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Abstract 

A siRNA Screen To Identify Molecular 

Determinants Of Tumour Radiosensitivity 
 

Geoff Higgins, Green Templeton College 

Submitted for the degree of D.Phil., at the University of Oxford, 

Michaelmas Term 2010 

 

The effectiveness of radiotherapy treatment could be significantly improved if tumour 

cells could be rendered more sensitive to ionising radiation without altering the 

sensitivity of normal tissues. However, many of the key mechanisms that determine 

intrinsic tumour radiosensitivity are largely unknown. This thesis is concerned with 

the identification of novel determinants of tumour radiosensitivity. A siRNA screen of 

200 genes involved in DNA damage repair was conducted using γH2AX foci post-

irradiation as a marker of cell damage. This screen identified POLQ as a potential 

tumour-specific contributor to radioresistance. Subsequent investigations 

demonstrated that POLQ knockdown resulted in radiosensitisation of a panel of 

tumour cell lines, whilst having little or no effect on normal tissue cell lines.  

It was subsequently shown that POLQ depletion rendered tumour cells significantly 

more sensitive to several classes of cytotoxic agents. Following exposure to 

etoposide, it was found that tumour cells depleted of POLQ had reduced RAD51 foci 

formation, suggesting that POLQ is involved in homologous recombination. A 

homologous recombination assay was used to confirm that POLQ depletion does 

indeed result in reduced homologous recombination efficiency. 

These findings led to the investigation of the clinical significance of tumour 

overexpression of POLQ. The clinical outcomes of patients with early breast cancer 

were correlated with tumour expression levels of POLQ. It was found that POLQ 

overexpression was correlated with ER negative disease and high tumour grade, 

both of which are associated with poor clinical outcomes. POLQ overexpression was 

associated with extremely poor relapse free survival rates, independently of any 

other clinical or pathological feature. The mechanism that causes this adverse 

outcome may in part arise from resistance to adjuvant chemotherapy and 

radiotherapy treatment. These findings, combined with the limited normal tissue 

expression of POLQ, make it an appealing target for possible clinical exploitation. 
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INTRODUCTION 
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1.1 Overview of Radiotherapy 

Radiotherapy is a cancer treatment that involves delivering ionising radiation (IR) to 

tumour cells, typically in the form of megavoltage X-rays. Radiotherapy is routinely 

used in a variety of different clinical scenarios to treat many different tumour sites. It 

is often used with curative intent, either on its own, as is often the case with patients 

with non-small cell lung cancer (1), or in combination with other treatments such as 

chemotherapy (2), or biological therapy (3, 4). Following surgical excision of the 

primary tumour, radiotherapy is also used as an adjuvant therapy to reduce the risk 

of the patient developing local recurrence. This is the standard practice in the 

management of diseases such as breast cancer (5). As well as playing an important 

role in the management of patients with potentially curable cancer, radiotherapy 

plays a vital role in the palliation of patients with incurable disease. For example, it is 

an effective means of providing symptomatic improvement in the symptoms caused 

by bone (6) and brain metastases (7). 

1.2 Ionisation Events 

IR induces cell damage predominantly through its effects on DNA. The ionising 

effects on DNA can be said to be either direct or indirect. Direct radiation damage 

results from ionisation of the DNA without the involvement of any intermediate steps, 

and is the predominant process by which high linear energy transfer forms of 

radiation such as neutrons and α particles exert their effects (8). Megavoltage X-rays 

predominantly cause their effects as a result of indirect ionisation of DNA. This 

means that they do not produce chemical and biological damage by themselves, but 

when they are absorbed in the material through which they pass, their energy is 

transferred to produce fast-moving charged particles that in turn are able to produce 

damage (8). At the energies used by most clinical linear accelerators, the Compton 
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process dominates (9). In this process, the megavoltage photon interacts with a ‘free’ 

electron of the absorbing material. Some of the photon energy is transferred to the 

electron in the form of kinetic energy. The scattered photon travels further into the 

absorbing material with slightly reduced energy interacting with more ‘free’ electrons. 

The net result is the production of a large number of fast electrons, which can ionise 

other atoms in the irradiated material, as shown in Figure 1.1 below.  

 

Figure 1.1. The Compton Effect. An incident X-ray photon interacts with a ‘free’, 
outer electron to which it transfers some of its energy. The scattered photon and 
electron travel deeper into the irradiated material, both of which can cause further 
ionisation. 

 

Free radical reactions 

These initial ionisation events trigger a series of chemical processes. It is useful to 

consider the radiochemistry of water following ionisation, since it comprises such a 

large proportion of cells. Following exposure to IR the water becomes ionised as 

shown below. 
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H2O
+ is an ion radical and rapidly interacts with another water molecule to form the 

highly reactive hydroxyl radical (OH•). 

 

Free radicals formed following X-ray exposure can interact with DNA causing 

damage to the DNA molecule. This indirect action can be thought of as comprising 

physical, chemical and biological phases, which take place over very different time-

scales. The physical process of ionisation occurs within 10-9 seconds following 

irradiation, whilst the formation of free radicals and subsequent free radical reactions 

are completed within approximately one millisecond of radiation exposure (9). The 

subsequent ‘biological phase’ includes all subsequent processes; from initial 

attempts at DNA repair, through to the development of late effects.  

1.3 Radiation induced DNA damage 

For several years, it has been recognised that IR induces multiple cellular lesions 

including, DNA-protein crosslinks, base alterations, base detachments, and DNA 

single and double strand breaks (10). However, DNA double strand breaks (DSBs) 

are the principle cytotoxic lesions induced by IR. The evidence supporting this arises 

from work correlating the number of DSBs produced by IR with the degree of 

cytotoxcity (10). For example the use of high linear energy transfer (LET) radiation 

causes more cell killing compared with low LET radiation. High LET radiation 
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increases the number of unrepaired DSBs, but does not increase the number of 

single strand breaks or base alterations compared to low LET radiation (11). 

Additionally, irradiating cells under hyperthermic conditions causes increased 

cytotoxicity due to an increase in unrepaired DSB formation but does not cause an 

alteration in other types of DNA damage (12). Therefore the formation of DSBs is 

central to the cell killing associated with IR exposure, and has resulted in complex 

mechanisms capable of repairing DSBs. 

1.4 DNA double-strand break repair 

DSBs are generated when the two complementary stands of the DNA double helix 

are broken simultaneously, at sites that are sufficiently close to one another that 

base-pairing and chromatin structure are insufficient to keep the two DNA ends 

juxtaposed. As a consequence, the two DNA ends generated by a DSB are liable to 

become physically dissociated from one another, making ensuing repair difficult to 

perform and providing the opportunity for inappropriate recombination with other 

sites in the genome. 

The critical importance of being able to repair DSBs has resulted in the evolution of 

two distinct DNA repair processes; non-homologous end-joining (NHEJ), and 

homologous recombination (HR).  

Non-homologous end-joining 

NHEJ provides a mechanism for the repair of DSBs throughout the cell cycle, but is 

of particular importance during G0-, G1- and early S-phase of mitotic cells. The 

components of NHEJ are summarised below in Figure 1.2. 
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Figure 1.2. Summary of the key steps required for non-homologous end joining. DNA 
ends are first bound by the Ku70/80 heterodimer, which then attracts DNA-PKcs to 
form the DNA-PK complex. DNA-PK then attracts the ligase IV complex (comprised 
of ligase IV, XRCC4 and XLF), which together seal the DNA ends. Summary of 
NHEJ adapted from (13). 

 

NHEJ is initiated by the binding of a complex composed of Ku70 and Ku 80 (Ku) to 

both ends of the broken DNA molecule. The Ku-DNA complex recruits DNA-

dependent protein kinase catalytic subunit (DNA-PKcs), a 460kDa protein of the 

phosphoinositide 3-kinase-like family of protein kinases (PIKKs) (14). Ku then moves 

inward on the DNA, allowing DNA-PKcs to contact DNA (15). The association of 

DNA-PKcs with both DNA and Ku leads to activation of the serine/threonine kinase 
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activity of DNA-PKcs (16). Inward translocation of Ku also allows two DNA-PKcs 

molecules to interact across the DSB, forming a molecular ‘bridge’ between the two 

DNA ends (17). 

Since DSBs can occur with a variety of different ends, a number of processing 

enzymes are often required to repair breaks. Ends must be transformed to 5’-

phosphorylated ligatable ends in order for repair to be completed. One key end-

processing enzyme in mammalian NHEJ is Artemis, a member of the metallo-β- 

lactamase family of enzymes, which may be recruited to DSBs through its ability to 

interact with DNA-PKcs (18). Artemis possesses both DNA-PKcs-independent 5’- to 

3’ exonuclease activity, and DNA-PKcs-dependent endonuclease activity towards 

DNA-containing ds–ssDNA transitions and DNA hairpins, each of which might be 

important for processing of DNA termini during NHEJ (18). Inactivation of Artemis 

results in radiation sensitivity; however, cells lacking Artemis do not have major 

defects in DSB repair, suggesting that only a subset of DNA lesions are repaired in 

an Artemis-dependent manner in vivo (19). Processing of complex lesions may lead 

to the creation of DNA gaps that must be filled in by DNA polymerases to enable 

break repair (20). 

NHEJ is completed by ligation of the DNA ends. This is mediated primarily by 

XRCC4, XLF and DNA ligase IV. Although XRCC4 has no known enzymatic activity, 

it acts as a scaffold interacting with both Ku and DNA and stimulates DNA ligase IV 

to ligate the processed ends, repairing the break (21). XLF has structural similarities 

to XRCC4 and it has been shown that siRNA mediated downregulation of XLF in 

human cell lines leads to radiosensitivity and impaired NHEJ (22). 
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Although NHEJ is an efficient pathway, it is often imprecise, because the DNA ends 

are modified before joining, leading to deletions or insertions at the break site.  

Homologous recombination 

HR is the second DSB repair pathway, and uses homologous DNA from a sister 

chromatid as a template to perform error-free repair of DNA DSBs. The need for a 

sister chromatid means that HR occurs only in G2 and S phases of the cell cycle. HR 

is proposed to occur in several discrete stages as illustrated in Figure 1.3 below.  

The MRN complex (MRE11-RAD50-NBS1) is involved in the initial process of 

recognising the DSB. MRN complexes tether the DNA ends, and activate the 

catalytic function of the ATM protein kinase through direct interaction of ATM and 

NBS1 (23, 24). ATM phosphorylates numerous substrates in the DNA damage 

response, including histone H2AX, which is an early chromatin marker of DSB 

formation (25). BLM helicase, which is a member of the RecQ family, stimulates 

human exonuclease 1 (hExo1) to process the DNA ends by 5’ to 3’ degradation to 

create 3’ single-stranded DNA (ssDNA) tails (26). Replication protein A (RPA) then 

rapidly binds to the single strand DNA (27). A mediator complex that includes 

BRCA1, BRCA2 and PALB2 then loads RAD51 onto the RPA coated ssDNA (28-

32). The RAD51-ssDNA complex searches a second DNA molecule for homology, 

and then moves into the homologous DNA duplex in a process called ‘strand 

invasion’ that is mediated by RAD54B (33). 

Strand invasion into a homologous sequence forms a D-loop intermediate. After 

strand invasion, a DNA polymerase extends the end of the invading 3' strand by 

synthesising new DNA, changing the D-loop to a cross-shaped structure known as a 

Holliday junction (HJ). It is currently unclear which polymerases mediate D-loop 



9 
 

extension in vivo, but POLH (DNA polymerase eta) can perform this function in vitro 

(34). Two separate models; named the synthesis-dependent strand annealing 

(SDSA) pathway, and the double strand break repair (DSBR) pathway (or double 

Holliday Junction pathway) have been proposed to describe the remaining steps (35, 

36). The DSBR model proposes that the second 3’ overhang strand also anneals to 

the homologous template and forms a second HJ. Recent evidence has implicated 

RAD52 (37, 38)  in this process of ‘second-end capture’. Once the second Holliday 

junction has been formed, and DNA synthesis has been completed, the Holliday 

junctions are resolved. The MUS81-EME1 complex has been shown to cleave HJs 

with the formation of crossover products (39, 40). However, there are several 

complications that arise when using this model to explain the mechanisms of mitotic 

DSB repair. Importantly, when resolution products are analysed following 

introduction of a site-specific double-strand break, crossover products are rarely 

observed (41). Although it has been shown that the product of the Bloom’s syndrome 

gene, BLM, in complex with topoisomerase IIIα can dissolve HJs to form non-

crossover products (42), and that a novel resolvase, GEN1 dissolves HJs by a 

symmetrical cleavage and would therefore also be expected to give rise to 

crossovers and non-crossovers with equal efficiency (43), the SDSA model is 

thought to be the predominant mechanism by which homology directed repair 

handles two-ended DSBs. 

The SDSA model is initially the same as the DSBR in that the 3’ end of the ssDNA 

invades the homologous template forming a D-loop. DNA synthesis then occurs 

beyond the original break site to restore the missing sequence information. The next 

step in this pathway is to release the newly synthesised end. This requires the 

Holliday Junction to be slid towards the 3’ end; a procedure called ‘branch migration’ 
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that involves the RAD54 protein (44). The newly synthesised DNA strand is then 

displaced and anneals with the other DSB end. Break repair is completed by DNA 

synthesis and ligation with only non-crossover products formed. 

 

 

Figure 1.3. Pathways of homologous recombination. HR is initiated by end resection, 
which produces a 3′ single-stranded end that can invade a homologous template to 
initiate repair. Alternative HR pathways can ensue from the displacement loop (D-
loop) intermediate: SDSA and DSBR. In SDSA, the newly synthesised strand is 
displaced to anneal to the other DNA end, resulting in a non-crossover outcome with 
no change to the template DNA. In DSBR, the second DNA end is ‘captured’ to form 
a double Holliday junction, which in principle can result in a non-crossover (cleavage 
at grey arrowheads on both sides) or a crossover (cleavage at black arrowheads on 
one side and grey arrowheads on the other) outcome. Adapted from (45) 

 

The complex processes of DSB repair reflect the critical importance of being able to 

repair these potentially lethal lesions. Failure to adequately repair DSBs can result in 
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cell death. Many oncological treatments such as chemotherapy cause cancer cell 

death by inducing apoptosis (46). Although IR is recognised as inducing apoptosis in 

seminomas and lymphomas (47), this is not representative of most cancers. In 

general IR causes cell death by inducing mitotic cell death (MCD) (48-50). This 

process is characterised by tumour cells remaining metabolically active post IR until, 

upon entering mitosis, they undergo mitotic catastrophe. An important feature of this 

phenomenon is that cells which have been fatally damaged by IR can undergo 

several rounds of mitosis before they, and their progeny die (48-50). Cell death of 

normal tissues exposed to IR is the basis for the development of most side effects 

associated with radiotherapy. 

1.5 Side effects associated with radiotherapy 

Radiotherapy is a vital tool in the management of cancer patients. However, 

whenever radiotherapy is given with curative intent there is a risk of causing serious 

damage to normal tissues. Accordingly, the maximum radiation dose that can safely 

be delivered to patients is limited by the dose tolerances of surrounding normal 

tissues (51). Delivering an excessive dose of radiotherapy can result in unacceptable 

side effects to the patient. The side effects associated with radiotherapy can be 

broadly stratified into early and late effects.  

Early effects 

Early effects were traditionally defined as occurring within 3 months from the 

conclusion of treatment (9). They typically affect rapidly renewing tissues such as the 

skin, gastrointestinal tract and haemotopoietic system which often have a 

hierarchical cell lineage, composed of stem cells and their differentiating offspring.  

Early effects are thought to arise from depletion of regenerative stem cells, and the 
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severity of reaction depends upon the ability of these cells to repopulate. Examples 

of early effects of radiotherapy are listed by anatomical site in Table 1.1 

Organ Symptom/Sign 

Skin Erythema, dry desquamation, moist 
desquamation, ulceration 

Mucous membranes Mucositis, ulceration 

Oesophagus Oesophagitis 

Lung Pneumonitis, cough 

Bowel Diarrhoea, nausea, vomiting 

Bladder Frequency, urgency, dysuria, haematuria 

Rectum Proctitis, bleeding, tenesmus 

Haematopoietic Lymphopaenia, thrombocytopaenia, 
anaemia 

 

Table 1.1. Examples of acute effects occurring in normal tissues. Adapted from (52). 

Late effects 

Arguably the more serious side effects of radiotherapy are caused by late effects. 

These are classically thought of as arising more than 3 months after the completion 

of treatment and effect slowly proliferating tissues such as the lung, heart, and 

central nervous system (9). Attempts have previously been made to quantify the 

radiation doses that can be tolerated by specific organs in order to guide clinicians 

as to the maximum doses that may be delivered to specific organs (51, 53). In 1991, 

Emami et al published a landmark article in which the tolerance dose of normal 

tissues was exhaustively reviewed (51). In that article the 5% risk of complication 

within 5 years (TD5/5) and 50% risk of complication within 5 years (TD50/5) were 

reported as a function of volume of normal tissue irradiated (1/3, 2/3, or entire 

volume). These tolerance doses were based on a comprehensive literature review 
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as well as expert opinion. A simplified summary of these tolerances is given in Table 

1.2.  

Organ Emami TD5/5 Emami TD 
50/5 

Endpoints 

Brainstem 1/3: 60Gy 

2/3 53Gy 

3/3 50Gy 

1/3: - 

2/3: - 

3/3: 65Gy 

Necrosis 

Infarction 

Spinal Cord 5 cm: 50Gy 5cm: 70Gy Myelitis 

Necrosis 

Oesophagus 1/3: 60Gy 

2/3: 58Gy 

3/3: 55Gy 

1/3: 72Gy 

2/3: 70Gy 

3/3: 68Gy 

Clinical stricture/ perforation 

Parotid 1/3: - 

2/3: 32Gy 

3/3: 32Gy 

1/3: - 

2/3: 46Gy 

3/3: 46Gy 

Xerostomia 

 

Table 1.2. Summary of the dose tolerances of critical normal tissues. The 5% risk of 
complication within 5 years (TD5/5) and 50% risk of complication within 5 years 
(TD50/5) are partly dependent upon the volume of the organ that is irradiated. 

 

1.6 The four Rs of radiotherapy 

Multiple factors influence the response of normal tissues and tumours to fractionated 

radiotherapy. These factors were summarised by Withers in 1975 as ‘The four R’s of 

radiotherapy’ (54). In this paper, Withers described four features that influence 

outcome: Repair, Reassortment, Repopulation and Reoxygenation.  
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Repair 

Repair refers to the processes by which DNA damage is restored following 

fractionation. The damage caused by radiation exposure has previously been 

classified as either 1) ‘lethal damage’ which is unrepairable and inevitably results in 

cell death; 2) ‘potentially lethal damage’ which reflects the aspect of radiation 

damage that can be repaired if the environmental conditions are changed; and 3) 

‘sublethal damage’ which is repairable unless further damage is caused by prompt 

reirradiation. 

The post-irradiation environmental conditions can alter the proportion of cells 

capable of surviving a given dose of radiation because of the repair of ‘potentially 

lethal damage’ (PLD). If the post-irradiation conditions are optimal for PLD repair; 

cells which would normally die following exposure to a given dose of radiation may 

survive if the environmental conditions are ideal. PLD repair was initially studied in 

confluent cells that were non-growing due to density inhibition. Following radiation, 

cells were subcultured, and their colony-forming ability assessed. It was shown that 

cell survival was significantly increased if cells were left in non-growing conditions for 

6 or 12 hours after irradiation before subculturing for colony forming assay (55). In 

this experiment it has been suggested that the non-growing conditions allow extra 

time for the damage to be repaired prior to cells undergoing mitosis. This work, along 

with parallel in vivo work, showed that PLD can be repaired if the environmental 

conditions allow, although the clinical significance of this phenomenon is less clear.   

The observation that a given dose of radiation is less effective if split into two 

fractions several hours apart reflects the ability of cells to recover from exposure to 

‘sublethal damage’ (SLD) (56). The ability of cells to recover from sublethal damage 

contributes to the sparing effect of fractionating external beam radiotherapy 
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treatment. SLD is also of clinical importance in the context of brachytherapy. Cells 

exposed to a given dose of radiation are more sensitive to high dose rate exposure 

over a short duration, than to low dose rate exposure over a long duration. This is in 

part due to the prolonged exposure allowing greater repair to occur (57).  

Reassortment 

The concept of ‘reassortment’ refers to the observation that radiosensitivity alters 

significantly through the different phases of the cell cycle, and that cells surviving a 

given fraction of radiotherapy may be in a resistant phase of the cell cycle, but may 

have progressed to a more sensitive phase of the cell cycle during the next fraction. 

The original data showing that radiosensitivity changes throughout the cell cycle was 

published in the 1960’s by Sinclair et al (58, 59). Chinese hamster cells were 

synchronised at five different points in the cell cycle. Cell survival was then assessed 

following exposure to radiation (Fig. 1.4). Cells in mitosis and G2 are the most 

radiosensitive and those in S phase the most radioresistant. It is likely that the 

reason why cells in S phase are more radioresistant, relates to the presence of an 

accessible sister template, increasing the opportunity for DSBs to be repaired by HR.  
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Figure 1.4. Chinese hamster cells irradiated at different points in the cell cycle show 
altered radiosensitivity. Cells in late S phase (LS) are the most radioresistant and 
those in M and G2 the most radiosensitive. Early S phase (ES) and G1 are 
associated with intermediate sensitivity. Adapted from (58). 

 

An advantage of delivering radiotherapy in multiple, discrete fractions, is that tumour 

cells which survive a given fraction are more likely to be in a resistant phase of the 

cell cycle, but may have progressed to a more sensitive phase of the cell cycle 

during the next fraction of treatment. Previous attempts have been made to 

synchronise tumour cells using cytotoxic drugs prior to delivering radiotherapy. The 

aim of this approach was to irradiate tumour cells whilst in a sensitive phase of the 

cell cycle (60). The limited success associated with this technique may be due to the 

heterogenous cell cycle kinetics within tumours resulting in rapid loss of induced cell 

synchrony. 



17 
 

Repopulation 

Delivering radiotherapy in several separate fractions enables cells that have survived 

irradiation to divide and ‘repopulate’. Prolonging treatment enables normal tissues to 

repopulate and therefore reduces early reactions. However excessive prolongation 

results in tumour cell proliferation that can result in treatment failure. Tumour cells 

surviving irradiation can divide more quickly resulting in ‘accelerated repopulation’ 

(61). In head and neck cancers, it has previously been shown that the rate of tumour 

cell repopulation significantly increases after approximately four weeks from the start 

of radiotherapy treatment (61). It has been estimated that in order to adequately 

compensate for this increased repopulation, an additional 0.6 Gy should be delivered 

each day (61). Radiotherapy dose and fractionation schedules have therefore tried to 

find the optimal balance between causing excessive toxicity and improving local 

control rates. ‘Accelerated radiotherapy’ involves shortening the overall treatment 

time by delivering more than one fraction of radiotherapy a day. Clinical trials 

investigating this have typically found that accelerated treatment causes an 

improvement in local control, but at the cost of increased acute toxicity (62). Other 

modified fractionation trials have looked at the possible benefits of ‘continuous 

hyperfractionated accelerated radiotherapy’ (CHART) in which patients are treated 

with a strongly accelerated fractionation regimen using a reduced total dose. The 

use of CHART in NSCLC has been shown to be associated with an increase in acute 

mucositis (1, 63). However the toxicity associated with CHART was not considered 

excessive and was satisfactorily offset by the large improvements seen in local 

control and overall survival rates (1, 63). Consequently it was concluded that CHART 

treatment improved the therapeutic ratio of radiotherapy and it therefore became an 

established treatment option for NSCLC patients in the UK. It is likely that the 



18 
 

improvements seen with CHART radiotherapy occur because the treatment is 

completed before tumour cell accelerated population is established.  

Reoxygenation 

It is possible that ‘reoxygenation’ is the most important of the ‘Four R’s of 

radiotherapy’. Over fifty years ago it was recognised that the response of cells to IR 

is strongly dependent upon oxygen (64-66). As shown in Figure 1.5, cells are much 

more sensitive to X-rays in the presence of oxygen than in its absence. Most cells 

typical show an oxygen enhancement ratio of 2.5-3.0.  

 

 

Figure 1.5. Illustration of increased cell radiosensitivity when irradiated under aerobic 
(O2) conditions compared with irradiation under hypoxic conditions (N2). Chinese 
hamster ovary cells were grown under exponential conditions prior to irradiation with 
250 kV x-rays. Figure adapted from (66). 
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The ‘oxygen fixation hypothesis’ was devised in the 1950’s and attempted to 

describe the mechanism by which the presence of oxygen increases cell 

radiosensitivity (67). As described previously, most of the damage caused by 

ionising radiation results from the indirect damage caused by the formation of free 

radicals which interact with DNA. The DNA radicals (R•) can be restored through 

reactions with free radical scavengers such as sulphydryl containing compounds (68, 

69). However in the presence of molecular oxygen, the damage can be ‘fixed’ by the 

DNA radical reacting with O2 to form RO2• which is less amenable to restoration by 

scavenger groups (70). An illustration of the differences between the direct and 

indirect damage caused by X-rays is shown in Figure 1.6 below.  

 

Figure 1.6 Direct and indirect DNA damage. The majority of DNA damage caused by 
X-rays is due to ionisation of water resulting in free radical damage to DNA which 
can be ‘fixed’ in the presence of oxygen. A small proportion of the DNA damage 
occurs due to direct ionisation of the DNA. Figure adapted from (8). 
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Tumours cells are often profoundly hypoxic and therefore demonstrate resistance to 

radiotherapy treatment (71). The concept of ‘reoxygenation’ in the context of 

fractionated radiotherapy relates to the possibility that tumour cells which are hypoxic 

at the start of radiotherapy treatment may become less hypoxic, and therefore more 

radiosensitive throughout radiotherapy treatment. This may be partly due to the 

tumour shrinking and improving the oxygen supply to a proportion of the tumour 

cells.  

1.7 Hypoxic radiosensitisation 

The profound changes in radiosensitivity caused by hypoxic conditions have resulted 

in multiple different approaches to try to reverse tumour hypoxia. Initial attempts at 

improving tumour hypoxia involved patients breathing high-oxygen content gas 

under hyperbaric oxygen (HBO) conditions. A comprehensive Cochrane review of all 

clinical trials performed with HBO concluded that there was some evidence that HBO 

improved local control rates in cervix and head and neck cancer, but that these 

benefits may only arise with unconventional fractionation schemes. Importantly they 

found that HBO was associated with significant adverse effects, including oxygen 

toxic seizures and severe tissue radiation injury (72). 

Other strategies have previously been employed to try to increase tumour oxygen 

levels. One particular approach has been to try to increase the oxygen that can be 

delivered to the tumour by increasing patient’s haemoglobin levels. Anaemia is 

recognised as conferring a poor prognosis in many different tumour types (73). 

Although the association between anaemia and poor prognosis may simply reflect 

more advanced disease, previous studies have suggested that anaemia is an 

independent prognostic factor in patients receiving radiotherapy treatment (74). As a 
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result of this, multiple small studies have investigated whether reversing anaemia 

during radiotherapy treatment results in an improvement in clinical outcomes. These 

studies have been unable to consistently show that treating anaemia with blood 

transfusions results in an improvement in patient outcomes. Although some studies 

show an improvement in outcomes, other studies have shown that blood 

transfusions may have a positively detrimental effect on outcome, possibly by 

inducing mild immunosuppression (75). Alternative means of correcting anaemia 

without using blood transfusions have also been pursued. Most notably, a large 

phase III trial investigated the possibility of improving anaemia, and therefore 

response to radiotherapy by treating head and neck cancer patients with 

erythropoietin β. This study showed that erythropoietin increased haemoglobin 

levels, but caused a statistically significant detrimental effect on overall survival (76). 

Since erythropoietin receptors are known to be expressed on tumour cells, it is 

possible that erythropoietin treatment causes adverse clinical outcomes by inducing 

tumour cell progression and proliferation (77).  

 

An alternative approach to overcoming radioresistance associated with tumour 

hypoxia has been to use ‘oxygen mimetics’. The origins to this area of research 

began with the identification that electron affinic compounds sensitised hypoxic cells 

to radiation (78). Misonidazole was one of the first electron affinic compounds shown 

to cause hypoxic radiosensitisation in vitro (79). Metronidazole (80) and 

misonidazole (81-84) were among the first agents to be used in clinical trials to 

assess the therapeutic uses of these hypoxic radiosensitisers. The misonidazole 

studies were performed in patients with a wide spectrum of tumour types. Although 

some studies found small sub-groups of patients who appeared to derive benefit 
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from the addition of misonidazole (85), the majority of the trials showed misonidazole 

did not cause a statistically significant benefit (81-84). It has previously been 

suggested that the disappointing results obtained with misonidazole arose because 

the side effect profile of the drug meant that it could not be used at doses high 

enough to exert a radiosensitising effect (86). This led to efforts to identify oxygen 

mimetics that did not cause the severe side effects associated with misonidazole 

treatment. Nimorazole was the most widely investigated of these drugs and was the 

subject of a large phase III study in Danish patients with cancer of the pharynx or 

supraglottic larynx. This study showed that the combined treatment of nimorazole 

and radiotherapy was associated with a statistically significant improvement in loco-

regional control, compared with patients treated with radiotherapy alone (87). 

Despite these trial results, nimorazole is rarely used in routine practice outwith 

Denmark (88). The reasons for this are unclear, but may be due to the trial failing to 

show that the addition of nimorazole resulted in an improvement in patient survival 

(87). No other hypoxic radiosensitiser is currently in routine, widespread use. 

It has been suggested that the disappointing results associated with attempts to 

correct tumour hypoxia are due to the fact that these treatments act against chronic 

hypoxia (9). More recent studies have used nicotinamide in an attempt to reverse 

perfusion-limited acute hypoxia, by preventing transient fluctuations in tumour blood 

flow (89). In particular, nicotinamide has been used as part of the ‘Accelerated 

Radiation, Carbogen and Nicotinamide’ (ARCON) studies. Carbogen (95% oxygen, 

5% carbon dioxide) breathing commences five minutes prior to radiotherapy and is 

continued throughout. Nicotinamide is administered orally, 90 minutes prior to 

radiotherapy. Large phase II studies investigating the effects of ARCON have been 

published in head and neck (90) and bladder cancer patients (91) and have so far 
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showed promising results. Results from ongoing phase III studies will determine 

whether ARCON treatment may prove to be a successful means of reversing the 

poor prognosis associated with tumour hypoxia. 

1.8 Intrinsic radiosensitivity. 

The realisation that the intrinsic radiosensitivity of tumour cells varied significantly, 

and was of considerable importance in influencing the response of tumours to 

radiotherapy treatment led Steel to propose in 1989 that ‘radiosensitivity’ should be 

recognised as one of the ‘5Rs of radiobiology’ (92). It is been recognised for many 

years that tumours differ significantly in their sensitivity to radiotherapy treatment and 

that the intrinsic radiosensitivity of different cancers correlates with their potential 

radiocurability. A 1981 study initially showed the correlation between in vitro  

radiosensitivity and clinical response to radiotherapy (93). A subsequent study three 

years later showed similar findings, and developed the idea of measuring intrinsic 

radiosensitivity based on the surviving fraction of tumour cells following 2Gy of 

radiation (SF2) (94). This initial work showed that different histological tumour types 

had different intrinsic radiosensitivities and that this correlated with clinical 

radioresponsiveness. Subsequent work has shown that there are significant 

differences in tumour radiosensitivity within the same histopathological class of 

tumours, and that this has significant clinical relevance. Studies in cervix, and head 

and neck cancers have shown that those patients with radioresistant tumours (as 

measured by the surviving fraction at 2Gy) are more likely to develop local 

recurrences (95-97) and have poorer survival rates (96, 97) than patients with more 

radiosensitive disease.  
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Clinical use of radiosensitising drugs 

Multiple different approaches have been used to try to render tumour cells more 

sensitive to IR. The most commonly used approach has been to deliver radiotherapy 

with concurrent chemotherapy treatment. Typically this has involved the use of 

agents that affect DNA or RNA processes, of which cisplatin is the most commonly 

used. Cisplatin interacts with DNA to form inter- and intrastrand cross-links, as well 

as DNA-protein cross-links, inhibiting DNA replication and RNA transcription and 

ultimately inducing mutagenesis or apoptosis (98). The precise mechanism by which 

platinum analogues induce radiosensitisation remains the subject of debate. One 

possible explanation is that oxygen free radicals generated by IR result in an 

increase in the number of toxic platinum intermediates when delivered concurrently 

(99). Alternative explanations include the suggestion that radiosensitisation occurs 

due to cisplatin inhibiting DNA damage repair in the presence of IR (100). 

 

Despite the uncertainty as to its mechanism of action, there is substantial clinical 

evidence showing that concurrent cisplatin and radiotherapy improves clinical 

outcomes. In patients with locally advanced non-small cell lung cancer, the addition 

of cisplatin has been shown to cause a 30% reduction in two year mortality 

compared to treatment with radiotherapy alone (101). In cervical cancer, cisplatin 

was shown in a large randomised phase III study to cause a 39% relative risk 

reduction of death in patients treated with concurrent cisplatin and radiotherapy 

(102). In view of these striking results, the US National Cancer Institute issued an 

alert in February 1999 that chemoradiotherapy should be considered for all patients 

with cervical cancer. A subsequent large meta-analysis confirmed the findings that 

the addition of cisplatin chemotherapy resulted in large improvements in clinical 
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outcomes (2). Concurrent cisplatin chemoradiotherapy has been demonstrated to 

cause a 30% relative risk reduction of death in head and neck cancer patients 

compared to patients treated with radiotherapy alone (103). This has again been 

confirmed by a large meta-analysis (104). 

 

Other conventional chemotherapies such as 5-Fluorouracil (5-FU) are also often 

used clinically to cause tumour radiosensitisation. 5-FU is a halogenated pyrimidine 

nucleoside that is phosphorylated by cellular thymidine kinase to form 5-fluoro-20-

deoxy-uridine-monophosphate which inhibits thymidylate synthase. The intracellular 

pools of thymidine 5’-monophosphate and thymidine 5’-triphosphate subsequently 

become depleted, leading to the inhibition of DNA synthesis and interference of DNA 

repair (105). The mechanism by which 5-FU induces radiosensitisation is not clear, 

but it can be mediated by non-cytotoxic concentrations of 5-FU (106). Phase III trials 

of 5-FU and RT have demonstrated benefit in cancers of the oesophagus, cervix, 

and anal canal (107-109). 

 

The numerous studies demonstrating improved patient outcomes have resulted in a 

large increase in the different cancers that are treated with concurrent 

chemoradiotherapy. Whilst these have shown improved outcomes in terms of local 

recurrence and overall survival rates, it should be noted that the addition of 

conventional chemotherapy is not without consequence, and that the addition of 

chemotherapy significantly increases the side effects caused by radiotherapy (2, 

110).  
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The therapeutic index of radiotherapy 

The increased toxicity associated with chemoradiotherapy reflects the fact that the 

addition of conventional chemotherapy has a non-specific radiosensitising effect, 

sensitising both tumour cells and normal cells to radiotherapy. The balance of risks 

and benefits of making alterations to radiotherapy treatment are often considered in 

terms of the therapeutic index or ‘therapeutic window’. The therapeutic window of 

radiotherapy is the ratio between the harmful dose and the therapeutic dose of 

radiotherapy and can be altered by interventions such as altering fractionation or by 

the concurrent use of chemotherapy. Interventions that widen the gap between the 

‘tumour control probability’ (TCP) curve and the ‘normal-tissue complication 

probability’ (NTCP) have the effect of increasing the therapeutic window (Fig. 1.7). 

Alterations in radiotherapy dose-fractionation schedules have previously been 

employed to improve the therapeutic window of radiotherapy. 

 

Figure 1.7 Representation of the therapeutic window. As the dose of radiotherapy is 
increased, the probabilities of both controlling the tumour (TCP), and of causing 
normal-tissue complications (NTCP) increase. The therapeutic window is the gap 
between the TCP and NTCP curves.  
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When delivering concomitant chemo-radiotherapy, the radiation dose–response 

curves of both the tumour and surrounding normal tissues will shift to the left (Fig. 

1.7). Radiosensitisation due to conventional chemotherapies such as cisplatin 

induces a larger shift in TCP curve compared to that of the NTCP curve. Therefore, 

although chemo-radiotherapy results in increased side-effects, these are adequately 

offset by the benefits in tumour response and are indicative of the improved 

therapeutic index associated with chemo-radiotherapy treatment. 

Tumour specific radiosensitisation 

Potentially greater gains in the therapeutic ratio of radiotherapy could be made if 

treatments could be developed that selectively rendered tumour cells more sensitive 

to ionising radiation without altering the sensitivity of normal tissues. The best 

example of this approach being successfully utilised has come from the concomitant 

use of cetuximab and radiotherapy in the treatment of head and neck cancer. High 

levels of epidermal growth factor receptor (EGFR) expression, which is seen in the 

majority of squamous-cell cancers of the head and neck have been shown to 

correlate with worse clinical outcomes (111), decreased response to radiotherapy 

(112, 113), and increased loco-regional recurrence following definitive radiotherapy 

(114). Although the exact mechanism by which EGFR overexpression causes these 

effects is not clear, it appears to involve EGFR signalling via the Ras-PI3 kinase-Akt 

pathway (115). Cetuximab is a monoclonal antibody to the epidermal growth factor 

receptor that has been shown to radiosensitise tumour cells in vitro and in vivo (116). 

A phase III trial has investigated the potential benefits of concurrent treatment with 

cetuximab and radiotherapy in patients with locally advanced head and neck cancer 

(3). Patients were randomised to receive either radical radiotherapy alone or radical 

radiotherapy plus weekly cetuximab for the duration of radiotherapy. The study 
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reported a significant benefit from the addition of cetuximab. The median overall 

survival was 49.0 months among patients treated with combined therapy and 29.3 

months among those treated with radiotherapy alone (HR for death, 0.74; P=0.03). 

The addition of cetuximab did not result in an increase in radiation induced side 

effects such as mucositis (3). The most common side effect associated with the 

addition of cetuximab is the development of an acneiform rash which occurs even in 

the absence of concurrent radiotherapy treatment (117). An updated analysis of this 

study with longer patient follow up has recently been published (4). This confirmed 

the improved clinical outcomes in patients treated with combined therapy. With the 

exception of acneiform rash and infusion reactions, the authors concluded that the 

addition of cetuximab does not increase the side effects associated with radiotherapy 

treatment. Interestingly they showed that for the patients treated with cetuximab, 

overall survival was significantly improved in those who experienced an acneiform 

rash and suggested that rash is a biomarker of an immunological response that is 

conducive for optimal outcome (4). 

Rationale for performing a siRNA radiosensitivity screen 

As previously discussed, delivering a potentially curative dose of radiotherapy is 

associated with the risk of developing significant side-effects due to the effects of 

radiation on normal tissues that surround the tumour. It is the risk of developing 

severe side effects that limits the dose of radiotherapy that we can deliver to 

tumours. The absence of excess normal tissue toxicity seen in the cetuximab study 

demonstrates the potential improvements that can be achieved by selectively 

rendering tumour cells more sensitive to radiation therapy (3). Such a strategy 

depends upon exploiting tumour specific molecular targets, many of which remain to 

be identified. The subject of this thesis will therefore attempt to identify and validate 
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novel targets involved in tumour cell radiosensitivity. The identification of novel 

molecular determinants of radiosensitivity will be based on a small interfering RNA 

(siRNA) screen of genes involved in DNA damage repair.  

1.9 RNA interference 

RNA interference (RNAi) is a post-transcriptional gene silencing mechanism that can 

be triggered by small RNA molecules such as microRNA (miRNA) and siRNA. The 

ability of short sequences of double stranded RNA to potently suppress specific 

genes was first identified in Caenorhabditis elegans (118). It has subsequently been 

demonstrated that RNAi is an important feature of eukaryotic cells including human 

cells, and that the introduction of synthetic siRNAs is capable of inducing profound 

gene suppression (119). It is now well recognised that a complicated system of 

endogenous RNAi complexes are produced within cells that target host RNA 

sequences resulting in gene silencing.  

Mechanics of siRNA silencing 

Endogenous siRNA is derived from longer dsRNA, whilst miRNAs are thought to 

arise from precursor RNA molecules that adopt a hairpin-and-loop structure (120). 

There are several distinct steps required for the formation and activation of 

endogenous siRNA. Firstly, long dsRNA strands are cleaved into siRNA dimers of 

between 21-25 nucleotides length with characteristic 2-nucleotide overhangs at the 

3’ ends. This function is performed by the enzyme Dicer (121) which is a 

endoribonuclease of the RNase III family. Dicer then aids in binding one of the 

siRNA strands (the ‘guide’ strand) onto a multiprotein complex called RNA-Induced 

Silencing Complex (RISC) (122). It has recently been shown that the guide strand is 

selected on the basis of the thermodynamic properties of the individual strands. The 
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strand whose 5’ end is less tightly paired to its complement is the one that enters the 

RISC complex (123, 124). The remaining ‘passenger’ strand is then degraded during 

RISC activation (125).  

The RISC complex then locates and cleaves complementary mRNAs resulting in 

degradation and silencing of the messenger RNA. The mechanism by which RISC 

locates the mRNA is not yet clear. The active catalytic, cleavage components of 

RISC have been identified as endonucleases called argonaute proteins (126). The 

pathways involved in RNAi are summarised in Figure 1.8 

 

Figure 1.8. Mechanism of RNAi. A) Triggers of silencing. miRNAs are transcribed 
from non-coding genes, whilst dsRNA can be derived from sources such as viruses, 
and transgenes. These substrates are processed by Dicer to form siRNA duplexes. 
Synthetic siRNA mimics Dicer cleaved miRNA B) Incorporation of the guide strand 
into the RISC complex. C) RISC, guided by its small RNA, pairs with its mRNA target 
(green line), occasionally this can result in translational block but more typically 
results in cleavage and destruction of the mRNA. RISC is recycled with its guide 
strand intact to undertake additional cycles of cleavage. Adapted from (127).  

 

http://en.wikipedia.org/wiki/Endonuclease
http://en.wikipedia.org/wiki/Argonaute
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siRNA screens 

RNAi can be activated in mammalian cells by creating and introducing siRNAs that 

mimic Dicer-cleaved, endogenous microRNAs, resulting in potent gene silencing. 

The pairing of RNAi understanding with cDNA and genomic sequence data has 

made it possible to construct genome-scale libraries of siRNA reagents for 

performing high-throughput siRNA screens (128). The process of delivering siRNAs 

to cells in vitro typically involves a lipid mediated transfection, of which several are 

commercially available (119). Developing a successful RNAi screen requires 

awareness of the multiple potential problems that can occur with siRNA 

transfections.  

Interferon response 

The first problems relate to potential cytotoxicity occurring as a result of interferon 

activation. Interferons are cytokines that function as the host’s first line of defence 

against viral infection. Activation of this innate immune response is triggered partly 

by dsRNA, a common viral replicative intermediate (129, 130). It has subsequently 

become apparent that the length of the RNA duplex is critical in determining the 

likelihood of an interferon response (131). Consequently most commercial 

companies now produce siRNA duplexes that are shorter than 24 nucleotide 

sequences long. Careful optimisation of the transfection reagents, combined with 

use of short RNA reagents means that this problem can usually be avoided. 

Off-target effects 

A more challenging problem arises with the phenomenon of ‘off-target’ effects’. Off-

target effects occur when a siRNA is processed by RISC, and down-regulates 

unintended targets which share a degree of homology with the intended target. The 
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phenomenon was first described in 2003 (132). Using genome-wide microarray 

profiling as a method of detection, the authors identified modest, 1.5- to 3-fold 

changes in the expression of dozens of genes following transfection of individual 

siRNA. The levels of complementarity between the sense or antisense strand of the 

siRNA, and the off-targeted genes varied considerably. The overall off-target 

expression profile was unique for each siRNA, suggesting a sequence specific 

component to the phenomena. These off target effects can result in phenotypic 

changes that may result in the identification of genes which are false positives. 

Detecting false positives can lead to false leads and the unnecessary use of 

resources to explore non-productive research tracts. It is therefore of paramount 

importance to reduce the number of off-target effects. 

 

Several strategies have been employed to successfully reduce off-target effects. 

Firstly, it has been shown that the concentration of transfected siRNA plays a key 

role in causing off-target effects, and demonstrates the importance of carefully 

optimising transfection conditions (132, 133). The intention of optimisation should be 

to use the lowest possible concentration of siRNA whilst still maintaining adequate 

knockdown. Another effective way of reducing the concentration of individual siRNAs 

is to use ‘pooled’ siRNA. Commercially available reagents typically use pools of four 

siRNAs designed to target the same gene. This technique enables strong on-target 

gene knockdown but minimises off-target effects by drastically reducing the 

concentration of individual duplexes. Commercial producers of siRNA reagents have 

also modified their reagents in light of evidence showing that 29-O-methyl ribosyl 

substitution at position 2 in the guide strand reduced off-target silencing of partially 

complementary transcripts (134).  
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The last approach toward eliminating off-target effects is associated with siRNA 

design. In two independent studies, investigators observed that off-targeted genes 

often contained matches between the ‘seed’ region of the siRNA (positions 2-7) and 

sequences in the 3' untranslated region (UTR) of the off-targeted gene (135, 136). 

Furthermore, they found that the likelihood of a gene being off-targeted is elevated 

by the presence of multiple 3'UTR seed matches. microRNAs also utilize the seed 

region to mediate gene knockdown, thus these findings intimate a strong 

mechanistic parallel between siRNA off-targeting and microRNA mediated gene 

regulation (137). The role of the 3’UTR seed match is now routinely taken into 

consideration during siRNA design, allowing for a further reduction in off-target 

effects. 

The issue of off-target effects is of paramount importance when designing a siRNA 

screen. However, with careful optimisation of the transfection conditions and with the 

use of pooled siRNA, that has been designed using appropriate bioinformatics data, 

these unwanted effects can be significantly reduced. 

1.10 Assay endpoints for radiosensitivity screens 

The realisation that siRNA high-throughput screens are highly effective tools that can 

be used in the unbiased identification of novel genes involved in biological processes 

has led to a swift rise in the number of screening studies that have been published. 

Some of these studies have been able to identify novel proteins involved in DNA 

damage signalling; identifying important, and previously unexpected roles for 

proteins such as RNF8 (138) and RNF168 (139). Other studies have been able to 

identify synthetic lethal interactions in cancer cells. One such study found that cells 
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that are dependent on mutant KRAS exhibit sensitivity to knockdown of the 

serine/threonine kinase STK33 (140). HTS screens have also identified the 

mechanisms of tumour cell drug resistance. Such screens have been able to 

elucidate genes involved in tumour cell resistance to chemotherapies such as 

paclitaxel (128), to targeted therapy with poly (ADP-ribose)-polymerase-1 (PARP) 

inhibitors (141) and to endocrine therapy with tamoxifen (142). All of these screens 

used assay endpoints that were based on the quantification of short term cell viability 

following exposure to the drug of interest.  

Cell viability assays 

The use of cell viability assays is appropriate in siRNA screens of resistance to 

chemotherapy and endocrine agents, since they typically induce cell death via a 

rapid process of apoptosis (143, 144). Cell viability assays are less suitable for use 

in siRNA screens of tumour cell radiosensitivity since IR typically induces cell death 

via a more complicated process of mitotic cell death or ‘mitotic catastrophe’. 

Although mitotic cell death may have some biochemical similarities to apoptosis, in 

that the final stages of cell death involve activation of the caspase pathway (49), 

there are many differences between the two processes. Cells which have been 

fatally exposed to IR, and which will undergo MCD, may continue to be metabolically 

active, and indeed continue to divide for several days or weeks after IR exposure 

(48-50). Key features of mitotic catastrophe include; the absence/delay of the G1/S 

checkpoint, the absence of interphase apoptosis coupled to this checkpoint, a delay 

in the G2 phase, and a sequence of aberrant mitoses forming abnormal, 

nonclonogenic daughter cells. The aberrant mitosis is morphologically characterised 

by the formation of cells containing micronuclei (MN) (145) or in the formation of 

multinuclear, giant cells (146). 
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Two previous studies have attempted to perform siRNA screens of tumour cell 

radiosensitivity using short term assays based on cell viability (147, 148). The delay 

in cell death that occurs following IR means that siRNA screens based on the use of 

short term viability assays as an endpoint are potentially flawed, as they may fail to 

distinguish between growth inhibition and clonal inactivation. Although one of these 

screens managed to successfully identify a gene called ‘tumour necrosis factor 

receptor–associated factor 2’ (TRAF2) whose depletion resulted in modest tumour 

cell radiosensitisation (147), it should be noted that the other study did not 

adequately validate the ‘radiosensitivity genes’ identified by their screen (148).  

The choice of assay endpoint to use in a siRNA screen of tumour cell radiosensitivity 

is therefore a difficult one. The clonogenic survival assay is the ‘gold standard’ 

method for assessing intrinsic radiosensitivity (149). This in vitro cell survival assay 

is based on the ability of a single cell to grow into a colony (which is defined as 

consisting of at least 50 cells). The assay essentially tests every cell in the 

population for its ability to undergo ‘‘unlimited’’ division. Unfortunately, this assay is 

not suitable for use in large scale siRNA screens due to the highly labour intensive 

nature of the assay.  

Quantification of micronuclei 

HTS of tumour cell radiosensitivity therefore requires the use of an assay endpoint 

that can act as a reliable surrogate marker for tumour cell death following exposure 

to IR. One such possibility would be to perform a siRNA screen based on 

quantification of some of the morphological features of mitotic cell death. Micronuclei 

are one of the key features of MCD which are thought to represent chromatid 

fragments that detach from a chromosome, and do not integrate in the daughter 
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nuclei (145, 150). Micronuclei assays have most commonly been used as a test for 

genetic damage caused by environmental mutagens, and typically involved manual 

counting of micronuclei formation (151-153). Although there are some studies that 

have demonstrated a correlation between MN formation and intrinsic radiosensitivity 

(154, 155), other studies have failed to find a close correlation and have concluded 

that MN assays are not sufficiently sensitive to be used as a measure of 

radiosensitivity (156, 157). Other factors that limit the usefulness of MN quantification 

as an assay endpoint include the fact that MN quantification may be difficult to count 

in a HTS, and that it requires complicated assays that necessitate the induction of a 

cytokinesis block (158).  

Like micronuclei formation, the presence of multinucleated cells is also characteristic 

of MCD (159). However, there are few studies demonstrating a correlation between 

intrinsic radiosensitivity and multinuclei formation (160). It may also be difficult to 

reliably detect multinucleated cells in a high throughput experiment. 

Quantification of γH2AX foci 

The critical role of DSBs and chromosome aberrations produced by ionising radiation 

in causing cell death has long been recognised (161, 162). DSBs result in the rapid 

phosphorylation of the histone 2A family member X (γH2AX) which can quickly 

enlarge to encompass a region spanning several megabases (163). H2AX is 

phosphorylated on the serine 139 residue by DNA-PKcs, ATM and ATR (164, 165). 

Phosphorylation of H2AX at the site of a DSB induces chromatin remodelling, further 

amplifying the DNA damage signal response, and resulting in downstream events 

such as cell cycle arrest and checkpoint activation (166). It has previously been 

shown that the number of DSBs can be determined by the number of γH2AX foci 
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present shortly after DNA damage (167). Most of these γH2AX foci resolve rapidly 

but a small proportion persists for many hours after irradiation (168). Previous 

studies have demonstrated a correlation between intrinsic radiosensitivity and the 

persistence of γH2AX foci 24 hours after radiation, (169-171) suggesting that γH2AX 

foci could be used as a surrogate marker for cell death. Although other studies have 

found that the quantitation of γH2AX foci is insufficiently sensitive to detect subtle 

changes in radiosensitivity (172-174), the fact that γH2AX foci can be readily 

visualized after antibody labelling (175) could potentially make it a good endpoint for 

use in HTS experiments that utilise high-throughput microscopy equipment.  

1.11 Proposed siRNA screen 

The known DNA repair defects that produce large differences in radiation sensitivity, 

are often associated with complex clinical syndromes such as ataxia-telangiectasia, 

Nijmegen breakage syndrome and Fanconi anaemia (176). The proteins identified by 

these repair defects do not represent potential therapeutic targets due to lack of 

tumour specificity. Therefore this thesis will be based on a siRNA radiosensitivity 

screen of a custom made library of 200 genes involved in DNA repair. The study will 

use the presence of γH2AX foci twenty-four hours after exposure to IR in order to 

identify novel genes involved in tumour cell radiosensitivity. Identifying novel 

molecular determinants of radiosensitivity could enable the development of inhibitors 

that could be clinically used to selectively render tumour cells more sensitive to 

radiotherapy without increasing normal tissue toxicity. The specific radiosensitisation 

of tumour cells could improve the therapeutic index of radiotherapy treatment. 
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1.12 Aims of the thesis 

 

The aim of this thesis is to investigate the molecular determinants of tumour 

radiosensitivity with a view to identifying novel targets that may be clinically 

exploitable. The objectives are therefore: 

1) To perform a siRNA radiosensitivity screen of 200 genes involved in DNA 

damage repair to identify novel determinants of tumour radiosensitivity (Chapter 

3) 

2) To examine whether depletion of the target gene identified by the siRNA screen 

induces tumour cell chemosensitisation, and if so, the mechanism by which this 

occurs (Chapter 4). 

3) To investigate the clinical significance of tumour overerexpression of the 

identified target gene in cohorts of breast cancer patients (Chapter 5). 
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Chapter 2 

MATERIALS & METHODS 
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2.1 Cell culture 

Cell lines 

The tumour cells used were the SQ20B (laryngeal squamous cell carcinoma), T24 

(bladder transitional cell carcinoma), PSN1 (pancreas adenocarcinoma), HeLa 

(cervix squamous cell carcinoma) and U2OS (osteosarcoma) lines. The SQ20B cell 

line was obtained from Dr. Ralph Weichselbaum (University of Chicago, Chicago, IL) 

and has been described previously (115, 177). The other tumour cell lines were 

obtained from American Type Culture Collection (ATCC). Two types of normal 

human fibroblast cells (MRC5 and POC) were used at early passage. MRC5 cells 

were obtained from ATCC. POC fibroblast cells were established by our group and 

have been described previously (115).  

Culture conditions 

Cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) containing 4.5 g/L 

glucose (Lonza) supplemented with 10% fetal bovine serum (FBS). All cultures were 

maintained at 37 °C in water-saturated 5% CO2 / 95% air. Cells were regularly tested 

to ensure the absence of Mycoplasma contamination (MycoAlert; Lonza). Cell 

morphology was regularly checked to ensure the absence of cross contamination of 

cell lines. 

Passaging of cells 

Adherent cells were grown to confluence, washed with phosphate buffered solution 

(PBS), and incubated in 0.05% trypsin (Gibco) for 5 min at 37 °C. Lifted cells were 

resuspended in medium by gentle pipetting and divided into fresh tissue flasks. 
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Frozen storage of cells 

Cells were detached using trypsin and resuspended in DMEM with 10% FBS. Cells 

were then centrifuged for 5 min at 1200 rpm, washed with PBS and incubated with 

trypsin. Cells were then resuspended in freezing medium (90% FBS, 10% DMSO) 

and transferred to cryo-vials (1 mL per vial) for storage at -80 °C or transferred to 

liquid nitrogen after 1-2 days at -80 °C. 

Recovery of frozen cells 

Cells were thawed by addition of pre-warmed medium to the cryo-vial prior to 

transfer to 10 mL of culture medium. Cells were centrifuged for 5 min at 1000 rpm, 

resuspended in culture medium and transferred to a culture flask. 

Cell counting 

Cells were washed with PBS, incubated with trypsin and resuspended as described 

above. Cell concentration was then determined using an automated cell counter 

(Nucleocounter, ChemoMetec) as per the manufacturer’s instructions. Single cell 

suspensions were then made by diluting the cell solution to the required 

concentration and gently pipetting.  

 

2.2 siRNA reagents and transfection conditions 

siRNA resuspension 

Individual genes were investigated using both individual and pooled siRNAs (ON-

TARGET plus, Dharmacon). 5X siRNA buffer (Dharmacon) was diluted in RNase 

free water and then added to the siRNA vials to form 20 μM stock solutions and 
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stored at -80 °C. These were further diluted as required using 1X siRNA buffer to 

form 2 μM working solutions, which were also frozen at -80 °C. 

siRNA transfection conditions 

siRNA transfection can be performed in either a ‘reverse’ or ‘forward’ fashion. 

Reverse transfection involves plating a suspension of cells onto a plate containing a 

freshly prepared solution of siRNA and transfection reagent. This contrasts with 

forward transfection where the cells are plated and allowed to settle for one day prior 

to the addition of a siRNA and transfection reagent containing solution. 

 

For 6 well plate transfections, 2 μM siRNA solution was mixed with serum-free 

medium (SFM) to give a total volume of 200 μL. This was incubated for 10 minutes 

at room temperature. Meanwhile, a separate 200 μL solution of diluted transfection 

reagent, Dharmafect 1, and serum free medium (SFM) was prepared and incubated 

at room temperature for 5 minutes. The two solutions were then gently and 

thoroughly mixed together and incubated for 20 minutes, allowing siRNA/Dharmafect 

complexes to form. The 400 μL siRNA/Dharmafect solution was then added to the 

cells. In the case of forward transfection it was added onto a plate that already 

contained adherent cells prior to the addition of 1.6 mL of antibiotic free complete 

medium (AFM). In the case of reverse transfection, the 400 μL siRNA/Dharmafect 

solution was added to a fresh plate and then 1.6 mL of cells suspended in AFM was 

added to it. The specific transfection conditions used for each cell line are shown in 

Table 2.1. The same technique was used for 96 well plate transfections, but the 

volume used at each step was reduced 20 fold. 
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Table 2.1. Details of siRNA transfection for each cell line. Given volumes of 2 µM 
siRNA solution were mixed with stated volumes of serum-free medium (SFM1) which 
were then mixed with pre-incubated solutions of Dharmafect (DF) and serum-free 
medium (SFM2). The end-concentration of siRNA used and the number of cells 
transfected in each 6 well plate experiment are stated. 
 

2.3 siRNA screen 

siRNA library 

The optimisation, development and analysis of the screen were performed in 

collaboration with Dr Remko Prevo and Dr Yin-Fai Lee. A custom designed DNA 

repair gene library of 200 pools of siRNA (Appendix. Supplementary Table 1) was 

used for the screen (siGenome, Dharmacon). Each pool contained four separate 

siRNAs. Each plate contained positive and negative control wells in addition to the 

library wells. Four replica wells contained non-targeting siRNA (NT) which acted as a 

negative control. A further four wells contained DNA-PKcs siRNA which acted as a 

positive control. DNA-PKcs plays a central role in NHEJ (14-17) and it is well 

recognised that disruption of DNA-PKcs results in an increase in γH2AX foci 

following exposure to DNA damaging agents (178).  

Cell line siRNA 
(µl) 

SFM1 
(µl) 

DF 
(µl) 

SFM2 
(µl) 

End conc 
(nM) 

Number of 
cells plated  

SQ20B 50 150 3 197 50  100 000 

T24 50 150 3 197 50 70 000 

HeLa 50 150 3 197 50 70 000 

PSN1 50 150 3 197 50 100 000 

MRC5 50 150 3 197 50 150 000 

POC 50 150 3 197 50 150 000 

U2OS 20 180 2 198 20  70 000 
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Transfection conditions for the siRNA screen 

For the siRNA screen, both SQ20B and MRC5 cells were ‘reverse’ transfected with 

siRNA in four replica 96 well plates. A suspension of cells was dispensed onto plates 

containing freshly prepared solutions of siRNA and Dharmafect. The same 

transfection technique was used for both cell types, although the SQ20B cells were 

transfected 48h prior to use whereas the MRC5 cells were transfected 66h prior to 

use. For each well, 2.5 µL of 2 µM siRNA solution was incubated with 7.5 µL of 

serum free medium. This was then mixed with 10 µL of SFM containing 0.15 µL of 

the transfection reagent Dharmafect 1 (Dharmacon), and incubated for 20 minutes in 

order to allow siRNA/Dharmafect complexes to form. Eighty microlitres of a SQ20B 

or MRC5 AFM cell suspension (containing 40000 cells/mL) was then added to each 

well containing the transfection mixture. This technique means that 3200 cells were 

added to each well and transfected with 50 nM siRNA. Forty-eight hours after 

transfection, the siRNA/Dharmafect containing medium was aspirated, and replaced 

with 200 µL of DMEM containing 10% FBS.  

 

Cell irradiation 

For both cell types, two replica plates were treated with 4Gy using an IBL634 

caesium irradiator (CIS biointernational) at a dose rate of 0.66Gy/min and two plates 

were left unirradiated. Optimisation studies showed that this dose of radiation 

resulted in sufficiently large differences in γH2AX foci formation between positive and 

negative controls. The SQ20B cells were irradiated forty-eight hours, and the MRC5 

cells sixty-six hours after transfection. After irradiation, the cells were returned to the 

incubator for 24 hours. Cells were then fixed using 3% paraformaldehyde (PFA) 

diluted in PBS prior to staining for γH2AX foci.  
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γH2AX foci staining and analysis 

After fixation, the cells were permeabilised and blocked with 0.1% Triton (vol:vol) 

diluted in PBS containing 1% BSA (Sigma) for 1 hour at room temperature. Cells 

were incubated with a primary mouse monoclonal antibody to γH2AX (Millipore) 

1:1500 overnight at 4 °C. Cells were then washed thrice with PBS prior to incubation 

with Alexafluor 488 conjugate secondary antibody (Invitrogen) 1:1200 for 1 hour at 

room temperature. Cells were again washed thrice with PBS for 5 min before 4',6-

diamidino-2-phenylindole (DAPI) staining, 0.5 µg/mL diluted with PBS, for 10 min. 

The DAPI was replaced with PBS and the plate stored at 4 °C prior to image 

analysis. DAPI is a fluorescent stain that binds strongly to DNA and is therefore 

effective at marking the outline of the cell nucleus, enabling automated counting of 

foci (179). 

 

γH2AX foci were detected using an IN Cell Analyzer 1000 automated 

epifluorescence microscope (GE Healthcare) with the following excitation and 

emission filters (Chroma): DAPI – excitation filter, 360 nm (D360_40x); emission 

filter, 460 nm (HQ460_40M); dichroic mirror 61002bs, Alexafluor 488 – excitation 

filter, 480 nm (HQ480_40x); emission filter, 535 nm (HQ535_50M); dichroic mirror, 

61002bs. Four images were obtained per well. Foci quantitation was accomplished 

using IN Cell Analyzer Workstation software (v3.5). This software uses the DAPI 

images to identify a mask outline of the cell nucleus which it then superimposes onto 

the γH2AX foci images, enabling it to assess the number of foci per cell. For 

unirradiated cells, the read-out was the mean number of γH2AX foci per cell. For 

irradiated cells, this was the proportion of cells that contained >7 γH2AX foci per cell. 
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This was because optimisation studies (shown in Chapter 3) demonstrated that 

analysis based on this technique correlated best with results obtained from 

clonogenic survival assays.  

Statistical analysis of the screen  

Data was analysed using the CellHTS2 package (180) as follows. Sample values 

from each plate were first normalised using the median of the NT siRNA control wells 

for each plate. Z-scores for each gene in each replicate were then calculated using 

the formula: Z-score = Samplenorm – MedianNT / MADNT, where Samplenorm is the 

normalised sample value, MedianNT and MADNT are the median and the median 

absolute deviation (MAD) of all non-targeting control wells across all three library 

plates, respectively. The final Z-score was then calculated using the mean of the 

replicate Z-scores for each gene.   

Individual siRNAs used 

Candidate genes identified by the screen were investigated in more detail in 

separate experiments. For each of these genes, individual pools of siRNA were 

obtained from Dharmacon (On-TARGET plus). As with the 200 gene screen, NT 

siRNA or siRNA targeted against DNA-PKcs were used as negative and positive 

controls respectively. Each pool consisted of 4 individual siRNAs, the details of 

which are given in Table 2.2 below. 
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Gene siRNA Strand details 

NT  UGGUUUACAUGUCGACUAA 

UGGUUUACAUGUUGUGUGA 

UGGUUUACAUGUUUUCUGA 

UGGUUUACAUGUUUUCCUA 

DNA-PKcs GCAAAGAGGUGGCAGUUAA 

GAGCAUCACUUGCCUUUAA 

GAUGAGAAGUCCUUAGGUA 

GCAGGACCGUGCAAGGUUA 

APEX2 GAGCCAUGUGUGAUGCGUA 

CAACAAUCAAACCCGGGUA 

GGACGAGCUGGAUGCGGAU 

GAGAAGGAGUUACGGACCU 

RAD21 GCUCAGCCUUUGUGGAAUA 

GGGAGUAGUUCGAAUCUAU 

GACCAAGGUUCCAUAUUAU 

GCAUUGGAGCCUAUUGAUA 

XAB2 ACGCAGCACUCUCGAAUUU 

CCAAAUUCAUUGCCCGCUA 

CCUUGCGGCUGCUGCGAAA 

AGGAGAGCUUCAAGGCGUA 

POLQ CAACAACCCUUAUCGUAAA 

CGACUAAGAUAGAUCAUUU 

ACACAGUAGGCGAGAGUAU 

CCUUAAGACUGUAGGUACU 

 

Table 2.2. Details of the sequences of the siRNAs used in each individual pool. All 
siRNAs were obtained from Dharmacon. 
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2.4 Clonogenic assay technique  

Cell resuspension 

In all clonogenic survival experiments, cells were transfected with siRNA in 6 well 

plates 48h prior to plating for clonogenic survival. The medium from the 6 well plate 

was aspirated, the cells washed with PBS and then incubated with trypsin at 37 °C. 

The cells were then resuspended in DMEM containing 10% FBS and counted as 

previously described. In all cases, remaining cells from the transfection were used to 

confirm effective knockdown. 

Clonogenic assays involving cell irradiation 

All clonogenic assays involved irradiating at doses of 0Gy, 2Gy, 4Gy, and 6Gy. A 

suspension of known cell concentration was made for the 6Gy treatment. Accurate 

serial dilutions were derived from this solution so that the number of cells plated for 

all subsequent radiation conditions could be calculated. The medium was mixed 

gently to ensure it contained single-cell suspensions, prior to plating 4 mL of cell 

suspension to each plate. The cells were allowed to adhere to culture dishes before 

irradiation with an IBL634 caesium irradiator at a dose rate of 0.66Gy/min. The 

plates were then incubated at 37 °C until the colonies could be stained. 

Clonogenic assays involving drug treatment 

A suspension of known cell concentration was made and mixed gently to ensure the 

medium contained a single-cell suspension prior to plating 2 mL to each plate. After 

the cells had adhered, 100 μL of medium containing 21x the end concentration of 

drug was added. The medium containing the drug was gently mixed and the cells 

incubated at 37 °C for the duration indicated in each experiment. The medium was 
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then removed, the cells washed with PBS, and replaced with 4 mL of fresh medium. 

The plates were then incubated at 37 °C until the colonies could be stained. 

Colony counting 

A cell that retains proliferative capacity after radiation treatment is considered to 

have survived, whilst those that have lost the ability to regenerate are regarded as 

having been killed. Until recently, colony quantification was performed by manual 

counting. Colonies with more than 50 cells were identified and, having undergone at 

least 6 cell divisions, counted as viable (181). Since manual counting is time 

consuming and potentially subjective, colony counting is now usually performed with 

automated counters. Automated colony counting software enables the user to adjust 

the colony scoring parameters to detect colonies containing at least 50 cells and has 

been validated as being at least as reliable as manual counting (182, 183). Colonies 

were stained with crystal violet and counted 9 to 16 days after irradiation. Colony 

counting was primarily accomplished using an Oxford Optronics Colcount. Some 

primary cells formed diffuse colonies and required manual scoring. Each point on the 

survival curve represents the mean surviving fraction from four dishes. Clonogenic 

survival curves are representative of at least two independent replicate experiments. 

 

The surviving fraction was derived using the formula: 

(#Colonies/# of cells plated)treated/(#Colonies/# of cells plated)untreated. 
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Linear Quadratic Modelling 

For clonogenic assays involving cell irradiation, the experimental data were fitted 

with the linear quadratic model (LQ) (184):  

S= exp(-αD-βD2) 

where S is the survival probability, D the radiation dose (Gy), and α and β are the fit 

parameters (Gy-1 and Gy-2 respectively).  KaleidaGraph software (Synergy Software) 

was used to calculate α and β values and to plot LQ curves. 

The sensitisation enhancement ratio (SER) was used to quantify radiosensitisation 

(the SER10 was deduced from data by using SER10 = Dcontrol/ Dtreated, where Dcontrol 

and Dtreated doses yield 10% survival for controls and treated cells, respectively). 

Statistical Analysis 

For all clonogenic assays, unpaired t-tests were conducted at each radiation dose or 

drug concentration to assess differences in surviving fractions. Data points represent 

mean values, error bars the standard deviation *=p<0.05, **=p<0.01. All tests of 

significance were two-sided. 

2.5 Protein Immunoblotting 

Preparation of samples 

Cell were rinsed with PBS and then incubated with radio immunoprecipitation assay 

lysis buffer (RIPA) for 5 minutes. The composition of RIPA is given below. 
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RIPA buffer 

25 mM Tris pH 7.6 

150 mM NaCl 

1% NP40 

1% Sodium deoxycholate 

0.1% SDS 

10 mM  NaF 

5 mM NaPPi 

1 mM Na3VO4. 

1x protease inhibitor cocktail 

 

The cells were then sheared with a cell scraper and the lysate sonicated for 5 min to 

further increase protein extraction. The lysate was then centrifuged at 14000 rpm for 

5 min. The supernatant was then removed and the protein concentration analysed. 

Protein concentration was determined using a bicinchoninic acid (BCA) assay 

according to the manufacturer’s instructions. Briefly, 2 μL of the protein solution was 

mixed with 200 μL of the BCA solution and incubated at 37 °C for 30 mins. A 

standard curve was obtained with increasing concentration of BSA. The optical 

density 562 nm was then read in a microplate reader (Infinite M200, Tecan). 

Typically 10 μg of sample protein was mixed with 4x loading buffer (RunBlue LDS 

sample buffer, Expedeon) containing 200 mM dithiothreitol (DTT). The sample was 

then boiled at 70 °C for 10 min. 
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Sodium dodecyl sulphate-polyacrlyamide gel electrophoresis (SDS-PAGE) 

Precast gels (Expedeon) were inserted into an electrophoresis tank (Invitrogen) 

which was filled with running buffer. The samples and pre-stained molecular weight 

markers (Biorad) were loaded onto the gel which was run at a constant voltage of 

180V. The compositions of the buffers used are listed below. 

 

Electrophoresis buffer   4x Loading buffer 

40 mM  Tricine    40% Glycerol 

60 mM Tris     4% LDS, 0.8M Triethanolamine-Cl pH 7.6 

0.1% SDS     4% Ficill-400  

2.5 mM sodium bisulphite   0.025% Phenol Red 

      0.025% Coomassie Brilliant Blue 

      2 mM EDTA-2Na 

 

 

Protein transfer and blocking 

Gels were placed in a blotting tank (XCell SureLock Mini-Cell, Invitrogen) and the 

protein transferred at a constant voltage of 30V to nitrocellulose membranes (GE-

Amersham) for 1h in 1x transfer buffer (25 mM Tris–HCl, 192 mM glycine, 20% 

methanol). The membrane was then blocked in incubation buffer (TBS, 0.1% Tween, 

5% dried milk powder) and subsequently incubated with primary antibody overnight 

at 4 °C. After washing 4 times (TBS, 0.1% Tween) for 1h in total, the membranes 

were incubated with horseradish peroxidase (HRP) conjugated secondary antibody 

for 1h at room temperature. The membranes were then washed as before. Antibody 

binding was detected using an enhanced chemiluminescence (ECL) kit (either 

Millipore or Thermo Scientific). The antibody conditions used are summarised in 
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Table 2.3 below. Exposed film was digitised and figures were assembled using 

Microsoft PowerPoint.  

 

Protein Primary Antibody 
Details 

Secondary 
Antibody Details 

ECL used 

DNA-PKcs 1:500 (BD 
Biosciences) 

1:10000 anti-
mouse  

(Pierce) 

Thermo Scientific 

RAD21 1:500 (Abcam) 1:10000 anti-rabbit 

(Pierce) 

Thermo Scientific 

XAB2 1:4000 (Abcam) 1:20000 anti-rabbit 

(Pierce) 

Millipore 

β-actin 1:30000 (Sigma) 1:70000 anti-
mouse 

(Pierce) 

Millipore 

 

Table 2.3. Details of immunoblotting conditions. Concentrations of primary and 
secondary antibodies are as shown.  

 

2.6 Quantification of gene silencing 

Quantitative reverse-transcription PCR  

Ideally, effective siRNA transfection should be demonstrated by Western Blotting to 

show protein knockdown. Although there are several commercial antibodies 

available for both POLQ and APEX2, all of them proved to be ineffective despite 

significant attempts at optimisation. For both of these genes, it was therefore 

necessary to demonstrate effective knockdown at the RNA level. 
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In each experiment, RNA was extracted and purified from cells at the times indicated 

using the QIAshredder (Qiagen) and RNeasy Mini Kit (Qiagen) as per the 

manufacturer’s instructions. RNA concentration was determined using a Nanodrop 

nd-1000 spectrophotometer (Thermo Scientific). One step quantitative reverse-

transcription PCR (qRT-PCR) was performed on 500 ng RNA using Superscript III 

Platinum SYBR Green One-step qRT-PCR kit (Invitrogen). Gene expression was 

normalised to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression. 

Each reaction mixture consisted of 25 μL (in water) and contained: 

1) 500 ng RNA 

2) 12.5 μL of 2X Reaction Mix (a buffer containing SYBR Green I, 0.4 mM of each 

dNTP, and 3.2 mM MgSO4) 

3) 0.5 μL of Platinum Taq mix 

4) Forward and reverse primer 

 

The quantity of primer used for each gene was as stated below: 

Gene Forward primer Reverse primer 

GAPDH 0.4 μM 0.4 μM 

POLQ 0.08 μM 0.08 μM 

APEX2 0.2 μM 0.2 μM 

 

Table 2.4. Details of primer concentrations used for each gene of interest. 
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The primers used for each gene are as stated below, and were obtained from 

Eurofins MWG. 

POLQ Forward: TATCTGCTGGAACTTTTGCTGA 

POLQ Reverse: CTCACACCATTTCTTTGATGGA 

APEX2 Forward: CTGTAAGGACAATGCTACCC 

APEX2 Reverse: ACACGTTGATTAGGGTCAAG 

GAPDH Forward: CCACCCATGGCAAATTCCATGGCA 

GAPDH Reverse: TCTAGACGGCAGGTCAGGTCCACC 

 

qRT-PCR was achieved using a Stratagene Mx3005P system. cDNA synthesis was 

performed by heating the reagents to 42 °C for 30 mins followed by 95 °C for 10 

minutes. The amplification was performed at the following conditions for all three 

genes of interest: 95 °C for 30 sec, 58 °C for 30 sec, 72 °C for 60 sec for 40 cycles. 

In addition, a melting curve was generated at the end of the 40 cycles to confirm that 

only a single amplicon had been produced.  

Agarose gel electrophoresis 

The DNA produced by the above qRT-PCR reactions was run on an agarose gel in 

order to verify that the amplified product was of the anticipated size. A 0.8% agarose 

gel containing 0.5 μg/mL of ethidium bromide was made in tris-acetate-EDTA (TAE) 

buffer. The samples were mixed with 6x DNA loading buffer (0.25% bromophenol 

blue, 30% glycerol) and ran under constant voltage (100V). The gel was then 

visualised using UV illumination. 
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2.7 Cytotoxic drug treatment 

Preparation of drugs 

All cytotoxic drugs were obtained from Sigma. Cisplatin, doxorubicin, mitomycin C 

and temozolomide were all dissolved directly into DMEM. Etoposide and docetaxel 

were initially dissolved in DMSO at a concentration of 10 mg/mL and subsequently 

diluted in DMEM to provide the required concentration. Cytotoxic drugs were added 

48h after siRNA transfection for the duration stated in each experiment. 

 

2.8 Flow cytometry analysis 

Cell cycle analysis 

Adherent cells were washed with PBS and incubated with trypsin at 37 °C. DMEM 

with 10% FBS was added once the cells had lifted. The cell suspension was then 

centrifuged at 1100 rpm for 5 min. The medium was aspirated and the cells washed 

with PBS. The cells were centrifuged as before and the PBS removed. The cells 

were then resuspended and fixed in 70% ethanol at 4 °C. The solution was again 

centrifuged at 1100 rpm for 5 min, washed again with PBS, and then recentrifuged at 

2000 rpm for 10 min. The PBS was carefully removed and the cells resuspended in 

0.5 mL of propidium iodide (PI) staining solution (50 μg/mL PI, 200 μg/mL RNase in 

PBS) one hour before fluorescence activated cell sorting (FACS) was performed 

(FACSort, Becton Dickinson). Cell cycle phase was assessed using Modfit Cell cycle 

Analysis software. 
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2.9 Homologous recombination assays 

RAD51 Foci assay 

U2OS cells were reverse transfected with NT or POLQ siRNA in 96 well plates with 

20 nM siRNA. Forty-eight hours after transfection, cells were treated with 1 μM 

etoposide for 24h before being fixed in 3% paraformaldehyde, permeabilised in 0.1% 

triton and blocked in PBS 3% BSA. Cells were then incubated with RAD51 antibody 

(Santa Cruz) 1:1000 overnight. Cells were then washed with PBS, and incubated 

with Alexafluor 488 conjugate secondary antibody (Invitrogen) 1:1000 for 1 hour at 

room temperature. Cells were then washed, stained with DAPI, and imaged using 

the IN Cell Analyzer as described previously. Nuclei with more than 9 foci were 

classified as RAD51 positive. 

I-Sce-I assay 

The work relating to this assay was undertaken with the help of Dr Cecilia Lundin. 

The I-Sce-I assay involves the transfection of cells with a modified green fluorescent 

protein (GFP) gene containing the recognition site for the rare-cutting I-Sce-I 

endonuclease, and has been described previously (185). Expression of I-Sce-I 

results in the formation of a single DSB in the GFP gene, which, when repaired by 

homologous recombination results in the formation of functional GFP, which can be 

detected by flow cytometry. U2OS cells with stable integrated truncated GFP vector 

were transfected with siRNA as described previously. After 48h, cells were 

transfected with 0.25 μg I-Sce-I vector and 0.2 μg polyethylenimine in 150 μL 

OptiMEM/well. GFP-positive cells were analysed using FACS 48h after I-Sce-I 

transfection as previously described (185). 
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2.10 Clinical data analysis 

This work was undertaken in collaboration with Professor Adrian Harris’ group. In 

particular, statistical help was provided by Dr Francesca Buffa.  

Details of the Oxford series of patients 

Gene expression data was correlated with clinical outcomes in several retrospective 

series of breast cancer patients. Two of these series were of early breast cancer 

patients treated in Oxford. Data from the other studies was obtained by identifying 

published clinical series containing gene expression data from breast cancer 

patients. 

 

The Oxford data was acquired from individual tumour samples obtained from 

retrospective series of patients with early primary breast cancer who were treated in 

Oxford, between 1989 and 1998. Two series of 152 (Series 1) and 127 (Series 2) 

samples respectively were analysed. Series 1 has been described previously (186, 

187); this series had completed 7 years of follow-up for all but 4 patients, and the 

median follow-up time for patients leaving the study alive and without a relapse was 

12 years. Series 2 is also part of a published series (188); the published cohort had 

93 cases in common with Series 1, these have been excluded from this study so that 

Series 1 and 2 have no overlapping cases. Series 2 had completed 10 years of 

follow-up apart from one case. During the period when the tumour samples were 

obtained, patients were offered adjuvant systemic treatment on the basis of the 

following criteria. Patients who were <50 years of age, with lymph node positive 

tumours, or oestrogen receptor negative tumours (ER-), and/or a primary tumour >3 

cm in diameter, were offered adjuvant cyclophosphamide, methotrexate, and 5-
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fluorouracil (CMF) for six cycles, in a three weekly intravenous regimen. Patients >50 

years of age with ER–, lymph node–positive tumours also received CMF. Tamoxifen 

was used as endocrine therapy for 5 years in oestrogen receptor positive patients.  

 

The patient demographics, pathology details, and adjuvant treatment details for 

these two series of patients are given in the Appendix (Supplementary Table 2A and 

B). The main differences between the two series are that none of the patients in 

Series 1 received adjuvant chemotherapy, whilst 40% of patients in Series 2 

received adjuvant CMF chemotherapy. This reflects the greater prevalence of lymph 

node involvement in the patients in Series 2. In addition, a larger proportion of the 

patients in Series 1 had ER positive disease. 

RNA extraction and gene expression profiling 

In Series 1, total RNA was isolated by Trizol method (Invitrogen, Carlsbad, CA) and 

in Series 2 by Tri-reagent (Sigma-Aldrich) and ethanol precipitation as per the 

manufacturer’s instructions. More details regarding RNA extraction are given in the 

original studies that used these datasets (186, 188). mRNA expression was 

measured using Affymetrix U133 arrays for Series 1 and Illumina Human RefSeq-8 

arrays (Illumina inc., San Diego, CA, USA) for Series 2. RNA was amplified using 

Ambion Illumina Amplification Kit. Methods for both protocols have been previously 

described (186, 188). After RNA samples are hybridized with arrays, they are 

scanned, and images are produced and processed to obtain an intensity value for 

each probe. These intensities represent the amount of hybridization for each 

oligonucleotide probe. However, part of the hybridization is non-specific and the 

intensities are affected by optical noise. Statistical techniques have been developed 
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to give accurate measurements of specific hybridization. For the Affymetrix data this 

was achieved using gcrma (189); for the Illumina arrays, the signal was background 

subtracted with local background subtraction (BeadStudio). Data from both series 

were quantile normalised in Bioconductor (190) and logged (base 2). The target 

sequence of the probes that corresponded to POLQ expression in Affymetrix and 

Illumina arrays are shown in the Appendix (Supplementary Table 3.)  

Published clinical series 

NCBI Gene Expression Omnibus (191) was searched for gene expression studies in 

cancer, published in peer-reviewed journals, where microarrays were performed on 

frozen material extracted before treatment with either chemotherapy, radiotherapy or 

endocrine treatment. Two datasets were identified (GSE3494 and GSE2034) that 

had survival data which could be used to validate the findings seen in the two Oxford 

series. GSE3494 is a heterogenous dataset that comprises samples from 251 

patients with early breast cancer. This data was originally used for a study which 

identified a 32-gene expression signature that distinguished p53-mutant and wild-

type tumours and which was used to predict prognosis and therapeutic response 

(192). The GSE2034 dataset comprises 286 samples from patients with node 

negative early breast cancer and was used to identify a gene signature that 

predicted the development of distant metastases (193). 

 

A total of five data sets (187, 192, 194) that used latest generation Affymetrix 3’ array 

platforms (Affymetrix U133 and plus2, www.affymetrix.com) of 1015 samples in total 

(Appendix. Supplementary Table 4) were selected that could be used to identify 

genes that were co and inversely expressed with POLQ. All handling and processing 

of the downloaded data was performed as previously described (195). 
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Data-mining of gene expression data 

Seed-clustering with bootstrap resampling was applied, as previously described 

(195), in order to obtain genes co- and inversely expressed with POLQ in the 1015 

published breast cancer samples. In short, the two probesets targeting POLQ were 

chosen as initial seeds (Appendix. Supplementary Table 4). Transcripts on the 

arrays showing significant association (Spearman Rank Test, Bonferroni multiple test 

correction) with each seed after bootstrap resampling of the breast cancer samples 

were considered. Amongst these, transcripts showing a concordant association with 

both seeds that was significantly higher than observed by random simulation were 

selected as POLQ co-/inversely expressed genes. A pathway enrichment analysis 

was thus performed using GeneCodis2 (196) to study the Gene Ontology classes 

and the KEGG pathways which are over-represented in POLQ co-/inversely 

expressed genes. 

Survival analysis 

The study endpoints used were, relapse free survival for Series 1; and distant-

relapse free survival and recurrence free survival as defined by the STEEP criteria 

(197) for Series 2. For the other datasets the endpoints were considered as 

published. Univariate and multivariate analysis was performed for each dataset. Cox 

multivariate models were reduced using stepwise backward likelihood selection. In 

univariate analyses, expression of POLQ and other genes was considered either as 

binary variable, with median expression as binary cut-off, or as continuous variable, 

ranked and normalised between 0 and 1. In multivariate analysis the latter was 

always considered. 
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Chapter 3 

POLQ DEPLETION CAUSES TUMOUR-

SPECIFIC RADIOSENSITISATION 
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3.1 Abstract 

The effectiveness of radiotherapy treatment could be significantly improved if tumour 

cells could be rendered more sensitive to ionising radiation without altering the 

sensitivity of normal tissues. However, many of the key, therapeutically exploitable 

mechanisms that determine intrinsic tumour radiosensitivity are largely unknown. A 

siRNA screen of 200 genes involved in DNA damage repair was conducted with the 

aim of identifying genes whose knockdown increased tumour radiosensitivity. 

Parallel siRNA screens were conducted in irradiated and unirradiated tumour cells 

(SQ20B) and irradiated normal tissue cells (MRC5). Using γH2AX foci at 24 hours 

after ionising radiation several genes were identified such as BRCA2, Lig IV and 

XRCC5, whose knockdown is known to cause increased cell radiosensitivity, thereby 

validating the primary screening endpoint. In addition, POLQ (DNA polymerase 

theta) was identified as a potential tumour-specific target. Subsequent investigations 

demonstrated that POLQ knockdown resulted in radiosensitisation of a panel of 

tumour cell lines from different primary sites, whilst having little or no effect on 

normal tissue cell lines. These findings raise the possibility that POLQ inhibition 

might be used clinically to cause tumour specific radiosensitisation. 
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3.2 Introduction 

Radiotherapy is a vital tool in the management of cancer patients. It is often given 

with curative intent either alone or with chemotherapy in patients with diseases as 

diverse as head and neck, cervix, bladder, and non-small cell lung cancer. The 

radiation dose that can safely be delivered to patients is limited by the dose 

tolerances of surrounding normal tissues (51). It is anticipated that the effectiveness 

of radiotherapy would be improved if tumour cells could be rendered more sensitive 

to IR without altering the sensitivity of normal tissues. Such a strategy depends upon 

exploiting tumour specific molecular targets, many of which remain to be identified. A 

siRNA screen was therefore performed with a custom designed siRNA library of 200 

genes involved in DNA repair aimed at identifying genes whose knockdown causes 

increased tumour radiosensitivity. The experimental design used both irradiated and 

unirradiated tumour cells as well as parallel siRNA screens in a radioresistant 

SQ20B tumour line and MRC5 normal tissue fibroblast line. By comparing the effects 

of siRNA treatment in each of these conditions, siRNAs that cause tumour specific 

radiosensitisation could be better identified. 

 

siRNA screens aiming to identify novel determinants of tumour cell radiosensitivity 

have previously used short term assays based on cell viability (147, 148). This 

approach is potentially flawed as it may fail to distinguish between growth inhibition 

and clonal inactivation. Although the clonogenic survival assay is the ‘gold standard’ 

method for assessing intrinsic radiosensitivity in vitro (149), it is unsuitable for use in 

siRNA screens due to the highly labour intensive nature of the assay. 
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The critical role of DNA double-strand breaks and chromosome aberrations 

produced by ionising radiation in causing cell death has long been recognised (161, 

162). DSB formation results in rapid phosphorylation of the serine 139 residue of the 

histone protein H2AX (γH2AX) (163). Typically, most of these γH2AX foci resolve 

within a few hours of irradiation. It was therefore reasoned that foci persisting at 24 

hours may mark sites of delayed repair, and could correspond to the sites likely to 

lead to chromosome breaks. Previous studies have demonstrated a correlation 

between intrinsic radiosensitivity and the persistence of γH2AX foci 24 hours after 

radiation (169, 170) suggesting that γH2AX foci could be used as a surrogate marker 

for cell death. An important benefit of using γH2AX foci as the assay endpoint is that 

it is relatively straightforward to utilise for a HTS since the foci can be readily 

detected by a high-throughput, automated microscope (198). 

 

This chapter describes the results of a siRNA screen of 200 genes involved in DNA 

damage repair aimed at identifying genes whose knockdown causes increased 

tumour radiosensitivity. Using γH2AX foci at 24 hours after IR, POLQ (DNA 

polymerase theta) was identified as a potential tumour-specific target whose 

knockdown led to tumour cell-specific radiosensitisation.  
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3.3 Results 

The percentage of irradiated cells that contain more than seven γH2AX foci 

correlates with cellular radiosensitivity. Initial optimisation work using SQ20B 

cells treated with DNA-PKcs siRNA showed that measuring γH2AX foci in irradiated 

cells resulted in an underestimation of changes in cell radiosensitivity. A clonogenic 

assay was performed with SQ20B cells transfected with either DNA-PKcs or NT 

siRNA to determine the surviving fraction of cells following exposure to 4Gy 

irradiation. Effective knockdown of DNA-PKcs in the SQ20B cell line is shown in 

Figure 3.1. Depletion of DNA-PKcs resulted in an approximately 4.6 fold reduction in 

the surviving fraction compared with cells transfected with NT siRNA (Fig. 3.2). 

However, analysis of γH2AX foci in SQ20B cells treated with the same siRNAs and 

IR dose showed that there was only about a two-fold difference in mean γH2AX foci 

per cell between DNA-PKcs and NT treated cells (Fig. 3.2).  

 

This finding represented a significant barrier to pursuing a siRNA screen of irradiated 

cells based on analysis of mean γH2AX foci per cell. It raises the possibility that 

differences in radiosensitivity caused by siRNA treatment would not result in 

significantly detectable differences in γH2AX foci. It was therefore possible that 

siRNAs that induce radiosensitisation would not be correctly identified by the screen. 

It was then examined whether the proportion of cells containing more than a certain 

number of foci was a better correlation with radiosensitivity than the mean foci 

number. The images were reanalysed having adjusted the IN Cell Analyzer 

Workstation software so that it identified the proportion of cells containing any given 

number of foci. It was found that identifying the proportion of cells which contained 

more than seven γH2AX foci per cell following 4Gy IR best correlated with underlying 
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changes in cell radiosensitivity. In DNA-PKcs depleted cells, there was an 

approximately four fold increase in the proportion of cells containing more than 

seven γH2AX foci compared to cells transfected with NT siRNA (Fig. 3.3). This 

analysis, based on the number of cells that reach a threshold of γH2AX foci, 

correlates most closely with the 4.6 fold change in underlying radiosensitivity, and is 

more likely to enable the correct identification of genes whose depletion causes an 

increase in radiosensitivity. In view of these findings, the siRNA screen of irradiated 

cells was based on an analysis of the percentage of cells containing more than 

seven γH2AX foci per cell. However for the screen of unirradiated cells, the mean 

foci number was still used due to the very low number of foci in these cells. 

 
 
 
Figure 3.1 Western blot demonstrating the effective knockdown of DNA-PKcs in 
SQ20B cells 48h after siRNA transfection  
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Figure 3.2. A comparison of clonogenic cell survival and residual γH2AX foci 

formation 24h after exposure to 4Gy IR. The profound differences in radiosensitivity 
following DNA-PKcs depletion (top) are not adequately reflected in changes to the 

mean γH2AX foci per cell (bottom) caused by 4Gy IR. 

 
  

 
Figure 3.3. Analysis based on the percentage of irradiated cells containing more than 

seven γH2AX foci shows larger differences between cells transfected with DNA-

PKcs and NT siRNA and more closely correlates with differences in radiosensitivity.  
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A siRNA screen identifies genes that are potentially involved in tumour cell 

radiosensitivity. A custom designed siRNA library of 200 genes involved in DNA 

repair was screened using the radioresistant SQ20B cell line as well as the MRC5 

fibroblast line in order to identify novel tumour-specific radiosensitising targets. The 

screen of irradiated SQ20B cells was used to compile a list of genes that may be 

involved in tumour specific radiosensitivity.  

 

Different techniques have been used previously to identify possible ‘hits’ from siRNA 

screens. Some studies have used defined Z-scores as a ‘hit’ threshold for candidate 

genes (141), whilst other studies have ranked the Z-scores obtained from the screen 

and defined the number of top-ranked siRNAs that were considered to be ‘hits’ (142). 

In this current work, the magnitude of the Z-scores obtained in each of the screens 

differed significantly, reflecting the different cell lines and irradiation conditions used. 

In view of this, it was decided that the most practical way to define genes of interest 

was to examine the top 30 genes with the highest Z-scores, rather than use a set Z-

score threshold.  

 

The Z-scores of the top 30 genes associated with elevated γH2AX foci in SQ20B 

cells twenty-four hours after 4Gy radiation are shown in Figure 3.4. Several of the 

genes identified in this screen are already known to increase cell radiosensitivity 

following knockdown. These included genes involved in homologous recombination 

such as BRCA1 (199),  BRCA2 (200), and RBBP8 (201) as well as genes involved in 

non-homologous end joining such as Lig IV (202), XRCC5 (Ku80) (203) and PRKDC 
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(DNA-PKcs) (204). Genes involved in DNA damage response such as 53BP1 (205) 

which has been shown to be involved in cell radiosensitivity were also identified by 

the screen. Depletion of TIMELESS, which was also associated with a high Z-score, 

has previously been shown to increase radiosensitivity but through mechanisms that 

are less clear (206).  

 

Of the remaining genes that have not previously been shown to be involved in 

tumour radiosensitivity, it was decided to investigate POLQ, RAD21, APEX2 and 

XAB2 in more detail as these genes were considered to have clinically exploitable 

potential if it was shown that their depletion caused tumour-specific 

radiosensitisation. APEX2 (AP endonuclease 2) is a secondary mammalian 

apurinic/apyrimidinic endonuclease that has previously been shown to be involved in 

repair of oxidative damage (207, 208). XAB2 (XPA binding protein 2) has previously 

been implicated in nucleotide excision repair (NER) due to its involvement in 

transcription coupled repair (TCR) (209) but has recently been implicated in 

sensitivity to PARP inhibition (210). RAD21 overexpression has been found in 

certain human tumours (211) and its depletion is associated with increased 

sensitivity to etoposide and bleomycin (212). POLQ (DNA polymerase theta) is a low 

fidelity DNA polymerase, whose normal physiological role is unclear at present (213, 

214). It has limited expression in normal tissues but has been shown to be 

overexpressed in certain tumour types (215).  
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Figure 3.4. Irradiated SQ20B cells. Z-scores of the top 30 genes associated with elevated γH2AX foci twenty-four hours after 4Gy 

radiation. Blue arrows indicate genes already known to be involved in radiosensitivity. Red arrows indicate genes not previously 
known to be involved in intrinsic radiosensitivity that were investigated in more detail.  
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Knockdown of POLQ and APEX2 can be assessed by qRT-PCR. Having 

identified four genes to pursue further, it was important that effective knockdown 

could be demonstrated for each of these genes. Commercially available antibodies 

for RAD21 and XAB2 were effective and therefore used to confirm knockdown at the 

protein level. The antibody details are given in Chapter 2 and demonstration of 

effective knockdown is shown in the relevant section below.  

 

The commercially available antibodies for both POLQ and APEX2 were extensively 

tested, but were found to be insufficiently reliable to be able to demonstrate siRNA 

knockdown of these targets at the protein level. It was therefore decided that 

successful knockdown would be demonstrated at the mRNA level instead, using 

qRT-PCR. In each case the gene expression level was normalised to that of 

GAPDH. The details of the one-step qRT-PCR reactions used are given in Chapter 

2.  

 

Several measures were taken to ensure that the qRT-PCR reactions could be 

reliably used to confirm gene knockdown. Firstly it was verified that the amplified 

products were of the correct size. To demonstrate this, DNA produced by the qRT-

PCR reactions was run on an agarose gel as described previously. Figure 3.5 

illustrates that the qRT-PCR reactions for GAPDH, APEX2 and POLQ produced 

DNA of the appropriate size (based on the positions of the primers).  
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Figure 3.5. Agarose gel electrophoresis. The anticipated qRT-PCR product size for 
GAPDH (top) was 598 bps. DNA from four independent qRT-PCR reactions 
confirmed this was the case. The anticipated APEX2 product size (middle) was 212 
bps and this was confirmed by three independent qRT-PCR reactions. The 
anticipated POLQ product size (bottom) was 372 bps and this was confirmed on four 
independent qRT-PCR reactions. 
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To further validate the qRT-PCR techniques used, the (dissociation) melting curves 

for each of the reactions were assessed every time a qRT-PCR was performed. The 

melting curves can help evaluate the specificity of the qRT-PCR products produced. 

Ideally the reactions should show a sharp peak at the melting temperature of the 

amplicon. Such a result indicates that the qRT-PCR products are specific, and that 

the SYBR Green I fluorescence is a direct measurement of accumulation of the 

product of interest. If the dissociation curve shows a series of peaks it indicates that 

there is insufficient discrimination between specific and non-specific reaction 

products. Figure 3.6 illustrates that the melting curves for each of the amplicons 

produce single, sharp peaks. This suggests that the fluorescence measurement 

does not include non-specific reaction products. 

 

A normal amplification plot typically consists of a horizontal baseline region, a log 

phase of amplification, then a linear amplification phase followed by a plateau. Gene 

knockdown can be assessed by qRT-PCR by comparing cycle threshold (Ct) values 

of RNA extracted from cells treated with different siRNAs. For accurate analysis of 

qRT-PCR, it is important that the reaction is quantified at the early part of the 

exponential phase of the reaction, whilst all reagents are still in excess. The Ct 

setting should also be in a range where all the amplification plots to be analysed are 

parallel, suggesting that the amplification efficiencies are equivalent for each reaction 

to be compared. Figure 3.7 illustrates that the Ct threshold for each of the qRT-PCR 

reactions is at the early part of the exponential phase, and that the curves being 

compared are parallel at this point. It also demonstrates the effective knockdown that 

was typically seen following transfection with either APEX2 or POLQ siRNA. 
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Figure 3.6. Dissociation curves for APEX2 (top), POLQ (middle), and GAPDH 
(bottom). In each case the dissociation curves for two separate reactions are shown, 
in order to demonstrate that the single, sharp peaks are consistently produced. 
These sharp, essentially overlapping peaks, suggest that the fluorescence 
measurement does not include non-specific reaction products. 
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Figure 3.7. Amplification plots for APEX2 (top), POLQ (middle), and GAPDH 
(bottom). Each plot contains curves for two separate reactions. The Ct threshold 
setting is represented by a horizontal line. In the plots for APEX2 and POLQ, the left 
sided curve shows the reaction following NT siRNA transfection, whilst the right 
sided curve shows the reaction following transfection with APEX2 or POLQ siRNA 
respectively. The top two curves therefore represent good knockdown of the genes 
of interest. GAPDH expression was used to normalise expression of POLQ and 
APEX2. The overlapping GAPDH curves suggest minimal differences in the 
concentration of RNA in these two reactions. 
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The screen of irradiated MRC5 cells was used to filter the list of candidate 

genes. In order to identify candidate genes whose depletion sensitised tumour cells 

to radiation without affecting normal tissue radiosensitivity, the MRC5 fibroblast cell 

line was screened with the same pools of siRNAs that were used to transfect the 

tumour cells. Figure 3.8 shows the top 30 genes associated with elevated γH2AX 

foci in irradiated MRC5 cells. One of the genes identified by this normal tissue 

screen was APEX2 which also had a high Z-score on the screen of irradiated tumour 

cells (Fig. 3.4). As APEX2 has not previously been shown to be involved in intrinsic 

radiosensitivity, clonogenic assays were performed with MRC5 cells depleted of 

APEX2. Figure 3.9 demonstrates that knockdown of APEX2 did indeed cause 

increased cell radiosensitivity suggesting that APEX2 is unlikely to be a tumour-

specific radiosensitisation target. This shows that performing a parallel screen in a 

normal tissue cell line is an effective way of identifying genes that induce normal 

tissue radiosensitisation and could be used in screens of larger siRNA libraries to 

avoid lengthy investigations of genes that do not have tumour-specific effects on cell 

radiosensitivity. 

 

In addition to APEX2 there were seven other genes which featured in the top 30 Z-

scores of both the irradiated SQ20B and MRC5 cell line screens (Table 3.1). As a 

result, these were not investigated further as potential tumour-specific 

radiosensitisation targets. 
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Figure 3.8. Irradiated MRC5 cells. Z-scores of the top 30 genes associated with elevated γH2AX foci twenty-four hours after 4Gy 

radiation. APEX2 siRNA was associated with a high Z-score in irradiated tumour cell and fibroblast screens. 
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Figure 3.9. Radiosensitisation of MRC5 cells with APEX2 depletion. Clonogenic 
assay in MRC5 cells treated with 50 nM NT or APEX2 siRNA. **, P < 0.01 unpaired 
two sided t-test (top). Demonstration of effective knockdown of APEX2 by qRT-PCR 
(bottom). Gene expression normalised to cells treated with NT siRNA. 

 

 

APEX1 CCNA2 CLSPN POLE3 

APEX2 CDC2 INCENP XRCC5 

 
Table 3.1 List of those genes which featured in the top 30 Z scores of both the 
irradiated SQ20B and MRC5 cell line screens. 
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Identification of genes important in tumour cell survival independently of 

radiation. Of the remaining candidate genes being investigated, the screen of 

unirradiated SQ20B cells was used as a filter to exclude those genes whose 

knockdown affected cell viability in the absence of exposure to IR. The Z-scores of 

the top 30 genes associated with elevated γH2AX foci in unirradiated SQ20B cells 

are shown in Figure 3.10. The effect of gene knockdown on cell survival has not 

previously been studied for several of these genes. Colony forming assays 

performed with unirradiated SQ20B cells transfected with siRNA pools against RPA 

and INCENP (Inner centromere protein) which both ranked highly in this unirradiated 

screen, resulted in widespread cell death and no colony formation. These colony 

forming assays were repeated in other tumour cell lines. The very low plating 

efficiency associated with knockdown of these two genes is summarised in Table 

3.2.  

 

These initial results suggested that the unirradiated tumour cell screen could be used 

as an effective filter for siRNAs which caused cell death in unirradiated conditions.  

 

 

 SQ20B T24 HeLa PSN1 

RPA 3.8% 0.1% 0.0% 0.0% 

INCENP 2.1% 1.3% N/A N/A 

 
Table 3.2. Low plating efficiency associated with knockdown of RPA and INCENP in 
several different tumour types. 



81 
 

 

Figure 3.10. Unirradiated SQ20B cells. Z-scores of the top 30 genes associated with elevated γH2AX foci in cells transfected with 

siRNA pools. Red arrows indicate ranking of RPA and INCENP whose knockdown induces cell death in the absence of IR. 
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Table 3.3 lists those genes which featured in the top 30 Z-scores of the irradiated 

SQ20B but not in either the irradiated MRC5 screen, or the unirradiated SQ20B 

screen.  

 

C9ORF76 NEK2 RAD21 REV3L TP53BP1 

LIG4 POLQ RAD52 TIMELESS XAB2 

MSH2 PRKDC RAD54L TOPBP1  

 

Table 3.3 List of genes which featured in the top 30 Z-scores of the irradiated SQ20B 
screen but not in either the irradiated MRC5 screen or the unirradiated SQ20B 
screen. 

 

None of the remaining genes being investigated as causing tumour specific 

radiosensitisation (POLQ, RAD21, and XAB2) were associated with high Z-scores in 

the screen of unirradiated tumour cells. However colony forming assays performed 

with a panel of unirradiated cells transfected with RAD21 and XAB2 siRNA 

demonstrated that knockdown of these genes resulted in widespread cell death in 

unirradiated cells (Fig. 3.11 and Table 3.4).  

 

Figure 3.11. Western Blot of lysate obtained from SQ20B cells transfected with 
XAB2 (left) and RAD21 (right) siRNA demonstrating effective knockdown. 
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 Cell line 

siRNA pool SQ20B T24 HeLa PSN1 

NT 39.9% 43.9% 43.5% 23.9% 

XAB2 0.3% 0.2% 0.1% 0.0% 

RAD21 3.7% 4.1% 1.8% 0.2% 

 

Table 3.4. Depletion of XAB2 and RAD21 resulted in widespread cell death in the 
absence of exposure to IR. Plating efficiencies for four different tumour cell lines are 
shown. 
 

 

The results summarised in Figure 3.11 and Table 3.4 suggest that the absence of 

elevated γH2AX foci in unirradiated cells transfected with pools of siRNA cannot 

reliably be used to predict the survival of cells in the absence of IR. However, the 

exclusion of those genes which cause γH2AX foci in the absence of radiation may 

reduce the number of false positive genes in the screen of irradiated cells. Having 

excluded three of the four genes initially identified by the screen of irradiated SQ20B 

cells, the remaining gene, POLQ was investigated in more detail. 

 

POLQ knockdown is associated with increased γH2AX foci following IR. POLQ 

(DNA polymerase theta) is a low fidelity DNA polymerase with limited normal tissue 

expression, whose normal physiological functions are largely unknown (215, 216). 

POLQ featured in the top 30 Z-scores of the irradiated SQ20B screen but not in the 

screens using irradiated MRC5 cells or unirradiated SQ20B cells suggesting it does 

not affect MRC5 cell survival after irradiation or SQ20B cell viability in the absence of 
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irradiation. As POLQ knockdown has not previously been shown to sensitise human 

tumour cells to IR, this gene was investigated further. First, the results found in the 

screen were replicated. SQ20B cells were transfected in triplicate wells of two 96 

well plates with either NT or POLQ siRNA. One plate was irradiated with 4Gy and 

the other left unirradiated. Twenty four hours after IR, cells were analysed for γH2AX 

foci. Unirradiated cells with POLQ knockdown did not have increased γH2AX foci 

compared to negative controls (Fig. 3.12). However the irradiated cells treated with 

POLQ siRNA had significantly increased residual γH2AX foci compared to irradiated 

cells treated with NT siRNA (Figure 3.13A and B). This confirmed the results seen in 

the screen and validated POLQ as an appropriate target to pursue further. 

 

 

Figure 3.12. In unirradiated SQ20B cells, POLQ knockdown has no effect on γH2AX 

foci formation. 
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Figure 3.13. A) Increase in proportion of cells with >7 γH2AX foci in irradiated SQ20B 

cells with POLQ knockdown. **, P < 0.01 unpaired two sided t-test. B) 

Representative images showing the increase in γH2AX foci in irradiated SQ20B cells 

depleted of POLQ compared to those treated with NT siRNA. 
 

 

POLQ knockdown sensitises several tumour cell lines to IR. In order to confirm 

that the observed increase in γH2AX foci associated with irradiated SQ20B cells 

depleted of POLQ translated into an increase in tumour cell radiosensitivity, 

clonogenic assays were performed with the SQ20B cells used in the primary screen 

along with a second tumour line (HeLa) following transfection with either NT or 

POLQ siRNA (see Materials and Methods for transfection conditions). Figure 3.14 
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confirms that the transfection conditions were effective in causing POLQ knockdown 

in both cell lines and that knockdown resulted in significant radiosensitisation.  

 

 

 
Figure 3.14. Radiosensitisation of tumour cells following POLQ depletion. A) 
Radiosensitisation of SQ20B (SER10=1.18) and HeLa (SER10=1.28) cells following 
POLQ siRNA transfection. **, P < 0.01 unpaired two sided t-test. B) Effective POLQ 
knockdown at the time of irradiation confirmed by qRT-PCR using the remaining 
SQ20B and HeLa cells. 
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In order to demonstrate that the radiosensitisation effects caused by depletion of 

POLQ were not just limited to squamous cell carcinomas, clonogenic assays were 

performed on a third tumour cell line (T24 transitional cell bladder carcinoma). As 

well as using pooled siRNA targeted against POLQ, clonogenic assays were also 

performed using each individual siRNA from the pool (Fig. 3.15). Several other 

published siRNA screens have also performed such deconvolution studies to 

validate targets identified by primary screening as true on-target effects (217, 218).  

 

The individual siRNA strand transfections were performed with a final concentration 

of 25 nM siRNA. Three of the four siRNAs caused significant radiosensitisation and 

the degree of POLQ knockdown was well correlated with the magnitude of 

associated radiosensitisation. Of the four individual siRNAs, Strand ‘1’ caused the 

most potent silencing and the most potent radiosensitisation (Fig. 3.15). These 

findings strongly suggest that the observed radiosensitisation associated with 

transfection with POLQ siRNA did not occur as a result of ‘off target’ effects.  
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Figure 3.15. Demonstration of the absence of off-target effects. T24 cells transfected with either 50 nM POLQ pool of siRNA 
(SER10=1.18), or 25 nM of each individual siRNA strand. **, P < 0.01 unpaired two sided t-test. Relative expression of POLQ 
normalised to cells treated with NT siRNA as determined by qRT-PCR (bottom right). 
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POLQ knockdown does not appear to alter cell cycle distribution in either 

irradiated or unirradiated cells. To investigate the effects of POLQ depletion on 

cell cycle distribution, SQ20B cells were forward transfected in 6 well dishes with 

either NT or POLQ siRNA as previously described. Forty-eight hours after 

transfection, cells were exposed to either 0Gy or 4Gy IR, and then returned to the 

incubator until they were lifted and fixed for FACS analysis 24h after irradiation. 

Figure 3.16 illustrates that POLQ depletion does not alter cell cycle distribution in 

unirradiated cells. Twenty-four hours after IR, the SQ20B cells showed evidence of a 

G2 arrest as would be expected (219), however this arrest occurred with the same 

magnitude regardless of whether cells were transfected with either POLQ or NT 

siRNA.  

  

Figure 3.16. POLQ depletion does not alter cell cycle distribution in either irradiated 
or unirradiated SQ20B cells compared to cells transfected with NT siRNA. Numbers 
above G1 and G2-M peaks indicate the percentage of cells in each compartment.   
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POLQ knockdown causes minimal effects on normal tissue radiosensitivity. 

Previous work has shown that POLQ expression is limited to only a small number of 

normal tissues, particularly lymphoid tissues such as the fetal liver, thymus and bone 

marrow (215). In order to confirm that treatment with POLQ siRNA did not 

significantly alter the radiosensitivity of normal tissue cell lines, clonogenic assays 

were performed on two fibroblast lines, MRC5 and POC cells. The POC cells did not 

express POLQ and treatment with POLQ siRNA had no radiosensitising effects (Fig. 

3.17). As well as supporting the hypothesis that POLQ knockdown may cause 

tumour specific radiosensitisation, this also confirms that the observed effects did not 

occur as a result of off-target effects.  

 

 

Figure 3.17. POC cells treated with POLQ siRNA were not sensitised to IR. POLQ 
expression could not be detected by qRT-PCR. 
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In the MRC5 cells, POLQ siRNA treatment caused only a marginal increase in 

radiosensitivity at very high doses of radiation (Fig. 3.18). 

 

Figure 3.18. MRC5 cells show modest sensitisation to POLQ depletion only at high 
doses of IR (top). **, P < 0.01 unpaired two sided t-test. Effective knockdown of 
POLQ in MRC5 cells treated with 50 nM POLQ siRNA as determined by qRT-PCR 
(bottom). 

 

A comparison between POLQ expression normalised to the expression of a 

housekeeping gene (GAPDH) in untransfected MRC5 and T24 cells showed that 

MRC5 cells express POLQ at a level approximately 50 times lower than the T24 
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tumour cell line (Fig. 3.19). In unirradiated cells, POLQ knockdown did not 

consistently reduce colony formation in either the normal tissue or the tumour cell 

lines (Table 3.5).  

 

 

Figure 3.19. Relative expression of POLQ in untransfected T24 and MRC5 cells as 

determined by qRT-PCR. The expression of POLQ was expressed as a ratio relative 

to the presence of GAPDH in each cell line. 

 

 Plating efficiency (SD) 

Cell line NT POLQ 

HeLa 39.7% (4.5%) 30.9% (3.7%) 

SQ20B 36.0% (1.9%) 34.7% (3.1%) 

T24 51.2% (4.0%) 43.6% (5.0%) 

POC 5.0% (0.4%) 4.2% (0.4%) 

MRC5 5.2% (0.2%) 5.6% (0.8%) 

 

Table 3.5. Percentage of cells capable of forming colonies following transfection with 

either NT or POLQ siRNA. Standard deviations are shown in brackets. 

 



93 
 

POLQ knockdown has no effects on cell response to temozolomide, with or 

without IR. Temozolomide is an orally available alkylating agent that has an 

established role in the treatment of glioblastomas (220). It has previously been 

shown that a significant proportion of the DNA damage caused by temozolomide is 

repaired by the base excision repair (BER) pathway, and that cells with deficiencies 

in the BER pathway have increased sensitivity to temozolomide (221). As it has 

previously been suggested that POLQ plays a role in BER (222, 223), it was 

examined whether POLQ knockdown rendered cells more sensitive to 

temozolomide. Clonogenic assays performed on SQ20B cells treated with either 

POLQ or NT siRNA showed no difference in sensitivity to drug treatment with 

temozolomide (Figure 3.20). 

 

For both unirradiated (Fig. 3.21A) and irradiated conditions (Fig. 3.21B), SQ20B cells 

treated with temozolomide were found to have elevated γH2AX foci twenty-four 

hours after drug exposure compared to cells not exposed to the drug. However, this 

occurred with the same magnitude regardless of whether cells had been transfected 

with either NT or POLQ siRNA. These findings would suggest that the mechanism by 

which POLQ knockdown causes increased radiosensitivity are independent of BER. 
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Figure 3.20. Clonogenic assays performed with SQ20B cells transfected with either 
NT or POLQ siRNA. Survival following 2h temozolomide treatment at the stated 
doses expressed as a fraction relative to cells not exposed to temozolomide (left). 
Confirmation of effective knockdown of POLQ in SQ20B cells as determined by qRT-
PCR (right). 

 

 

Figure 3.21. A) Effects of temozolomide treatment on the percentage of unirradiated 

SQ20B cells containing >7 γH2AX foci per cell. B) Percentage of SQ20B cells 

containing >7 γH2AX foci per cell following 4Gy irradiation. In all cases, cells were 

exposed to temozolomide for 2h at the stated doses. 
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3.4 Discussion  

Syndromes such as ataxia-telangiectasia, Fanconi anaemia and Nijmegen breakage 

syndrome result from DNA repair defects that cause radiation sensitivity in addition 

to other complex clinical problems. (176). The proteins responsible for these repair 

defects are not appropriate therapeutic targets due to their lack of tumour specificity. 

Many of the key, therapeutically exploitable mechanisms that determine intrinsic 

tumour radiosensitivity are largely unknown. The clinical importance of 

understanding these mechanisms is shown by the known correlation between 

increased tumour radioresistance and adverse patient outcomes (95-97). 

 

The EGFR pathway is the most widely studied contributor to tumour cell 

radioresistance. Recent trials have demonstrated the large benefits that can 

potentially be derived from biological treatments that selectively render tumour cells 

more sensitive to radiation by manipulation of this pathway, and illustrate the need 

for greater understanding of the molecular basis for tumour radioresistance (3, 224).   

 

This siRNA screen of genes involved in DNA repair was based on the critical role 

that unrepaired DSBs play in cell death following IR. Of the genes whose knockdown 

was associated with increased γH2AX foci in SQ20B cells following IR, several have 

already been shown to be associated with increased cell radiosensitivity (199-205) 

thus validating the primary screening endpoint. The experimental design used both 

irradiated and unirradiated tumour cells as well as parallel siRNA screens in a 

tumour line and normal tissue line. The aim of this design was to enable the 

identification of siRNAs that cause tumour specific radiosensitisation.  
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The siRNA screen utilised γH2AX foci as an assay endpoint and was successful in 

identifying a novel gene whose depletion leads to tumour specific radiosensitisation. 

Our experience with this screen would suggest that γH2AX foci are an appropriate 

endpoint to use for radiosensitivity screens of larger siRNA libraries. A potential 

disadvantage of using this endpoint is that γH2AX foci do not appear only at sites of 

damaged DNA, but also appear at sites of stalled replication forks in S-phase. Since 

53BP1 foci are better defined than γH2AX foci, and do not occur at stalled replication 

forks (225) it could be argued that this would be a better endpoint. However, there is 

insufficient evidence showing a correlation between 53BP1 foci and intrinsic 

radiosensitivity (173), and like γH2AX, this endpoint would still have the problem of 

identifying genes whose knockdown induced cell death in the absence of IR. 

 

High throughput screens will inevitably feature both false positive and false negative 

results. Failure to cause sufficient gene knockdown is one of the most common 

causes for obtaining false negative results. ATM is widely recognised as being 

involved in cell radiosensitivity (226, 227) and was included in this 200 gene library. 

However ATM was notably not in the top 30 Z-scores of the irradiated cell screens. 

In this case it is probable that this occurred because ATM is one of the genes 

involved in causing H2AX phosphorylation in response to DSB formation (228). 

Therefore depletion of ATM limited the number of γH2AX foci formed in response to 

IR and thus is a false negative in this assay. 
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The screen of irradiated SQ20B cells identified several genes, whose knockdown 

was associated with elevated γH2AX foci post IR, that were not previously known to 

be involved in tumour cell radiosensitivity. Genes that were felt to be clinically 

exploitable if it was shown that gene depletion caused tumour specific 

radiosensitisation were selected for further investigation. These were APEX2, 

RAD21, XAB2, and POLQ  

 

Rationale for selection of candidate genes, APEX2, RAD21, XAB2, and POLQ . 

APEX2 (AP endonuclease 2) is a secondary mammalian apurinic/apyrimidinic 

endonuclease. In humans, it has approximately 1% of the endonuclease activity of 

its paralogue APEX1 (229). However, APEX2 is a multifunctional enzyme, which has 

strong 3’-phosphodiesterase and 3’–5’ exonuclease activities and has previously 

been shown to be involved in repair of oxidative damage (207, 208). The finding that 

mice deficient in APEX2 are viable, and other than demonstrating a degree of growth 

retardation, are phenotypically normal, suggested that APEX2 may not be essential 

for most normal tissues (230). It was therefore felt that APEX2 was a reasonable 

gene to investigate further. Unfortunately APEX2 depletion also caused increased 

γH2AX foci in irradiated MRC5 cells, suggesting that APEX2 depletion may cause 

normal tissue radiosensitisation. Colony forming assays confirmed that this was the 

case (Fig. 3.9). Previous Northern blot studies on human tissues have shown 

widespread APEX2 expression in stomach, thyroid, spinal cord, lymph node, 

trachea, adrenal gland, bone marrow, spleen, thymus, prostate, testis, uterus, small 

intestine, colon, peripheral blood leukocyte, heart, brain, placenta, lung, liver, smooth 

muscle, kidney, and pancreas (229). It was therefore decided not to pursue this gene 

further since it was felt that APEX2 inhibition was unlikely to be clinically useful.  
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XAB2 (XPA binding protein 2) has previously been implicated in nucleotide excision 

repair due to its involvement in transcription coupled repair (TCR) (209). TCR is 

involved in the removal of transcription blocking lesions from transcriptionally active 

genes and is most likely triggered by lesion-stalled RNA polymerase II. A siRNA 

screen recently demonstrated that XAB2 depletion rendered CAL51 breast tumour 

cells significantly more sensitive to PARP inhibition (210). This unexpected finding 

suggested that XAB2 may have functions beyond NER, which was felt to warrant 

further investigation. Unfortunately it was found that XAB2 depletion led to cell death 

in unirradiated cells and was therefore not explored further. Since XAB2 knockout 

mice are embryonically lethal at an early stage, it is quite possible that XAB2 plays a 

crucial role in normal physiology and is therefore unlikely to be a clinically exploitable 

target (231).  

 

RAD21 was another of the genes associated with a high Z-score in the irradiated 

SQ20B screen which was investigated in more detail. The full functions of RAD21 

are not yet known, although it is recognised as being involved in ensuring cohesion 

of sister chromatids in mitotic cells (232). The yeast homologue of RAD21 has 

previously been implicated in DSB repair via homologous recombination (233), whilst 

RAD21 depletion of human tumour cells has been shown to increase their sensitivity 

to etoposide and bleomycin (212). Several studies have previously been published 

linking RAD21 function to the development of cancer, and to the cellular response to 

cancer treatment. It has previously been suggested that elevated RAD21 levels in 

oral squamous cell carcinoma correlate with increased potential for tumour invasion 

and metastasis (211). A previous study identified three separate RAD21 single 

nucleotide polymorphisms (SNPs) which were found to be inversely associated with 
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the risk of developing breast cancer, although the authors did not elucidate on the 

functional significance of the SNP (234). Another clinical study identified 19 patients 

who had previously developed severe radiosensitivity reactions during treatment and 

found that 6 of these patients had a T1440C SNP (235). Although this polymorphism 

is not associated with an amino acid change, the authors suggested that this SNP 

was biologically active and that homozygous mutations of this gene could contribute 

to increased radiosensitivity (235). Following on from this work, a separate group 

also found an increased incidence of RAD21 SNPs amongst patients who had 

previously developed a severe radiosensitivity reaction (236). In view of this 

suggestion of a link between RAD21 function and intrinsic radiosensitivity, it was felt 

that this gene should be investigated further. Unfortunately colony forming assays 

showed that RAD21 depletion resulted in widespread cell death in unirradiated cells. 

Interestingly, another group have performed clonogenic assays in tumour cells 

depleted of RAD21 (212). Although they noticed a significant reduction in colony 

formation following RAD21 knockdown, it was much less pronounced than the level 

that we observed in four different tumour lines (Table 3.4). The reason for this 

difference is not clear, but it is possible that the experiment described here resulted 

in more potent RAD21 knockdown, and therefore more cell death. In view of the 

finding that RAD21 depletion resulted in such poor colony formation in unirradiated 

cells, it was felt that RAD21 was not a suitable gene to pursue further.  

 

It had previously been hoped that the screen of unirradiated tumour cells could 

identify genes whose depletion resulted in cell death in the absence of IR. However, 

the results obtained from XAB2 and RAD21 knockdown showed that the absence of 
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elevated γH2AX foci in unirradiated cells transfected with pools of siRNA cannot 

reliably be used to predict the survival of cells in the absence of IR. 

 

Of the targets that were identified in this screen, it was decided to investigate POLQ 

further. POLQ (DNA polymerase theta) will be discussed in more detail in the 

introduction to the next chapter, but in brief, POLQ is a member of the A family of 

DNA polymerases which, unusually for this class of polymerases, synthesises DNA 

with very low fidelity (213, 214). The normal physiological functions associated with 

this protein are currently unclear. It has previously been suggested that POLQ plays 

a significant role in the process of somatic hypermutation of immunoglobulin genes 

(237, 238), however this remains contentious (216).  

 

A key reason for electing to investigate POLQ in more detail stems from previous 

work showing that POLQ is overexpressed in a variety of different human cancers 

(such as lung, gastric and colon cancer) but has very limited normal tissue 

expression (215). Interestingly, expression was primarily limited to lymphoid tissues 

such as the fetal liver, thymus and bone marrow. Critical normal tissues such as the 

lung, liver, small intestine, kidney, heart, brain and spinal cord that typically limit the 

radiation dose that can be delivered to patients, did not appear to express POLQ 

(215). It was felt that this difference in expression meant that POLQ inhibition could 

potentially be exploited clinically since POLQ inhibition would not be expected to 

alter the radiation sensitivity of these tissues.  
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The results presented in this chapter confirm that POLQ is overexpressed in tumour 

cells derived from a variety of primary sites, and that POLQ knockdown causes 

increased intrinsic radiosensitivity of these tumour cells. It was found that 

transfection of POLQ siRNA had little or no effect on normal tissue cells. These 

results are consistent with the limited normal tissue expression of POLQ, and 

suggest that depletion of POLQ might cause much less radiosensitisation of normal 

tissues compared with tumours. These findings raise the possibility that POLQ 

inhibition could be used clinically to cause tumour specific radiosensitisation.  

 

This is especially true since the relatively small differences observed in single 

irradiation colony forming assay experiments are exponentially increased during a 

course of fractionated radiotherapy. The in vitro and clinical data relating to 

cetuximab provides the best illustration of this. Cetuximab, (an EGFR monoclonal 

antibody) showed modest radiosensitisation in vitro (116), but when used with 

fractionated radiotherapy in head and neck cancer patients, resulted in significant 

tumour radiosensitisation leading to large improvements in overall survival (3, 4). 

Since the in vitro radiosensitisation associated with POLQ depletion (SER 1.18-1.28) 

is larger than that seen with Cetuximab treatment it is possible that POLQ disruption 

induces radiosensitisation that is of a magnitude that could be clinically beneficial. 

 

The mechanism by which POLQ depletion induces tumour cell radiosensitisation is 

not clear at present. It appears that the effects are not related to redistribution of the 

cell cycle since POLQ depletion does not alter cell cycle distribution compared to 

cells transfected with NT siRNA either in irradiated or unirradiated cells. It has 

previously been suggested that POLQ plays a role in BER (222), but this is currently 
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unresolved (223). The work presented here shows that POLQ knockdown does not 

alter the sensitivity of cells to temozolomide either with or without IR (Fig. 3.20). We 

have interpreted this to mean that the mechanism by which POLQ knockdown 

causes increased sensitivity to IR is independent of BER, although it remains 

possible that POLQ facilitates repair via BER of a lesion that is produced by IR but 

not by temozolomide. 
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Chapter 4 

DEPLETION OF POLQ DOWNREGULATES 

HOMOLOGOUS RECOMBINATION 

EFFICIENCY AND INDUCES TUMOUR CELL 

CHEMOSENSITISATION 
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4.1 Abstract 

Work contained in the previous chapter demonstrated that tumour cells depleted of 

POLQ are rendered significantly more sensitive to IR. Normal cells treated with 

POLQ siRNA were not sensitised to radiation, reflecting the limited normal tissue 

expression of POLQ. Ionising radiation causes cell death as a result of DSB 

formation. Since many chemotherapy agents also cause DSB formation, this chapter 

contains work that examined whether POLQ depletion increases sensitivity not only 

to radiation but also to cytotoxic drugs. It was found that POLQ depletion rendered 

tumour cells significantly more sensitive to several classes of DNA damaging 

cytotoxic agents. The ability of cells deficient in POLQ to repair DNA double strand 

breaks was examined. It was found that POLQ does not appear to play a role in non-

homologous end joining in tumour cells. Conversely, following exposure to 

etoposide, tumour cells depleted of POLQ were found to have reduced RAD51 foci 

formation suggesting that POLQ is involved in homologous recombination. A 

homologous recombination assay was used to confirm that POLQ depletion does 

indeed result in reduced homologous recombination efficiency. These facts, 

combined with the limited normal tissue expression of POLQ, and the poor prognosis 

associated with its overexpression in tumours, could make POLQ an attractive target 

for clinical manipulation. 
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4.2 Introduction  

The previous chapter contained the results of a siRNA screen investigating the 

molecular determinants of tumour radiosensitivity. This study showed that POLQ 

knockdown rendered tumour cells significantly more sensitive to IR, but had little or 

no effect on normal tissue cells. This chapter will investigate the effects of tumour 

cell depletion of POLQ in more detail. Prior to this, the background details of POLQ 

are discussed below. 

Identification of POLQ 

POLQ was first identified in Drosophila as the mus308 gene product in 1996 (239). 

The mus308 (mutagen sensitive 308) mutant was originally identified by its 

sensitivity to interstrand crosslinking agents but normal resistance to alkylating 

agents (240).  

 

The mouse homologue of mus308 was identified by forward genetic mutation 

screening. This is an established tool for identifying gene functions and has been 

described previously (241). By observing the number of micronuclei present in the 

peripheral blood of offspring of mice that had been injected with N-ethyl-N-

nitrosourea (ENU), it was possible to identify a mutation that induced chromosomal 

instability. This mutation, named chaos1 (chromosome aberration occurring 

spontaneously), exhibited elevated levels of spontaneous micronuclei in reticulocytes 

and appeared to arise from a T-to-C base substitution in the POLQ gene, which 

caused a serine-to-proline substitution in the central domain region at amino acid 

residue 1932 (242). It was confirmed that the chaos1 phenotype arose from loss of 
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POLQ function when it was shown that POLQ deficient mice have the same 

phenotype as chaos1 mice (243). 

 

In 1999, the human POLQ cDNA was cloned, sequenced and shown to have 

sequence homology to mus308. As this was the eighth DNA polymerase to be 

identified, the authors named it DNA polymerase θ (244). In 2002 a group purified a 

polymerase from HeLa cells that they believed to be full-length POLQ and found that 

it conducted high fidelity translesion synthesis (TLS) (245). However other authors 

have claimed that the purified polymerase was not POLQ since it was of the 

incorrect size and had features very different to those observed by other groups 

(214, 246). Studies published in 2003 demonstrated that human POLQ (246) has 

structural similarities to the Drosophila homologue in that they have a helicase 

domain at the N terminal region and a polymerase domain in the C terminus.  

 

Figure 4.1. Structural representation of human POLQ (top) and comparison with 
mus308 (bottom). The N-terminus contains the helicase domain (dark vertical lines 
represent conserved motifs) and the C-terminus contains the polymerase domain 
(white vertical lines represent conserved motifs). The shaded areas at both ends of 
the protein represent the regions that are most highly conserved. Figure adapted 
from (246). 
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Two further mus308 POLQ paralogs have been identified in vertebrates; HEL308 

has homology to the helicase domain of POLQ but has no polymerase domain (247), 

whilst POLN has homology to the polymerase domain, but does not have a helicase 

domain (248). These proteins will not be considered further since they have been 

shown to have different functional activities to POLQ (249, 250) 

Physiological functions of POLQ 

The normal physiological functions associated with POLQ are currently unclear. 

POLQ is a member of the A family of DNA polymerases which, unusually for this 

class of polymerases, synthesises DNA with very low fidelity (213, 214). One 

important feature of POLQ is its ability to tolerate damage arising from apurinic sites. 

Endogenous DNA damage resulting in hydrolytic loss of apurinic/apyrimidinic (AP) 

bases is extremely common. It has previously been estimated that 10,000 AP sites 

arise per cell every day (251, 252). Failure to adequately repair AP sites prior to DNA 

replication may induce mutagenesis (253) or cell death (254) and therefore TLS 

polymerases have evolved to bypass AP sites. The first step involves the 

intervention of a polymerase such as POLH (DNA polymerase eta) that incorporates 

a nucleotide across from the lesion (mispair inserter) (255), and another polymerase 

such as DNA polymerase zeta (256) that elongates past the mispair from the newly 

created primer end (mispair extender). This process allows cells to replicate through 

damaged DNA in either an error prone, or an error free fashion.  

 

It has previously been shown that POLQ is able to efficiently perform translesion 

DNA synthesis at an AP site (214). Moreover, it is the only known enzyme that 

efficiently carries out both the insertion and extension steps required for AP bypass 
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(214). POLQ frequently misincorporates bases on both damaged and non-damaged 

DNA (with a frequency in excess of 1%) and therefore has been compared to the 

error-prone, Y family of DNA polymerases (214). Additional work has examined the 

role of POLQ in repairing UV induced damage. Although POLQ cannot by itself 

bypass a cyclobutane pyrimidine dimer, or a thymine-thymine (6-4) photoproduct, it 

is able to extend primers after a base has been inserted opposite these UV lesions 

by DNA polymerase iota (257).  

POLQ and somatic hypermutation 

It has previously been suggested that POLQ plays a dominant role in the process of 

somatic hypermutation (SHM) of immunoglobulin genes. SHM is a form of directed 

hypermutation that allows for the selection of B cells that express immunoglobulin 

receptors possessing an enhanced ability to recognise and bind a specific foreign 

antigen. B cell receptor (BCR) stimulation causes cell proliferation, during which time 

the rate of somatic mutation in the BCR locus is approximately one million fold 

greater than in most other genes (258). The first step in this process involves the 

mutation of a cytosine:guanine pair to a uracil:guanine mismatch. This deamination 

of cytosine to uracil in DNA is processed by an enzyme called ‘Activation-Induced 

(Cytidine) Deaminase’ (259). The uracil bases are then removed by the repair 

enzyme, uracil-DNA glycosylase (260). Error-prone DNA polymerases such as 

POLH (261) are then recruited to fill the gap and create mutations. The introduction 

of mutations in the rapidly proliferating population of B cells results in the production 

of thousands of B cells, possessing slightly different receptors of varying specificity 

for the antigen. 
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Although POLQ has been implicated as one of the error prone polymerases involved 

in the final step of the SHM process, this is currently a contentious issue. This 

suggestion originally arose from the observation by Masuda et al that mice with 

mutant POLQ containing an inactive polymerase, had significantly decreased C-G 

mutations (but not A-T mutations) in their immunoglobulin genes (262). A paper 

published concurrently by Zan et al found different results (237). They found that 

mice deficient in POLQ had a much greater reduction (∼80%) in the overall mutation 

frequency of immunoglobulin genes than seen by Masuda et al but they did not 

observe a specific reduction in C/G mutations (237). A second paper by Masuda et 

al also examined the SHM rates in POLQ null mice (238). Although the overall 

reduction in mutation rates in immunoglobulin genes was less than that seen by Zan 

et al, they no longer saw the specific C/G mutations that they observed when using 

mice with mutant POLQ (238). This group concluded that the complete absence of 

POLQ may result in other polymerases acting as functional substitutes, resulting in a 

mutation pattern different from that found in POLQ inactive mice. They suggested 

that the differences in total immunoglobulin gene mutations rates seen between the 

two groups arose from differences in the tissues analysed, the methodology used, 

and the genetic background of the mice (238). The same group then assessed 

hypermutation in mice deficient in both POLQ and POLH (263). They found that the 

absence of POLQ did not change the frequency or pattern of mutation caused by the 

lack of POLH (i.e. a substantial decrease in mutations of A:T pairs) and therefore 

concluded that POLQ and POLH function in the same pathway (263). 

 

A separate group also looked at the mutation types and frequencies seen in wild 

type, POLQ(-/-), POLH(-/-), and POLQ(-/-)/POLH(-/-) mice (216). They found that the 
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types of substitutions were similar between wild type and POLQ(-/-) clones, and 

between POLH(-/-), and POLQ(-/-)/POLH(-/-) mice. Accordingly this group suggested 

that POLQ does not play a significant role in the hypermutation pathway (216). 

 

Very recent in vitro work conducted in the chicken DT40 B lymphocyte cell line has 

shown that POLH(-/-)/POLN(-/-)/POLQ(-/-) cells have significantly reduced 

immunoglobulin hypermutation rates (264). Given the ambiguous data that already 

exists on this topic, the authors acknowledged that further studies are required to 

support these in vitro data (264). This is especially true since the interactions of 

these polymerases may be even more complex in vivo. 

POLQ and base excision repair 

It has also been suggested that POLQ has a role in BER but this also remains 

unresolved. Base excision repair is a well orchestrated process by which base 

damage can be eliminated. The first step involves a lesion-specific DNA glycosylase 

which hydrolyses the N-glycosylic bond between the target base and deoxyribose, 

releasing a free base and resulting in an AP site (265). The phosphodiester bond 5’ 

to an abasic site is then cleaved by an AP endonuclease resulting in the 5’ terminus 

containing a deoxyribose phosphate (5’ dRP) residue (266). The resulting single 

strand break can then be processed by either short patch (where a single nucleotide 

is replaced) or long-patch BER (where 2-10 new nucleotides are synthesised). DNA 

polymerase beta (POLB) is the main protein involved in the final steps of short patch 

BER and has both polymerase and lyase activity. POLB inserts a single nucleotide 

and then removes the 5' dRP left behind by AP endonuclease cleavage (267, 268). 

DNA ligase III then seals the repaired DNA (269). 
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Long patch repair is initiated by the recruitment of POLB to the site cleaved by AP 

endonuclease (270). The strand synthesis is then continued by polymerases δ and ε 

(271). The strand displacement polymerisation produces a flapped substrate that is 

ligated by flap structure-specific endonuclease 1 (FEN1) (272). The activity of FEN1 

has been shown to be regulated by scaffold proteins such as proliferating cell 

nuclear antigen (PCNA) (273). Long patch BER is then completed by DNA ligase I 

sealing the DNA strand (269).  

 

It has previously been shown by Yoshimura et al, that mutation of POLQ in the DT40 

chicken B cell lymphocyte cell line, increases sensitivity to hydrogen peroxide (222), 

which induces oxidative stress that is repaired by BER (274, 275). In addition they 

found that POLQ/POLB mutants had significantly higher sensitivity to methyl 

methanesulfonate than either single mutant. Extracts obtained from this cell line 

were used to show that POLQ mutant cells have markedly reduced single nucleotide 

BER capacity in vitro and that this reduction was of a similar magnitude to cells 

deficient in POLB (222). These findings led to the suggestion that POLQ and POLB 

cooperate in BER. 

 

In view of these findings, subsequent biochemical work has looked at the in vitro 

activity of cloned human POLQ (223). It was shown that full-length, wild-type POLQ 

has 5’-dRP lyase activity. A C-terminal fragment of POLQ was also shown to carry 

5’-dRP lyase as well as polymerase activity. The 5’-dRP lyase activity appears to be 
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independent of the polymerase activity since it was shown that full-length POLQ, 

with an inactivated polymerase, also retained 5’-dRP lyase activity (223). 

Furthermore, the full-length protein and the C-terminal fragment were shown to have 

short patch BER activity in vitro. Although these findings have been used to support 

the argument that POLQ may have a role in BER in vivo, it should be noted that the 

rate of 5’-dRP lyase activity of POLQ is approximately 40 fold slower than that of 

POLB, the main polymerase involved in short patch BER. The significance of POLQ 

mediated BER in vivo remains unclear. 

 

In the previous chapter we found that POLQ knockdown did not alter the sensitivity 

of cells to temozolomide either with or without IR. Temozolomide is an orally 

administered alkylating agent that is routinely used in the management of 

glioblastomas (220). It has previously been shown that a significant proportion of the 

DNA damage caused by temozolomide is repaired by the BER pathway and that 

cells deficient in the key BER polymerase POLB have markedly increased sensitivity 

to temozolomide (221). 

 

We interpret the finding that POLQ deficient cells are not rendered more sensitive to 

temozolomide to mean that the mechanism by which POLQ knockdown causes 

increased sensitivity to IR is independent of BER. However, it remains possible that 

POLQ could facilitate repair via BER of a lesion that is produced by IR but not by 

temozolomide. 
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Interaction between POLQ and ATM 

The suggestion that POLQ may be involved in DNA damage repair prompted a 

research group to investigate the effects of producing mice with mutations in both 

ATM and POLQ. They found that double-homozygous mutations caused synthetic 

semi-lethality with an embryonic lethality rate of over 90% (243). Although the nature 

of the interaction is unclear, the authors suggested that POLQ may be involved in 

DSB repair. In view of the suggestion of a possible interaction between POLQ and 

ATM, a recent study looked at the effect of treating POLQ (-/-) mouse bone marrow 

stromal cells with an ATM inhibitor. They hypothesised that ATM kinase activity may 

be particularly important for survival of cells with POLQ deletion after irradiation, 

however, they found that ATM inhibition did not radiosensitise POLQ deficient cells 

any more than normal cells (276). 

 

Expression of POLQ in normal tissues and in tumours 

A previous study by Kawamura et al has assessed POLQ expression in a variety of 

different normal human tissues by RT-PCR (215). Interestingly, POLQ expression 

was primarily limited to lymphoid tissues such as the fetal liver, thymus and bone 

marrow. Other authors have suggested that the finding that POLQ is highly 

expressed in lymphoid tissues and in the germinal centres of B cells lends support to 

the notion that it plays a role in SHM (213). 

 

Critical normal tissues such as lung, liver, small intestine, kidney, heart, brain and 

spinal cord that typically limit the radiation dose that can be delivered to patients do 

not appear to express POLQ (215). Intriguingly this study also found that POLQ was 
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overexpressed in a large proportion of tumours derived from patients with colon, lung 

and gastric cancer (215). It is therefore possible that POLQ inhibition could sensitise 

tumour cells to IR, but not alter the intrinsic sensitivity of these critical, normal 

tissues. 

 

As discussed above, the physiological roles of POLQ are currently unclear, but the 

limited normal tissue expression in humans (215), and the finding that POLQ 

knockout mice are viable, and other than having elevated micronucleus formation 

are phenoytypically normal, (243) suggests that POLQ may not have an essential 

physiological role.  

 

There have been no reported human syndromes resulting from germline mutations 

of POLQ. The only publication reporting a germline mutation of POLQ was published 

by a group investigating novel mutations of DNA repair genes in breast and 

pancreatic cancer (277). They identified a germline, truncating mutation (c.3605delT) 

of POLQ in a single breast cancer patient whose mother had also developed breast 

cancer. The single-nucleotide deletion caused a frameshift mutation that is expected 

to exclude the C-terminal resulting in loss of polymerase activity. The authors 

concluded that POLQ may therefore function as a tumor suppressor gene but 

acknowledged that larger genetic studies of breast cancer patients were required to 

confirm this (277). Unfortunately it was not possible to investigate the causal 

association between this germline mutation and the patient’s cancer in any more 

detail as it was not possible to obtain tissue from the patient’s mother. In addition 

loss of heterozygosity analysis of the mutation could not be conducted as the 

authors did not have enough remaining tumour tissue (277). It is therefore entirely 



115 
 

possible that this mutation may be coincidental, and that this SNP did not predispose 

the individual to developing breast cancer. There is no other data suggesting that 

POLQ mutations result in an increased predisposition to breast cancer or any other 

malignancy. 

 

The previous chapter contained the results of a siRNA screen investigating the 

molecular determinants of tumour radiosensitivity. This work showed that POLQ 

knockdown rendered tumour cells significantly more sensitive to IR but had little or 

no effect on normal tissue cells. This radiosensitisation did not appear to be 

mediated by a reduction in BER efficiency. In this chapter, the clinical potential of 

POLQ inhibition is assessed further by examining the effect of POLQ knockdown by 

siRNA on cell sensitivity to cytotoxic agents. The ability of tumour cells depleted of 

POLQ to repair DSBs is also examined. Non-homologous end joining is assessed by 

analysing the kinetics of disappearance of γH2AX foci, and HR assessed by 

quantifying RAD51 foci formation following exposure to cytotoxic agents and by 

using a HR assay (185).  

 

The results presented here show that POLQ knockdown results in tumour cell 

chemosensitisation to drugs such as topoisomerase inhibitors, anthracyclines, and 

platinum agents and that this occurs as a result of reduced homologous 

recombination. These findings provide further evidence that POLQ may be an 

appealing target for clinical exploitation. 
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4.3 Results 

siRNA knockdown of POLQ. This work used three different tumour cell lines 

(HeLa, SQ20B, U2OS). A pool of 4 siRNAs was used to successfully knockdown 

POLQ. The transfection details are given in Chapter 2. As previously discussed, an 

effective POLQ antibody was not available, and knockdown was therefore quantified 

by qRT-PCR using the same technique as that used in Chapter 3. Successful POLQ 

knockdown is demonstrated for all three cell lines in Figure 4.2. 

 

POLQ knockdown renders tumour cells more vulnerable to DNA damaging 

agents. In view of the previous evidence showing that POLQ knockdown causes 

radiosensitisation of tumour cells (Chapter 3), it was examined whether POLQ 

depletion caused increased tumour cell sensitivity to cytotoxic agents. Agents 

representative of several different classes of DNA damaging drugs were used. 

These included etoposide (a topoisomerase II inhibitor), doxorubicin (an 

anthracycline antibiotic and topoisomerase II inhibitor that generates free radicals), 

cisplatin and mitomycin C (DNA inter and intrastrand cross-linking agents). 

 

Clonogenic assays were performed with HeLa cells depleted of POLQ. Cells were 

plated in single cell suspensions and allowed to settle prior to the addition of drug at 

the concentration and times stated. POLQ depletion rendered cells significantly more 

sensitive to all of the DNA damaging cytotoxic drugs tested, compared to cells 

transfected with NT siRNA (Fig. 4.3).  
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Figure 4.2. qRT-PCR showing successful knockdown of POLQ. A) HeLa, B) SQ20B 
and C) U2OS tumour cells 48h after siRNA transfection. POLQ expression 
normalised to cells transfected with a pool of 4 NT siRNAs. Mean and standard 
deviations shown from three separate q-RT-PCR reactions. 
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Figure 4.3. Colony forming assays showing chemosensitisation of HeLa cells 
depleted of POLQ. Surviving fractions after exposure to etopside (top left), 
doxorubicin (top right), cisplatin (bottom left), and mitomycin C (bottom right), for 1h 
at dose concentrations stated. *, P < 0.05, **, P < 0.01 unpaired two-sided t test. 

 

 

Particularly pronounced chemosensitisation was observed following treatment with 

doxorubicin and etoposide. Etoposide induces DSBs as a result of its inhibition of 

topisomerase II (278), whilst doxorubicin induces DNA damage via a variety of 

mechanisms including free radical damage, topoisomerase II inhibition (279) and 

DNA adduct formation (280). It was therefore hypothesised that POLQ depletion 

induces chemosensitisation by preventing repair of DSBs and that POLQ depletion 

would not sensitise cells to cytotoxic agents that do not induce DNA damage. 
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Clonogenic survival assays were therefore conducted with HeLa cells exposed to 

docetaxel, since it is well recognised that this cytotoxic agent does not directly 

induce DNA damage, but induces cell death by hyperstabilising microtubules, and 

thereby inhibiting microtubular disassembly (281). As anticipated, it was found that 

cells depleted of POLQ were not rendered more sensitive to this mitotic spindle 

poison (Fig. 4.4). This supports the proposal that POLQ depletion induces 

chemosensitisation as a result of a reduction in DSB repair. 

 

 

Figure 4.4. POLQ depletion does not sensitise HeLa cells to docetaxel after 24h 
exposure at dose concentrations stated.  

 

POLQ depletion does not alter the cell cycle distribution of cells exposed to 

etoposide. HeLa cells transfected with either NT or POLQ siRNA were exposed to 

4.25 μM etoposide for 1h. FACS analysis was performed on cells at multiple time 

points after drug exposure. Cells depleted of POLQ that have not been exposed to 

cytotoxic drugs do not have altered cell cycle distribution. This is consistent with the 

results obtained in unirradiated SQ20B cells previously described in Chapter 3 (Fig. 

3.16). HeLa cells treated with etoposide underwent a significant G2 arrest; however, 
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this occurred with the same magnitude regardless of whether cells had been 

transfected with either NT or POLQ siRNA (Fig. 4.5) 

 

 

Figure 4.5. POLQ depletion does not alter cell cycle distribution. HeLa cells treated 
with either NT or POLQ siRNA were treated with 4.25 μM etoposide for 1h. Samples 
were harvested for flow cytometry following etoposide exposure at the time points 
indicated. No difference was observed in cell cycle distribution in untreated cells 
depleted of POLQ (left). Treatment with etoposide resulted in a large G2 arrest, but 
this occurred with the same magnitude regardless of siRNA treatment (middle and 
right). Numbers above G1 and G2-M peaks indicate the percentage of cells in each 
compartment.  
 

γH2AX kinetics suggests that POLQ is not involved in NHEJ. Etoposide, 

doxorubicin and IR (161, 278, 282) produce DNA double strand breaks that are 

central to the ability of these agents to cause tumour cell death. The finding that 

POLQ knockdown renders cells more sensitive to these treatments, suggests that 

POLQ may enable tumour cells to repair DSBs more efficiently. We therefore 
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investigated the effect of POLQ knockdown on the two key processes by which 

DSBs are repaired: non-homologous end joining and homologous recombination 

(13). 

 

It has previously been shown that the process of NHEJ repairs DSBs extremely 

quickly, whilst HR repairs DSBs over a longer time course (283). These differences 

mean that cells with defective NHEJ pathways show a higher number of residual 

γH2AX at early timepoints after exposure to IR (168, 284). In the previous chapter, it 

was shown in SQ20B cells that POLQ knockdown results in increased numbers of 

unresolved γH2AX foci 24h after exposure to ionising radiation. For this reason, 

SQ20B cells were again used to assess the time course of resolution of γH2AX foci. 

Cells were transfected with pools of NT, POLQ or DNA-PKcs siRNA. Forty-eight 

hours after transfection, SQ20B cells were treated with 4Gy and fixed at the time 

points indicated in Figure 4.6A. Cells with DNA-PKcs knockdown had higher 

numbers of γH2AX foci at the early time points after IR compared to cells treated 

with NT siRNA (Fig. 4.6A). This is the anticipated result for a gene that is involved in 

NHEJ (285). As shown in the previous chapter, POLQ depleted cells showed a 

higher proportion of cells with >7 γH2AX foci at twenty-four hours after IR compared 

with cells treated with NT siRNA (Fig. 4.6B). However, at early timepoints there were 

no significant differences between POLQ and NT siRNA treated cells. This suggests 

that POLQ is not directly involved with NHEJ (Fig. 4.6A), and points instead to a role 

in HR. 
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Figure 4.6. DNA double strand break repair kinetics post irradiation do not support a 
role for POLQ in NHEJ. A, SQ20B cells were transfected with NT, POLQ, or DNA-
PKcs siRNA. Forty-eight hours after transfection, cells were treated with 4Gy and 
fixed at the time points indicated. POLQ knockdown does not result in an early 

increase in residual γH2AX foci; DNA-PKcs was used as a positive control. Mean 

foci number per cell relative to the number at 5 min after IR is shown. B, SQ20B cells 
fixed at 24h after treatment with 4Gy show differences in the proportion of cells with 

>7 γH2AX foci following POLQ knockdown. *, P < 0.05, **, P < 0.01 unpaired two-

sided t test. 
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POLQ knockdown causes reduced HR activity. Two separate assays were 

conducted to assess whether the chemosensitisation of tumour cells depleted of 

POLQ occurs as a result of reduced HR. Firstly, RAD51 focus formation was 

measured after U2OS cells had been exposed to 1 μM of etoposide for 24h. RAD51 

plays a central role in HR, and a reduction of RAD51 foci is indicative of impaired HR 

(286, 287). It was found that cells transfected with POLQ siRNA had significantly 

reduced levels of RAD51 foci after etoposide treatment compared to cells treated 

with NT siRNA (Fig. 4.7 A and B). This suggested that POLQ depletion resulted in a 

reduction in HR. 

 

To assess whether POLQ depletion directly inhibits the process of homologous 

recombinational repair, an I-Sce-I assay was used to assess endogenous HR. This 

assay involves the use of cells expressing modified and truncated GFP cDNA that 

contains the I-Sce I restriction site. Transient expression of the I-Sce I endonuclease 

results in DSB formation, which, if repaired by HR using a linked donor GFP gene 

fragment as a template, restores functional GFP expression. This expression is then 

measured by flow cytometry. Transfection of U2OS cells with the I-Sce-I expressing 

plasmid treated with NT siRNA resulted in a HR frequency of 6.4%. This was 

reduced to 1.8% in cells transfected with POLQ siRNA (p<0.01) and indicates that 

HR activity is reduced following depletion of POLQ (Fig. 4.8). 
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Figure 4.7. POLQ depletion results in reduced RAD51 Foci formation. A) U2OS cells 

were treated with 1 μM of etoposide for 24h. Nuclei with >9 foci were classified as 

RAD51 positive. Cells with POLQ knockdown show a significant reduction in RAD51 
foci after etoposide treatment. Data points represent mean values, error bars the 
standard error of the mean. **, P < 0.01 unpaired two-sided t test. B) Representative 
images of U2OS cells after exposure to etoposide showing a decrease in RAD51 foci 
in cells depleted of POLQ. 
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Figure 4.8. The I-Sce-I GFP assay shows POLQ depletion decreases the number of 
GFP expressing cells as a result of reduced HR. **, P < 0.01 unpaired two-sided t 
test. 

 

 

4.4 Discussion 

The previous chapter contained the results of a siRNA screen to identify novel genes 

involved in tumour radiosensitivity. This work showed that tumour cells depleted of 

POLQ were rendered significantly more sensitive to IR (288). The data shown in this 

chapter demonstrates that POLQ depletion also renders tumour cells more sensitive 

to several different classes of DNA damaging agents. Particularly pronounced 

sensitisation effects were seen after cells were exposed to etoposide and 

doxorubicin. DNA double strand break formation is the key cytotoxic insult induced 

by ionising radiation and several chemotherapy agents (161, 278, 282). The 

suspicion that POLQ depletion reduced DSB repair efficiency was supported by the 

finding that POLQ depleted cells are not sensitised to a non-DSB inducing 

chemotherapy (Fig. 4.4). 
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The kinetics of γH2AX foci resolution following exposure to etoposide provides 

indirect evidence that POLQ is not involved in NHEJ (Fig. 4.6), whilst analysis of 

RAD51 foci formation post-etoposide suggests it is involved in HR (Fig. 4.7). The I-

Sce-I GFP assay (Fig. 4.8) supported the hypothesis that the mechanism by which 

POLQ depletion induces chemo and radiosensitisation arises from a reduction in 

homologous recombination.  

 

Homologous recombination is a vital repair mechanism that allows for error-free 

repair of double strand breaks (289, 290). It has been shown previously that POLQ 

knockout mice are viable, and other than having elevated micronucleus formation 

are phenoytypically normal (243). This, combined with the limited normal tissue 

expression of POLQ (215), suggests that POLQ is not an essential component of 

HR.  

 

To the best of my knowledge this is the first study to demonstrate chemosensitisation 

of tumour cells depleted of POLQ. However it is interesting to note that studies on 

different species have previously examined the role of POLQ homologues in DNA 

damage repair. In Drosophila, the mus308 gene is a homolog of POLQ. Flies with 

homozygous mutant mus308 are hypersensitive to several different crosslinking 

agents including cisplatin (240). Microhomology-mediated end joining (MMEJ) is a 

recently identified, error-prone mechanism by which DSBs can be rejoined, and 

appears to be distinct from the classical HR and NHEJ pathways. The main feature 

of MMEJ is that 5-25 bp microhomologous sequences are used during the alignment 

of the broken ends prior to joining, thereby resulting in deletions flanking the original 
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break (291). Very recent work has suggested that mutant mus308 induces increased 

sensitivity through a reduction in MMEJ with the authors concluding that POLQ is not 

involved in HR (292, 293). Although the data presented in this chapter shows that 

human POLQ is involved in HR, further investigation into the role of human POLQ in 

MMEJ is warranted. 

 

Work conducted in C. elegans has also suggested that POLQ plays a role in repair 

of damage induced by inter-strand cross linking agents such as cisplatin (249). 

However it should be noted that following exposure to a crosslinking agent, these 

researchers found that cells with polq-1 mutation had an initial increase in RAD51 

foci but that the kinetics of foci resolution were the same as in wt cells. The authors 

therefore concluded that POLQ was not involved in HR. Separate studies in cell lines 

derived from other species have shown that disruption of POLQ does not alter cell 

sensitivity to cytotoxic agents. Work conducted in CH12 mouse B lymphoma cells 

(294) and DT40 chicken lymphoma cells (222) found that disruption of POLQ did not 

result in increased sensitivity to either IR or cytotoxic drugs such as cisplatin. These 

inconsistent findings could suggest that POLQ functions differently in different 

species. 

 

The evidence presented in this chapter lends support to the theory that POLQ may 

be an attractive target for clinical manipulation by inducing tumour cell radio and 

chemosensitisation. It is conceivable that tumour overexpression of POLQ may 

result in increased HR efficiency, thereby conferring tumour cell resistance to 
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treatment with radio or chemotherapy and therefore conferring a poor prognosis. 

This will be examined in the next chapter. 
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Chapter 5 

POLQ OVEREXPRESSION CONFERS A 

POOR PROGNOSIS IN PATIENTS WITH 

EARLY BREAST CANCER 
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5.1 Abstract 

As shown in the previous two chapters, depletion of POLQ renders tumour cells 

more sensitive to radiotherapy and several different classes of chemotherapy due to 

a reduction in the efficiency of homologous recombination. In view of these findings, 

it was investigated whether tumours that overexpress POLQ are associated with an 

adverse outcome. The clinical outcomes of two retrospective series of patients with 

early breast cancer were correlated with the expression levels of POLQ, as 

determined by microarray gene expression analysis. It was found that a significant 

number of tumours overexpressed POLQ, and that overexpression was correlated 

with ER negative disease (p=0.047) and high tumour grade (p=0.004), both of which 

are associated with poor clinical outcomes. POLQ overexpression was associated 

with poor relapse free survival rates on both univariate (HR 5.80; 95% CI, 2.220 to 

15.159; p<0.001) and multivariate analysis (HR 8.086; 95% CI 2.340 to 27.948 

p=0.001). Analysis of other published clinical series confirmed that POLQ 

overexpression is associated with adverse clinical outcomes. The poor prognosis 

associated with POLQ is independent of other clinical or pathological features.  The 

mechanism that causes this adverse outcome remains to be elucidated but may in 

part arise from resistance to adjuvant treatment. These findings, combined with the 

limited normal tissue expression of POLQ, make it an appealing target for possible 

clinical exploitation. 
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5.2 Introduction 

Pathologists routinely estimate the prognosis of patients with early breast cancer on 

the basis of classification systems such as the Nottingham prognostic index (295). 

These systems use pathological features such as tumour size, grade, lymph node 

involvement and lymphovascular invasion to assess the risk of an individual 

developing recurrent disease, and are routinely used to make decisions regarding 

the adjuvant treatment offered to patients (296). Additional pathological features 

used to assess prognosis include the oestrogen receptor (ER) and HER2 receptor 

status, which are also used to determine the need for adjuvant endocrine or 

trastuzumab therapy respectively (297-301). Recently, gene-expression profiling has 

been used to develop genomic tests that may provide better predictions of clinical 

outcome than the traditional clinical and pathological standards used. In breast 

cancer, gene expression signatures may enable more accurate and sophisticated 

decisions to be made about adjuvant treatment. Expression profiling may make it 

possible to identify the drugs that an individual will derive most benefit from. 

Additionally, expression signatures may be better able to identify those patients with 

low risk of recurrent disease who do not require systemic therapy. Such patients can 

therefore avoid the side effects associated with potentially unnecessary treatment. In 

2007, the American Society of Clinical Oncology guidelines for the use of tumour 

markers in breast cancer stated that the evidence supporting a commercially 

available gene expression assay (Oncotype Dx) was sufficiently strong to support its 

use in deciding which patients should receive adjuvant chemotherapy (302). Gene 

expression profiles have been developed for many different clinical scenarios. 

Profiles have been used to predict the outcomes of patients with non-small cell lung 

cancer (303), head and neck cancer (304, 305), and colon cancer (306). In addition, 
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profiles have been created to predict tumour cell radiosensitivity (307) and tumour 

hypoxia (308). 

 

In view of the in vitro data that POLQ depletion sensitises tumour cells to 

radiotherapy, and to several different chemotherapy agents, it was hypothesised that 

patients whose tumours overexpress POLQ may be resistant to adjuvant treatment 

and that they may therefore have an adverse prognosis. The clinical significance of 

tumour expression levels of POLQ has not previously been examined in detail. We 

therefore correlated the clinical outcomes of two series of breast cancer patients 

(n=279 in total) with the expression levels of POLQ as determined by microarray 

gene expression analysis. We also analysed the pathways associated with POLQ 

expression in vivo by data-mining gene expression data from published breast 

cancer studies (n=1015 samples). Although POLQ overexpression has previously 

been demonstrated in lung, gastric, and colorectal cancers (215), this is the first 

study to demonstrate that POLQ is overexpressed in breast cancer. This is also the 

first study to provide evidence that POLQ overexpression confers a significant 

adverse prognosis, and that it is associated with key cancer pathways. 

 

5.3 Results 

We identified two retrospective series of patients with early primary breast cancer 

who were treated in Oxford, UK, between 1989 and 1998. Series 1 contained 152 

patients (187), and Series 2 contained 127 patients (188). Both series are part of 

previously published studies. Patient details are given in Chapter 2 (Section 2.10) 

and in the Appendix (Supplementary Table 2A and B). In addition, we identified two 

datasets (GSE3494 and GSE2034) that we used to validate the results obtained 
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from the two Oxford series. GSE3494 is a heterogenous dataset that comprises 

samples from 251 patients with early breast cancer (192). The GSE2034 dataset 

comprises 286 samples from patients with confirmed node negative early breast 

cancer (193). 

 

POLQ is overexpressed in breast cancer compared to normal breast tissue. In 

order to assess POLQ expression, we identified two independent gene expression 

datasets that were obtained using arrays from different manufacturers: Affymetrix 

and Illumina arrays for series 1 and 2 respectively. POLQ expression was 

normalised to the lowest level of tumour expression in the Affymetrix series, and to a 

panel of normal breast tissue samples for the Illumina series. POLQ was shown to 

be upregulated in a large proportion of breast tumour samples from both series (Fig. 

5.1). 

 

POLQ overexpression is independently associated with significantly worse 

relapse free survival (RFS) rates. In order to assess whether POLQ expression is 

associated with an adverse outcome we initially performed a simple analysis on the 

data from Series 1. The samples from Series 1 were divided into the top and bottom 

50th centiles and a univariate analysis of the differences in RFS was conducted (Fig. 

5.2). We found that on univariate analysis, POLQ overexpression was associated 

with a markedly increased risk of disease relapse (HR 5.80; 95% CI, 2.220 to 

15.159; p<0.001). 
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Figure 5.1. POLQ expression in breast cancer. A) Breast cancer samples, Series 1, 
described in this study (N=152). No normal breast tissue samples were available for 
Series 1 so POLQ data were normalised to the sample with the lowest expression of 
POLQ (named T0). Expression fold change (FC) between all other tumours and T0 
is shown for POLQ (207746_at). B) Breast cancer samples, Series 2, described in 
this study (N=127). The FC between POLQ (ILMN_1450687) expression in each 
tumour and the median expression of 10 normal pools is shown.   
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Figure 5.2. Univariate analysis on data obtained from Series 1 showing POLQ 
expression is associated with a significantly increased risk of disease relapse. 
 

The level of POLQ expression was then correlated with multiple pathological and 

demographic features such as patient age, tumour grade and tumour size using data 

from Series 1, Series 2, GSE3494 and GSE2034. It was found that POLQ 

overexpression strongly correlated with both ER negative disease (Fig. 5.3) and high 

tumour grade (Fig. 5.4). Both of these features are recognised as being associated 

with poor clinical outcomes (300, 301, 309).  

 

 



136 
 

 

Figure 5.3. POLQ expression is correlated with ER status. Association with ER 
status in Series 1 and 2 and two separate published series. Boxes summarise the 
median, quartiles and extreme values of POLQ expression. Mann-Whitney test for 
the null hypothesis of POLQ not varying with ER *=p<0.05, **=p<0.01, ***=p<0.001. 
 
 

 

Figure 5.4. POLQ expression is correlated with high tumour grade in Series 1, Series 
2 and GSE3494; grade information was not available for GSE2034. One outlier is 
shown (defined as case with values between 1.5-3 box lengths from the edge of the 
box). Spearman Rank Association significance levels for the null hypothesis of 
POLQ expression not varying with grade **=p<0.01, ***=p<0.001. 
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In view of this, it was possible that the previous univariate analysis showing that 

POLQ expression conferred a poor prognosis may simply reflect the association 

between POLQ expression, and high grade, ER negative disease. To assess this in 

more detail a multivariate analysis was performed that included all clinico-

pathological details (ER status, lymph node status, patient age, tumour grade, 

tumour size). Multivariate analysis is a robust statistical tool that involves analysing 

more than one statistical variable at a time. It is frequently used when data includes 

several, potentially dependent variables, and is used to assess the effects of a given 

variable independently of all others. The multivariate analysis performed on data 

from Series 1 showed that POLQ expression confers a poor prognosis which is 

independent of any other clinical feature (HR 8.086; 95% CI 2.340 to 27.948; 

p=0.001).  

 

Having performed a multivariate analysis on the data from Series 1, it was decided to 

validate the finding that POLQ expression confers an adverse prognosis by 

performing univariate and multivariate analyses on Series 2 and the two additional 

datasets previously described. The results of the multivariate analyses are shown in 

detail in the Appendix (Supplementary Table 5) and summarised in a Forest plot in 

Figure 5.5. In total, three out of the four datasets analysed demonstrated that POLQ 

overexpression was strongly associated with significantly worse survival outcomes 

(Fig. 5.5). The remaining dataset (GSE3494) showed a trend for POLQ to be 

associated with poor prognosis but this did not quite reach statistical significance 

(HR 2.239; 95% CI 5.712 to 0.877). 
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Figure 5.5. Forest plot summarising the results of the univariate and multivariate 
analyses performed on all four datasets. POLQ expression was strongly associated 
with adverse prognosis in three of the four datasets studied. 
 

Clustering analysis identifies genes co-expressed with POLQ with functions in 

key cancer pathways. In order to identify genes which were co-expressed with 

POLQ, a seed-clustering analysis was performed on gene expression data obtained 

from five different breast cancer data sets (n=1015, details of datasets in Appendix. 

Supplementary Table 4). This identified a total of 97 genes that were strongly 

associated with POLQ overexpression in breast cancer (Appendix. Supplementary 

Table 6). Pathway analysis of these genes showed that genes co-expressed with 

POLQ are involved in several pathways that have been associated with cancer 
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development and progression such as cell cycle regulation, p53 signalling, Wnt 

signalling and DNA replication (Fig. 5.6A and B).  

 

 

 
Figure 5.6. Pathway analysis of POLQ co-expressed genes. Seed-clustering was 
used in 1015 breast cancer samples to identify genes whose expression was co- and 
inversely associated with POLQ expression. A) Over-represented KEGG pathways 
and B) GO Biological processes amongst genes co-expressed with POLQ. The 
number of genes in each pathway is shown in blue, top x-axis, and a hypergeometric 
test p-value (FDR adjustment for multiple testing) is shown in red, bottom axis. 
 

Genes co-expressed with POLQ overlap with several genes that comprise the 

Gene expression Grade Index (GGI). As discussed in the introduction to this 

chapter, several studies have previously identified gene expression signatures that 

predict clinical outcome of patients with breast cancer. The genes co- and inversely 
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expressed with POLQ were examined to see whether there was overlap with genes 

that comprise the ‘70-gene’ signature, the ‘76-gene’ signature, and the GGI. 

 

The ‘70-gene’ signature is a gene expression profile that predicts the prognosis for 

patients with early breast cancer and was first described in 2002 (310). It has 

subsequently been validated as being a reliable predictor of clinical outcome 

regardless of patient’s lymph node or ER status (311). Recently, patients defined by 

the 70 gene signature as being at high risk of developing disease recurrence have 

been shown to benefit from the addition of adjuvant chemotherapy (312).  

 

The ‘76-gene’ signature was identified as being able to assess the risk of distant 

metastases developing in patients with early, lymph node negative breast cancer 

(193). This study used tumours derived from patients who did not receive adjuvant 

systemic therapy, thereby eliminating potentially confounding predictive factors 

occurring as a result of systemic treatment. The resulting ‘76 gene’ signature was 

shown to predict both distant failure as well as overall survival. Further studies have 

reinforced the prognostic accuracy of this gene signature (313, 314). 

 

The histological grade of breast cancer is typically graded from 1-3 and provides 

important prognostic information that determines whether adjuvant chemotherapy 

should be offered to patients (309). However between 30-60% of tumours are 

classified as ‘grade 2’, which is of limited use in decision making since it implies an 

intermediate risk of recurrence. The GGI (315) was established to see whether a 

gene expression signature could better assess the risk of those patients with ‘grade 

2’ disease. The signature was based on differential expression of 97 genes between 
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low and high grade breast carcinomas. This signature was then shown to give a 

more accurate and refined assessment of the risk of disease recurrence in patients 

with intermediate grade disease. Subsequent studies have confirmed the ability of 

the GGI signature to accurately predict disease relapse (186, 316). 

 

Although POLQ expression has not previously been shown to be independently 

associated with clinical outcome, it is interesting to note that POLQ is included in 

both the GGI (315), and the ‘76-gene’ signature (193). The correlation between 

POLQ expression, with tumour grade and prognosis (Fig. 5.3 and 5.4) led us to 

assess whether genes that are co-expressed with POLQ are included in these 

validated gene expression signatures. The overlap is shown in a Venn diagram (Fig. 

5.7) illustrating the number of genes that overlap between altered POLQ expression 

and each of the gene expression profiles.  

 

Eighteen of the genes significantly co-expressed with POLQ (Appendix. 

Supplementary Table 6) are components of the GGI index (Fig. 5.7). These genes 

are listed in Table 5.1. The large number of genes that overlap between these two 

groups may account for the clinical correlation between POLQ expression and high 

tumour grade. 
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Figure 5.7. Venn diagram showing the overlap of genes whose expression is co- 

(POLQ_Corr) and inversely (POLQ_Inv) associated with expression of POLQ with 

the Gene expression Grade Index Signature (GGI) (315), the 76-gene signature 

(Sign76gene) (193), and the 70-genes signature (Sign70genes) (310). Eighteen 

genes found to be co-expressed with POLQ were found to be components of the 

GGI expression signature. 
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s G1 and G3 are the sets of genes with increased expression in histologic grade 1 and 3 

tumours, respectively. 

Table 5.1. Overlap between the Genomic Grade Index (GGI) signature (315) and 
transcripts co- or inversely associated with POLQ in seed-clustering of 1015 breast 
cancer samples. 

Symbol GGI 
grade

s 
Accession 
Number 

Gene ID Full name/description 

Transcripts co-expressed with POLQ 

AURKA G3 NM_003158 6790 aurora kinase A 

CCNB2 G3 NM_004701 9133 cyclin B2 

CCNE2 G3 NM_004702 9134 cyclin E2 

CDKN3 G3 AF213033 1033 cyclin-dependent kinase inhibitor 3 
(CDK2-associated dual specificity 
phosphatase) 

CEP55 G3 NM_018131 55165 centrosomal protein 55kDa 

ESPL1 G3 NM_012291 9700 extra spindle pole bodies homolog 1 (S. 
cerevisiae) 

ESPL1 G3 D79987 9700 extra spindle pole bodies homolog 1 (S. 
cerevisiae) 

GTSE1 G3 NM_016426 51512 G-2 and S-phase expressed 1 

KIFC1 G3 BC000712 3833 kinesin family member C1 

LMNB1 G3 NM_005573 4001 lamin B1 

MCM2 G3 NM_004526 4171 MCM2 minichromosome maintenance 
deficient 2, mitotin (S. cerevisiae) 

MELK G3 NM_014791 9833 maternal embryonic leucine zipper kinase 

MYBL2 G3 NM_002466 4605 v-myb myeloblastosis viral oncogene 
homolog (avian)-like 2 

NA G3 BE966236 NA NA 

NCAPG G3 NM_022346 64151 non-SMC condensin I complex, subunit G 

POLQ G3 NM_006596 10721 polymerase (DNA directed), theta 

PRC1 G3 NM_003981 9055 protein regulator of cytokinesis 1 

RRM2 G3 BC001886 6241 ribonucleotide reductase M2 polypeptide 

TIMELESS G3 NM_003920 8914 timeless homolog (Drosophila) 

TRIP13 G3 NM_004237 9319 thyroid hormone receptor interactor 13 

Transcripts whose expression is inversely associated  with POLQ expression 

CX3CR G1 U20350 1524 chemokine (C-X3-C motif) receptor 1 
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POLQ overexpresssion confers a poor prognosis that is independent of 

published prognostic signatures. As POLQ has several genes in common with the 

GGI signature, and is itself part of the GGI and ‘76 gene’ signatures, it was assessed 

whether POLQ expression remained an independent predictor of relapse when these 

signatures were included in a multivariate analysis. It was decided to perform these 

multivariate analyses with the data from Series 1, since these patients had not 

received adjuvant chemotherapy. This meant that the data was not subject to 

confounding alterations in prognosis due to the effects of systemic treatment. It was 

found that POLQ expression remained a strong, independent predictor of disease 

relapse after statistical consideration of these validated expression profiles. The 

results of the multivariate analysis are shown in the Appendix (Supplementary Table 

7) and summarised as a Forest plot in Figure 5.8. When the multivariate analysis 

included the ‘76 gene’ signature and the ‘70 gene’ signature, the effect of POLQ 

remained strongly significant (HR 4.46; 95% CI 1.40 to 14.22; p=0.012 and HR 5.80; 

95% CI 1.32 to 25.53; p=0.002 respectively). When the GGI signature was included 

in the multivariate analysis, the effect of POLQ did not quite reach significance (HR 

3.28; 95% CI 0.95 to 11.26; p=0.059). It is possible that the significant overlap 

between the genes co-expressed with POLQ overexpression and those contained 

within the GGI signature, meant that when the GGI was included in the multivariate 

analysis, POLQ was no longer independently associated with a poor outcome. This 

is reinforced by the finding that in the multivariate analysis which included both 

POLQ expression and the GGI, the GGI was also no longer independently predictive 

of poor outcome (HR 1.28; 95% CI 0.98 to 1.68; p=0.0733). The data is summarised 

in the Forest plot in Figure 5.8. 
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The poor prognosis associated with POLQ expression is independent of 

Cyclin E expression. CCNE2 (cyclin E) is the only gene that is a component of all 

three expression signatures and which is also co-expressed with POLQ. As cyclin E 

overexpression has been identified as being independently associated with an 

adverse outcome in breast cancer patients (317), it was considered whether the 

adverse prognosis associated with POLQ expression may simply be due to the 

observation that CCNE2 is often co-expressed with POLQ. A multivariate analysis 

that included CCNE2 expression was performed on the data from Series 1. It was 

found that POLQ (HR 4.50; 95% CI 1.14 to 17.74; p=0.031) and CCNE2 (HR 5.48; 

95% CI 1.29 to 23.38; p=0.021) were both independently associated with an 

increase in RFS. The analysis is summarised in a Forest plot in Figure 5.8.  

 

Figure 5.8. Forest plot of POLQ Hazard Ratios for Recurrence Free Survival in 
multivariate analysis of Series 1. Dots represent Hazard Ratios and grey bars the 
95% confidence intervals. In each analysis, a multivariate model including POLQ 
expression, all significant clinical variables, and published signature scores (GGI, 76-
gene or 70-gene signature) is derived. The expression of POLQ, signature scores 
and CCNE2 are entered in these models as continuous ranked variables, normalised 
between 0 (lowest rank) and 1 (highest rank).  
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In view of this finding that POLQ and CCNE2 confer a poor prognosis independently 

of each other, the outcomes of patients were assessed on the basis of the 

expression of both of these genes. The Kaplan-Meier curve in Figure 5.9 shows that 

those tumours that do not overexpress either gene are associated with a good 

prognosis, and those that overexpress only one of the genes are associated with an 

intermediate prognosis. It is striking that tumours that overexpress both POLQ and 

CCNE2 confer an extremely poor prognosis relative to the average of the other 

groups (HR 3.26; 95% CI 1.88 to 5.66; p<0.001).  

 

 
 
Figure 5.9. Kaplan-Meier plots of Series 1 data. POLQ and CCNE2 expression 
divided by median value (- indicates below median, + above median). A Helmert 
contrasts analysis demonstrated that tumours overexpressing both POLQ and 
CCNE2 were associated with worse outcomes than the average of the other groups 
(HR 3.26; 95% CI 1.88 to 5.66; p<0.001). 
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This data suggests that the biological mechanisms by which POLQ and CCNE2 

confer a poor prognosis might be independent of each other. These findings could 

not be confirmed in the other datasets considered, where POLQ lost significance 

after inclusion of CCNE2. However it should be noted that in the other series, 

patients received systemic chemotherapy which could potentially distort 

prognostically important factors. 

 

5.4 Discussion 

The data presented in Chapters 3 and 4, demonstrated that tumour cells depleted of 

POLQ are rendered more sensitive to radiotherapy and chemotherapy, and that its 

limited expression in normal tissues make POLQ a potentially exploitable clinical 

target. In this chapter it has been demonstrated that POLQ is frequently upregulated 

in breast cancers. Although POLQ overexpression has previously been 

demonstrated in lung, gastric and colorectal cancers (215), this is the first time this 

has been shown in breast cancer. 

 

The clinical significance of tumour expression levels of POLQ has not previously 

been examined in detail. The study by Kawamura et al suggested that POLQ 

overexpression was associated with an adverse prognosis in patients with colorectal 

cancer (215). However, the significance of this study is limited since it was based on 

a cohort of only 26 patients, of whom only 8 had tumours that overexpressed POLQ. 

 

A recent study assessed the clinical implications of SNPs using tumour samples 

obtained from 700 patients with lung cancer. Approximately 25% of these patients 

had small cell lung cancer and 75% had non-small cell lung cancer. The study 
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identified a SNP in the central domain of POLQ that resulted in an amino acid 

change from threonine to arginine (rs3218649) and which appeared to be of 

prognostic significance (318). Patients who were homozygous for this SNP (n=80) 

had a significantly better prognosis that other patients (HR= 0.67; 95% CI: 0.48–

0.94; p=0.021; median survival time 23.4 months compared with 17.3 months). Their 

data also suggested that this SNP was of even greater significance when they 

looked at a subgroup of patients treated with platinum based chemotherapy (318). 

The authors do not give details of the anticipated effects of the SNP on POLQ 

function. In part this reflects the fact that little is known about the central domain of 

POLQ, in which the SNP resides. There is no suggestion that individuals with this 

SNP have a greater chance of developing lung cancer. However, the finding that this 

SNP is associated with a better prognosis may, if the SNP induces loss of function of 

POLQ, concur with our findings that POLQ activity is associated with a poor 

prognosis. 

 

In this current study, a strong correlation has been demonstrated between POLQ 

expression and the presence of other individual factors such as tumour grade and 

ER negative disease which are known to confer an adverse prognosis (300, 301, 

309). It has also been demonstrated that POLQ overexpression is associated with 

markedly increased rates of disease relapse, and using multivariate analysis, that 

these increased failure rates are independent of its association with poor prognostic 

features like tumour grade and ER status.  

 

The mechanisms by which POLQ overexpression causes these adverse outcomes 

are not presently clear. It is likely that POLQ overexpression confers resistance to 
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adjuvant chemotherapy and radiotherapy treatment, increasing the likelihood of 

disease recurrence. However, it is unlikely that this is the sole mechanism by which 

POLQ confers an adverse prognosis. In this chapter, it has been shown in several 

retrospective series of patients, that POLQ is associated with a very poor prognosis. 

In one of these series (‘Series 1’) most of the patients received adjuvant radiotherapy 

although none of them received adjuvant chemotherapy treatment. Although 

adjuvant radiotherapy treatment plays an important role in reducing the risk of breast 

cancer recurrence (319), it seems implausible that the effects of POLQ expression 

on radiation resistance could account for the large increases in relapse free survival 

seen in Series 1 in patients with POLQ overexpression. Further work is required to 

assess whether POLQ expression increases tumour cell resistance to endocrine 

treatments used in the adjuvant treatment of breast cancer patients (320) but even if 

POLQ does confer resistance to hormone therapies, it would still be difficult to 

explain the magnitude of differences in survival described here.  

  

The finding that the co-expression of POLQ with genes linked to pathways 

associated with tumour progression, as well as several genes that are contained 

within the gene expression grade index, suggests that POLQ overexpression 

promotes a more aggressive phenotype, increasing the likelihood of disease 

recurrence. 

 

A study published very recently, correlated the expression levels of genes involved in 

DNA replication with clinical outcomes in 74 patients with colorectal cancer (321). 

Although POLQ was not independently associated with adverse outcome, its co-

overexpression with at least three other genes involved in DNA replication ‘firing’ 
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(from among CDC45, CDC6, CDT1, SLD5, MCM2, and MCM7) was associated with 

a worse overall survival. The overall significance of POLQ on this finding is not clear 

since MCM7 overexpression was shown to be independently associated with 

adverse survival rates (321). This group suggested that the expression of these 

genes could produce a more aggressive tumour phenotype by contributing to 

‘replication stress’. As POLQ is known to repair DNA damage in an error-prone 

fashion (213, 214), it would seem likely that the poor prognosis that we have 

described in this study is partially due to POLQ contributing to increased replication 

stress and genomic instability. 

 

In recent years, attempts have been made to identify gene expression signatures 

that are capable of predicting patient outcomes with greater accuracy than is 

currently achievable in routine clinical practice. It is possible that specific gene 

expression profiles could identify the likelihood of response to individual therapies, 

enabling clinicians to refine the adjuvant therapy offered to individual patients. The 

GGI signature (315) identified 97 genes with differential expression between low and 

high grade breast carcinomas. This signature enabled a more accurate and refined 

assessment of the risk of disease recurrence in patients with intermediate grade 

disease (186, 316). A separate ‘76 gene’ expression profile has been created to 

more accurately identify patients at risk of developing metastatic disease (193) and 

was shown to predict both distant failure as well as overall survival. Further studies 

have reinforced the prognostic accuracy of this gene signature (313, 314). A third 

gene expression profile utilising a ‘70 gene’ signature has also been shown to predict 

clinical outcome (310) and has also been subsequently validated (311). The 

prognostic effect of POLQ expression on its own has not previously been assessed, 
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but it is notable that POLQ is a component of both the GGI and the ‘76 gene’ 

expression profiles. Given the large differences that we have shown in relapse rates 

on the basis of POLQ expression, and that these differences are maintained on 

multivariate analyses that include these signatures, it is possible that POLQ may be 

amongst the most important determinants within these signatures.  

 

Pathway analysis identified several genes, including Cyclin E, that were frequently 

co-expressed with POLQ. Cyclin E overexpression has been identified as being 

associated with an adverse outcome in breast cancer patients (317). It is the only 

gene that is a component of all three gene expression signatures and which is also 

frequently co-expressed with POLQ. Cyclin E binds to cyclin-dependent kinase-2 

(cdk-2), permitting the transition from G1 to S-phase (322). Increased cyclin E 

induces enhanced cdk-2 activity, accelerating G1/S transition (323). There is 

substantial evidence to suggest that CCNE overexpression confers a poor prognosis 

in breast cancer. A recent meta-analysis of 12 independent studies involving 2,534 

patients, demonstrated that the combined HR estimate for overall survival and breast 

cancer specific survival was 2.98 (95% CI, 1.85–4.78) and 2.86 (95% CI, 1.85–4.41) 

in univariate and multivariate analysis, respectively (324). Although there is ongoing 

debate as to which fragments of cyclin E are important in predicting outcome (302), 

the evidence supporting its use in routine clinical assessment have led to calls for 

large scale clinical trials to investigate this in more detail (324). In this study we have 

again confirmed that cyclin E overexpression is associated with a poor clinical 

prognosis on multivariate analysis. In addition we have shown that tumours 

expressing both POLQ and CCNE2 are associated with an extremely poor outcome. 

This suggests that these genes confer a poor prognosis through separate 
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mechanisms. Larger studies are required to investigate whether the risk of relapse 

from tumours overexpressing cyclin E could be better assessed if further stratified by 

POLQ expression levels. 

 

Independently of its association with other known poor pathological features, POLQ 

overexpression is associated with increased relapse rates. This is the first study to 

demonstrate that POLQ overexpression is associated with an extremely poor 

outcome in breast cancer on both univariate and multivariate analysis. 

 

Shortly after the work contained within this chapter was published (325), a separate 

paper by Lemée et al showed very similar findings (326). Using French and Scottish 

cohorts of patients with early breast cancer, they found that POLQ was significantly 

overexpressed in breast cancer, and that POLQ expression was associated with 

adverse clinical features such as ER negative disease, high tumour grade and large 

tumour size. They performed a multivariate analysis (which included cyclin E and 

nodal status, but no other clinical variables) and showed that POLQ was associated 

with a significantly increased risk of death (HR 3.10; 95% CI 1.37 to 6.97; p=0.006). 

Additionally this group showed that POLQ and Cyclin E were independently 

associated with poor outcomes and that patients whose tumours overexpress both of 

these genes have a particularly poor prognosis (326). These results reinforce our 

own findings regarding the poor prognosis associated with POLQ overexpression. 

Their work also included some interesting in vitro findings. They stably 

overexpressed POLQ in MRC5-SV cells and found that POLQ overexpression 

caused cells to accumulate in S phase. It is possible that these findings occur only 

with supraphysiological expression of POLQ, since the work presented in Chapters 3 
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and 4 found that depletion of POLQ has no effect on the cell cycle either in the 

presence or absence of DNA damage (Fig. 3.16 and 4.5). 

 

In addition they found that these cells showed increased γH2AX foci (in cells 

unexposed to exogenous DNA damage). It is possible that the change in γH2AX foci 

that they observe with POLQ overexpression may reflect the increased number of 

cells in S phase (225) rather than an induction of the DNA damage response as 

suggested by the authors (326). In unirradiated cells depleted of POLQ we did not 

observe any change in the number of γH2AX foci present (Fig. 3.12). Nevertheless 

this study produced extremely interesting results which warrant further investigation. 

 

Adjuvant chemotherapy and radiotherapy treatments are very important in the 

management of patients with early breast cancer (319, 320). The finding that tumour 

cells depleted of POLQ are rendered more sensitive to both radiotherapy and DNA 

damaging chemotherapies, could suggest that the poor prognosis associated with 

POLQ overexpression in early breast cancer patients may be partly due to tumour 

cell resistance to adjuvant therapy. Prospective clinical studies are required to 

confirm whether tumour overexpression of POLQ is predictive of a poor response to 

DNA damaging chemotherapies such as anthracyclines. If proven, the expression 

levels of POLQ may be useful in identifying those patients unlikely to benefit from 

chemotherapies that cause damage that is repaired by HR, and who might therefore 

be better treated with alternative agents. However, as anthracyclines are a proven 

and effective component of therapy for breast cancer, and topoisomerase II inhibitors 

are active in a range of tumour types, development of POLQ inhibitors would offer 
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the opportunity of synergy with such drugs and potentially little normal tissue toxicity, 

as POLQ is not expressed in most normal tissues. 

 

The poor prognosis associated with POLQ expression, the known radio- and 

chemosensitisation induced by its depletion, and its highly limited normal tissue 

expression all support the opinion that POLQ is a very appealing target for clinical 

exploitation. 
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Chapter 6 

GENERAL DISCUSSION 
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6.1 Assessment of the siRNA radiosensitivity screen 

The work presented in Chapter 1 described a siRNA screen of 200 genes involved in 

DNA damage repair aimed at identifying novel determinants of tumour cell 

radiosensitivity. This screen successfully identified POLQ as a suitable candidate to 

investigate further. Subsequent analysis demonstrated that POLQ depletion 

appeared to cause tumour specific radiosensitisation. The screen was based on the 

presence of residual γH2AX foci 24h after exposure to 4Gy. The speed and ease 

with which γH2AX foci can be quantified, means that in principle, it is an ideal 

endpoint to use for high throughput screening to assess changes in radiosensitivity. 

Given that this screen succeeded in identifying a novel gene, as well as correctly 

identifying several genes known to be important in intrinsic radiosensitivity, it is 

possible that screening larger siRNA libraries using this assay endpoint could 

successfully identify novel determinants of tumour cell radiosensitivity.  

 

However, using γH2AX foci as a marker for IR induced damage is not entirely 

straightforward. Previous studies have produced conflicting results regarding the 

correlation between cell radiosensitivity and the presence of γH2AX foci after IR. 

Some studies have found that radiosensitive cells show slower rates of γH2AX 

resolution (169-171), whilst other studies have been unable to do so (172-174). 

Another potential difficulty arises from the finding that γH2AX foci do not appear only 

at sites of damaged DNA, but also appear at sites of stalled replication forks in S-

phase (225).  
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The results obtained in Chapter 3 highlight some of the difficulties with using γH2AX 

foci as an endpoint. It was found that depletion of genes known to induce profound 

radiosensitisation, showed only modest changes in the mean number of γH2AX foci 

per cell. Changes in radiosensitivity were therefore assessed by measuring the 

percentage of irradiated cells that contained more than 7 γH2AX foci per cell. 

Although this was successful in identifying changes in radiosensitivity caused by 

depletion of genes directly involved in DNA repair, it is unclear whether this endpoint 

would be sufficiently sensitive to detect smaller changes arising from depletion of 

genes that cause radioresistance by a more indirect mechanism (115).  

 

Although this screen was successful in identifying a novel determinant of tumour cell 

radiosensitivity, it also identified several genes (INCENP, RAD21, XAB2) whose 

depletion was shown in subsequent experiments to induce widespread cell death in 

the absence of IR. In addition it identified a gene (APEX2) which was later found to 

radiosensitise both normal tissue and tumour cells. Investigating these false positive 

results is very costly, both in terms of reagent expenses, and in investigator time, 

and therefore future screens should aim to minimise such ‘hits’. Individually 

excluding the false positive candidates identified by a small screen of only 200 genes 

is relatively straightforward. However, if a siRNA screen of a ‘druggable genome’ 

library (which typically contains approximately 8000 genes) identified false positives 

at the same rate as seen in our screen it would involve investigating over 160 genes 

that did not induce tumour specific radiosensitisation. In particular, future screens 

should try to minimise the identification of genes whose depletion cause cell death in 

unirradiated cells. One possible way in which this could be done would be to perform 
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a secondary screen of shortlisted candidate genes with the aim of testing whether 

siRNA transfection altered cell viability in the absence of irradiation. Several days 

after transfection, a cell viability assay could be used to identify, and therefore 

exclude those genes whose depletion caused cell death in the absence of IR.  

 

These difficulties regarding the use of γH2AX foci as an assay endpoint has led our 

laboratory to investigate suitable alternatives. The gold standard measure of intrinsic 

radiosensitivity is the clonogenic survival assay (149). We had previously discounted 

using this assay for high-throughput screening because of our concerns that it is 

both labour intensive and time consuming. However, we have recently developed a 

method of performing a clonogenic survival assay in 96 well plates using automated 

liquid handling to plate cells at different densities into radiation plates and 

unirradiated control plates. By comparing the number of surviving colonies in the 

irradiated and unirradiated control plates, the surviving fraction of irradiated cells can 

be easily calculated. The optimisation of robotic equipment to perform the siRNA 

transfections and the clonogenic assays has enabled us to screen larger siRNA 

libraries. Currently our group are in the process of screening an 800 gene ‘kinome’ 

library of siRNAs and aim to screen a ‘druggable genome’ siRNA library thereafter.  

 

Performing 96 well plate clonogenic assays has many advantages over the use of 

surrogate markers for clonogenic survival such as cell viability assays (147, 148) or 

the detection of γH2AX foci. It gives a direct measure of clonogenic survival, and 

prevents the investigation of numerous false positives, since genes which cause cell 
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death in the absence of radiation will be readily identified by low colony numbers in 

the unirradiated control plates.  

 

Previous siRNA screens have used cells that contain specific mutations to identify 

synthetic lethal interactions that occur only in the context of these mutations. A 

recent siRNA screen demonstrated that cells with mutant KRAS show significant 

sensitivity to suppression of the serine/threonine kinase STK33, whereas STK33 is 

not required by KRAS independent cells (140). It is probable that other oncogenes 

also have similar, specific synthetic lethal interactions. This finding highlights the fact 

that tumour cells with different mutations may have very specific mechanisms for 

surviving radiation exposure. Activation of some oncogenic pathways such as the 

EGFR-PI3K-Akt pathway are already well recognised as causing radioresistance 

(115). Identifying clinically exploitable targets to radiosensitise tumour cells may 

require siRNA screens to be conducted with several different tumour cells each 

carrying a different common oncogenic mutation. 

 

6.2 The role of POLQ in DNA repair 

POLQ has previously been shown to be overexpressed in lung, gastric and 

colorectal cancers whilst having limited expression in normal tissues (215, 321). This 

thesis contains in vitro work showing that POLQ is overexpressed in tumour cell lines 

of different histology and origin. It has also been shown that the tumour cell radio 

and chemosensitisation that occurs as a result of POLQ depletion arises from a 

reduction in homologous recombination efficiency rather than a reduction in BER or 

NHEJ. In Chapter 4, an analysis of the time course of resolution of γH2AX foci 
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provided indirect evidence that POLQ is not involved in NHEJ. More complicated 

NHEJ assays have previously been described and could be used in the future to 

confirm that POLQ does not play a significant role in NHEJ (327). The recent finding 

that the Drosophila homologue of POLQ, mus308, is involved in MMEJ warrants 

further investigation (292, 293). Initial research that we have undertaken in this area 

suggests that human POLQ depletion does not cause alterations in MMEJ, but more 

work is required to confirm this. 

 

Further studies investigating the function of POLQ would benefit from the 

development of an effective POLQ antibody and a POLQ expression vector suitable 

for use in human cells. Attempts to develop these reagents are ongoing. An effective 

POLQ antibody could, for example, be used to show co-localisation between POLQ, 

RAD51 and γH2AX foci. This would support the existing data showing that POLQ is 

involved in HR. The development of a POLQ vector would make it possible to assess 

which parts of the POLQ structure are important in mediating HR efficiency. The 

effects of inducing specific changes by site-directed mutagenesis could be analysed, 

providing information as to which components of POLQ should be targeted in the 

development of pharmacological inhibitors. 

 

6.3 Clinical significance of tumour overexpression of POLQ 

The radio and chemosensitisation of tumour cells depleted of POLQ implies that 

tumours which overexpress POLQ may render tumours resistant to treatments such 

as chemotherapy and radiotherapy, resulting in patients having poor clinical 

outcomes. In order to investigate this in more detail, the impact of tumour 
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overexpression of POLQ was examined in retrospective series of patients with early 

breast cancer. It was found that POLQ expression was correlated with clinical factors 

such as high tumour grade, and ER negative disease which are known to be 

associated with poor clinical outcomes. Independently of these clinical features, 

overexpression of POLQ is associated with an extremely poor outcome in these 

patients. The adverse prognosis associated with POLQ overexpression appears to 

be of a striking magnitude, and is at least comparable to the poor outcomes 

associated with HER2 overexpression prior to the use of trastuzumab (298, 299).  

 

The mechanism by which POLQ causes this adverse outcome is not clear. It is 

possible that since POLQ is an error prone polymerase (213, 214), the poor 

prognosis associated with its overexpression is related to POLQ causing an increase 

in genomic instability, therefore promoting a more aggressive phenotype. In addition 

the poor prognosis associated with POLQ expression may arise from POLQ 

conferring resistance to adjuvant radio and chemotherapy treatments that are 

commonly used in this setting.  

 

The extent to which POLQ induced resistance to adjuvant treatment may alter 

prognosis is impossible to assess on the basis of the currently available information, 

since POLQ has not yet been shown to act as a predictive marker (328) of response 

to either radio or chemotherapy. Prospective clinical studies would be required in 

order to confirm whether tumour overexpression of POLQ is predictive of a poor 

response to DNA damaging treatments such as radiotherapy or anthracycline 

chemotherapy. If proven, the expression levels of POLQ may be useful in identifying 
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those patients unlikely to benefit from chemotherapies that cause damage that is 

repaired by HR, and who might be better treated with alternative agents. If an 

inhibitor to POLQ could be successfully developed, it is possible that it could be used 

in conjunction with treatments such as radiotherapy and chemotherapy to improve 

tumour response to treatment. 

 

6.4 Summary 

Radiotherapy treatment could be significantly improved if tumour cells could be 

rendered more sensitive to ionising radiation. However, the molecular mechanisms 

that determine tumour cell radiosensitivity are poorly understood.  

 

In summary, the work contained within this thesis was aimed at identifying novel 

determinants of tumour cell radiosensitivity. A siRNA screen was performed with a 

library of two hundred genes involved in DNA damage repair. This screen suggested 

that depletion of POLQ may sensitise tumour cells to radiation. Subsequent work 

confirmed that POLQ knockdown radiosensitised tumour cells, whilst having little or 

no effect on normal tissues. In addition it was found that tumour cells depleted of 

POLQ are rendered significantly more sensitive to several different chemotherapy 

agents such as cisplatin, mitomycin C, etoposide and doxorubicin. The radio and 

chemosensitisation caused by depletion of POLQ appears to arise from a reduction 

in homologous recombination efficiency.  
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An important implication of these findings is that tumours which overexpress POLQ 

may be resistant to treatments such as chemotherapy and radiotherapy, resulting in 

patients having poor clinical outcomes. Accordingly, the prognostic relevance of 

POLQ overexpression was examined in patients with early breast cancer, in whom it 

was found to confer an extremely poor prognosis.  

 

The limited expression of POLQ suggests that it may be a suitable target for 

therapeutic exploitation. Inhibition of POLQ may render tumour cells more sensitive 

to radio and chemotherapy, and reverse the poor prognosis associated with its 

overexpression. 
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Supplementary Table 1. The radiosensitivity screen was conducted on a custom designed siRNA library of 200 genes involved in 
DNA repair comprising the genes listed above. 

AKT1 CDK6 ERCC6 IRS1 NEIL1 POLM RECQL TOP1 

AKT2 CETN2 EXO1 KIAA1596 NEIL2 POLN RECQL4 TOP2A 

APEX1 CFDP1 FANCA LGP2 NEIL3 POLQ RECQL5 TOP3A 

APEX2 CHEK1 FANCB LIG3 NEK2 POT1 REV1L TOP3B 

ATM CHEK2 FANCC LIG4 NTHL1 PP3856 REV3L TOPBP1 

ATR CHTF18 FANCD2 MAD2L2 NUDT1 PRDX2 RFC1 TP53BP1 

BLM CKN1 FANCE MAP2K2 PARP1 PRKDC RNF40 TP73 

BRCA1 CLSPN FANCF MAPK1 PARP2 PTCH RPA1 TREX1 

BRCA2 CUL4A FANCG MDC1 PHB PTEN RUVBL2 TREX1 

BRIP1 CUL4B FANCL MEN1 PIR51 PTTG1 SHPRH TREX2 

C17orf41 DCLRE1A FBXO18 MGC5178 PLK2 RAD1 SIRT1 UBE2A 

C9ORF76 DCLRE1B FEN1 MGC5528 PLK3 RAD17 SIRT6 UBE2B 

CCNA1 DCLRE1C FLJ10719 MGMT PMS1 RAD18 SMARCA1 UBE2I 

CCNA2 DDB1 FLJ12610 MLH1 PMS2 RAD21 SMARCA2 UBE2N 

CCNB1 DDB2 FLJ21816 MMS19L PNKP RAD23A SMARCA3 UBE2V2 

CCNB2 DEPC-1 FLJ35220 MNAT1 POLB RAD23B SMARCA4 UNG 

CCNB3 DNMT1 G22P1 MPG POLD1 RAD50 SMC5L1 WDHD1 

CCND1 DUT GTF2H2 MRC1 POLE RAD51C SMUG1 WRN 

CCND2 EGFR H2AFX MRE11A POLE3 RAD51L1 SOD1 XAB2 

CCND3 EME1 HUS1 MSH2 POLE4 RAD51L3 STK11 XPC 

CCNE1 EME2 IGF1 MSH3 POLG RAD52 TDG XRCC1 

CCNE2 ERCC1 IGF1R MSH6 POLH RAD54B TDP1 XRCC2 

CDC2 ERCC2 IGF2 MUS81 POLI RAD54L TERF2IP XRCC3 

CDK2 ERCC4 INCENP MUTYH POLK RAD9A TIMELESS XRCC4 

CDK4 ERCC5 INSR NBS1 POLL RBBP8 TNKS2 XRCC5 
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Supplementary Table 2A. Patient details. The demographics, clinical-pathological 

characteristics, and treatment for Series 1 (N=152). 

Series 1 

Continous/Ordinal 

Covariates Mean Median St.Dev. Minimum Maximum Missing 

Age at operation (yrs) 59.3 61 11 32 86 0 

Tumour size (cm) 2.5 2.1 1.3 0.2 9.0 0 

Number of nodes involved 0.8 0 2.4 0 16 1 

Categorical Covariates Value Frequency Percent Missing 

  ER status Negative 26 17 4 

  Positive 122 80 

   Tumour Grade 1 23 15 23 

  2 74 49 

   3 32 21 

   Histology Ductal 122 80 0 

  

 

Lobular 22 15 

   

 

Mixed 5 3 

   

 

Others 3 2 

   Treatment 

      Tamoxifen No 61 40 

 

Yes 91 60 

Radiotherapy No  26 17 

 

Yes 126 83 

Chemotherapy (CMF) No  152 100 

 

Yes 0 0 
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Supplementary Table 2B. Patient details. The demographics, clinical-pathological 

characteristics, and treatment for Series 2 (N=127). 

Series 2 
Continous/Ordinal 

Covariates Mean Median St.Dev. Minimum Maximum Missing 

Age at operation (yrs) 53.3 54 10.4 26 73 0 

Tumour size (cm) 2.7 2.5 1.4 0.0 7.0 0 

Number of nodes involved 2.1 1 3.1 0 15 1 

Categorical Covariates Value Frequency Percent Missing 

  ER status Negative 50 39 0 

  Positive 77 61 

   Tumour Grade 1 28 22 16 

  2 48 38 

   3 35 28 

   Histology Ductal 92 72 0 

  

 

Lobular 15 12 

   

 

Mixed 13 10 

   

 

Others 7 6 

   Treatment 

      Tamoxifen No 51 40 

   

 

Yes 76 60 

   Radiotherapy No  21 17 

   

 

Yes 106 83 

   Chemotherapy (CMF) No  74 58 

   

 

Yes 53 42 
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Supplementary Table 3. Two probesets matched to POLQ gene ID 10721 on the 
Affymetrix U133A gene array; one matched on Illumina Human RefSeq-8  v1 arrays. 
 

Probe Set 
ID Gene Symbol Transcript ID RefSeq Protein ID Target Sequence 

219510_a
t 

POLQ AF052573 /// 
AY032677 /// 
AY338826 /// 
ENST000002642
33 /// 
ENST000003936
72 /// 
NM_199420 /// 
uc003eed.1 /// 
uc003eee.1 

NP_955452 tagcactttggttccacatctgtctgg
gtaaaccatgaagaaaatgaagctg
ctgcctcaatcgacccagacagcagc
cataggcagataaagatttggtttcac
cctggtggtggtaggcatcgtgtgtga
ctttttttcctctaatatcaattttacag
tacggaaatagtattttaaaatagtat
tggctaataaattatgaattctataaa
gtagtaagacttggtatggttggagtg
taggaatgaatattcatgaaatgtttc
ttattgcttttccttccctaattcataca
atgaatgtatttggaatacttacatat
tataaaataaactatacctcttcaaga
ggtatcctgttctgtaagatcagatgt
ttttattgcaggtcaatataatactgc
cagagacagaaaatacccccttatca
gtcccttagtgcctctttctgtttgtgg
catggtgagaaaacccatgctgaaa
agattgtactttgtgatcccaatcaga 

207746_a
t 

POLQ AF090919 NP_955452 aaagcaggtttcaccggtcatctatca
tggccttaaaaataagtcatttattat
acagtggctaagattgtgggctctag
gatcagactgccttagttcaacttttg
gcctcatcacttagtaatcatataacc
ttgggtaagtatttaacctctcttacga
ttccatttcctcatttgtaaaatggag
ataataatacccacctcagggctgat
agtctttgatgaatgtttggtatctga
ataaatgtttaataacatctattatttc
tagtaaattctcccataaacattatgt
aagtcatttgccaaattacctaactac
tcctactcctgttccctctctaaaacgt
gaagactgttggcagtgttagtatgct
gaatgcttgtggttagtggtcttgtata
cttctctcaccattcgagttgtatgccc
ttcaagagttagttgtgttcccaaactt
gttcatgtcagtt 

ILMN_ 
6520504 

POLQ NM_006596 NP_955452 taatactgccagagacagaaaatacc
cccttatcagtcccttagtgcctc 
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Supplementary Table 4. Datasets used for the seed-clustering data-mining. 

 

Name  Size  Site  Reference 

GSE6532Oxf  149  Breast [1] 

GSE6532KI  178  Breast [1] 

GSE6532GUY  87  Breast [1] 

GSE2034  286  Breast  [2] 

GSE3494  315  Breast  [3] 
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Supplementary Table 5. Results of the multivariate analyses performed on each data 

series. Data summarised in Figure 5.5.  

 
Series 1: 152 breast cancer cases on Affymetrix arrays 

Multivariate analysis:  

     
95.0% CI for HR 

 
B SE p Hazard Ratio Lower Upper 

POLQ2 score 2.090 0.633 0.001 8.086 2.340 27.948 

Age 0.008 0.017 0.625 1.009 0.975 1.043 

Grade 0.028 0.266 0.916 0.972 0.577 1.638 

Tumour Size 0.243 0.103 0.018 1.275 1.042 1.561 

ER status 
-

0.622 0.580 0.284 0.537 0.172 1.673 

Tamoxifen 0.218 0.505 0.666 1.244 0.462 3.349 

Nodal status 
-

0.029 0.077 0.711 0.972 0.836 1.130 

 

Backward Likelihood Reduced model : 

     
95.0% CI for HR 

 
B SE P Hazard Ratio Lower Upper 

Tumour Size 0.227 0.085 0.007 1.255 1.063 1.482 

POLQ2 score 2.132 0.576 0.000 8.435 2.727 26.089 

 

Series 2: 127 breast cancer cases on Illumina arrays 

Multivariate analysis. 

       

      
          

95.0% CI for 
Haxard Ratio   

Variables B SE Sig. 
Hazard 
Ratio Lower Upper 

Age (Decade) 
0.487 0.171 0.004 1.628 1.165 2.275 

Tumor Size 
(cm) 

0.129 0.118 0.274 1.138 0.903 1.435 

Nodes 
Involved 

0.266 0.045 0.000 1.304 1.194 1.426 

ER status 
-0.236 0.359 0.510 0.790 0.391 1.596 

Tamoxifen 
-0.145 0.358 0.686 0.865 0.429 1.747 

Grade 
0.122 0.289 0.672 1.130 0.642 1.990 

POLQ 
1.627 0.700 0.020 5.087 1.290 20.064 
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Backward Likelihood Reduced model: 

 
   

Age (Decade) 
0.454 0.163 0.005 1.574 1.143 2.169 

Nodes 
Involved 

0.268 0.043 0.000 1.307 1.202 1.423 

POLQ 
1.939 0.611 0.002 6.952 2.099 23.028 

 

 

GSE2034 dataset: 286 breast cancer cases on Affymetrix U133A arrays 

  
Relapse-Free Survival   

Multivariate analysis:  

     
95.0% CI for HR 

 
B SE P Hazard Ratio Lower Upper 

POLQ2 score 0.737 0.355 0.038 2.090 1.042 4.192 

ER Status 0.113 0.229 0.622 1.119 0.715 1.754 

 

Backward Likelihood Reduced model: 

     
95.0% CI for HR 

 
B SE P Hazard Ratio Lower Upper 

POLQ2 score 0.6949 0.3451 0.0441 2.0034 1.0186 3.9402 
 

 

GSE3494 dataset: 251 breast cancer cases on Affymetrix U133A arrays 

Disease specific survival  (Gene expression as continuous variable : samples are ranked 

from low to high expression, and the ranks are normalised between 0 and 1) 

     
95.0% CI for HR 

 
B SE p Hazard Ratio Lower Upper 

POLQ2 Score 0.806 0.478 0.092 2.239 0.877 5.712 
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Supplementary Table 6. Seed-clustering with bootstrap resampling identified 97 
genes co-expressed with POLQ. Probes with a Connectivity Normalised Rank 
greater than 0.5 are shown; this corresponds to probes that are significantly co-
expressed with both POLQ seeds in at least 2 datasets. 

Gene 
Symbol 

RefSeq Unigene Name Connectivity 
Normalised 
Rank 
(0=lowest, 
1=highest) 

PRB3 NM_006249 Hs.73031 proline-rich protein BstNI subfamily 
3 

0.995104 

LLGL1 D50550 Hs.513983 lethal giant larvae homolog 1 
(Drosophila) 

0.991976 

GSK3A NM_019884 Hs.466828 glycogen synthase kinase 3 alpha 0.991949 

ESPL1 D79987 Hs.153479 extra spindle poles like 1 (S. 
cerevisiae) 

0.988352 

POLA2 NM_002689 Hs.201897 polymerase (DNA directed), alpha 2 
(70kD subunit) 

0.986047 

MINK1 AB041926 Hs.443417 misshapen-like kinase 1 (zebrafish) 0.984246 

MTRF1L AU145135 Hs.225836 mitochondrial translational release 
factor 1-like 

0.969734 

FLJ10719 W74442 Hs.513126 NA 0.968868 

MYBL2 NM_002466 Hs.179718 v-myb myeloblastosis viral 
oncogene homolog (avian)-like 2 

0.968597 

BYSL NM_004053 Hs.106880 bystin-like 0.963122 

hCAP-H2 BC001298 Hs.180903 NA 0.960984 

BMP7 BC004248 Hs.473163 bone morphogenetic protein 7 
(osteogenic protein 1) 

0.959162 

MYST3 NM_006766 Hs.491577 MYST histone acetyltransferase 
(monocytic leukemia) 3 

0.958289 

PPP2R5B NM_006244 Hs.75199 protein phosphatase 2, regulatory 
subunit B (B56), beta isoform 

0.946218 

ZFX R51161 Hs.370424 zinc finger protein, X-linked 0.941965 

SIL NM_003035 Hs.525198 TAL1 (SCL) interrupting locus 0.940061 

DDX11 NM_030653 Hs.443960 DEAD/H (Asp-Glu-Ala-Asp/His) box 
polypeptide 11 (CHL1-like helicase 
homolog, S. cerevisiae) 

0.936715 
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TOP2A AU159942 Hs.156346 topoisomerase (DNA) II alpha 
170kDa 

0.935946 

GTSE1 BC006325 Hs.386189 G-2 and S-phase expressed 1 0.93441 

HCAP-G NM_022346 Hs.446201 NA 0.929025 

D21S2056E NM_003683 Hs.110757 NA 0.927897 

NPAL2 NM_024759 Hs.309489 NIPA-like domain containing 2 0.92778 

STK6 NM_003158 Hs.250822 serine/threonine kinase 6 0.924998 

MRPL2 NM_015950 Hs.55041 mitochondrial ribosomal protein L2 0.914122 

KRT8L2 AI357616 Hs.101651 keratin 8-like 2 0.905579 

ZBTB7A AF097916 Hs.465623 zinc finger and BTB domain 
containing 7A 

0.896152 

METAP2 NM_006838 Hs.444986 methionyl aminopeptidase 2 0.887015 

LOC15506
0 

AU151157 Hs.490512 NA 0.882748 

LIME1 NM_017806 Hs.233220 Lck interacting transmembrane 
adaptor 1 

0.863774 

GFER NM_005262 Hs.27184 growth factor, augmenter of liver 
regeneration (ERV1 homolog, S. 
cerevisiae) 

0.861185 

RBM21 NM_022830 Hs.256184 RNA binding motif protein 21 0.849952 

DNAJC4 NM_005528 Hs.172847 DnaJ (Hsp40) homolog, subfamily 
C, member 4 

0.84681 

LAT2 BC006080 Hs.56607 linker for activation of T cells 
family, member 2 

0.846083 

KIAA0101 NM_014736 Hs.81892 KIAA0101 0.84319 

C20orf172 NM_024918 Hs.266273 chromosome 20 open reading 
frame 172 

0.839673 

ST3GAL4 NM_006278 Hs.504251 ST3 beta-galactoside alpha-2,3-
sialyltransferase 4 

0.830919 

ZNHIT4 NM_031288 Hs.410786 zinc finger, HIT type 4 0.826217 

PLEKHG5 AI275938 Hs.284232 pleckstrin homology domain 
containing, family G (with RhoGef 
domain) member 5 

0.818154 

PELP1 BC002875 Hs.513883 NA 0.81699 
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HLRC1 NM_031304 Hs.515064 HEAT-like (PBS lyase) repeat 
containing 1 

0.806763 

TIMELESS NM_003920 Hs.118631 timeless homolog (Drosophila) 0.793701 

MYH14 NM_024729 Hs.467142 myosin, heavy polypeptide 14 0.792221 

FAM3A BC002934 Hs.289108 family with sequence similarity 3, 
member A 

0.78676 

LOC12740
6 

AL353681 Hs.112622 NA 0.779367 

GIPC1 NM_005716 Hs.6454 GIPC PDZ domain containing family, 
member 1 

0.76827 

LRP6 NM_002336 Hs.210343 low density lipoprotein receptor-
related protein 6 

0.765471 

SEC22L2 NM_012430 Hs.477361 SEC22 vesicle trafficking protein-
like 2 (S. cerevisiae) 

0.741914 

ARL6IP2 AW301806 Hs.190440 ADP-ribosylation factor-like 6 
interacting protein 2 

0.722053 

KIFC1 BC000712 Hs.436912 kinesin family member C1 0.71913 

PLEKHM2 AB020649 Hs.145049 pleckstrin homology domain 
containing, family M (with RUN 
domain) member 2 

0.715511 

KIAA1217 AK022045 Hs.445885 KIAA1217 0.711276 

MXD3 NM_031300 Hs.442993 MAX dimerization protein 3 0.701903 

C20orf67 AL162458 Hs.472856 chromosome 20 open reading 
frame 67 

0.69726 

KIAA0894 NM_014896 Hs.38621 NA 0.691729 

C14orf172 AI679213 Hs.525610 chromosome 14 open reading 
frame 172 

0.673026 

PHF20L1 AK022280 Hs.304362 PHD finger protein 20-like 1 0.670319 

GRK6 NM_002082 Hs.235116 G protein-coupled receptor kinase 
6 

0.652819 

ALDH3B1 BC002553 Hs.523841 aldehyde dehydrogenase 3 family, 
member B1 

0.648404 

SUV39H1 NM_003173 Hs.522639 suppressor of variegation 3-9 
homolog 1 (Drosophila) 

0.646578 

POLH NM_006502 Hs.439153 polymerase (DNA directed), eta 0.645134 
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BRCA1 NM_007295 Hs.194143 breast cancer 1, early onset 0.639475 

TSC22D4 NM_030935 Hs.469798 TSC22 domain family, member 4 0.633456 

CDKN3 AF213033 Hs.84113 cyclin-dependent kinase inhibitor 3 
(CDK2-associated dual specificity 
phosphatase) 

0.625792 

DC12 AI937543 Hs.458320 NA 0.625254 

WBSCR20B AI768378 Hs.549260 NA 0.619754 

P2RY6 NM_004154 Hs.16362 pyrimidinergic receptor P2Y, G-
protein coupled, 6 

0.619286 

ZNF85 NM_003429 Hs.37138 zinc finger protein 85 (HPF4, HTF1) 0.615009 

RNGTT NM_003800 Hs.127219 RNA guanylyltransferase and 5'-
phosphatase 

0.613018 

CABYR NM_012189 Hs.511983 calcium binding tyrosine-(Y)-
phosphorylation regulated 
(fibrousheathin 2) 

0.611607 

TBPIP BE964655 Hs.279032 NA 0.601713 

NPR1 NM_000906 Hs.490330 natriuretic peptide receptor 
A/guanylate cyclase A 
(atrionatriuretic peptide receptor 
A) 

0.59293 

DAPP1 NM_014395 Hs.436271 dual adaptor of phosphotyrosine 
and 3-phosphoinositides 

0.591941 

MELK NM_014791 Hs.184339 maternal embryonic leucine zipper 
kinase 

0.589271 

RAD51AP1 BE966146 Hs.504550 RAD51 associated protein 1 0.584931 

TRIP13 NM_004237 Hs.436187 thyroid hormone receptor 
interactor 13 

0.582128 

CCNE2 NM_004702 Hs.408658 cyclin E2 0.572964 

ZNF669 NM_024804 Hs.163754 zinc finger protein 669 0.567312 

CHRNB2 NM_000748 Hs.2306 cholinergic receptor, nicotinic, beta 
polypeptide 2 (neuronal) 

0.558279 

KNTC1 NM_014708 Hs.300559 kinetochore associated 1 0.556752 

IFNAR2 NM_000874 Hs.549042 interferon (alpha, beta and omega) 
receptor 2 

0.542515 

LMNB1 NM_005573 Hs.89497 lamin B1 0.539327 
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TDP1 NM_018319 Hs.209945 tyrosyl-DNA phosphodiesterase 1 0.533353 

38596 AA702163 Hs.283743 septin 5 0.530598 

MCM2 NM_004526 Hs.477481 MCM2 minichromosome 
maintenance deficient 2, mitotin (S. 
cerevisiae) 

0.526137 

PRC1 NM_003981 Hs.459362 protein regulator of cytokinesis 1 0.525493 

PPP2R5D NM_006245 Hs.533308 protein phosphatase 2, regulatory 
subunit B (B56), delta isoform 

0.524502 

TEAD4 NM_003213 Hs.94865 TEA domain family member 4 0.51957 

PPARD NM_006238 Hs.485196 peroxisome proliferative activated 
receptor, delta 

0.519112 

ERN2 AI732416 Hs.528301 endoplasmic reticulum to nucleus 
signalling 2 

0.516475 

C10orf3 NM_018131 Hs.14559 chromosome 10 open reading 
frame 3 

0.507976 

HFE AF144241 Hs.233325 hemochromatosis 0.507621 

RPL23AP13 NM_020217 Hs.534472 NA 0.507549 

TACC3 NM_006342 Hs.104019 transforming, acidic coiled-coil 
containing protein 3 

0.506786 

RRM2 BE966236 Hs.226390 ribonucleotide reductase M2 
polypeptide 

0.503332 

GMEB2 AL133646 Hs.473286 glucocorticoid modulatory element 
binding protein 2 

0.503213 

CCNB2 NM_004701 Hs.194698 cyclin B2 0.502737 

LILRA4 AF041261 Hs.406708 leukocyte immunoglobulin-like 
receptor, subfamily A (with TM 
domain), member 4 

0.501853 
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Supplementary Table 7. Results of the multivariate analyses performed on the data 

from Series 1 after inclusion of CCNE2 and the expression profiles previously 

described showing that POLQ expression remains prognostically significant. Data 

summarised in Chapter 5, Fig 4A.   

Multivariate analysis including CCNE2:  

     
95.0% CI for HR 

 
B SE p Hazard Ratio Lower Upper 

POLQ2 score 1.5039 0.7000 0.0317 4.4990 1.1410 17.7392 

Age 0.0031 0.0173 0.8570 1.0031 0.9697 1.0377 

Grade -0.1982 0.2871 0.4900 0.8202 0.4672 1.4398 

Tumour Size 0.2264 0.1039 0.0293 1.2540 1.0231 1.5372 

ER status -0.5609 0.5985 0.3487 0.5707 0.1766 1.8444 

Tamoxifen 0.2888 0.5242 0.5816 1.3349 0.4778 3.7293 

Nodal status 0.0038 0.0762 0.9601 1.0038 0.8646 1.1655 

CCNE2 score 1.7018 0.7399 0.0214 5.4836 1.2861 23.3803 

 

Backward Likelihood Reduced model : 

     
95.0% CI for HR 

 
B SE p Hazard Ratio Lower Upper 

Tumour Size 0.2166 0.0897 0.0158 1.2418 1.0416 1.4805 

POLQ2 score 1.4203 0.6364 0.0256 4.1383 1.1889 14.4046 

CCNE2 score 1.6191 0.6815 0.0175 5.0488 1.3278 19.1974 

 

Multivariate analysis including GGI:  

     
95.0% CI for HR 

 
B SE p Hazard Ratio Lower Upper 

POLQ2 score 1.2387 0.6309 0.0496 3.4510 1.0021 11.8847 

Age 0.0152 0.0159 0.3380 1.0153 0.9842 1.0474 

Tumour Size 0.1754 0.0869 0.0435 1.1917 1.0052 1.4129 

ER status -0.1149 0.4885 0.8140 0.8915 0.3422 2.3222 

Tamoxifen -0.1936 0.4016 0.6297 0.8240 0.3751 1.8102 

Nodal status 0.0172 0.0634 0.7861 1.0173 0.8985 1.1519 

GGI score 0.2418 0.1488 0.1042 1.2736 0.9514 1.7049 

 

Backward Likelihood Reduced model: 

     
95.0% CI for HR 

 
B SE p Hazard Ratio Lower Upper 

Tumour Size 0.1799 0.0805 0.0254 1.1971 1.0224 1.4017 

POLQ2 score 1.1876 0.6296 0.0593 3.2791 0.9547 11.2629 

GGI score 0.2482 0.1386 0.0733 1.2817 0.9769 1.6817 
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Multivariate analysis including 76 gene signature:  

     
95.0% CI for HR 

 
B SE p Hazard Ratio Lower Upper 

POLQ2 score 1.6378 0.6400 0.0105 5.1439 1.4673 18.0330 

Age 0.0009 0.0178 0.9589 1.0009 0.9666 1.0365 

Grade -0.2085 0.2675 0.4356 0.8118 0.4806 1.3712 

Tumour Size 0.2199 0.1081 0.0420 1.2460 1.0080 1.5402 

ER status -1.9410 0.7471 0.0094 0.1436 0.0332 0.6208 

Tamoxifen 0.2904 0.5109 0.5698 1.3369 0.4912 3.6391 

Nodal status 0.0123 0.0816 0.8800 1.0124 0.8628 1.1879 

76 gene 2.6936 0.9077 0.0030 14.7851 2.4955 87.5972 

 

Backward Likelihood Reduced model : 

     
95.0% CI for HR 

 
B SE p Hazard Ratio Lower Upper 

Tumour Size 0.2182 0.0912 0.0167 1.2438 1.0402 1.4872 

ER status -1.5408 0.5678 0.0067 0.2142 0.0704 0.6519 

POLQ2 score 1.4943 0.5920 0.0116 4.4562 1.3964 14.2203 

76 gene 2.5696 0.8865 0.0038 13.0602 2.2979 74.2299 

 

 

Multivariate analysis including 70 gene signature:  

     
95.0% CI for HR 

 
B SE p Hazard Ratio Lower Upper 

POLQ2 score 1.7584 0.7558 0.0200 5.8031 1.3193 25.5260 

Age 0.0065 0.0175 0.7090 1.0065 0.9727 1.0416 

Grade -0.0815 0.2752 0.7672 0.9218 0.5375 1.5807 

Tumour Size 0.2409 0.1030 0.0194 1.2724 1.0397 1.5572 

ER status -0.5224 0.5990 0.3831 0.5931 0.1833 1.9184 

Tamoxifen 0.2063 0.5179 0.6903 1.2292 0.4455 3.3917 

Nodal status -0.0221 0.0752 0.7694 0.9782 0.8441 1.1336 

70 gene 0.6413 0.7805 0.4113 1.8989 0.4113 8.7671 

 

 

 

 


