shRNA stable
knockdown HCT116 cell line was developed (Figure 5.1) and two TOPK
inhibitors were investigated. HI-TOPK-032 has been published to cause
cell death at 5-10 uM in HCT116 cells in vitro [81], [129], [137]. Here
it was shown to be highly toxic already at 2 and 3 pM in unirradiated
cells not expressing TOPK. In the same cell line, 70 nM of the OTS964
inhibitor did not cause an anomalous decrease in plating efficiency,
suggesting 0TS964 to be the best TOPK inhibitor for radiation-
response studies (Figure 5.1 and Figure 5.1). OTS964 was used in a
CFA and showed radiosensitising effects in HCT116 and SQ20B cancer
cell lines, but no effect was observed in HFL-1 and MRC5 normal cells
(Figure 5.9) which is in agreement with the tumour-specific

radiosensitisation observed after siRNA treatment.

The development of an HCT116 shRNA stable knockdown cell line
would allow tumour growth and progression to be studied in mice.
However, the level of TOPK knockdown is not as good as the
knockdown observed with siRNA treatment. To solve this issue a
possible approach could be to use the same stably knocked-down cell
line for a further lentiviral transfection, which could reduce further the
levels of expressed TOPK further. In addition, a colony-selection
approach could be undertaken to select single cells with low levels of
TOPK expression. Another problem with shRNA is the potential loss of
knockdown or suppressor mutations in daughter generations of cells.
In vivo pilot experiments could be performed in order to monitor
xenograft growth differences and radiation response. An alternative
solution to the incomplete knockdown achieved via shRNA would be
the use of CRISPR/Cas9 to induce a stable knock-out.

The OTS964 TOPK inhibitor was shown to be a reasonably specific
kinase inhibitor which causes tumour regression following treatment

in mouse models. The inhibitor could be delivered to mice
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intravenously (1V) or by gavage, and the working concentration should
be optimised in vivo before investigating the radiation response after

treatment.

As part of the mechanistic investigation of the role of TOPK and to
evaluate its clinical potential, chemotherapeutic drugs were tested in
HCT116 cells lacking TOPK expression. These experiments (Figure
5.10) did not show any significant TOPK-dependent changes in the
cellular response in terms of surviving fractions. This confirmed that
the observed sensitisation is ionising radiation dependent, suggesting
a role for TOPK in the radiation response but not in the response to
chemotherapeutic compounds. There could be multiple reasons
behind this lack of sensitisation to chemotherapeutic drugs after TOPK
depletion, including a difference in the mechanisms of action of the
tested molecules compared to ionising radiation or the experimental
set up. TOPK has been previously shown to alter the response to other
DNA damaging agents including doxorubicin [88], [89], arsenite
[90] and UV radiation [91] and therefore other agents might show a
different effect.
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6.1 Summary of findings
The goal of this thesis was to discover and validate novel molecular

determinants of tumour radiosensitivity. This approach aimed to
identify genes that could be targeted to modify the response to
radiation in the clinic in order to widen the therapeutic window and
allow tumour control.

Starting from a previously published high-throughput screen of 709
siRNAs targeting kinases [64], four possible candidate genes were
selected for their ability to cause radiosensitivity after knockdown,
CSF1R, EPHB2, GAK and TOPK. The criteria for candidate gene
selection were novelty in the context of radiosensitivity, a differential
expression in tumour cells compared to normal tissues, and the
availability of reagents for expanded studies. After a preliminary
validation of these four genes in cancer cell lines, siRNA-mediated
knockdown of TOPK and GAK were shown to induce greater levels of
radiosensitisation compared to CSFIR and EPHB2 knockdown. Two
normal tissue cell types were also tested in a CFA format to verify the
effects of GAK and TOPK knockdown in normal tissues. In summary,
only TOPK depletion was shown to radiosensitise a panel of different
cancer cell lines including HelLa, SQ20B, T24, HCT116, H1299, DU145
and PC3 with no radiosensitising effect on normal tissue cell lines
such as HFL-1 and MRC5. Based on the Oncomine 3.0 database
[75] and the immunoblotting analysis of different cell lysates, TOPK
was shown to only be expressed in cancer tissues and not in the
normal tissues tested. From these experiments TOPK was chosen as
the candidate for further investigation as a modulator of

radiosensitivity with potential clinical applications.

A TOPK knock-out cell line (HAP1 TOPK k.o.) was purchased and
shown to be radiosensitised when compared to the parental HAP1 WT
cell line. This result, together with deconvolution CFAs performed in
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HCT116 cells, using two different siRNA strands targeting different
regions of the gene, suggested that the radiosensitivity was not
induced by off-target effects.

In order to investigate the role of TOPK in the response to ionising
radiation and to characterise the mechanism conferring impaired
survival, the early DNA damage response was investigated by
quantification of y-H2AX and 53BP1 foci. These foci were monitored
from 0.5 hours to 24 hours post 4 Gy IR, and a COMET assay was also
performed in order to investigate changes in the levels of DNA
damage repair. A statistically significant difference in the average
number of foci per cell was only detected at 30 minutes but not at the
later time points, and no detectable differences were noted in DNA
damage with the COMET assay analysis.

Cell cycle modifications were next investigated. Cell cycle profiling
outlined differences for TOPK-depleted cells, including a slower G,/S
transition and lack of a G./M arrest after IR. A role for TOPK in cell
cycle progression has been described previously [79], [91], [138], and
therefore a slower progression through the the cell cycle was
expected in TOPK-depleted cells. Radiation caused a clear difference
in checkpoint activation, with a fewer cells arresting in G,/M following
TOPK depletion, possibly as a result of the failure to activate the G,/M
checkpoint by phosphorylation of CDK1l. This result suggests a
malfunctioning of IR-induced checkpoint activation, which depends on
TOPK levels. Levels of expression of phospho-TOPK, cyclin E1 and B1,
phospho-histone H3, and phospho-CDK1 were also studied via
immunoblotting and showed differences depending on the cell-cycle
stage and the level of TOPK knockdown.

A role for TOPK in the ability to evade programmed cell death was
studied by looking at levels of apoptosis and cell morphology
alterations in HCT116 after TOPK siRNA depletion and IR. Levels of
apoptosis increased after radiation in TOPK-depleted cells when
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compared to the control, outlining the importance of TOPK as a

potential target for clinical applications.

There was a significant increase in the number of multinucleated cells
following TOPK depletion compared to the control, suggesting once
again a crucial role for this protein in the radiation response. The
presence of an increase in multinucleated cells at 72 hours after IR
suggests possible mediation in mitotic catastrophe.

An IP experiment was then conducted to identify proteins that interact
with TOPK after IR. The approach adopted was overexpression of a
M2-flag tagging vector expressing TOPK-Flag, followed by IP at 8 hours
post 4 Gy IR and analysis of the eluted lysates by mass spectrometry.
CDKN1A (p21) was identified as an interacting partner of TOPK. The
interaction was validated with different approaches and the inclusion
of an unirradiated control showed that the interaction becomes
stronger in the presence of radiation. To check whether this
interaction was present between the endogenous proteins, further IP
experiments were performed. TOPK and p21 were pulled down and
immunoblotted for p21 and TOPK respectively. In both co-IPs there
was a band in the elutes which increased in intensity after IR,
suggesting that the interaction between TOPK and p2l1 is
physiological, and is increased after IR.

In order to investigate the potential of using TOPK in the clinics, a
prognostic meta-analysis was performed on five different early breast
cancer cohorts for a total of 1050 patients. This analysis showed a
strong correlation between high levels of TOPK mRNA expression and
a higher hazard ratio for RFS, suggesting a potential for TOPK as a
prognostic marker.

Furthermore, immunohistochemistry (IHC) was performed on prostate
cancer samples from 128 patients treated with radiotherapy only to

determine whether there was a statistically significant correlation
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between levels of TOPK and clinical outcome. These results showed a
statistically significant correlation between high levels of TOPK
expression and a poorer clinical outcome in terms of local recurrence.
This was mostly evident for total TOPK and cytoplasmic TOPK.
Metastatic recurrence-free survival did not seem to be different for
low or high levels of TOPK. From the analysed cohort it was not
possible to determine a correlation between levels of TOPK and total

overall survival.

Clinical data about TOPK have previously shown a correlation with
adverse outcomes in terms of overall survival and recurrence free
survival, identifying TOPK as a prognostic marker in breast cancer
patients [77]. In non-small-cell lung cancer (NSCLC) TOPK expression
has been associated with histological type, lymph node metastasis
and cancer stage (TNM) and tumours positive for both TOPK and Ki67
or TOPK and mutant p53 had a significantly poorer prognosis [78],
[79]. Another study in NSCLC confirmed a correlation between high
levels of TOPK with low overall survival and disease-free survival and
showed that high levels of TOPK paired with low levels of PTEN give
an even poorer survival [80]. In colorectal cancer (CRC) patients TOPK
was found to be overexpressed and to positively correlate with KRAS
or BRAF mutations. Among patients with KRAS or BRAF mutations,
those with diffuse TOPK staining had a significantly worse prognosis
[84]. In colorectal cancer, levels of TOPK have also been correlated
with levels of interlukin-8 (IL-8 or CXCL8) and as a consequence with
poorer prognosis [83]. In prostate cancer a strong correlation with the
advanced grade of cancer, metastasis and invasiveness and levels of
TOPK were identified [81], [82].

In order to facilitate future TOPK studies in mice models, two different
methods of disrupting TOPK activity were investigated: shRNA
silencing and kinase inhibition. The obtained HCT116 shRNA stable
TOPK knockdown cell line was tested in a colony formation assay, and
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radiosensitisation was observed due to the low level of TOPK
expression. Two different TOPK inhibitors have been described
previously, HI-TOPK-032 [81], [129], [137] and OTS964 [111], and
were tested in the context of IR. HI-TOPK-032 caused off-target effects
which significantly reduced cell viability in the HAP1 TOPK k.o. cell
line. In contrast, OTS964 had no radiosensitising effect in HAP1 TOPK
k.o. cells, and showed significant radiosensitisation in a panel of
cancer cell lines including HCT116 and SQ20B, but no effect on

normal tissue cells such as HFL-1 and MRC5.

Finally, in order to test whether the observed effects were strictly
dependent on IR-induced damage, and to test whether TOPK could be
exploited in the clinic in combination with chemotherapeutic drugs, a
set of four commonly used chemotherapeutic drugs including 5-FU,
Cisplatin, Etoposide and Vinblastine were also tested in vitro in
HCT116 cells in which TOPK was depleted. TOPK siRNA silencing in
HCT116 did not show any chemosensitisation for the four tested

compounds.
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6.2 Significance of findings
Although CSFIR and EPHB2 were not investigated in detail in this

thesis due to insufficient radiosensitisation following knockdown in
some of the cancer cell lines tested, their role as modulators of
radiosensitivity could be studied in the context of different cancer
types. It is possible that depletion of these genes could be an
effective therapy in particular cancer types. GAK depletion showed a
small radiosensitisation in the two normal cell lines tested which was
not observed for TOPK, and data on the Oncomine 3.0 database
showed GAK to be overexpressed in only two cancer types and
underexpressed in at least four, whereas TOPK is overexpressed in
most cancers suggesting a possible correlation between TOPK
expression and cancer disease. Therefore GAK is unlikely to be a
suitable candidate for future study. CSFIR is overexpressed in seven
of the total number of considered cancers and is underexpressed in
three of them including bladder cancer. This might explain why CFAs
did not show radiosensitisation nor gene knockdown in the T24
bladder cancer cell line. EPHB2 is overexpressed in the majority of the

considered cancers and is underexpressed in two.

At the time of writing no studies have been published investigating

the role of TOPK in the context of ionising radiation in vitro or in vivo.

CFAs were performed on a panel of different cancer cell lines and
always revealed that TOPK depletion or inhibition influences survival
after IR. CFA was also performed on DLD1 (colorectal cancer) and
A549 (lung carcinoma) cell lines which did not show radiosensitisation
despite a good level of TOPK knockdown (data not shown). Fewer
normal tissue cell lines were tested because many do not form
suitable colonies or are difficult to transfect, so are not useful for
CFAs. The mechanistic investigation of the role of TOPK in modulating
radiosensitivity was performed solely on the HCT116 colorectal cancer
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cell line. This was chosen because of its high levels of TOPK
expression and its ease of use in vitro and in vivo. Future studies
should include the confirmation of the observed results in different
cancer and normal tissue cell lines and using a TOPK inhibitor instead
of siRNA knockdown.

The observed modulation of radiosensitivity was linked to cell cycle
modifications. In order to better characterise the TOPK-dependent
modifications of the G;/S transition and checkpoint activation a
deeper investigation would be needed, for example by looking at
levels of phosphorylation of other CDKs including CDK2, CDK4/6.
These experiments could also provide a better understanding on the
modality of delaying G; exit in TOPK depleted cells. Given that TOPK-
depletion inhibits CDK1 phosphorylation, it is possible that it also
affects phosphorylation of other CDKs.

TOPK depleted cells showed increased levels of apoptosis and an
increased number of multinucleated cells. These results suggest, once
again, a role for TOPK in mitosis and suggest that cells lacking TOPK
might undergo aberrant mitosis under unstable conditions, producing
multinucleated daughter cells which will undergo apoptosis and
mitotic catastrophe 3-6 days post IR. The roles of checkpoint
activation and coordinated cell-cycle progression are known to be a
crucial characteristic for cells to avoid the accumulation of potentially
lethal mutations [46], [49]. Mitotic catastrophe typically occurs
between 2-6 days after IR as the result of aberrant mitosis which
produces atypical chromosome division and therefore modified
nuclear morphology. This phenomenon has been suggested to occur
after DNA damage with deficient cell cycle checkpoints or after
hyperamplification of centrosomes [114].

A further experiment which would allow characterisation of the
formation of multinucleated cells and the consequent increase in

mitotic catastrophe would be to continuously monitor the cellular
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behaviour via live cell imaging. This technique allows the division of
cells to be studied over time. If H2B-GFP is expressed in the cells,
chromatin condensation and nuclear division can be studied, allowing
the different stages of mitosis to be defined. TOPK has been proposed
to be involved in the mitotic checkpoint, in prophase, metaphase and
also in cytokinesis [72], [86], [87], [108]-[110]. Live cell imaging
could give a clearer idea of its role during mitosis. This technique
could include overexpression of a fluorescently tagged TOPK plasmid
to locate the protein inside the nucleus at each stage of the cell cycle.
Furthermore, chromosomal morphology during mitosis could be
investigated using metaphase spreads to get an insight of the role of
TOPK in mitosis and to the cause of mitotic catastrophe in the
absence of TOPK.

Most tumours have a mutated p53 status with consequent loss of
their pro-apoptotic mechanisms [114]. Furthermore, uncontrolled
proliferative capacity is considered to be one of the hallmarks of
cancer [46], [49]. For these reasons, the observation of increased
levels of apoptosis and impaired cell-cycle progression in TOPK-
depleted cells suggest the potential of targeting TOPK for application
in the clinic [114].

The interaction of TOPK with CDKN1A (p21) is a novel discovery and
could be a possible explanation to the observed checkpoint inhibition
and radioresponse. The physical interaction between TOPK and p21
after irradiation has never been described before and is a
fundamental step in the understanding of the mechanisms of action
of TOPK and a further step in the characterization of an important
player for the tumour development such as p2l. The observed
increase in this interaction after IR could be due to the increased
levels of p21 after IR [24], [53], [57]. The fact that TOPK interacts with
p21 and the interaction is favoured by radiation could be linked to the
observed radiosensitivity in TOPK-depleted cells. TOPK could be
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altering p21 activity and, as a consequence, the cellular response to

radiation leading to a difference in cell survival.

A further experiment to investigate whether the TOPK-p21 interaction
is the main cause for the observed radiosensitivity would be to
perform a CFA in HCT116 cells in which p21 is knocked-out (HCT116
p217). If in this cell line depletion of TOPK does not induce any further
radiosensitisation compared to p2l depletion alone, that would
suggest that TOPK modulates radiosensitivity solely through p21
interaction. Although, this approach might be misleading since
HCT116 p21” cells might develop alternative pathways to deal with
DNA damage in the lack of p21 and be viable.

Furthermore, the identified TOPK-p21 interaction did not investigate
which domain of both proteins physically interact. In order to do that,
an IP experiment with truncated proteins being overexpressed could
be performed. Knowing the interacting regions could give a better
insight about the function of the interaction between TOPK and p21.

A simplified graphical description of a possible role for TOPK in
HCT116 cells in the response to IR leading to cell death is presented

in Figure 6.1.
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A IR-induced DSB In the presence of TOPK
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B IR-induced DSB In the absence of TOPK

J

Early DDR (y-H2AX and 53BP1

foci)
* Cyclin E1 levels unvaried
Slower G,/S progression
Cyclin B1 earlier expression and
degradation
Weaker G,/M arrest Weaker G,/M checkpoint

activation

Earlier phosphorylation of
histone H3

Cell death Incorrect mitosis

Mitotic catastrophe

Figure 6.1: Schematic representation of the role of TOPK in HCT116 cells. (A) The
cellular response to radiation in HCT116 expressing cells. (B) The cellular response
to IR-induced DNA damage in HCT116 cells where TOPK was depleted via siRNA.

Figure 6.1A shows a simplified graphical description of the IR-induced
DNA damage response in HCT116 normally expressing TOPK. The
damage triggers the early set of events which characterise the DDR
including y-H2AX and 53BP1 foci formation and p53-dependent
expression of p21 [10], [21]. Cyclin E1 is expressed and degraded in
order to regulate transition from G; to the S phase of the cell cycle for
cells that are ready to undergo DNA replication. At about 8 hours after
4 Gy IR, cells undergo G,/M arrest to prevent mitosis and check that
the DNA has been repaired and fully replicated. This process is
regulated by cyclin B1l. At this stage TOPK is bound to p21 and
phosphorylated, favouring CDK1 phosphorylation. Phosphorylation of
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histone H3 marks entry into mitosis of cells with correctly replicated
DNA.

In the absence of TOPK (Figure 6.1B), despite an intact early DDR
response, cyclin E1 expression remains constant, and the G,/S
progression is slower. Cyclin Bl is expressed earlier and the absence
of TOPK inhibits phosphorylation of CDK1. The G./M checkpoint is
inactive and cells undergo early mitosis as phosphorylation of histone
H3 shows. Early mitosis of cells carrying unrepaired DNA damage
leads to the formation of multinucleated cells which undergo mitotic
catastrophe at 72 hours post IR. This difference in cell viability leads
to the observed radiosensitisation in CFAs.

These results suggest a mechanistic role for TOPK in the radiation
response in terms of cell cycle modifications, with altered entry into
mitosis, and therefore decreased levels of cell death. In tumours, high
levels of TOPK might prevent a positive response to radiation damage

with a consequent tumour resistance and a poorer clinical outcome.

One of the reasons that TOPK is an attractive candidate as a clinical
modulator of radioresponse is its differential expression between
normal and cancerous tissues. It has been shown that TOPK is
expressed only in testis and placenta [71]-[74] and is upregulated in

most cancers [75], [76].

The presented prognostic data made it difficult to determine if the
observed prognostic potential for TOPK was treatment-dependent and
made it impossible to have a radiation-only correlation between levels
of TOPK and clinical outcome because of the treatment heterogeneity
of the analysed cohorts. A clearer analysis would involve a cohort

including only radiation treated patients.

Immunohistochemistry analysis of a cohort of 128 patients showed a
strong correlation between high levels of TOPK and a poorer

recurrence-free survival and local recurrence-free survival. These data
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suggest, once again, a role for TOPK in modulating the response to

clinical radiation in patients with prostate cancer.

In order to further understand if TOPK can be successfully targeted in
the clinic for cancer treatment, an in vivo characterisation is
necessary. Xenograft mice models could be used to study the effects
of TOPK depletion using either the stable knockdown cell line
produced or the OTS964 inhibitor. The shRNA HCT116 cell line had a
weak knockdown and this affected radiosensitivity in vitro. An
inducible knockdown could be a better model to control off-target
effects. The inhibitor (OTS964) has been used in the past for in vivo
experiments [111] and is a promising tool. Although some
optimisation will be needed to determine working concentrations and
avoid excessive toxicity. These two tools for in vivo studies will be
validated in mice models. Both of these approaches have wide
applications in vivo allowing xenograft formation with shRNA TOPK-
depleted cells or drug administration to inhibit TOPK activity in mice
models. The key experiment in vivo will be to assess tumour growth
delay in combination with radiation. Four groups will be used for this
experiment; control, OTS5964 alone, IR alone and the combination of
0TS964 and IR. HCT116 xenografts should be the ideal model for this

experiment.

Mechanistic in vitro studies were performed using siRNA depletion of
TOPK and not the inhibitor or the shRNA. This decision was made
because of the ease of transfecting HCT116 cells and the consistently
high level of knockdown achieved with this technique. In order to use
the inhibitor for mechanistic studies a further optimisation of its
working conditions might be needed together with the identification
of a suitable substrate effect which could be used to monitor the
effectiveness of TOPK inhibition. These experiments will be essential if
the OTS964 inhibitor is to be used in vivo or in the clinic.
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6.3 Concluding remarks
This study focused on TOPK and its modulation of radiosensitivity.

CSF1R, EPHB2, GAK and other genes were identified in the screen as

well and will be considered for further investigation in the future.

This thesis added a further step to the research about TOPK by
exploring the roles of this gene in the context of radiation.

TOPK is a novel regulator of radiosensitivity with enormous potential.
Further in vitro investigation is needed to fully understand how it is
involved in the cellular mechanisms that lead to the cancerous
phenotype. Furthermore, in vivo experiments will confirm or dispute
the importance of this gene in the response to radiation. Finally, a
positive response to a TOPK inhibitor in clinical trials will be needed to
confirm that a new target for radiotherapy has been discovered which
will contribute to improve tumour control and to enhance patient
treatment.
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ABSTRACT

DNA double-strand breaks (DSBs) are toxic lesions,
which if improperly repaired can result in cell death
or genomic instability. DSB repair is usually facili-
tated by the classical non-homologous end joining
(C-NHEJ), or homologous recombination (HR) path-
ways. However, a mutagenic alternative NHEJ path-
way, microhomology-mediated end joining (MMEJ),
can also be deployed. While MMEJ is suppressed by
C-NHEJ, the relationship between HR and MMEJ is
less clear. Here, we describe a role for HR genes
in suppressing MMEJ in human cells. By moni-
toring DSB mis-repair using a sensitive HPRT as-
say, we found that depletion of HR proteins, includ-
ing BRCA2, BRCA1 or RPA, resulted in a distinct
mutational signature associated with significant in-
creases in break-induced mutation frequencies, dele-
tion lengths and the annealing of short regions of
microhomology (2—-6 bp) across the break-site. This
signature was dependent on CtIP, MRE11, POLQ and
PARP, and thus indicative of MMEJ. In contrast to
CtIP or MRE11, depletion of BRCA1 resulted in in-
creased partial resection and MMEJ, thus revealing
a functional distinction between these early acting
HR factors. Together these findings indicate that HR
factors suppress mutagenic MMEJ following DSB re-
section.

INTRODUCTION

DNA double strand breaks (DSBs) are deleterious lesions
that if left unrepaired can lead to cell death, while if mis-
repaired can give rise to genomic instability, thus lead-
ing to tumorigenesis (1). To survive such lesions and pre-
serve genome integrity, cells possess two main evolution-
arily conserved DSB repair mechanisms, namely homolo-
gous recombination (HR), and non-homologous end join-

ing (NHEJ) (2). Other repair pathways generally referred to
as alternative non-homologous end joining pathways (Alt-
NHEJ) (3-5), have been of recent interest. A subset of these
repair mechanisms relies on regions of microhomology on
either side of the break, which anneal following limited re-
section in a process called microhomology-mediated end
joining (MMEJ) (6-8).

HR is an error-free DSB repair pathway that proceeds
through three phases. In mammalian cells the presynap-
tic phase is triggered by a two-step 5 to 3’ end resec-
tion that produces 3’ single-stranded DNA (ssDNA) over-
hangs. Resection is initiated by the endonucleolytic activity
of the MRE11-RADS50-NBS1 (MRN) complex and the C-
terminal binding protein interacting protein (CtIP), which
exposes short ssDNA tails (9,10). These become substrates
for the extensive resection mediators, Exol, DNA2 and
BLM (11,12). BRCALI also facilitates the initial resection
step of HR (13,14) in conjunction with MRN (15) and CtIP
(15,16), where it accelerates the DSB resection rate (17).
The exposed ssDNA is initially protected by Replication
Protein A (RPA) (18), which is then displaced by RADSI1,
following its recruitment by BRCA2, to form a nucleopro-
tein filament (19). The RADS1 nucleofilament promotes
strand invasion of the undamaged sister chromatid, which
is used as a repair template, resulting in a displacement
loop (D-loop). During the synaptic phase of HR, the 3’ end
is extended by DNA replication, which can subsequently
proceed through a number of sub-pathways. During DSB
repair, second end capture and annealing results in dou-
ble Holliday junction (HJ) formation. In the post-synaptic
phase of HR, HJ structures can be resolved with or without
crossovers, or dissolved, thus preventing crossovers (20,21).
Alternatively, during synthesis-dependent strand annealing
(SDSA) (22), the invading and extended strand is expelled
from the D-loop to anneal to the second end which, follow-
ing gap filling and ligation, results in error-free repair (23).

Classical NHEJ (C-NHE)) is triggered by recognition
and protection of DNA ends by the Ku70/Ku80 het-
erodimer, which forms a ring that encircles duplex DNA.
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This protects ends from resection and creates a platform
to recruit the DNA-PK catalytic subunit (DNA-PKcs)
(24,25). Broken ends are then trimmed by Artemis and
ligated by DNA Ligase 4 (Lig 4), X-ray repair cross-
complementing protein 4 (XRCC4) complex, and XRCC4-
like factor (XLF), depending on the nature of the damage
(25-27). Although end-protection by Ku in this pathway
minimizes resection, thus promoting error-free end joining,
this pathway is widely referred to as error-prone as it lig-
ates the ends in a homology-independent fashion poten-
tially leading to small insertions, and/or deletions (indels)
at the DSB sites. From a genome-wide perspective, however,
C-NHE]J is not as threatening as alternative NHEJ (Alt-
NHEJ) pathways for mammalian genome stability (24) and
is even considered as a guardian of genome stability (28).

Alt-NHEJ refers to DSB end joining pathways that are
independent of the C-NHEJ factors Ku70/Ku80, DNA-
PKcs and DNA Lig4. Unlike C-NHEJ, these pathways are
highly mutagenic, always associated with indels and com-
monly lead to chromosomal rearrangements. Importantly,
a sub pathway of Alt-NHEJ events termed microhomology
mediated end joining (MMEJ) rejoins the ends by base pair-
ing between microhomologous sequences. MMEJ is me-
diated via CtIP, MRN complex, Poly [ADP-ribose] poly-
merasesl (PARP-1) and DNA ligase 3 (Lig 3) (29,30). In
mammalian cells, PARP-1, a key component of the MMEJ
pathway (31), initially competes with Ku heterodimer for
binding to DNA ends resulting in PAR formation (32,33).
This in turn promotes MREI11 recruitment and the initia-
tion of resection by MRN complex and CtIP (34). Subse-
quently, DNA end ligation is mediated through DNA Lig 3
(7,35). Further, recent studies have identified a low fidelity
DNA polymerase 6 (Polf also known as POLQ) (36) as an
important MMEJ factor in mammalian cells. POLQ is re-
cruited to DSB ends by PARP-1 where it facilitates end join-
ing and microhomology annealing (37). While absent from
yeast, the role for POLQ in MMEJ appears to be conserved
in flies, worms, mice and humans (38). MMEJ generates
deletions and translocations at the break points and thus
is highly mutagenic (39). However, there are other types of
Alt-NHEJ events that do not rely on such microhomologies.
The ligation step in these pathways is facilitated through
DNA ligase 1(Ligl) (6).

Impairment of a DSB repair pathway is a common fea-
ture in human cancers, rendering their survival highly de-
pendent on secondary DSB repair pathways (40). There-
fore, studies of the relationships between different DSB re-
pair machineries are of interest as they can provide insight
into how to target these defects for cancer therapy purposes.
In this regard, HR has an inhibitory impact on C-NHEJ
via initiation of resection (41). Conversely, C-NHEJ sup-
presses HR and Alt-NHEJ by Ku binding and preventing
the resection initiation (42,43). However, the exact nature
of the interplay between HR and Alt-NHEJ in human cells
still remains elusive. A recent study in MEFs (Mouse Em-
bryonic Fibroblast Cells) found elevated levels of PARP-1-
dependent translocations following loss of the HR factor
RADS54 (44). Moreover, a study in Saccharomyces cerevisiae
(S. cerevisiae ) showed that RPA impairs MMEJ by remov-
ing the secondary structures of ssDNA, which facilitates
RADSI filament assembly leading to HR and thereby sup-

pression of annealing of the terminal microhomologies (45).
On the other hand, two recent studies in mammalian cells
suggested that POLQ-mediated Alt-NHEJ suppresses HR
repair mechanisms (46,47). A role for BRCA1 in promoting
NHE] fidelity has been proposed (48). However, studies in
MEFs have also shown that BRCA1 promotes Alt-NHEJ
at uncapped telomeres (49).

Here, we have investigated the relationship between HR
and MME]J repair of DSBs. We have used a highly sensi-
tive HPRT-based assay (50,51) together with other GFP-
based reporter assays (52-54) to characterize DSB mis-
repair events observed following depletion or inhibition of
HR and NHEJ factors. Following both physical and ge-
netic analyses, we have established a role for HR factors
in suppressing MMEJ at break point junctions. Further,
our data suggest the existence of POLQ-dependent and
POLQ-independent MMEJ pathways, both of which are
suppressed by RPA. Last, we define a role for BRCALI in
functioning downstream of CtIP and MREI11 to promote
resection, thereby preserving genome integrity by counter-
acting MMEJ.

MATERIALS AND METHODS
Cell culture

HT1080 (human fibrosarcoma, HPRT assay), U20S (hu-
man osteosarcoma, GFP-based HR reporter (52)), and
H1299 (human non-small cell lung carcinoma, GFP-based
C-NHE]J reporter (54)) cells were cultured as described pre-
viously (51,55). C-NHEJ reporter cells were a kind gift from
Atsushi Shibata and Takashi Kohno. MMEJ reporter cells
(U20S with integrated EJ2-GFP reporter) were a kind gift
from Jeremy Stark (53) and were grown in high glucose
DMEM supplemented with L-glutamine, 10% fetal bovine
serum, and 1% Pen/Strep solution (10 000 U/ml penicillin,
10 000 mg/ml streptomycin), including 8 mg/ml plasmocin
and 2 mg/ml puromycin.

HAT to select for HPRT gain of function

HAT selection was carried out by adding 1x HAT supple-
ment (Invitrogen) directly to the DMEM medium for 10
days before the I-Scel transfection.

6-TG to select for HPRT loss of function

6-TG selective medium was made by making up 1000 x 6-
TG of 15 mg/ml by dissolving the 6-TG powder (sigma)
in IN NaOH and ddH20. 1000 x 6-TG was added to
DMEM and used at a final concentration of 15 mg/ml. 6-
TG medium was added 5 days after the I-Scel transfections.

HPRT-based I-Scel-cleavable reporter assay

The assay was based on human fibrosarcoma (HT1080)
cells with a functional but I-Scel-cleavable HPRT gene
(clone 5.2.1), as described previously (50). Use of this as-
say in conjunction with siRNA knockdowns has been pre-
viously described (51). Briefly, an I-Scel cut site was tar-
geted into exon 6 of the endogenous human HPRT gene,
without disrupting the functionality of the gene. These cells
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were seeded in 6-well plates and were immediately trans-
fected with siRNAs using RNAIMAX from Invitrogen ac-
cording to the manufacturer’s instructions. The following
day, medium was replaced with fresh DMEM. 48 h after
siRNA transfections, cells were lipofected with I-Scel plas-
mid, which was performed in a ratio of 6 g DNA: 18 nl
Fugene in a total of 300 wl transfection mix in DMEM with
no Pen/Strep and fetal bovine serum to transfect each well
of a 6-well plate using the Fugene 6 transfection reagent
(Promega). 24 h later, medium was replaced with fresh
DMEM. Five days after the I-Scel transfection, the cells
were seeded in different densities within 100 mm plates (i.e.,
10°, 5 x 10*, 10* and 103 per plate). Cells used to determine
the mutation frequencies were then exposed to 6-TG selec-
tion, while the cells used for determining plating efficien-
cies were kept in non-selective media. 6-TG medium was re-
freshed every 2-3 days. Cells were incubated for 10-12 days
to form colonies, which were stained and counted for the
purpose for calculating the mutation frequencies. Further,
a total of 30 clones from each genetic background were iso-
lated and grown in 48-well plates. These were subsequently
expanded into 24-well plates. At full confluency cells for
each clone were then trypsinised and collected for extrac-
tion of genomic DNA using a Qiagen Flexi gene DNA
kit according to the manufacturer’s instructions. Genomic
DNA was then quantified and used for PCR amplification
across the I-Scel break site and sequencing. Primers and
PCR conditions to amplify across the I-Scel site have been
previously described (51).

Data analysis

Sequence alignment was conducted using DNA Data Bank
of Japan (DDBJ) ClustalW program (version 2.1).

Graphical display of results and statistical analysis

For all statistical analysis and graphical display, the pro-
gram GraphPad Prism (www.graphpad.com) was used.

siRNA transfections

HT1080 or U20S or H1299 cells were transfected with
siRNAs (10 nM final concentration) using RNAIMAX
(Invitrogen) according to the manufacturer’s instructions.
Medium was replaced 24 h after transfection. The se-
quences of the siRNAs are listed below:

non-targeting (NT) proprietary sequence of supplier (Qi-
agen),

BRCA2 (Thermo Scientific): GGGAAACACUCAGA
UUAAAUU, UUUAAUCUGAGUGUUUCCCUU;

BRCAI1 (Dharmacon): AAUGCCAAAGUAGCUAAU
GUAUUUU, AAUACAUUAGCUACUUUGGCAUUU
U;

CtIP (Dharmacon): GAGGUUAUAUUAAGGAAGA,
GGAGCUACCUCUAGUAUCA, GAACAGAAUAGG
ACUGAGU, GCACGUUGCCCAAAGAUUC;

MREI1l (Dharmacon): GGAGGUACGUCGUUUC
AGA, GGAAAUGAUACGUUUGUAA, CGAAAUGU
CACUACUAAGA, GAAAGGCUCUAUCGAAUGU;

RPA (Dharmacon): AACUGGUUGACGAAAGUG
GUGUU, CACCACUUUCGUCAACCAGUUUU;
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POLQ (Ambion, Lifetechnologies): CCGCUUUUGG
AGUCAGUAATT, UUACUGACUCCAAAAGCGGT
A.

Western blotting

Whole cell extracts and the protein concentration measure-
ments for western blotting were performed as described
previously (51). Equal amounts of protein were separated
on NuPAGE Tris-Acetate or Bis-Tris gel (Invitrogen) and
transferred to a PVDF membrane (0.45 pm pore size) (In-
vitrogen). After blocking, the membranes were incubated
with appropriate primary antibodies at 4°C overnight fol-
lowed by secondary antibodies at room temperature for
1 h. Imaging of protein was performed by the BIO-RAD
ChemiDoc Imaging sytem.

Primary antibodies used for western blotting are listed
below:

BRCA2 (Santa Cruz, sc-28235); BRCA1 (Calbiochem,
0OP92); RADS1 (Santa Cruz, sc-8349); CtIP (GeneTex
19E8); MRE11 (Abcam, ab33125); RPA32 (Abcam, 2175);
Tubulin (Sigma, T5168). All secondary antibodies were pur-
chased from Invitrogen.

Inhibitors

The PARP-1 inhibitor, Olaparib (AZD 2281) was dissolved
in DMSO and used at 5 wM final concentration. The DNA-
PKcs inhibitor, NU7441 (Axon) was dissolved in DMSO
and used at 5, and 15 wM final concentrations.

Quantitative RT-PCR

RNA was extracted using an RNeasy mini kit (Qiagen).
A SuperScript® VILOTM (Invitrogen/Life Technologies)
cDNA synthesis kit was used to reverse transcribe cDNA
from total RNA according to manufacturer’s instructions.
Quantitative PCR was performed using 7500 Fast Real-
Time PCR detection system (Applied Biosystems). Reac-
tions (25 wl each) were prepared in triplicate in a 96-well
reaction plate. Each reaction contained 20 ng cDNA, 200
nM of each primer, 10 pl water and 12.5 pl Absolute Blue
QPCR SYBR low ROX Mix (Thermo Scientific). DNA lev-
els were normalized to the GAPDH calculated using a 2-
AACt method. QPCR settings were as follows: Initializa-
tion at 95°C for 15 min, denaturation at 95°C for 15 s, an-
nealing at 60°C for 30 s, and extension at 72°C for 30 s and
repeat for 40 cycles. Primers used for the qRT-PCR are listed
below:

gRT-PCR F:5-AGT CGC ACA CTG CTA CAG GAC
GA-¥

gRT-PCR R: 5-GGC ACA AAG GCA TGT CGC ATG
C-3

GFP-based I-Scel-cleavable reporter assays (HR, C-NHEJ
and MMEJ)

To examine the effects of gene loss of function on the
HR, C-NHEJ, and MMEJ repair pathways a panel of
GFP-based I-Scel-cleavable reporter cell lines was used.
The cells were transfected with an I-Scel plasmid using
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Lipofectamine 2000 (Invitrogen) according to the manufac-
turer’s instructions in 6-well plates 48 h after the siRNA
knockdowns. After 2 days, the cells from each well were
trypsinised and dispersed in 200 wl medium. The 400 wl
suspension was then immediately mixed with 200 w1 of 10%
formaldehyde, and vortexed for 2-3 s before FACS (FAC-
SCalibur) to quantitate the number of GFP positive cells.
For FACS analysis, non-overlapping gates were defined by
three populations of cells from the same cell line: normal
cells, cells transfected with EGFP or DsRed plasmids. 20
000 cells were analyzed for each sample.

RESULTS

BRCA2 depletion promotes DSB-induced deletions typical of
MMEJ

We have previously shown that siRNA-mediated depletions
of SETD2 or RADSI had similar effects on I-Scel-induced
DSBs in the HPRT gene, namely an increased overall fre-
quency of HPRT mutagenesis associated with increases in
both deletion lengths and use of microhomologies on either
side of the deletions (51). These findings suggested a possi-
ble role for HR in suppressing MMEJ.

To test this further, we applied the same approach (Sup-
plementary Figure S1) to assess a possible role for other
HR factors in suppressing MMEJ. BRCA2, a key recom-
bination mediator in mammalian cells, facilitates RADS1
loading onto ssDNA. We therefore anticipated that BRCA2
might also suppress MMEJ. We first depleted BRCA2 and
measured the frequency of HPRT inactivation (mutation
frequency) following I-Scel-induced DSBs. Knockdown of
BRCAZ2 resulted in a significantly increased I-Scel-induced
mutation frequency (2.8%; P < 0.0001), compared to cells
treated with non-targeting control (NT) siRNA (1.1%)
(Figure 1A). Sequence analysis of HPRT-negative clones
derived from cells treated with NT siRNA (Figure 1B, and
Supplementary Figure S2A-C) or BRCA2 siRNA (Figure
1B, and Supplementary Figure S3) indicated average dele-
tion lengths of 5.6 and 49 bp, respectively. Thus BRCA2 de-
pletion resulted in a 9-fold increase in deletion lengths (P <
0.0001) (Figure 1C). Insertions at the HPRT break site were
also detected but their frequencies were not significantly al-
tered by BRCA2-depletion (Supplementary Figure S14).

Further examination of the sequences at deletion junc-
tions showed that the proportion of deletions appearing to
have arisen by MMEJ rose significantly from 43%, for cells
treated with NT control siRNA, to 72% for cells treated
with BRCA2 siRNA (P< 0.05) (Figure 1D). BRCA2 deple-
tion in HT1080 cells was confirmed by western blot (Fig-
ure 1E). To assess the effect of BRCA2 depletion on HR,
we used a previously described (51) U20S cell line carry-
ing a well-characterized GFP-based reporter for HR (DR-
GFP) (52). We found that the frequency of HR in BRCA2-
depleted cells was significantly reduced by 41% compared
to the NT controls (P< 0.0001), consistent with a role for
BRCAZ2 in promoting HR (19) (Figure 1F). Thus BRCA2
depletion causes both a decrease in HR and an apparent
increase in MMEJ suggesting roles for BRCA2 not only in
promoting HR but also in suppressing MMEJ.

BRCAL depletion promotes DSB-induced deletions typical of
MMEJ

BRCAL1 is also an essential factor for HR but has a dis-
tinct function in HR compared to BRCA2, where BRCA1
facilitates 5’ to 3’ resection of DSBs to generate 3’ ssDNA
tails (56). To investigate a possible role for BRCA1 in sup-
pressing MMEJ, we examined the effect of BRCAI1 deple-
tion on DSB mutational signatures in the HPRT reporter
system. Like BRCA?2 depletion, BRCAT1 depletion resulted
in a significantly enhanced mutation frequency (3.5%; P =
0.001) following I-Scel-induced DSBs compared to that of
NT controls (1.1%) (Figure 2A). Further, sequencing of in-
dividually isolated HPRT mutated clones from a BRCA1-
depleted background (Figure 2B and Supplementary Fig-
ure S4) indicated an average deletion length of 17 bp, sig-
nificantly (3-fold) greater than the deletion lengths in NT
control siRNA-treated cells (P = 0.04) (Figure 2C). Inter-
estingly, the deletion lengths in BRCA1-depleted cells were
significantly (2.8-fold) smaller than to those in BRCA2-
depleted cells (P < 0.05). This is consistent with the early
role for BRCAL in promoting resection during HR, prior to
BRCA2-assisted RADS1 loading. Insertions at the HPRT
break site were also detected but their frequency was not
significantly altered by BRCA1-depletion (Supplementary
Figure S14). Among the sequenced junctions in HPRT neg-
ative cells, 66% (P< 0.05) appeared to have been generated
by MMEJ following BRCAL1 depletion, a 1.5-fold increase
over the 43% in cells with normal BRCAI levels (Figure
2D). Therefore, BRCA1 depletion, like BRCA2-depetion,
resulted in a significant increase in the proportion of mu-
tagenic NHEJ events appearing to occur by MMEJ (Fig-
ure 2D). BRCA1 depletion in HT1080 cells was confirmed
by western blot (Figure 2E). Consistent with the role of
BRCALI in HR (14), HR was significantly reduced by 52%
(P < 0.0001) in the DR-GFP reporter (U20S cells) (52)
following BRCA1 knockdown (Figure 2F). Thus, BRCA1
depletion results in reduced HR repair and significantly in-
creased mutation frequency associated with a larger propor-
tion of MMEJ events. Together with the similar effects of
BRCA2, RADS1 and SETD2 depletion, these results sug-
gest a common role for HR factors in suppressing MMEJ.

MMEJ-like DSB repair in HR deficient cells is independent
of DNA-PKcs

Although the microhomologies we observed at repair junc-
tions in HR-defective cells were highly suggestive that
MME]J is the key pathway involved, we wanted to test
the possible involvement of C-NHEJ. Because C-NHEJ,
but not MMEJ, is dependent on DNA-PKcs, we therefore,
compared the HPRT mutational profile following treatment
of cells with a DNA-PKcs inhibitor (NU7441), or siRNA
against RADSI1 in the presence and absence of NU7441.
This inhibitor has previously been shown to disrupt the C-
NHE]J repair pathway (57). We found that treating cells with
NU7441 resulted in a significant increase in the deletion
length (16 bp, P = 0.015) and a significantly increased pres-
ence of microhomologies at the break sites (60%, P< 0.05)
compared to that of the NT background (Figure 3A—C and
Supplementary Figure S5). This is consistent with a role for
DNA-PKcs in conjunction with Ku in protecting DSB ends
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Figure 1. BRCA2 depletion promotes DSB-induced deletions typical of MMEJ. (A) Break-induced mutation frequency of HPRT reporter cells treated
with NT control siRNA (NT), and BRCA2 siRNA (siBRCA2). Error bars represent SEM from three independent experiments. ****P < 0.0001. (B)
Representative sequence alignments of the PCR products in NT control (NT), and BRCA2-depleted (siBRCA2) cells isolated from three independent
experiments (see also Supplementary Figures S1A, S2A-C and S3). I-Scel recognition sequence and terminal microhomologies at the break sites are
highlighted. (C) Average length of deletions (bp) in different genetic backgrounds. Each dot represents an independent clone. The lines represent mean and
SEM, **** P < (0.0001. (D) Frequency of MMEJ at mis-repaired junctions in HPRT deletion mutants isolated from cells treated with NT control siRNA
(NT) or BRCA2 siRNA (siBRCAZ2). P values calculated by statistical analysis “difference between proportions”, * P < 0.05. (E) Western blot showing
BRCA2 knockdown in HT1080 cells 48 h following siRNA transfection. (F) HR repair efficacy of DR-GFP reporter cells treated with NT control siRNA
(NT), and BRCA2 siRNA (siBRCA2), indicated by the percentage of GFP-positive cells. Error bars show SEM from three independent experiments, ****
P < 0.0001.
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Figure 2. BRCA depletion promotes DSB-induced deletions typical of MMEJ. (A) Break-induced mutation frequency of HPRT reporter cells treated with
NT control siRNA (NT), BRCA1 siRNA (siBRCAL). Error bars represent SEM from three independent experiments. *** P < 0.001. (B) Representative
sequence alignments of the PCR products in NT control (NT), and BRCA1-depleted (siBRCAI1) cells from three independent experiments (see also
Supplementary Figures S1A, and S4). I-Scel recognition sequence and terminal microhomologies at the break sites are highlighted. (C) Average length of
deletions (bp) in different genetic backgrounds. Each dot represents an independent clone. The lines represent mean and SEM, *P < 0.05, ***P < 0.001.
(D) Frequency of MMEJ at mis-repaired junctions in HPRT deletion mutants isolated from cells treated with NT control siRNA (NT) or BRCAI siRNA

(siBRCAL1). P values calculated by statistical analysis “difference between p

roportions”, *P < 0.05. (E) Western blot showing BRCA1 knockdown in

HT1080 cells 48 h following siRNA transfection. (F) HR repair efficacy of DR-GFP reporter cells treated with NT control siRNA (NT), and BRCAL1
siRNA (siBRCA1), indicated by the percentage of GFP-positive cells. Error bars show SEM from three independent experiments, **** P < 0.0001.

and thereby promoting C-NHEJ and counteracting MMEJ
(25,58). Further, we found that the RADS51-depleted mu-
tational pattern following DSB induction was largely un-
affected by the presence of the DNA-PKcs inhibitor. In
particular, similar deletion lengths and use of microho-
mologies at the HPRT break-sites were observed following
RADSI1 depletion in the absence or presence of NU7441
(P >0.05) (Figure 3A-C, and Supplementary Figure S6).

No statistical difference was found between the MMEJ lev-
els in cells treated with NU7441, siRNA against RADS1
or siRNA against RADS5I1 in combination with NU7441
(Figure 3C). These observations suggested that the DSB
mutational signature in the absence of HR is largely inde-
pendent of DNA-PKcs, a core C-NHEJ factor. To confirm
this in another system, we used a well-defined GFP-based
MME]J reporter integrated within a U20S cell line (EJ2-
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Figure 3. MMEJ-like DSB repair in HR-deficient cells is independent of DNA-PKcs. (A) Representative sequence alignments of PCR products obtained
from HPRT negative cells treated with NT control siRNA (NT), a DNA-PKcs inhibitor (NU7441), siRNA against RADS51 (siRADS51) or siRNA against
RADSI plus NU7441 (siR+NU7441), from three independent experiments (see also Supplementary Figures SIA, S5-S6). I-Scel recognition sequence and
terminal microhomologies at the break sites are highlighted. (B) Average length of deletions (bp) in different genetic backgrounds. Each dot represents an
independent clone. The lines represent mean and SEM, n.s., not significant, ** P < 0.01. (C) Frequency of MMEJ at mis-repaired junctions in HPRT dele-
tion mutants isolated from cells treated with NT control siRNA (NT), NU7441, RADS51 siRNA (siRADS51) or RADSI and NU7441 (siRADS1+NU7441).
P values calculated by statistical analysis “difference between proportions”, *P < 0.05. (D) Schematic map of the EJ2-GFP reporter (53) to assess MMEJ
efficacy, where the I-Scel cut site is flanked by 8 nucleotide homologous sequences capable of bridging the I-Scel-induced DSB by MMEJ and thus restor-
ing a functional GFP cassette. (E) MMEJ repair efficacy of EJ2-GFP reporter cells treated with NT control siRNA (NT), BRCA2 siRNA (siBRCA?2),
DNA-PKGcs inhibitor (NU7441) or BRCA2 and DNA-PKcs co-depleted cells (siBRCA2+NU7441), indicated by the percentage of GFP-positive cells. Er-
ror bars show SEM from three independent experiments. *P < 0.05. (F) MMEJ repair efficacy of EJ2-GFP reporter cells treated with NT control siRNA
(NT), BRCA1 siRNA (siBRCA1), DNA-PKcs inhibitor (NU7441) or BRCA1 siRNA and DNA-PKcs (siBRCA1+NU7441), indicated by the percentage
of GFP-positive cells. Error bars show SEM from three independent experiments. *P < 0.05, ** P < 0.01.
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GFP) (53) (Figure 3D). Knockdown of BRCAZ2 in this sys-
tem significantly increased the GFP-positive cells, indica-
tive of MMEJ repair, compared to the NT controls (1.95-
fold, P =0.0105) (Figure 3E), confirming that BRCA2 sup-
presses MMEJ. Also, DNA-PKcs inhibition by NU7441 in
this reporter cell line significantly increased the MMEJ re-
pair events by 2.24-fold (P = 0.0129) (Figure 3E), consis-
tent with a well-established role for C-NHEJ factors in sup-
pressing MMEJ (42). Further, inhibition of DNA-PKcs by
NU7441 in BRCA2-depleted cells led to a slight increase
of the GFP-positive cells compared to that of BRCA2-
depleted cells (1.62-fold; P = 0.0523) or control cells treated
with NU7441 (1.4-fold; P>0.05) (Figure 3E). When we re-
peated these experiments using BRCAT1 depletion in place
of BRCA2 depletion, we obtained very similar results (Fig-
ure 3F). These data obtained from the GFP reporter are
consistent with those from the HPRT assay; in neither sys-
tem did treatment with DNA-PKcs inhibitor impair the in-
crease in MME]J resulting from depletion of an HR protein
suggesting that DNA-PKcs is dispensable for the induction
of MMEJ in the HR-deficient cells.

Finally, to confirm that NU7441 efficiently inhibits C-
NHEJ, we treated the previously described GFP-based C-
NHE]J reporter (IRES-TK-EGFP, H1299 cells) (54) (Sup-
plementary Figure S7A) with NU7441 and observed a
93.6% (P < 0.0001) fall in C-NHEJ (Supplementary Fig-
ure S7B). RADS1 depletion was confirmed by western blot
(Supplementary Figure S7C). Collectively these data sug-
gest that MMEJ in HR-impaired cells is independent of
DNA-PKGcs, a key factor for the C-NHEJ pathway. Also,
the GFP-based reporter data suggest that BRCA2 and
BRCAI suppress MMEJ.

DSB-induced mutation signatures in HR-deficient cells re-
quire MMEJ factors

The above evidence shows clearly that DSB mis-repaired
junctions with microhomologies typical of MMEJ are en-
hanced when HR is impaired, and that this effect is C-
NHEJ-independent. We nevertheless sought direct evidence
that MME] is indeed the pathway responsible for these mu-
tational signatures. We therefore used the HPRT system to
examine the DSB-induced mutational signatures following
depletion of essential MMEJ factors. Given that HR and
MME] share the initial resection step via CtIP and MRE11
(8,59,60), we investigated the impact of depleting these fac-
tors on the DSB-induced mutational signature. CtIP and
MREI11 were depleted by siRNA-mediated knockdown in
the HPRT reporter cells and the mutational frequencies
following I-Scel-induced break were quantified. We found
that, similar to the depletion of RADS1, SETD2, BRCA2
and BRCAL1, depletion of cither CtIP or MREI11 resulted
in a significant increase in the I-Scel-induced mutation fre-
quency (3.5%; P = 0.0007; and 3.6%; P < 0.0001, respec-
tively) compared to 1.1% in NT controls (Figure 4A). The
mutational frequencies in these backgrounds were slightly
but significantly greater than those in BRCA2 depleted cells
(P<0.05), consistent with roles for CtIP, and MREI11 up-
stream of BRCA?2 during HR. Surprisingly, sequence analy-
sis of HPRT-negative clones derived from CtIP- or MRE11-
depleted cells identified a distinct mutational signature com-

pared to that of SETD2-, RADS51-, BRCA2- or BRCAI-
depleted cells (Figure 4B, and Supplementary Figures S8
and S9). This signature involved deletions with comparable
lengths to those in NT controls (mean 5.6 bp), in contrast
to the increased deletion lengths seen in BRCA2-depleted
cells (mean 49 bp; P < 0.0001, and P < 0.001, respectively)
(Figures 1C and 4C). Further analysis of the mis-repaired
junctions of HPRT-negative clones from these backgrounds
identified a significant decrease in the proportion of repair
junctions associated with microhomologies in both CtIP-
(13%; P < 0.05), and MRE11- (31%; P < 0.05) depleted
cells, compared to NT controls (43% Figure 4D), or to
BRCA2 72 (Figure 1D) and BRCAI-depleted cells (65%,
Figure 2D). In summary, depletion of CtIP or MREI11, es-
sential MMEJ factors that promote the initiation of resec-
tion, significantly reduced the proportion of DSB-induced
deletions that were associated with microhomologies, rel-
ative to the NT controls. This contrasts sharply with de-
pletion of the HR proteins SETD2, RADS51, BRCA2 or
BRCAI1, which significantly enhanced the same proportion
(Figures 1D and 2D) (51).

To assess the effect of CtIP and MRE11 depletion on HR,
we knocked down CtIP and MREII in the DR-GFP re-
porter (U208 cells) (52) and found that the frequency of
HR was significantly reduced by 92% (P < 0.0001), and 71%
(P < 0.0001), respectively (Figure 4E). CtIP and MRE11
depletions were confirmed by western blot (Figure 4F). To-
gether, these findings are in accordance with roles for CtIP
and MREI1 in the initiation of resection during both HR
and MMEJ.

PARP-1 is also known to play a key role in MMEJ by
competing with Ku to bind DSBs, which in turn leads to
the recruitment of MREI11 and CtIP to trigger resection
(33,61). Consistent with this, Olaparib has recently been
shown to decrease the Alt-NHEJ levels in the MMEJ-GFP
reporter assay (62). Therefore, we treated the HR-proficient
HT1080 cells (HPRT reporter) with a PARP-1 inhibitor,
Olaparib (AZD2281) (63), and examined the DSB muta-
tional pattern. The effects of Olaparib were similar to those
of CtIP or MREI11 depletion. Thus Olaparib significantly
increased the mutation frequency (2.6%; P = 0.0073; Figure
4A) compared to the 1.1% in NT controls, generating dele-
tion lengths (mean 7 bp) comparable to the controls (mean
5.6 bp; P > 0.05; Figure 4B and C), and significantly shorter
than deletion lengths in BRCA2-depleted HPRT mutants
(mean 49 bp; P = 0.0005). Similarly, HPRT mutants aris-
ing following DSB induction in cells treated with Olaparib
showed a significant reduction in the proportion of dele-
tion junctions associated with microhomologies (25%; P
<0.05) relative to NT controls (57%) (Figure 4B, D and
Supplementary Figure S10), Collectively, these results sug-
gest that microhomologies at DSB mis-repaired junctions
in the HPRT reporter do indeed originate from the MMEJ
repair machinery.

To confirm that the MMEJ-like signature in HR-
compromised cells arises from MMEJ, we aimed to see
whether knocking down a core MMEJ factor could abol-
ish the MMEJ signature in these cells. We therefore, co-
depleted BRCA1 and MREI11 in the HPRT system and
monitored the DSB mutational signature. Simultaneous
knockdown of BRCA1 and MREI1 resulted in a signifi-
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Figure 4. DSB-induced mutation signatures in HR-deficient cells require MMEJ factors. (A) Break-induced mutation frequency of HPRT reporter cells
treated with NT control siRNA (NT), CtIP siRNA (siCtIP), MRE11 siRNA (siMRE11) or PARP-1 inhibitor (Olaparib). Error bars represent SEM from
three independent experiments, n.s., not significant, **P < 0.01, ***P < 0.001, ****P < 0.0001. (B) Representative sequence alignments of the HPRT
negative PCR products in cells treated with NT control siRNA (NT), CtIP siRNA (siCtIP), MRE11 siRNA (siMRE11) or PARP-1 inhibitor (Olaparib),
from three independent experiments (see also Supplementary Figures SIA, S8-10). I-Scel recognition sequence and terminal microhomologies at the break
sites are highlighted. (C) Average deletion lengths (bp) in different genetic backgrounds. Each dot represents an independent clone. The lines represent mean
and SEM, ***P < 0.001, ****P < 0.0001. (D) Frequency of MMEJ at mis-repaired junctions in HPRT deletion mutants isolated from cells treated with
NT control siRNA (NT) or CtIP siRNA (siCtIP), MREI1 siRNA (siMRE!1) or Olaparib. P values calculated by statistical analysis “difference between
proportions”, *P < 0.05. (E) HR repair efficacy of DR-GFP reporter cells treated with NT control siRNA (NT), CtIP siRNA (siCtIP), or MRE11 siRNA
(siMREI1), indicated by the percentage of GFP-positive cells. Error bars show SEM from three independent experiments. ****P < 0.0001. (F) Western
blot showing CtIP and MREI11 knockdowns 48 h following siRNA transfection.

cantly increased mutation frequency of 3.4% compared to
that of the NT background (1.1%, P =0.0013) (Supplemen-
tary Figure S11A). This increased frequency of HPRT loss
is consistent with the roles for BRCA1 and MREI11 in pro-
moting DSB repair (14,15). Further, the MMEJ signature
was absent in cells co-depleted for BRCA1 and MREI11.
This was associated with deletion lengths comparable to
that of NT cells (mean 5.6 bp), and a significantly reduced

proportion of MMEJ (27%) compared to that of NT cells
(43%, P < 0.05) (see Supplementary Figures S11 and S12).
Together these data confirm that the MMEJ-like signature
in the absence of HR factors is arising from the MMEJ
pathway.
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RPA suppresses MMEJ

RPA is a heterotrimeric ssDNA binding protein with roles
in DNA replication, recombination and DSB repatir, includ-
ing HR. RPA displacement by RADS5I is a critical step in
HR (18). In this regard, it has been previously shown in S.
cerevisiae that RPA antagonizes MMEJ (45). Therefore, to
test a possible role for RPA in repressing MMEJ repair in
human cells, we used the GFP-based reporter for MMEJ
repair (53) (Figure 3D). RPA knockdown (Figure 5C) re-
sulted in significantly enhanced MMEJ levels compared to
the NT controls (2.9-fold; P < 0.0001) (Figure 5A), sug-
gesting that human RPA also suppresses MMEJ. POLQ
has recently been identified as an MMEJ-promoting fac-
tor in mammalian cells (46,47). Thus siRNA knockdown
of POLQ was used as a control for the GFP-based MMEJ
reporter, which led to 94% reduction in POLQ gene expres-
sion levels, as evaluated by qRT-PCR (Figure 5B). This was
found to significantly reduce MMEJ repair by 58% (P =
0.0112), consistent with its role in the mammalian MMEJ
pathway (Figure 5A). Further, co-depletion of RPA and
POLQ in the GFP-based MMEJ reporter led to signifi-
cantly reduced levels of MMEJ compared to that of RPA-
depleted cells (P = 0.0007). Surprisingly, however, MMEJ
levels in cells co-depleted for POLQ and RPA were still
significantly greater than NT controls (P = 0.0022) (Fig-
ure 5A), suggestive of the possible existence of POLQ-
dependent and POLQ-independent MMEJ pathways be-
ing suppressed by RPA. Finally, to confirm the role for
POLQ in promoting MMEJ in the HPRT assay, we de-
pleted POLQ in this system and monitored the DSB muta-
tional pattern. Analysis of the mutational signature in cells
treated with siRNA against POLQ showed a significantly
decreased MME] levels compared to that of the NT back-
ground, (Figure 5D and E and Supplementary Figure S13).
These results resemble our findings in the MMEJ-GFP as-
say, confirming that the HPRT and the GFP reporter assays
measure the same process.

DISCUSSION

Mutations arising from aberrant DSB repair are deleterious
for cells and can give rise to genomic instability, a hallmark
of cancer (64). Yet how DSB-induced chromosomal rear-
rangements are suppressed is poorly characterized. Further,
there is little mechanistic insight into the relationship be-
tween disrupting repair pathways and the mechanisms of
DSB mis-repair. Here, using an [-Scel-cleavable reporter as-
say based on the human endogenous HPRT gene (50,51),
together with an array of I-Scel-cleavable GFP-based re-
porter assays (52-54), in different cancer cell lines we have
established a role for HR factors in suppressing mutagenic
MME] following DSB resection. In this context, we con-
sider MMEJ] to arise as the default pathway following HR
inactivation rather than being actively suppressed by HR
(see model in Figure 6). Following on from our initial ob-
servations in RADS1- and SETD2-depleted cells (51), this
study confirms that depletion of other HR factors (BRCA2,
BRCAT1 and RPA) also results in significantly elevated lev-
els of a common DSB mutational signature in which DSB-
induced deletions are associated with microhomologies of

2-6 bp at the break junctions. Our observations are in align-
ment with the recent studies in human cells indicating that
chromosomal rearrangement junctions formed by MMEJ
contain 2—-6 bp of microhomology regions (38). Further, our
data also indicate that while failed HR leads to an increase
in MMEJ-induced deletions, surprisingly no effect was ob-
served on insertions, suggesting that these arise through
other mutagenic NHEJ events in this context. In this re-
spect, insertions were still observed, albeit at low levels, fol-
lowing inhibition of DNA-PKcs or following knockdown
or inhibition of MMEJ factors, suggesting these insertions
arise through other end-joining mechanisms. However, this
needs to be investigated in more detail.

Because the junctional microhomologies can potentially
represent DSB mutational signatures of either C-NHEJ or
MME]J pathways (65,606), it is important to know which
of these pathways is involved. However the abrogation of
these signatures following depletion or inhibition of CtIP,
MREI11, PARP-1, all of which facilitate MMEJ, provides
strong genetic evidence that the MMEJ pathway is respon-
sible. The observation that MMEJ levels are decreased fol-
lowing PARP-1 inhibition with Olaparib in the HPRT sys-
tem, is in agreement with a recent study in which a similar
finding was found using a GFP-based reporter assay (62).

Additionally, the persistence of junctional microhomolo-
gies in HR-depleted cells treated with DNA-PKcs in-
hibitor excludes the possibility that C-NHEJ is required.
These conclusions are further supported by the significantly
greater levels of MMEJ events detected by a GFP-based re-
porter following depletion of HR factors, even when DNA-
PKcs is inhibited (Figure 3E and F). Our findings there-
fore indicate that, following DSB induction, HR proteins
preserve genomic integrity by suppressing mutations aris-
ing through the MMEJ pathway. MMEJ can be considered
an important DSB repair pathway in its own right. How-
ever our data suggest that its levels can be increased as a
result of disrupted HR. In this respect, we know MMEJ
has been proposed to be higher during S/G2 (59), which
may arise through incomplete HR. For example, one-ended
breaks arising from replication collapse may give rise to
both MMEJ and HR.

While the role of CtIP and the MR N complex in resection
initiation is well established (67), the exact role of BRCAI
in resection remains uncertain (68—70). It has recently been
reported that, although the BRCA1-CtIP interaction is not
crucial for DNA end-resection, it enhances the speed of
CtIP-mediated resection (17). It is also known that CtIP
and MREI1 are required for both HR and MMEJ repair
pathways by triggering resection (59). Differing results re-
garding the contribution of BRCA1 in MMEJ have been
reported. Thus, while one recent study in MEFs found that
BRCAI facilitates MMEJ at uncapped telomeres (49), work
in DT40 (chicken) B cells suggested that MME]J is not in-
fluenced by BRCAT1 (70). Various studies of plasmid-based
(exogenous) DSB repair substrates in human cells, however,
provide evidence that BRCAL1 represses Alt-NHEJ events
by promoting the fidelity of NHEJ. (48,71-73). Here, using
an endogenous HPRT assay together with GFP reporter
assays in different human cell lines, we identified a DSB-
induced mutational signature for BRCA1l-depleted cells,
which is distinct from that of CtIP-depleted or MRE11-
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Figure 5. RPA suppresses MMEJ. (A) MMEJ repair efficacy of EJ2-GFP reporter cells treated with NT control siRNA (NT), POLQ siRNA (siPOLQ),
RPA siRNA (siRPA) and POLQ plus RPA (siPOLQ+siRPA) indicated by the percentage of GFP-positive cells. Error bars show SEM from three indepen-
dent experiments. **P < 0.01, ***P < 0.001, ****P < 0.0001. (B) POLQ gene expression measured by RT-qPCR using the primers indicated in Materials
and Methods. (C) Western blot showing RPA knockdown 48 h following siRNA transfection. (D) Representative sequence alignments of the PCR products
(see Supplementary Figure S13) in NT control (NT), and POLQ-depleted (siPOLQ) cells. I-Scel recognition sequence and terminal microhomologies at
the break sites are highlighted. (E) Frequency of MMEJ at mis-repaired junctions in HPRT deletion mutants isolated from cells treated with NT control
siRNA (NT) or POLQ siRNA (siPOLQ). P values calculated by statistical analysis “difference between proportions”, * P < 0.05.

depleted cells. The significantly greater HPRT deletion
lengths in BRCA1-depleted cells compared to those of CtIP
or MRE11-depleted cells supports the notion that BRCA1
operates downstream of CtIP and MREI11. Further, the
significantly smaller HPRT deletion lengths in BRCAI-
depleted cells compared to those of BRCA2-depleted cells,
suggests that BRCA1 functions downstream of CtIP and
MREII but upstream of BRCA2 during HR to promote
genome stability by facilitating resection and thereby sup-
pressing the mutagenic MMEJ. Moreover, the significantly
increased levels of MMEJ, detected by both the HPRT

and GFP assays, following BRCA1 depletion suggest that
BRCAI1 suppresses MMEJ repair. This is in agreement
with previous studies using plasmid-based reporter systems
(48,71).

POLQ has recently been identified as a polymerase that
contributes to mammalian MMEJ by promoting DNA end
joining and microhomology annealing (37,38). Further, re-
cent studies have suggested that cancer cells with defec-
tive HR are dependent on POLQ-mediated MMEJ repair
(46,47). Moreover, POLQ is upregulated in a range of hu-
man cancers, and indicates a poor clinical prognosis, espe-
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Figure 6. Model. DSBs are mainly repaired by C-NHEJ, however upon resection initiation by CtIP and MRN complex repair occurs via HR pathway. If
HR is disrupted after initiation of resection, regions of microhomology on either side of the break will anneal, resulting in repair via the mutagenic MMEJ

pathway.

cially in breast tumours (74-76). In agreement with these
reports, our observations support a role for POLQ in fa-
cilitating MMEJ in human cancer cells. Also RPA has an
established role in repressing MMEJ] in S. cerevisiae by re-
moving DNA secondary structures, which prevent RADS51
loading and therefore HR (45,77). Consistent with this, we
demonstrate a striking role for RPA in suppressing muta-
genic MMEJ in human cancer cells. This could reflect roles
for RPA in early HR, thereby suppressing MMEJ and/or
in binding ssDNA, thereby preventing spontaneous MMEJ,
as previously proposed in S. cerevisiae (45). Our data, how-
ever, also identify dramatically increased MMEJ levels in
cells following simultaneous depletion of POLQ and RPA.
This is indicative of a role for RPA in suppressing MMEJ in-
dependently of POLQ, which could be explained by the sug-
gested involvement of POLQ in a subset of Alt-NHEJ re-
pair pathways specifically leading to insertions (78,79). Our
results also suggest that there might be POLQ-dependent
and POLQ-independent MMEJ pathways in human can-
cer cells, both of which are suppressed by RPA. Our data
do not, however, exclude the possibility that the slight resid-
ual activity of POLQ following its siRNA-mediated knock-
down, may contribute to the great MMEJ levels in cells
co-depleted for RPA and POLQ. In this regard, a more in-
depth analysis is required.

While our data show that MMEJ is enhanced when HR is
impaired, the nature of the corresponding decrease in other

forms of mutagenic NHEJ is less clear and could indicate
inhibition of indel-forming C-NHEJ or other Alt-NHEJ
events that are not dependent on junctional microhomolo-
gies (6). Further analyses are required to identify which
DSB repair pathways are affected.

Our combined observations support a model (Figure 6)
in which DSB repair in HR-proficient cells, results in a mu-
tational signature with a particular balance between dele-
tions with and without associated microhomologies. When
HR is impaired, however, this balance is channeled toward
deletions associated with microhomologies as a result of en-
hanced MMEJ. Mechanistically, we propose that, following
DSB induction and initiation of resection, the repair path-
way choice can switch from HR to MMEJ, depending on
the availability of HR downstream proteins. In the absence
of HR factors, HR is blocked, and the resected ends are
poor substrates for C-NHEJ. As a result, microhomologous
sequences present on ssDNA either side of the resected ends
anneal via the mutagenic MMEJ repair mechanism leading
to microhomology-mediated deletions. Also consistent with
our findings, a recent study using MEFs found increased
translocation levels following Rad54 deletion (44). RAD54
is a key HR factor promoting recombination through inter-
actions with RADS1 (80). Although there is no sequence-
based evidence for the use of microhomologies in generating
translocation junctions, translocations were largely PARP-
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1- and Lig 3-dependent suggesting that they had arisen via
the MMEJ pathway (39,81).

Mutations in DNA DSB repair genes are common fea-
tures in different human cancer types. Among the DSB re-
pair pathways, MMEJ is necessarily mutagenic and is fre-
quently associated with genomic rearrangements (39,82).
Importantly, high-resolution sequencing studies have iden-
tified microhomologies as a prevalent mutational signature
at rearrangement breakpoints in several cancer types in-
cluding breast, colorectal and prostate adenocarcinomas
(83,84). Our observations therefore suggest that the micro-
homology mutational signature in different types of malig-
nancies may arise from failed HR at a stage after the ini-
tiation of resection. This mechanistic understanding of the
interplay between HR and MMEJ repair pathways could be
exploited to develop therapies for cancer patients deficient
in these DSB repair pathways.
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The anti-malarial atovaguone increases
radiosensitivity by alleviating tumour hypoxia
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Tumour hypoxia renders cancer cells resistant to cancer therapy, resulting in markedly worse
clinical outcomes. To find clinical candidate compounds that reduce hypoxia in tumours, we
conduct a high-throughput screen for oxygen consumption rate (OCR) reduction and identify
a number of drugs with this property. For this study we focus on the anti-malarial,
atovaquone. Atovaquone rapidly decreases the OCR by more than 80% in a wide range of
cancer cell lines at pharmacological concentrations. In addition, atovaquone eradicates
hypoxia in FaDu, HCT116 and H1299 spheroids. Similarly, it reduces hypoxia in FaDu and
HCT116 xenografts in nude mice, and causes a significant tumour growth delay when
combined with radiation. Atovaquone is a ubiquinone analogue, and decreases the OCR by
inhibiting mitochondrial complex Ill. We are now undertaking clinical studies to assess
whether atovaquone reduces tumour hypoxia in patients, thereby increasing the efficacy of
radiotherapy.
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olid malignancies frequently have regions of hypoxial.

Many studies have focused on the abnormal tumour

vasculature as a determinant of tumour hypoxia. However,
tumour oxygenation reflects the balance between delivery and
consumption, and because tumour cells have a high level of oxygen
consumption, and reduced delivery of oxygen to the tumour due to
abnormal vasculature, both components play a role?. Hypoxia is
associated with poor clinical outcomes due to both local recurrence
and an increased probability of metastasis’. Gray and his
colleagues in the 1950s were the first to suggest that hypoxia
would affect the outcome of radiotherapy because hypoxic tumour
cells are up to three times more radioresistant than normoxic
tumour cells’>*, This radioresistance is due to the absence of the
oxygen enhancement effect, which is a result of the direct
physicochemical reaction of oxygen with the broken ends of the
DNA strands that result from radiation, creating stable organic
peroxides that are more difficult for the cell to repair.

Vascular remodelling has been used previously as a strategy to
relieve tumour hypoxia and improve radiation response, and it
has been demonstrated that a number of signal transduction
inhibitors have such an effect>. A possible alternative strategy to
reduce tumour hypoxia, and therefore to increase radiosensitivity,
is to reduce the cellular oxygen consumption rate (OCR).
Reduction of the OCR in three-dimensional (3D) multicellular
tumour spheroids causes a decrease in the volume of the central
region of hypoxia by increasing the availability of oxygen
throughout the spheroid®®. These studies in spheroids
demonstrate that reducing the OCR can alleviate hypoxia in an
avascular system. Mathematical modelling suggests that a 30%
decrease in the OCR would even abolish severe tumour hypoxia,
and that this could be a more effective approach to reduce
hypoxia than attempts at elevating blood flow or increasing the
oxygen levels in blood®. An additional advantage of assessing
the OCR is that it is amenable to high-throughput screening,
which vascular remodelling is not. Drugs that reduce the OCR
have been identified previously by screens designed to identify
inhibitors of the HIF-1 pathway>!’, but to our knowledge, no
high-throughput screens designed to identify novel inhibitors of
the OCR in cancer cells have been published.

The anti-diabetic, metformin, is the only FDA-approved drug
that has been shown to reduce both the OCR and tumour hypoxia,
and its mechanism of action is inhibition of mitochondrial
complex I (refs 11,12). However, at pharmacological concen-
trations of metformin there is a reduction in the OCR of only
10-20%, suggesting that compounds with a more significant effect
on the OCR may have a more profound effect on tumour
hypoxia!2. Thus there is a need to identify more drugs that alleviate
tumour hypoxia by reducing the OCR.

To identify drugs that decrease the OCR of cancer cells and
could be used as modifiers of tumour hypoxia in a clinical setting,
we screen a library of 1,697 FDA-approved compounds. This
screen identifies atovaquone, a drug primarily used to treat malaria
and pneumocystis pneumonia. Atovaquone reduces the OCR by
inhibition of mitochondrial complex III (the cytochrome bc
complex) at pharmacologically achievable concentrations, alleviates
hypoxia both in spheroids and in xenografted tumours, and causes
a significant tumour growth delay in combination with radiation.

Results

High-throughput screening to assess oxygen consumption. To
identify compounds that reduce the OCR, FaDu hypopharyngeal
carcinoma cells were incubated with 1,697 FDA-approved
compounds at 2 or 10 uM for 24 h (Fig. 1a). The growth medium
was replaced with an assay medium containing 5mM galactose,
5mM pyruvate and 4mM glutamine. Growth in galactose

2

promotes oxidative phosphorylation!3, The mitochondrial-

specific OCR was determined by measuring basal OCR and
subtracting the OCR measured following injection of 2uM
antimycin A to inhibit mitochondrial respiration. The OCR
measurements were corrected for cell number using the relative
Hoechst fluorescence of the cells fixed immediately after the
assay. Compounds that caused a reduction in cell number of
more than 66% compared with the DMSO control wells for each
plate were excluded. The compounds with the top 130 rank
products were chosen for the secondary screen (Supplementary
Data 1). The secondary screen was conducted using the same
protocol as the primary screen, except FaDu cells were incubated
with the compounds at 80 nM, 400 nM, 2 uM or 10 uM, and the
assay medium contained 5 mM glucose instead of 5 mM galactose
to more closely mimic the physiological setting (Fig. 1b and
Supplementary Data 1). The highest ranked compounds that
caused a decrease in the OCR in FaDu cells at 10 uM and are
approved for systemic use in humans are shown in Table 1.

Compounds were subsequently excluded from further study
based on a range of criteria (Supplementary Table 1): Known
in vivo hypoxia modifiers or radiosensitisers such as acriflavi-
nium!4, compounds with an unsuitable safety profile such as
emetine'®, anti-helminths with poor bioavailability such as
pyrvinium!®, and compounds for which the maximum achievable
plasma concentration in patients is lower than the concentration
required to cause a significant reduction in the OCR, such as
dactinomycin!’. The anti-malarial, atovaquone was selected for
further evaluation, because it is not known to reduce hypoxia
in vivo, it has an excellent safety profile, it has ideal pharmacokinetic
properties for a hypoxia modifier, and has low cost!®.

To evaluate the effect of atovaquone on other cell lines, the
OCR was measured for 4.5h after its addition. A significant
decrease in the OCR of 78.7% to 90.0% compared with the DMSO
control was observed after 2h at 10puM in FaDu, HCT116
colorectal carcinoma, DLD-1 colorectal adenocarcinoma, H1299
lung carcinoma, A549 lung carcinoma, H460 large cell lung
carcinoma, MCF7 breast ductal carcinoma and T24 bladder
carcinoma cells, with a lesser but still significant decrease of
57.6% in PSN-1 pancreatic adenocarcinoma cells (Fig. 1c—e and
Supplementary Fig. 1a). This was a dose-dependent effect, with a
smaller, but still significant, decrease observed at 2 pM, and no
significant decrease observed at 1 uM. There was no significant
effect on the cell number relative to the DMSO control in FaDu,
HCT116 and H1299 cells at concentrations between 10 and
100 puM, or in the other cell lines at 10 pM during the course of
the experiment (Supplementary Fig. 1b,c). Statistically significant
decreases in cell survival of 25.9-56.2% were observed in FaDu,
HCT116 and H1299 cells after a longer incubation of 24 h with 20
or 30 M atovaquone, but cell survival was partially rescued
following 4 days recovery in drug-free medium (Supplementary
Fig. 1d). The widely used anti-cancer therapeutics, 5-fluorouracil,
docetaxel and cytarabine caused a significant decrease in FaDu
cell survival of 18.7-37.8% after 24 h incubation at either 2 uM or
10, but this did not correspond with a significant decrease in the
OCR (Supplementary Fig. 2a,b). This demonstrates that a
decrease in cell survival observed following protracted incubation
with an anti-proliferative drug does not necessarily correlate with
a decrease in the OCR. Thus atovaquone reduces the OCR in
cancer cells from a wide range of tumour types.

ATO affects spheroid hypoxia and radiation response. Reduc-
tion of the OCR in 3D multicellular tumour spheroids can lead to
a decrease in hypoxia®8, FaDu, HCT116 and H1299 spheroids of
550-650 um in diameter were treated with 10, 20 or 30uM
atovaquone for 24 h, and the hypoxic fraction was evaluated by
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Figure 1| A screen to discover compounds that decrease the OCR of FaDu cells. (a) For the primary screen, FaDu cells were grown in galactose-
containing medium and incubated with a library of 1697 FDA-approved compounds for 24 h. The mitochondrial specific OCR was measured, and
subsequent hoechst staining was used to correct for cell number. (b) For the secondary screen, FaDu cells were grown in glucose-containing medium,
incubated with the compounds for 24 h, and then the mitochondrial-specific OCR was measured and normalized to cell number. (c-e) The OCR of FaDu,
HCT116 and H1299 cells were measured for 4.5 h after injection of atovaquone. The % OCR post injection is shown relative to the DMSO control and
normalized to the relative cell number obtained by hoechst staining at the end of the experiment. The data are representative of three independent
experiments (mean £ s.d.). One-way ANOVA were performed to assess statistical significance at 4.5 h after injection of atovaquone with Bonferroni post
correction (*P<0.0001). ATO, atovaguone.

OCR of FaDu cells at 10 pM.

Table 1 | The highest ranked compounds that reduce the

Rank Compound

1 Pyrvinium

2 Berberine

3 Niclosamide
4 Acriflavinium
5 Sorafenib

6 Emetine

7 Plicamycin

8 Suloctidil

9 Pentamidine
10 Amsacrine
n Phenformin
12 Irinotecan

13 Itraconazole
14 Mitomycin
15 Atovaquone
16 Hydroxyprogesterone
17 Cyclosporine
18 Fenofibrate

EF5 staining. There was complete loss of hypoxia in FaDu
spheroids at 30 uM, and in HCT116 and H1299 spheroids at
20 uM atovaquone (Fig. 2a,b). It is
possible that a decrease in EF5 staining could be caused by an
increase in cell death’. To exclude this possibility, the spheroids
were washed and allowed to recover in drug-free medium for
24, resulting in the return of hypoxia (Fig. 2a,b). None of the
treatments caused a significant decrease in the diameter of FaDu,
HCT116 or H1299 spheroids (Fig. 2c). Taken together, these
results indicate that the observed decrease in the OCR induced by
atovaquone corresponds to a decrease in hypoxia in an avascular
3D tumour environment.

To determine whether the alleviation of spheroid hypoxia
translated to an improvement in radiation response, FaDu
spheroids were treated for 24 h with 30 LM atovaquone, irradiated
at 10 Gy, and then allowed to recover in fresh medium. For
unirradiated spheroids, atovaquone treatment did not cause a
significant difference in spheroid growth after 20 days
(Fig. 2d). Irradiation at 10 Gy caused dissociation of both the
DMSO and atovaquone-treated spheroids, but 90.91% of the
DMSO-treated spheroids reformed by 60 days after irradiation,
compared with only 37.93% of atovaquone treated spheroids
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Figure 2 | Atovaquone alleviates spheroid hypoxia and improves radiation response. (a,b) FaDu, HCT116 and H1299 spheroids were treated with DMSO
or atovaquone either for 24 h, or for 24 h followed by recovery for 24 h in drug-free medium, as indicated. Hypoxia was assessed by staining central
spheroid sections for EF5 (green), with DAPI as a nuclear counterstain (blue). Scale bar, 600 pm. % Mean EF5 fluorescence intensity is presented relative
to the DMSO controls. (€) Average spheroid diameter. Hypoxia was assessed in at least five spheroids per treatment for each experiment (n=3). One-way
ANOVA was performed to assess statistical significance with Bonferroni post correction (*P>0.05, ***P<0.001). (d,e) FaDu spheroids were treated with
DMSO or 30 uM atovaquone for 24 h, and then received either O Gy (d) or 10 Gy (e). After treatment, the spheroids were allowed to recover in drug-free
medium. Time post treatment is shown (days). One replicate of the experiment was conducted with at least 22 spheroids in each treatment group.

All values are presented as mean £ s.d.

(Fig. 2e). This decrease in irradiated spheroid regrowth following ATO inhibits mitochondrial complex III. As a ubiquinone
atovaquone treatment is likely due to the observed reduction in  analogue, the primary clinical mechanism of action of atovaquone
spheroid hypoxia. is inhibition of Plasmodium and Pneumocystis complex III
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(refs 19-21). To investigate whether atovaquone also inhibits
complex III in human cancer cells, the activity of the
ETC complexes I-IV was assessed in FaDu cells permeabilized
with digitonin. Digitonin (0.005%) was sufficient to permeabilize
the cells, allowing respiration of succinate, a substrate that does
not cross intact cell membranes (Supplementary Fig. 2c).
Complex I-dependent respiration was significantly inhibited by
30uM atovaquone, the complex III inhibitor, myxothiazol
and the complex I inhibitor, rotenone (Fig. 3a). Complex
II-dependent respiration was significantly inhibited by 30 uM
atovaquone, myxothiazol and the complex II inhibitor, malonate.
Complex III-dependent respiration was significantly inhibited by
30 uM atovaquone, myxothiazol and the complex III inhibitor,
antimycin A. Complex IV-dependent respiration was significantly
inhibited by the complex IV inhibitor, sodium azide, but not
by 30 uM atovaquone, and was less significantly inhibited by

Complex |
Pyruvate

Complex Il

150 Succinate

Complex Il
Duroquinol

myxothiazol. Taken together, these results suggest that the
primary mechanism of action of atovaquone in FaDu cells is
inhibition of complex III, which then causes a decrease in the
activity of the upstream ETC complexes.

To study complex III in isolation from the other ETC
complexes, the reduction of excess cytochrome ¢ was measured
in mitochondria isolated from FaDu cells, a reaction catalysed by
complex III. There was a significant decrease in complex II/III
activity by the complex II inhibitor, malonate, and by the
complex III inhibitors, antimycin, myxothiazol and 30uM
atovaquone (Fig. 3b). Due to the dependence of this assay on
complex II activity, a complex II-specific assay was performed in
parallel using mitochondria isolated from FaDu cells. There was a
significant decrease in complex II activity by the complex II
inhibitor, malonate (Fig. 3¢c). However, there was no inhibition of
complex II activity by the complex III inhibitors, antimycin,
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Figure 3 | Atovaquone inhibits complex Ill activity. (a) The effect of atovaquone on complex |-, Il-, lll- or IV-dependent respiration in FaDu cells

permeabilized with 0.005% digitonin. The % OCR was measured immediately after permeabilization. (b) Complex II/1ll activity was measured in
mitochondria isolated from FaDu cells 15 min after compound addition. (¢) Complex Il activity was measured in mitochondria isolated from FaDu cells
15 min after compound addition. (d,e) The OCR of FaDu cells was measured for 45 min after injection of antimycin A (d) or myxothiazol (e). The % OCR
post injection is shown relative to the DMSO control and normalized to the relative cell number obtained by hoechst staining at the end of the experiment.
The data is representative of three independent experiments. (f,g) FaDu spheroids were treated with DMSO, antimycin A or myxothiazol for 24 h. Hypoxia
was assessed by staining central spheroid sections for EF5 (green), with DAPI as a nuclear counterstain (blue). Scale bar, 600 um. % Mean EF5
fluorescence intensity is presented relative to the DMSO controls. Hypoxia was assessed in at least five spheroids per treatment for each experiment
(n=3). One-way ANOVA with Bonferroni was performed for all of the experiments (n =3, mean £ s.d., ****P<0.0001, ***P<0.001, **P<0.01, *P< 0.05).

ANT A, antimycin A; ATO, atovaquone; MY XO, myxothiazol.
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myxothiazol or 30 pM atovaquone. These findings were also
observed in mitochondria isolated from bovine heart
(Supplementary Fig. 2d,e). To demonstrate that complex III
inhibition is sufficient to reduce the OCR, FaDu cells were
incubated with antimycin A or myxothiazol and the OCR was
measured for 45 min. A rapid and significant decrease in the OCR
was observed in a dose-dependent manner for both inhibitors,
with no decrease at 10nM, but a significant decrease at 1 pM
(Fig. 3d,e). Furthermore, incubation of FaDu spheroids for 24 h
with 1 pM antimycin or myxothiazol eliminated spheroid hypoxia
without affecting spheroid size, whereas no reduction in hypoxia
was observed at 10nM (Fig. 3f,g and Supplementary Fig. 2f).
These findings indicate that atovaquone specifically inhibits
complex III in FaDu cells, and that complex III inhibition is
sufficient to reduce both the OCR and spheroid hypoxia.

ATO inhibits pyrimidine synthesis. Dihydroorotate dehy-
drogenase (DHODH) is an enzyme of the de novo
pyrimidine  synthesis pathway situated on the inner
mitochondrial membrane (Fig. 4a). In biochemical assays,
atovaquone inhibits not only complex III, but also DHODH?2, To
investigate whether a known DHODH inhibitor could reduce the
OCR, FaDu cells were incubated for 2h with leflunomide?>24,
which caused a dose-dependent decrease in the OCR (Fig. 4b).
However, inhibition of the pyrimidine synthesis pathway
downstream of DHODH by the orotidylic acid decarboxylase
inhibitor, 6-azauridine (6-Aza), or by the ribonucleotide
reductase inhibitor, hydroxyurea?>?® did not cause a decrease
in the OCR of FaDu cells after 24h incubation (Fig. 4c).

The levels of nucleoside triphosphates were measured by
high-performance liquid chromatography (HPLC) in FaDu cells
treated for 24h with atovaquone or 6-Aza. In the cells treated
with atovaquone, there was a significant decrease in UTP levels, a
non-significant decrease in CTP levels, and no significant changes
in GTP or ATP levels (Fig. 4d and Supplementary Fig. 2g).
Therefore atovaquone appears to specifically affect pyrimidine
synthesis. In the cells treated with 6-Aza, there were significant
decreases in UTP and CTP levels, a non-significant decrease in
GTP levels, and a non-significant increase in ATP levels,
indicating that 6-Aza primarily affects pyrimidine synthesis
under these conditions. Furthermore, the observed decrease in
the OCR induced by incubation with atovaquone for 2h was not
rescued by addition of the pyrimidine precursor, uridine, in FaDu
cells (Fig. 4e). These results suggest that inhibition of DHODH by
atovaquone causes a decrease in both the OCR and pyrimidine
synthesis, but that the decrease in pyrimidine synthesis is unlikely
to cause the decrease in the OCR.

ATO doesn’t affect HIF-1a or intrinsic radiosensitivity. HIF-1
is a heterodimeric transcription factor that promotes angiogenesis
and increased proliferation!. The HIF-lo subunit is rapidly
degraded under normoxia, but is stabilized under hypoxia. To
assess the effect of atovaquone on HIF-1a expression in vitro,
FaDu, HCT116 and H1299 cells were incubated with atovaquone
for 2 or 24h in either normoxic (20% O,) or hypoxic (0.5% O,)
conditions. HIF-1ao was not stabilized by atovaquone under
normoxic conditions and no significant differences in HIF-1a
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Figure 4 | Atovaquone inhibits pyrimidine synthesis. (a) The pyrimidine synthesis pathway. 6-Aza, 6-azauridine; DHODH, dihydroorotate
dehydrogenase; HU, hydroxyurea; LEF, leflunomide; OAD, orotidylic acid decarboxylase; RNR, ribonucleotide reductase. (b) The % OCR following 2 h
incubation of FaDu cells with LEF or 30 uM ATO. (¢) The % OCR following 24 h incubation of FaDu cells with HU, 6-Aza or 30 pM ATO. (d) NTP peak area
levels relative to the DMSO control and normalized to cell number after 24 h incubation with 30 uM ATO or 100 uM 6-Aza. (e) The % OCR following 2 h
incubation of FaDu cells with either 100 uM uridine, 30 tM ATO or both 100 uM uridine and 30 uM ATO. % OCR is presented relative to the DMSO control
and corrected for cell number (n>3). One-way ANOVA with Bonferroni was performed for all of the experiments apart from e, for which an unpaired
two-tailed T-test was performed (****P<0.0001, ***P<0.001, **P<0.01, *P<0.05). All values are presented as mean = s.d. except for the HPLC data,

which are presented as mean £ s.e.m. ATO, atovaquone.
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protein levels were observed under conditions
(Supplementary Fig. 3a,b).

Radiation sensitivity can be affected not only by tumour
hypoxia, but also by alteration of the intrinsic radiosensitivity of
the cancer cells">* Therefore colony formation assays were
conducted to investigate whether atovaquone alters intrinsic
radiation sensitivity in monolayer FaDu, HCT116 or H1299 cells.
Assessment of colony formation revealed that atovaquone did not
alter radiosensitivity under either normoxia (20% O,) or severe
hypoxia (<0.1% O,) (Supplementary Fig. 3c and Supplementary
Table 2). This indicates that, as expected, atovaquone is not an
intrinsic radiation sensitizer.

hypoxic

ATO affects tumour hypoxia and radiation response. Given
that atovaquone completely alleviated spheroid hypoxia at
pharmacologically relevant doses, mice bearing FaDu and
HCT116 xenografts were treated with atovaquone for 7 days to
investigate the effect on tumour hypoxia. The tumours were
harvested on day 7, and EF5 staining confirmed that tumour
hypoxia was virtually abolished in both the FaDu and HCT116
xenografts (Fig. 5a,b). As expected, the tumour volume was not
significantly altered during the course of the experiment (Fig. 5¢).
The mean concentration of atovaquone in the blood plasma after
5 days treatment was 68.6 uM, and mean concentration in the
HCT116 tumours was 36.0 uM (Fig. 5d).

Given the dramatic decrease in tumour hypoxia observed
following atovaquone treatment, radiation response was assessed
in mice bearing FaDu xenografts. The mice were treated with
atovaquone for 7 days prior to irradiation with a single dose of
6 Gy, and then atovaquone treatment was continued for a further
3 days. In the unirradiated mice, the average time taken for the
tumours to reach 500 mm?> was 14.2 days for mice treated with
DMSO, and 12.3 days for mice treated with atovaquone, a
non-significant difference, indicating that atovaquone alone does
not alter tumour volume (Fig. 5e,f). In the irradiated mice, the
average time taken for the tumours to reach 500 mm?® was 15.3
days for mice treated with DMSO, but 28.5 days for mice treated
with atovaquone, a significant synergistic growth delay of 13.2
days between the two irradiated groups (P<0.0001). One
tumour, excluded from analysis, treated with both atovaquone
and radiation had an excellent response, reaching 500 mm?> 42
days after the initiation of drug treatment. The observed tumour
growth delay is likely due to the reduction in tumour hypoxia
observed with atovaquone treatment.

Biguanides affect spheroid hypoxia and radiation response.
Previous publications have demonstrated that the anti-diabetic
biguanide, metformin, reduces the OCR and tumour hypoxia!">12,
To evaluate the relative efficacy of atovaquone, metformin and its
precursor, phenformin, the OCR was measured in FaDu, HCT116
and H1299 cells following 24 h treatment. A significant decrease
in the OCR of over 90.0% was observed in all three cells lines
treated with 30 pM atovaquone (Fig. 6a). A significant decrease of
70.7% in FaDu cells and 59.0% in HCT116 cells was observed at
2 mM metformin. However, metformin was less potent in H1299
cells, causing a decrease of 33.1% at 2mM, which was not
statistically significant. A significant decrease in the OCR of
52.2% in FaDu cells and 43.3% in HCT116 cells was observed at
10 uM phenformin. Phenformin was also less potent in H1299
cells, causing a non-significant decrease of 23.4%. There were no
significant changes in the OCR at 200 or 20 pM metformin, or at
2 or 0.4 uM phenformin in any of the cell lines. Metformin and
phenformin did not affect cell survival at any concentration tested
(Supplementary Fig. 4a). To investigate the kinetics of this effect
in FaDu cells, the OCR was measured for 15h after injection of

atovaquone, metformin or phenformin. The OCR was reduced by
87.3% by atovaquone within 2h (Supplementary Fig. 4b).
However, a slower decrease in the OCR was observed following
treatment with 2mM metformin or 10 pM phenformin, with a
reduction of <10% within 2h and a reduction of 55.9% and
36.0%, respectively, after 10 h.

To assess whether the observed decrease in the OCR translated
to a decrease in spheroid hypoxia, FaDu, HCT116 and H1299
spheroids were treated with atovaquone, metformin or phenformin
for 24h, and the hypoxic fraction was evaluated by EF5 staining.
There was near-complete loss of hypoxia in FaDu and HCT116
spheroids at 30 uM atovaquone, 2mM metformin and 10 uM
phenformin (Fig. 6b,c, Supplementary Fig. 4c). In contrast, there
were non-significant decreases of 41.8% and 9.8% in H1299
spheroids following treatment with 2mM metformin and 10 uM
phenformin, respectively. No significant decreases in hypoxia were
observed at 20 uM or 200 pM metformin, or at 0.4 uM or 2 uM
phenformin in FaDu spheroids. No treatments caused a significant
change in spheroid diameter (Supplementary Fig. 4d). These
results are in accordance with the OCR results shown in Fig. 6a,
suggesting that a significant reduction in the OCR by metformin
and phenformin is required to reduce spheroid hypoxia.

Nimorazole is a 2-nitroimidazole that acts as an oxygen mimetic,
which has previously been shown to improve loco-regional control
when combined with radiotherapy in head and neck cancer?”?%,
To compare the ability of nimorazole, atovaquone, metformin,
phenformin and antimycin A to improve radiation response, FaDu
spheroids were treated for 24h with these drugs, irradiated at
10 Gy, and then allowed to recover in fresh medium. Fifty days
after irradiation, 90.5% of the DMSO-treated spheroids were
reformed (Fig. 6d). In comparison, the percentage reformation of
spheroids for the highest concentration of each treatment was
53.7% for 10mM nimorazole, 48.6% for atovaquone, 58.3%
for 2mM metformin, 53.2% for 10puM phenformin, and 50.5%
for 1puM antimycin A (Fig. 6d,e). A less-dramatic decrease in
spheroid regrowth was observed at the lower concentrations of the
drugs, with a percentage spheroid reformation of 72.1% for 1 mM
nimorazole, 75.6% for 20uM metformin, 75.0% for 0.4puM
phenformin and 60.4% for 0.1 pM antimycin A. For unirradiated
spheroids, no drug treatment caused a significant decrease in
spheroid growth compared with the DMSO control after 35 days
(Supplementary Fig. 5a,b). These results demonstrate that the
greatest improvement in radiation response is observed at
concentrations of the drugs that eliminate spheroid hypoxia, and
that this is sufficient to improve radiation response in a manner
comparable to 10 mM nimorazole.

Having demonstrated that metformin and phenformin reduce
hypoxia in spheroids, their effect on hypoxia was next examined
in vivo. Mice bearing FaDu xenografts were treated with DMSO for
7 days, 50mgkg ! atovaquone for 7 days, a single dose of
250 mgkg ~ ! metformin, 250 mgkg ~! per day metformin for 7
days or 100 mgkg ~ ! per day phenformin for 7 days. The tumours
were harvested 2.5h after the final dose of drug, and EF5 staining
was performed. Atovaquone caused a significant 73.7% reduction
in hypoxia, and 7 days metformin treatment caused a 43.1%
decrease in hypoxia, although this was not statistically significant.
There were no significant changes in hypoxia following a single
dose of metformin or 7 days phenformin (Fig. 6f and
Supplementary Fig. 5c). After a single dose of metformin the
mean plasma concentration was 109 uM, and mean tumour
concentration was 151 uM (Supplementary Fig. 5d).

Discussion
Our screen, designed to find compounds that decrease
tumour hypoxia by inhibiting oxygen consumption, identified
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Figure 5 | ATO reduces tumour hypoxia and improves tumour radiation response. Mice bearing FaDu and HCT116 xenograft tumours were treated with
atovaquone for 7 days, and were injected with EF5 on day 7. (@) Immunostaining for EF5 with DAPI as a nuclear counterstain. Scale bar, 2mm. (b) % EF5
fluorescent area relative to the DMSO-treated tumours. (€) Average tumour size on days 0, 3 and 7. (d) Mean concentration of atovaquone in the blood
plasma after 5 days treatment, and mean concentration in the excised HCT116 tumours. () Mice bearing FaDu xenograft tumours were treated with

atovaquone for 10 days, with 6 Gy radiation on day 7 (indicated by arrow). Average tumour volume is shown (mm?3). One tumour from a mouse treated
with atovaguone and radiation took 42 days to reach 500 mm?3 and was excluded from analysis. (f) Average time taken for tumours to reach the maximum
volume of 500 mm?3 (days). At least five mice were used for each treatment group. One-way ANOVA were performed to assess statistical significance with
Bonferroni post correction (****P<0.0001, **P<0.01, *P<0.05). All values are presented as mean * s.d. except for the HPLC data, which are presented as

mean + s.e.m. ATO, atovaquone.

atovaquone. Atovaquone caused a rapid decrease in oxygen
consumption in a wide range of cancer cell lines. It virtually
abolished both spheroid hypoxia and tumour hypoxia, and
augmented the effects of radiotherapy. Its mechanism of action is
likely the inhibition of the mitochondrial cytochrome bc,
complex (complex III).

The efficacy of radiotherapy can be improved by the
reoxygenation of radioresistant hypoxic tumour cells>>*. This
study reveals that atovaquone inhibits oxygen consumption,
spheroid hypoxia and tumour hypoxia, but has no effect on
intrinsic radiosensitivity in vitro under normoxic or hypoxic
conditions. However, atovaquone improved radiation sensitivity
in both spheroids and xenograft tumours. Therefore we propose
that the radiation sensitization following atovaquone treatment

8

could be due to a decrease in hypoxia rather than an increase in
intrinsic radiosensitivity. It is not expected that atovaquone would
exacerbate radiation-induced side effects in a clinical setting
because irradiated normal tissues are not generally hypoxic. The
improvement in radiation response in spheroids was comparable
to 10mM nimorazole, although the percentage reformation of
spheroids was 72.1% for 1 mM nimorazole, compared with 48.6%
for atovaquone, and the concentration of nimorazole in the blood
plasma of patients is in the sub-millimolar range?*~3!. This
indicates that the improvement of radiation response in spheroids
is superior for atovaquone compared with nimorazole at
pharmacological concentrations.

Atovaquone is FDA approved as a single agent to treat
pneumocystis pneumonia, which is caused by Pneumocystis
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Figure 6 | Biguanides alleviate spheroid hypoxia and improve radiation response. (a) The OCR of FaDu, HCT116 and H1299 cells were measured after
24h incubation with atovaquone, metformin or phenformin at the indicated concentrations. The % OCR is shown relative to the DMSO control and
normalized to the relative cell number obtained by hoechst staining at the end of the experiment. The data are an average of three independent experiments.
One-way ANOVA were performed to assess statistical significance with Bonferroni post correction (mean = s.d., ****P<0.0001). (b,c) FaDu (b), HCT116 and
H1299 (c) spheroids were treated with DMSO, atovaquone, metformin or phenformin for 24 h at the indicated concentrations (uM). Hypoxia was assessed by
staining central spheroid sections for EF5 (green), with DAPI as a nuclear counterstain (blue). Scale bar, 600 um. Hypoxia was assessed in at least five
spheroids per treatment for each experiment (n=3), and the data are representative of three independent experiments. (d,e) FaDu spheroids were treated
with DMSO, atovaquone, nimorazole, antimycin A, metformin or phenformin for 24 h at the indicated concentrations (uM). After 24 h the spheroids received
10 Gy, and were then allowed to recover in drug-free medium. Time post treatment is shown (days). One replicate of the experiment was conducted with at
least 37 spheroids in each treatment group. (f) Mice bearing FaDu xenograft tumours were treated with 50 mgkg =" per day atovaquone for 7 days,

250 mg kg ~ ! metformin single dose, 250 mg kg~ per day metformin for 7 days or 100 mg kg ~ ! per day phenformin for 7 days. EF5 was injected 30 min after
the final dose, and then the mice were killed after a further 2 h. Immunostaining for EF5 with DAPI as a nuclear counterstain is shown. Scale bar, 2 mm. Five
mice were used for each treatment group. ANT A, antimycin A; ATO, atovaquone; MET, metformin; NIM, nimorazole; PHEN, phenformin.
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jirovecii'8, Tt is also used, primarily in combination with

proguanil, as chemoprophylaxis against malaria, or to treat
malaria, which is caused by Plasmodium falciparum. Atovaquone
has a good safety profile with only mild side effects, is well
absorbed, can accumulate in tissues, is eliminated by the
liver after 50-84h, and is not metabolized in vivo to a
significant extent!®3273% Tt is an analogue of the electron
carrier, ubiquinone, which is reduced to ubiquinol by DHODH,
complex I and complex II, and is then oxidized back to
ubiquinone by complex III (ref. 18). In parasites, the primary
mechanism of action of atovaquone is inhibition of complex III
(refs 20,21). In biochemical assays, atovaquone inhibits
P. falciparum complex III with an ICsy of 3nM, but is far less
potent against human complex III, which it inhibits with an ICs,
of 70-460nM (refs 20,21). It was previously assumed that this
comparably low efficacy against purified human complex III
would not translate to the inhibition of this enzyme in vitro.
However, several experiments conducted in this study indicate
that atovaquone inhibits complex III in cancer cells. First, the
OCR is inhibited by atovaquone under conditions promoting
complex III-dependent respiration in digitonin-permeabilized
cells. Second, the reduction of cytochrome c¢ is inhibited by
atovaquone under conditions promoting complex III-dependent
respiration in isolated mitochondria, but the reduction of
dichlorophenolindophenol by complex II is not inhibited by
atovaquone. Furthermore, complex III inhibition by atovaquone,
antimycin A or myxothiazol is sufficient to markedly reduce the
OCR and consequently to eradicate spheroid hypoxia and
improve radiation response.

Complex III and DHODH, an enzyme of the de novo
pyrimidine synthesis pathway, are situated in the inner
mitochondrial membrane in higher eukaryotes, and their
activities are closely linked. Cellular DHODH activity is inhibited
by ETC agonists such as antimycin A and nitric oxide, and by
DHODH agonists such as leflunomide and brequinar, but onl
DHODH agonists inhibit the activity of purified DHODH?*43>3¢,
Atovaquone is a much more potent inhibitor of purified
human complex III (ICso=70-460nM) than human DHODH
(ICso = 14.5 uM), suggesting that it primarily acts as a complex
III inhibitor in cancer cells?®~22, For these reasons, it is our
conjecture that atovaquone primarily inhibits complex III, which
causes depletion of the DHODH cofactor, ubiquinone, and
subsequent inhibition of DHODH activity and downstream
pyrimidine synthesis.

The anti-diabetic drug metformin, reduces the OCR by
inhibition of complex I, and decreases tumour hypoxia!!2. This
study demonstrated that metformin and phenformin reduce the
OCR in FaDu and HCT116 cells, eliminate hypoxia in FaDu and
HCT116 spheroids, and elicit an improved radiation response. In
contrast, metformin and phenformin were ineffective in reducing
the OCR in H1299 cells, or in alleviating H1299 spheroid hypoxia.
In comparison, the efficacy of atovaquone is very similar in a wide
range of tumour cell lines, and it eliminates hypoxia in FaDu,
HCT116 and H1299 spheroids.

In accordance with a previous publication!?, this study
demonstrated a decrease in tumour hypoxia following 7 days
metformin treatment, albeit non-significant. The reason that
metformin eliminated spheroid hypoxia but caused a less
significant reduction in tumour hypoxia could be due to a
discrepancy between the dose required to elicit this effect in
spheroids and the concentration achieved in tumours. There is an
ongoing debate concerning the doses of metformin used in murine
cancer models, and whether they are clinically relevant>”-38,
Diabetics treated with the standard clinical doses of
1,500-2,500 mg per day metformin have maximum plasma levels
in the range of 10-25pM, and non-diabetic cancer patients
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receiving 1,500-2,000 mg per day have maximum plasma levels of
2.8-7 uM (refs 38,39). In comparison, the maximum plasma levels
achieved in murine models following oral administration of
125-350mgkg ~ ! per day metformin for 2 weeks are 5-47 uM,
with a level of metformin in the tumours of 32-200 uM (refs 37,38).
At first glance, this may make the observed effects of metformin on
the OCR and spheroid hypoxia at 2mM appear irrelevant both
in vivo and in the clinic. However, several explanations have been
proposed to explain this discrepancy!>?”3, These include the
predicted accumulation of metformin in the mitochondria over
time to achieve doses required for complex I inhibition, the effects
of the tumour microenvironment, and a lower concentration of
glucose, serine and glutamine in the tumour, metabolites that have
been shown to cause resistance to metformin in vitro. It is possible
that the dose of metformin could be raised to achieve higher plasma
concentrations in cancer patients, but this may increase potentially
serious adverse effects such as lactic acidosis. Indeed, phenformin
was withdrawn from clinical use in the 1970s due to a high risk of
lactic acidosis. This may preclude its use as an anti-cancer
therapeutic, although it is possible that a good therapeutic ratio
exists for phenformin at lower doses.

In contrast to metformin, the concentration of atovaquone
required to reduce the OCR in vitro and to alleviate tumour
hypoxia in vivo is achievable in patients. It reaches a steady-state
concentration in the blood plasma of 65uM or more after 1-2
weeks administration in pneumocystis pneumonia patients at
doses that are used routinely in the clinic, but reduces the OCR by
up to 90% within 2h (refs 32,33). The mean concentration of
atovaquone in the mouse blood plasma after 5 days treatment was
68.6 LM, suggesting that doses required to reduce tumour
hypoxia could be achieved without toxicity in patients.

Although atovaquone did not have a significant effect on the cell
number after 4.5h, there was a significant decrease in the cell
number after 24 h in monolayer cells. We do not believe that this
finding effects the interpretation of any of our data or the potential
clinical applicability of atovaquone because it reduces the OCR
within 2 h without a significant effect on cell number, it does not
effect the growth of spheroids or xenograft tumours in the absence
of radiation, and it has an excellent clinical safety profile.

Some studies have described cycling hypoxia in tumours,
characterized by periods of hypoxia followed by periods of
reoxygenation, which can lead to excessive ROS production and
may cause increased resistance to therapy?%!. This phenomenon
is thought to occur as a result of changes in vessel perfusion and
fluctuations in the flux of red blood cells within perfused
vessels*0. However, the contribution of tumour cells that undergo
cycling hypoxia to poor patient outcome is currently unclear.
Reoxygenation has also been shown to increase the potential risk
of metastasis*>*3, These studies highlight potential issues with
reoxygenating tumours. However, the literature overwhelmingly
suggests that the benefits of eradicating hypoxia outweigh any
theoretical risks, with a recent meta-analysis supporting hypoxia
modification as a strategy to improve response to therapy in head
and neck squamous cell carcinoma®>*,

This study suggests that attenuation of tumour hypoxia by
atovaquone may be a highly appealing clinical strategy to increase
the sensitivity of tumour cells to radiation in multiple different
tumour types. Accordingly, we are now initiating a proof of
principle, ‘window of opportunity’ clinical trial to investigate
whether atovaquone reduces tumour hypoxia in lung cancer
patients prior to surgical resection, on the basis of imaging,
serological markers and immunohistochemical markers.

Methods
Cell lines and compounds. All cell lines were purchased from the American Type
Culture Collection (ATCC). STR profiling (DNA Diagnostics Centre, UK) and
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mycoplasma testing (Lonza) are conducted routinely for these cell lines. Cells were
cultured at 37 °C with 5% CO, in Dulbecco’s modified Eagle’s medium (DMEM,
Sigma) supplemented with 10% fetal bovine serum (FBS, Lonza). All compounds
were obtained from Sigma except duroquinol (Tokyo Chemical Industry), and EF5,
a gift from Cameron Koch’s Laboratory, University of Pennsylvania). All
compounds were prepared from powder. For the experiments under hypoxic
conditions, cells were grown at 0.5% O, in an in vivo 2400 Ruskinn chamber
(Biotrace Fred Baker), and at <0.1% O, in a Bactron II chamber (Shell Labs).

OCR primary screen. FaDu cells were incubated with either the Pharmakon 1,600
(Microsource) or the 97-compound TDI Oncology Drug Set (Target Discovery
Institute, Oxford University) compound libraries at 2 and 10 uM for 24h in DMEM
containing 5mM glucose and 4 mM L-glutamine. The mitochondrial-specific OCR
was determined by taking a basal OCR measurement in XF assay medium (Seahorse
Biosciences) containing 5mM galactose, 5mM sodium pyruvate and 4 mM
L-glutamine using an XF96 Analyzer (Seahorse Biosciences) and subtracting the
OCR measured following injection of 2 M antimycin A. The cells were then fixed in
ice-cold methanol for 5min, and incubated in 1 x PBS, 4 ugml~! Hoechst 33258
(Sigma) for 30 min before measuring fluorescence using a POLARstar Omega plate
reader (BMG Labtech) to obtain the relative cell number per well. The mitochon-
drial-specific OCR was corrected using the relative cell numbers, and compounds
that caused a reduction in cell number of more than 66% compared with the DMSO
control wells for each plate were excluded. Two repetitions of the screen were
conducted. The Z scores were generated and used to rank the compounds for each
repeat, and the rank product was used to sort the compounds. The compounds with
the top 130 rank products were chosen for the secondary screen.

OCR secondary screen. The secondary screen was conducted using the same
protocol as the primary screen, except FaDu cells were incubated with 80 nM,
400 nM, 2 uM and 10 uM of the compounds, the assay medium contained 5 mM
glucose, 5mM sodium pyruvate and 4 mM L-glutamine, and three replicates were
conducted. The analysis was conducted as described for the primary screen, using
the OCR score to rank the compounds for each repeat. The OCR score is defined as
the ‘OCR normalized to cell number’ — ‘Average of OCR normalized to cell
number for the DMSO wells for each plate’/‘s.d. of OCR normalized to cell number
for the DMSO wells for each plate’. The list was filtered to include only compounds
approved for systemic use in humans, excluding those approved for topical or
veterinary use. The rank product was used to sort the compounds. Compounds
were excluded based on prospectively defined criteria: OCR, cell viability,
pharmacokinetics, FDA-approved use and known hypoxia modification.

OCR. The cells were grown for 24 h in DMEM containing 5 mM glucose and 4 mM
L-glutamine, and then measurements of the OCR were taken in XF assay medium
(Seahorse Biosciences) containing 5mM glucose, 5mM sodium pyruvate and

4 mM L-glutamine using an XF96 Analyzer (Seahorse Biosciences). For the kinetics
experiments, measurements were collected every 15min following injection of
atovaquone. For the experiments with uridine and pyrimidine synthesis inhibitors,
the cells were incubated with the compounds for 2 or 24 h as indicated, the
medium was replaced with the assay medium also containing the compounds, and
then measurements were made. The OCR measurements were corrected for cell
number using Hoechst staining, as described above. For the experiments using
permeabilized FaDu cells, 0.005% digitonin was the permeabilization agent, and the
% OCR was measured within 15 min of its addition. Permeabilization of the plasma
membrane allows the substrates respired by the mitochondria to be dictated by the
added medium, and allows non-membrane permeable substrates to access the
mitochondria®*. The activities of complexes I and II were assayed using substrates
specific to each complex in conjunction with an inhibitor of the other complex:
5mM pyruvate with 1 mM malic acid to promote complex I-dependent respiration,
and 10 mM succinate with 1 uM rotenone to promote complex II-dependent
respiration. Complex III-dependent respiration was assayed using 500 pM
duroquinol as a substrate. Complex IV-dependent respiration was assayed using
500 uM N,N,N',N'-tetramethyl-p-phenylenediamine (TMPD) as a substrate, in
conjunction with 2mM ascorbate to maintain TMPD in reduced form. The
inhibitors used for the assay were 2 uM rotenone for complex I, 10 mM malonate
or 1 mM malic acid for complex II, 2 uM myxothiazol or 2 uM antimycin A for
complex III, and 20 mM sodium azide for complex IV.

Spheroids. FaDu spheroids were grown using the liquid overlay technique, and
HCT116 and H1299 spheroids were grown in lipidure-coated U-bottom plates
(UMS Bio). Half of the medium was replaced twice per week. Spheroid hypoxia was
quantified by EF5 staining, using an anti-EF5 antibody (both reagents obtained
from University of Pennsylvania)’. Two hundred micromolar EF5 was added to the
spheroids for 6 h before fixation in 4% paraformaldehyde for 24 h, incubation in
30% sucrose for 2.5h, and then addition of OCT (VWR, TissueTek) for
cryosectioning. Spheroid sections were incubated for 40 min in TNB blocking
reagent (Perkin Elmer), washed for 5min in 1 x PBS, 0.3% Tween 20, and then
incubated overnight with 70 ul of undiluted 75 pgml ~! anti-EF5 antibody. Three
washes of 45 min were then performed using 1 X PBS, 0.3% Tween 20 before
addition of DAPI vectorshield mounting medium (Vector Laboratories) and

fluorescence microscopy (Nikon 90i, Nikon). Spheroid diameter was derived from
the spheroid cross-sectional area measured by the Gelcount colony counter
(Oxford Optronix) or Axiovert200M (Carl Zeiss MicroImaging GmbH).

Complex II/1ll and complex Il assays. The complex II/IIl and complex II assays
were performed according to the manufacturer’s instructions (Cayman Chemicals),
using either mitochondria isolated from FaDu cells or bovine heart mitochondria
(Cayman Chemicals). The complex III assay uses the complex II substrate, succinate,
to allow generation of the complex III substrate, ubiquinol, by complex IL. One
micromolar rotenone and 1 mM cyanide were added to inhibit the activities of
complexes I and IV, respectively, so the activities of complexes II and III were assayed.
The complex II assay uses succinate as a substrate for complex II, and measures
reduction of the redox dye, dichlorophenolindophenol, by the ubiquinol generated by
complex II. One micromolar rotenone, 10 uM antimycin A and 1 mM cyanide were
added to inhibit the activities of complexes I, III and IV, respectively, so the activity of
complex II was assayed in isolation. For isolation of mitochondria, FaDu cells were
resuspended in 1 ml homogenization buffer at 4°C: 10 mM Tris, 0.1 mM EDTA,
11.5% sucrose, 1% complete mini protease inhibitor cocktail (Roche), pH 7.4

(ref. 47). The cells were snap frozen on dry ice and then thawed at 37 °C

ten times, centrifuged at 750g, resuspended in 500 pl homogenization buffer, and
centrifuged again, collecting the supernatants at each stage. Finally the pellet was
resuspended in 100 pl homogenization buffer omitting EDTA, and stored at — 80 °C.

High-performance liquid chromatography. To quantify NTPs, the cells were
lifted and lysed in 100 pl of 6% TCA (ref. 48). Nucleotides were neutralized by
extracting the samples with 100 pl of freon (1,1,2 trichlorotrifluorethane):
trioctylamine (4:1). The aqueous upper layer was removed and then 40 pl was
injected. Chromatography was performed on a Waters 2695 system with diode array
detection (Waters 2996), monitoring at 254 nm, with an Ace column (3 pm,

3 x 125 mm) maintained at 30 °C. The samples were maintained at 10 °C.
Separation was attained with eluent A (10 mM potassium dihydrogen phosphate,
10 mM tetrabutylammonium hydroxide, 10% methanol, pH 6.9) and eluent B

(50 mM potassium dihydrogen phosphate, 6 mM tetrabutylammonium hydroxide,
30% methanol, pH 7), using a flow rate of 0.6 ml min ~ ! and a gradient of 25-80% B
over 20 min, and a run time of 25 min. Nucleotides were quantitated against
commercially available dNTPs. Peak areas are presented relative to the DMSO
control and normalized to the cell number obtained by a Sceptre cell counter
(Millipore). Plasma and tumour atovaquone concentrations were determined using
lapachol as an internal standard*® by negative electrospray ionization on a Waters
EMD1000. HPLC was performed on a Cortecs C18 column, 100 X 3 mm (Waters),
with eluents of 5mm ammonium formate in 50% acetonitrile (A) and acetonitrile
(B) using a gradient of 10-100% B in 5 min. The flow rate was 0.5 ml min ~ 1.
Plasma and tumour metformin concentrations were determined using HPLC with
absorbance detection at 330 nm using phenformin as an internal standard*.
Tumours were weighed and homogenized in four volumes of water. To 20 ul plasma
or tumour homogenate was added 20 pl phenformin (25 pM), 10 pul 50 mM HCl and
0.5 ml acetonitrile. Samples were centrifuged and the supernatant dried down in a
heated centrifugal evaporator. Samples were reconstituted in 100 ul Synergy water.
HPLC was performed on a Gemini C18 column, 150 x 3 mm, 3 um (Phenomenex)
at 35 °C, with eluents of 10 mM ammonium bicarbonate pH 10.4 (A) and
acetonitrile (B) using isocratic elution of 60% B and a flow rate of 0.4 mlmin ~ L

Animal models. The project licence covering the animal work (PPL30/2922) was
approved by the Oxford University Animal Welfare and Ethical Review Body
(AWERB) and granted by the UK Home Office Animals in Science Regulation Unit
(ASRU) under the Animals (Scientific Procedures) Act 1986 (ASPA)). FaDu

(1 x 10%) or HCT116 (5 x 10°) cells were inoculated subcutaneously with matrigel
(BD Biosciences) in athymic BALB/c nude female mice at age 55-70 days. Once the
tumours had reached 100 mm3, atovaquone was administered in the drinking water
at 50 mgkg ~ ! per day with 2% DMSO and 0.1% carboxymethylcellulose to reflect
the clinical administration of atovaquone as an oral suspension'$3233, assuming
that a 20 g mouse would consume 5 ml water per day. Mice were given this dose for
7 days because atovaquone takes 1-2 weeks to reach a steady-state plasma
concentration in patients®>33, Tumours were harvested after i.p. administration of
0.01 mlg ~! body weight of 10mM EF5 after 7 days treatment. Tumours were
measured with calipers. For the radiation treatments, a single dose of 6 Gy was
given on day 7 with a 250-kV orthovoltage irradiator (Philips RT 250) at a dose
rate of 2.63 Gy min ~ !, using copper shielding. Necrosis was quantified by
inspection of Hematoxylin and Eosin (H&E) stained sections. Animals were
randomly assigned to each treatment group on the day on which their tumours
reached 100 mm?> using a random number generator (Excel), but the experiment
was not blinded. A sample size of five mice per group was used and has 90% power
(s.d. =30%, alpha =0.05) to detect a 70% decrease, based on our previous
experience and published data®’. A one-tailed test was performed for this
determination. Use of five animals per treatment group allowed us to overcome the
problem of differences in variance between groups being statistically compared.
One tumour treated with both atovaquone and radiation had an excellent response,
reaching 500 mm? 42 days after the initiation of drug treatment, and was excluded
from our analyses.
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Immunoblotting. Protein lysates were made using RIPA lysis buffer

(Thermo Scientific). SDS-PAGE electrophoresis was conducted followed by
immunoblotting. The primary antibodies used were anti-HIE-1o (1:500, clone 54,
BD Biosciences) and anti-GAPDH (1:1,000 6C5, Novus Biologicals). The Alexa
Fluor 680 secondary antibody (1:10,000, LICOR) was detected using the Odyssey
imaging system (LICOR).

Colony formation assay. Cells were plated, incubated at 20% O, for 4 h, and then
incubated at either 20% O, or <0.1% O, for 6 h with atovaquone prior to
irradiation by a ceasium-137 irradiator (Gamma Service: GSR D1; dose rate

1.94 Gy min ~ 1Y, Half an hour after irradiation, all cells were placed at 20% O, for a
further 18 h before medium replacement. Colonies were stained with crystal violet
and counted using the Gelcount colony counter (Oxford Optronix).

Statistics. Statistical analysis was performed with Prism 5 software (GraphPad
Software Inc.). All values are presented as mean * s.d. except for the colony
formation assays and HPLC data, which are presented as mean * s.e.m. Unpaired
two-tailed T-tests were performed for the uridine and colony formation assays, and
for the cell survival assays in Supplementary Fig. 1c. For all other experiments,
one-way ANOV As were performed to assess statistical significance with Bonferroni
post correction. P values <0.05 were considered significant. All in vitro
experiments were repeated at least three times.

Data availability. The data supporting the findings of this study are contained
within the Article and Supplementary Information files or available from the
corresponding authors upon request.
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