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Abstract  

Introduction: Advanced radiotherapy techniques such as intensity 

modulated radiation therapy (IMRT) achieve highly conformal dose 

distributions within target tumour volumes. However, sequential delivery of 

multiple spatially and temporally modulated radiation fields have been shown 

in vitro and in vivo to impact radiobiological response in low dose (out-of-

field) regions. The efficacy of advanced radiotherapy is further limited by 

regions with low oxygen concentrations, commonly known as hypoxia. 

Previous studies have validated that hypoxic tumours result in genetic 

alterations which can allow a survival advantage and increase the 

tumorigenic properties of cancer cells. Additional understanding of the 

signalling responses in hypoxic microenvironments is therefore needed to 

optimise radiation treatment strategies in the future.  

Aim: This study aimed to identify the signalling responses in low dose out-of-

field regions under oxic and hypoxic conditions at the cell survival, DNA 

damage, and gene expression level.  

Method: Hypoxia was induced by incubating a range of cells with varying 

radiosensitivities at 95% N2; 5% CO2 prior to irradiation. A modulated beam 

was created by shielding 50% of the cells using a low melting point alloy. 

Out-of-field responses to modulated irradiation were determined by dose 

response survival assays and assessment of double strand breaks by 53BP1 

fluorescent staining. Clariom-D microarrays were used to achieve extensive 

gene profiling analysis of localised high-risk PC3 prostate cancer cells 

following modulated beam exposures under hypoxic conditions. Gene 

expression levels were predicted by Transcriptome Analysis Console (TAC).  
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Results: We report a differential response of cells placed in- and out-of-field, 

impacted by oxygen status, time, and intercellular communication. Under 

both oxic and hypoxic conditions, significant increases in cell survival were 

observed in-field, while significant decreases in survival were observed out-

of-field (p < 0.05). This was mirrored at the DNA damage level where 

decreases in foci counts were observed in-field while increases were 

observed out-of-field. The in-field response of MDA231 cells showed no 

significant time dependency up to 24 hours post-irradiation, however out-of-

field survival decreased significantly during the first 6 hours after irradiation. 

Whilst in-field responses were shown to be oxygen dependent, out-of-field 

effects were observed independent of oxygen with similar or greater cell 

killing under hypoxic conditions.  

At both the cell survival and DNA damage level, physical inhibition of 

intercellular communication was shown not only to abrogate out-of-field 

responses to that observed under their uniform counterparts in all oxygen 

concentrations investigated, but also restore the in-field response levels 

comparable to their uniform controls.  

Gene expression analysis confirmed that a hypoxic response was produced 

in PC3 cells as upregulation of common hypoxia signatures such as ADM, 

NDRG1, and BNIP3 were observed. Although trends in the microarray 

analysis mimicked that predicted by TAC, the magnitude of the genetic 

alterations in KCNMA1, KDM1A, PNISR, RBM6, and KMT2A out-of-field 

could not be replicated by RT-qPCR on this occasion.  
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Conclusion: Overall, the data presented here provides evidence for out-of-

field cells relying on intercellular signalling generated by irradiated cells under 

hypoxic conditions, and highlights the need for further refinement of 

established radiobiological models for future applications in advanced 

radiotherapies. Determining gene expression signatures that can regulate 

out-of-field responses during modulated radiotherapy will also be of benefit to 

patients with hypoxic tumours. 
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1.1 Cancer  

Cancer has long been defined as a disease of uncontrolled and abnormal cell 

growth, with an ability to invade and infiltrate various tissues within the body 

through the blood and/or lymphatic system. The causes of cancer vary, but 

are largely associated with intrinsic or extrinsic factors. Intrinsic influences 

result in random genetic mutations during DNA replication in normal stem 

cells; whereas extrinsic factors are environmental factors that affect the rate 

of mutagenesis and include ionising radiation, tobacco smoke, alcohol, 

obesity, and carcinogens (Wu et al. 2016; Thomas et al. 2016). It is 

estimated that 38% of UK cancer cases can be prevented by environmental 

changes alone (Cancer Research UK 2019). 

It is clear that the development of heterogeneous tumours require either a 

gain or loss of function of oncogenes or tumour suppressor genes 

respectively; caused by point mutations, translocations, amplifications, or 

deletions (Cairns et al. 2011). In addition to this, tumour progression is 

supported by both the physiochemical (pH, PO2, glucose) and cellular 

microenvironment (tumour cells, stromal cell, extracellular matrix produced 

by these cells) (Michiels et al. 2016; Semenza 2016). It is also evident that 

interaction between tumour cells and the tumour microenvironment play a 

central role in tumour progression (Hanahan & Weinberg 2011).  
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1.1.1 Hallmarks of Cancer 

Changes to the microenvironment trigger several consequences known as 

the hallmarks of cancer (Semenza 2016; Hanahan & Weinberg 2011). 

Hanahan and Weinberg originally defined six hallmarks of cancer in 2000, 

and more recently propose there are now eight hallmarks of cancer and two 

enabling characteristics (Hanahan & Weinberg 2011) which provide a basis 

for understanding the diversity of neoplastic diseases (Boss et al. 2014). The 

acquired capabilities of the hallmarks of cancer include; sustaining 

proliferative signalling, evading growth suppressors, avoiding immune 

destruction, resisting cell death, enabling replicative immortality, inducing 

angiogenesis, activating invasion and metastasis, reprogramming of energy 

metabolism, tumour promoting inflammation, and lastly genome instability 

and mutation as shown in figure 1.1.  

The hallmarks described by Hanahan and Weinberg have given the much 

needed understanding of cancer’s common traits and has proven pivotal in 

rational drug design. Since then however, Fouad and Aanei have attempted 

to update and further organise the hallmarks of cancer. They have suggested 

that the following seven hallmarks are a better representation of cancer. 

These include; selective growth and proliferative advantage, altered stress 

response favouring overall survival, vascularisation, invasion and metastasis, 

metabolic rewiring, an abetting microenvironment, and immune modulation 

(Fouad & Aanei 2017).  
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Figure 1.1: The hallmarks of cancer. This illustration adds to the six 

hallmarks originally proposed by Hanahan and Weinberg (2000) (black text). 

Highlighted in pink are two new emerging hallmarks of cancer, and 

highlighted in blue are two new enabling characteristics of cancer (Hanahan 

& Weinberg 2011).  
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1.1.2 Cancer Incidence and Mortality  

Although the widespread applications of the hallmarks of cancer are essential 

to comprehending tumour progression, cancer still remains a major health 

issue worldwide. In 2015, there were 359,960 new cases of cancer in the UK, 

with 163,444 cancer related deaths in 2016. Figure 1.2 shows the incidence 

and mortality rates of the four most prevalent cancers, breast, prostate, lung, 

and head and neck (laryngeal) cancer in the UK. For example, there were 

55,122 new breast cancer cases (15% of all new cancer cases) in the UK in 

2015 with 11,563 deaths as a result of breast cancer in 2016 (7% of all 

cancer related deaths) (Cancer Research UK Statistics 2019).  

While cancer incidence appears to continue to increase each year due to 

significant improvements in detection and diagnosis methods, alongside an 

ageing population; cancer survival rates also progressively increase annually 

as a result of improved treatment techniques and more personalised 

approaches to cancer treatment. This is achieved through the significant 

efforts made in research and clinical institutes worldwide. Cancer treatment is 

now one of the biggest and fastest growing fields in medicine and clinical 

research.  
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Figure 1.2: UK statistics for breast, prostate, lung, and head and neck 

cancer. Incidence rates were determined in 2015 with a total of 359,960 new 

patients diagnosed with cancer. Mortality rates were determined in 2016, with 

a reported 163,444 cancer related deaths. Percentages indicate the total 

amount of new cases or deaths when all cancers are combined (Cancer 

Research UK Statistics 2019).  

 



23 
 

1.2 Radiotherapy  

Radiotherapy has become an essential part of modern cancer treatment and 

it is estimated that between 40-50% of cancer patients receive radiation 

therapy as part of their curative treatment regime. It has been shown that 

around 16% of all cures can be attributed solely to radiotherapy itself. This is 

higher than the 3% curative rate from chemotherapy (Powathil et al. 2016; 

Bhide et al. 2010). 

Radiotherapy can be delivered by brachytherapy (implantation of radioactive 

sources), 3-dimensional (3D) conformal radiation therapy, intensity-

modulated radiation therapy (IMRT), image-guided radiation therapy (IGRT), 

volumetric modulated arc therapy (VMAT), tomotherapy, stereotactic ablative 

radiotherapy (SABR), and particle beam therapy including the use of protons 

and carbon ions.  

Molecular radiotherapy where radioisotopes are delivered systemically is 

another developing area (Nitipir et al. 2017). One example is Radium-223 for 

the treatment of metastatic prostate cancer  (Van Der Doelen et al. 2018; 

Rodriguez-Vida et al. 2017). The phase III ALSYMPCA clinical trial which 

looked at Radium-223 for men with prostate cancer that had spread to the 

bones was shown to be well tolerated, with low myelosuppression incidence 

and no new safety concerns during treatment and up to three years after 

each patient's first injection (Parker et al. 2018). Although this time frame 

may not be long enough to assess the long-term toxicity of Radium-223, the 

REASSURE clinical trial (NCT02141438) with primary and secondary 

outcomes assessed seven years post treatment has been initiated.  
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Over the past decades, the delivery of radiotherapy has changed significantly 

due to a pronounced progression and improvement in technology, with newer 

technologies forefront to novel research. Radiation oncology involves 

understanding many multidisciplinary key elements such as; the principles of 

medical physics, radiobiology, radiation treatment planning, and also the 

interaction of radiotherapy with other treatment modalities (Ishikura 2008).  

The mode of action of radiotherapy is fundamentally related to the absorbed 

dose of radiation delivered, and its resulting biological response (Hall & 

Giaccia 2006). For treating tumours it is important that the delivered dose is 

balanced to obtain the maximum tumour control probability (TCP) while 

keeping the complications to normal adjacent tissue (normal tissue 

complication probability: NTCP) to a minimum. This concept is known as the 

therapeutic index (TI) or window and is currently used to determine the 

optimum treatment strategy for cancer patients. The TI is a key parameter 

which takes into account factors including but not limited to safety-efficacy, 

toxicity of the treatment, and the duration of intended clinical treatment to 

ensure optimal treatment planning (El Naqa et al. 2012; Muller & Milton 2012; 

Beasley et al. 2005).  

Mathematical models using basic radiobiology parameters (alpha/beta values 

discussed in section 1.3.2) and data extrapolated from clinical trials are 

largely used to predict long-term tumour control and toxicity using the output 

from the plans before they are delivered. These parameters are used to 

differentiate between plans for the same tumour but different patients. 

However, factors such as cancer type, specific tumour biology, and tumour 
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positioning (organs at risk: OAR) also need to be taken into account. In every 

case, the TI / therapeutic window should be made as large as possible to 

enhance patient outcomes (figure 1.3) (Klement & Champ 2014). 
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Figure 1.3: Typical tumour control probability (solid blue line) and 

normal tissue complication probability (solid red line) curves as a 

function of total dose delivered to the tumour. The therapeutic window is 

a range of doses that produces a therapeutic response without causing any 

significant adverse effect in patients. The therapeutic window can also be 

termed as the safety window and can be quantified by therapeutic index. 

Increasing the tumour control for a given dose (blue dashed line) while 

keeping normal tissue complication constant, or by decreasing the normal 

tissue complication at a given dose (red dashed line) while keeping tumour 

control constant; enhances treatment efficacy (Chargari et al. 2016; Klement 

& Champ 2014).  
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As discussed above, the aim of radiotherapy is to deliver radiation to a 

tumour whilst sparing and limiting the severity of damage to the surrounding 

normal tissues (Kron 2008). Radiotherapy treatment for a patient begins with 

a single pre-treatment computed tomography (CT) scan which provides 

electron density maps to allow calculation and accurate geometric contouring 

of the tumour and surrounding normal tissues (Bhatnagar et al. 2013). Due to 

limitations in using CT images alone, functional imaging such as positron 

emission tomography (PET)/CT images are now used as they provide details 

on the tumour biology (eg hypoxia: hypoxia tracers include 18F-MISO, 18F-

FAZA, 18F-EF5, 60Cu-ATSM) (Lin & Hahn 2012; Krohn et al. 2008).  

Imaging can be subsequently used to define areas of gross tumour hypoxia, 

while allowing the dose to be delivered in a highly modulated modality to the 

hypoxic regions. MacManus and Hicks demonstrated that the added 

application of PET spares normal tissue and helps avoid geographic misses 

of tumours (MacManus & Hicks 2012). As tumours are known to have 

regions with different cell subpopulations which respond differently to chemo- 

or radiotherapy (tumour heterogeneity), imaging to define specific target 

volumes has significant benefit.  

In prostate cancer, the most common method of imaging is use of implanted 

gold markers combined with treatment planning on CT. However, this method 

has been shown to overestimate the prostate volume by up to 30% when 

compared to target delineation on magnetic resonance imaging (MRI) 

(McLaughlin et al. 2010; Gao et al. 2007; Rasch et al. 1999). Although 

CT/MRI based treatment planning allows for a more accurate prediction of 
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the target volume (Kashani & Olsen 2018; Dinkla et al. 2013; Hentschel et al. 

2011), MRI delineation significantly reduces clinical target volume (CTV) and 

long-term toxicity after prostate cancer radiotherapy (Sander et al. 2014). 

Despite this, MRI-based planning has not yet replaced CT planning. MRI 

guided radiotherapy may also have clinical benefits in dose painting, however 

toxicity remains an underlying issue (Georg et al. 2015; Sander et al. 2014). 

Treatment planning (figure 1.4) takes into account the identification of the 

visible tumour known as the gross tumour volume (GTV). Together with the 

CTV and internal target volume (ITV), this becomes the specific target 

volume for clinicians to effectively plan delivery of radiation to (planning 

target volume; PTV). It is expected that if regions of intra-tumour 

heterogeneity such as that from hypoxia are correctly defined, additional 

doses from dose painting strategies can be delivered to the biological target 

volume (BTV) (Tinganelli et al. 2015; Prise & O’Sullivan 2009). 

Treatment planning is based on prescribed dose and legal constraints for the 

normal tissue. These plans can be good or bad depending on the percentage 

of dose delivered to the tumour, while keeping in line with the dose delivered 

to the OAR. In some cases however, it is preferable to base plans on more 

clinically and biologically relevant parameters such as tumour control and 

normal tissue complication (Paganetti 2014). 

For optimal radiotherapy treatment planning, tumour margins should be kept 

as small as possible. Kron infers that even a small reduction in margin area 

can result in a significantly reduced irradiated volume of normal tissue (Kron 

2008). Additionally, three other components should be considered when 
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assessing PTV margin areas. First of all, the internal margin which takes into 

account variation in both size and location of the target in relation to a 

reference point within the patient. An example of this is motion management 

from that of breathing (Cole et al. 2013). The second involves the setup 

margin to anticipate errors in the alignment of the reference point in the 

patient to the radiotherapy machine being used. This consists of patient 

positioning, couch sag, and transfer errors (Kron 2008). The third is hypoxia 

(discussed in section 1.5). 
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Figure 1.4: Definitions of target tumour volumes for clinical 

radiotherapy treatment planning. The gross tumour volume (GTV) is 

defined as the tumour visible by any imaging modality or by clinical 

examination. The clinical target volume (CTV) is formed by addition of a 

margin around the GTV to account for subclinical tumour infiltration and the 

internal target volume (ITV) is formed by adding a further margin for internal 

intra- and inter-fractional movement of the target. Finally, a safety margin 

related to uncertainly in daily set-up at the treatment unit is added to form the 

planning target volume (PTV) (Moran et al. 2017; Hoyer et al. 2011). 
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ITV 

CTV 

GTV 
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1.2.1 Intensity Modulated Radiation Therapy (IMRT) 

Implementation of modulated beam therapies such as IMRT is an advanced 

approach to 3D treatment planning and confocal therapy (Asur et al. 2015; 

Harada 2011; Bhide et al. 2010). IMRT by definition is spatially modulated, 

(McGarry et al. 2012) and uses computer controlled linear accelerators 

(LINACs) to allow high doses of radiation with steep dose gradients to be 

delivered to a tumour volume (Bhatnagar et al. 2013; Butterworth et al. 2011; 

Bhide et al. 2010; Kuperman et al. 2008). Uniform radiation beams are 

manipulated by the multileaf collimator (MLC) of the LINAC to shape and 

match the target tumour volume. This modulation of the MLC modifies beam 

intensity to deliver various prescribed doses (figure 1.5). Figure 1.6 shows an 

example of dose distribution patterns delivered to the prostate using IMRT 

with beams delivered from 5 different angles to conform the dose to the 

target site. 

Prise and O’Sullivan suggest that modulated beam therapies may prove 

useful in hypoxic/radioresistant tumours to improve therapeutic outcome 

(Prise & O’Sullivan 2009). Significant evidence has shown IMRT reduces 

toxicity burden from radiotherapy, permitting dose escalation 

(hypofractionated regimes) to improve tumour control (Bhide et al. 2010) and 

even more so if margins (target volumes) are reduced (Kron 2008). It is 

proposed that between 40-50% of all radical radiotherapy treatments should 

be delivered using IMRT to minimise the long-term side effects of treatment. 

Nonetheless, many clinicians accept that IGRT, the frequent imaging during 

radiotherapy, may be the only way to fully assess the true accuracy and 

precision of IMRT (Bhide et al. 2010). 
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Figure 1.5: A Linear Accelerator (LINAC) with a multileaf collimator 

(MLC) shaped to a target tumour volume. LINACs (A) are the standard 

method of producing photons and electrons for radiation therapy treatments. 

They are intricate computer driven machines that deliver precise, known 

doses of radiation to treat patients. Tungsten leaves in the MLC (B) conform 

to the shape of the tumour mass. In IMRT, the leaves are used to modulate 

the intensity of the beam. Patients receiving irradiation lie positioned on the 

couch, while the gantry of the LINAC rotates (Dursun et al. 2016). 
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Figure 1.6: Five-field beam arrangement and corresponding dose 

distribution for IMRT treatment of prostate cancer to 81 Gy (100%). Dose 

distribution patterns show that beams are placed in a way to avoid high 

doses to the surrounding structures of the bladder, rectum, and femoral 

heads (Cahlon et al. 2008).   
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1.3 Radiation Biology  

Radiation biology is the study of the action of ionising radiation on living 

organisms. The understanding of radiation biology involves a multidisciplinary 

appreciation of the underlying physics, chemistry, biology, and the clinical 

application of radiation effects. Key aspects include: 

1. The different types of ionising radiation (X-rays, gamma rays, 

electron, protons, α-particles, heavy charged particles, and neutrons). 

 

2. The energy absorption at the atomic and molecular levels which leads 

to biological damage. 

 

3. The repair of damage in living organisms. This basic principle in 

radiation biology as previously mentioned is to treat cancer with 

minimal damage to the surrounding normal tissue; and if damaged, 

the capability to repair.   

 
Different radiation types can yield different biological effects for the same 

dose and this is defined as the relative biological effectiveness (RBE) 

(Paganetti 2014).  

 

𝑅𝐵𝐸 =
Dose from standard radiation to produce a given biological effect

Dose from test radiation to produce the same biological effect
 

 

The sensitivity of cells to X-rays is characterised by the α/β ratio of photons. 

The RBE can therefore vary as different cell lines differ in their sensitivity to 

linear energy transfer (LET) changes. Although this complicates accurate 

calculations of iso-effective dose fractionation schedules, prediction of NTCP 
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heavily depends on finding schedules most damaging to tumour cells and the 

least damaging to the surrounding normal tissue. Late-responding normal 

tissues which include the kidney, lung, spinal cord, and liver have a low 

α/βphot ~3, while early responding tissues like skin and bone marrow have a 

high α/βphot ~10 (Emami et al. 2015). It has been shown that late responding 

tissues are more sensitive to LET changes and have a greater capacity for 

repair than early responding tissues (Wedenberg et al. 2013). By making the 

RBE for normal tissues smaller than that of the tumour, this increases the 

relative level of tumour cell killing, thus having therapeutic advantage.   

 

4. The chemistry of free radicals - species which are involved in diverse 

biological processes as well as precursors to radiobiological damage.  

 

Radiation biology now encompasses wider biological domains like that of 

hypoxia-related biology – and so the boundaries between chemistry and 

biology are becoming blurred. Understanding radiation chemistry, for 

example the free-radical processes which lead to radiation-induced DNA 

damage, the chemical identity of the damage, and its quantification can 

provide links between DNA damage, biochemical repair processes, cell 

signalling processes and mutagenicity, and radiosensitivity in the 

development of cancer therapy agents (O’Neill & Wardman 2009). 
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Absorbed radiation dose is an important quantity when predicting the 

biological effect. Factors that affect biological response as a result of a given 

dose are summarised:  

1. The inherent radiosensitivity of the biological system 

2. The degree of oxygenation 

3. The dose distribution within the irradiated volume 

4. The way dose is fractionated, e.g. dose per fraction 

5. The time between fractions  

6. The overall treatment time 

7. For ions, the LET - the energy transferred per unit length of the track 

is also considered  

 

These factors can be arranged into the 5 R’s of radiobiology.   
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1.3.1 The 5 R’s of Radiobiology 

Tumour response to radiotherapy can vary as a function of several biological 

factors such as hypoxia, vascular supply, toxicity, and depth dose distribution 

(Asur et al. 2015). Nevertheless, there are five important biological processes 

which determine the net effect of radiation therapy, and are described as the 

“5 R’s of Radiobiology” (Brown et al. 2014; Pajonk et al. 2010). These five 

factors provide the rationale for delivering fractionated radiotherapy and are 

classically linked to the hallmarks of cancer. In many patient cases, 

fractioned radiotherapy is delivered to allow for cell repopulation and repair 

between each treatment schedule (Good & Harrington 2013; Kim & Tannock 

2005). The 5 R’s of radiation biology are as follows: 

 

1. Repair of sub-lethal DNA damage  

This permits cells surrounding the tumour time to recover from irradiation 

damage before the next scheduled dose is given. This is evidenced by the 

shoulder of the survival curve being repeated many times. Following two, 

three, and even four fractions, surviving fraction is increased due to sub-

lethal damage repair (figure 1.7) (Marcu et al. 2015).  

 

2. Redistribution of tumour cells  

Cells able to survive the first fraction are more likely to be in the resistant 

phase of the cell cycle (S phase). Fractionation allows cells to progress into a 

more radiosensitive phase (G2/M phase) of the cell cycle to render them 

susceptible to radiation damage when the next fraction is delivered (Marcu et 

al. 2015).                                                                     
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Figure 1.7: Cell survival curves showing the effect of fractionation. 

Repeated fractions increase the overall surviving fraction compared to a 

single dose of irradiation. During the intervals between multiple doses, 

recovery from sub-lethal radiation injury, reoxygenation of hypoxic cells 

(thereby increasing their radiosensitivity), redistribution of cells into more 

radiosensitive phases of the cell cycle and repopulation all have an effect on 

cell survival. Underpinning this is the alpha/beta relationships of the LQ 

model  (Zeman 2012; Kim & Tannock 2005). 
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3. Repopulation of tumour cells 

Repopulation is thought to be one of the most common reasons of treatment 

failure. Each fraction reduces the tumour population while repopulation aims 

to rebuild it. However, in the initial stages of radiotherapy, repopulation is 

slow and so fractionation accelerates tumour repopulation and increases 

radioresistance. Repopulation also takes into account regeneration of normal 

tissue from the toxic effects of irradiation exposure. Reoxygenation may 

counteract the effect of repopulation (Marcu et al. 2015; Yang et al. 2014). 

 

4. Reoxygenation of tumour cells  

Hypoxic cells able to reoxygenate between dose fractions leads to increased 

radiation cell killing (Thrall et al. 2006). Ionising radiation is effective at killing 

a greater proportion of well-oxygenated cells as they are more radiosensitive, 

evidenced by the oxygen enhancement ratio (OER). Immediately after 

radiotherapy, most cells are hypoxic; however reoxygenation allows the pre-

radiation patterns to return which can then be eliminated by further radiation 

fractions. A progressive decrease in the tumour mass and hence hypoxic 

regions occurs after a series of fractions (figure 1.8) (Ruggieri et al. 2010; 

Padhani et al. 2007). 

In 1936, Mottram confirmed hypoxic cells were radioresistant and suggested 

that presence of viable hypoxic cells capable of reoxygenation during 

fractioned radiotherapy would limit the success of treatment (Isa et al. 2006). 

Later, in 1955 Thomlinson and Gray proposed the idea of hypoxia in 

tumours. 

 



40 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8: The process of reoxygenation. Irradiation kills a greater 

proportion of oxic cells than hypoxic cells as they are more radiosensitive. 

Immediately after radiation, most cells are hypoxic however reoxygenation 

leads to the return of pre-irradiation patterns. Repeated fractionation 

schedules allow for the tumour cell population to be depleted and thus a 

decrease in tumour size (Hall & Giaccia 2012).    
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Figure 6.13 
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5. Radiosensitivity (intrinsic)  

Although the first four factors were initially defined by Withers in 1975, Steel 

et al. (1989), suggested that radiosensitivity should be considered the 5th R in 

radiobiology due to emerging data in vitro, which indicated radiation in 

tumour cells correlated with different radiosensitivities (Brown et al. 2014). It 

has been established by many researchers that cells in different phases of 

the cell cycle have different radiosensitivities, ultimately having various 

adverse effects on the normal functioning of the cell.  

DNA damage from irradiation can cause delays in G1, S, and G2 phases, 

which as a result affects the time in which repair and replication of DNA takes 

place. In general, cells are most radiosensitive in M and G2 phases and most 

radioresistant in late S phase. In addition, cells with a longer cycle time show 

another peak in radioresistance in early G1 phase. Quiet et al. (1991) 

showed that cells radioresistant to treatment have around twice as many 

cells in S phase when compared to cells more radiosensitive.  
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There are three additional biological challenges which may compromise the 

validity of standard radiobiology to high dose irradiation tumours. It is 

predicted that doses per fraction above 10 Gy can contribute to the following 

(Brown et al. 2014):  

1. Endothelial cell damage - enhancing the cytotoxic effect of irradiation 

on tumour cells. 

2. Vascular damage producing secondary cell killing. 

3. Enhanced anti-tumour immunity after tumour irradiation.  
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1.3.2 Cell Survival  

One way of measuring the biological effect following exposure to radiation is 

by the clonogenic cell survival assay. A cell survival curve (figure 1.9) is a 

plot of the number of cells able to survive and form colonies as a function of 

radiation dose. In proliferating cells, the term clonogenic cell survival refers to 

cells that have retained their reproductive capacity. Dose, measured in gray 

(Gy), is plotted on the x-axis with surviving fraction logarithmically plotted of 

the y-axis. Plating efficiency, the percentage of seeded cells that grow 

colonies, is used to determine the survival fraction. Mammalian cell survival 

curves show an exponential response to high doses of radiation with a 

shoulder in the low dose range. Compared with low LET (X-rays), high LET 

results in a steeper slope of the curve and smaller shoulder, coinciding with a 

higher RBE and thus more effective cell killing (Wedenberg et al. 2013).  

The following models mathematically describe cell survival curves with the 

third being the most commonly used (Hall & Giaccia 2012): 

1. Single-hit model (D and Do)  

2. Single target, two hits  (𝑆 = 𝑒−𝛽𝐷2
) 

3. The linear-quadratic (LQ) model  

 

The LQ model originally proposed by Keller and Rosi in 1972 acts as a more 

accurate representation for describing radiobiological effectiveness of various 

fractionation schedules in tumours as well as normal tissues (Barendsen 

1982). The ‘linear’ component considers cell death from interaction of 

radiation that occurs along a single ionising track (αD), while the ‘quadratic’ 
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component considers cell death after accumulation of sub-lethal damage 

from interaction of radiation occurring along two different particle tracks (βD2) 

(Ali et al. 2016). 

The LQ model assumes two components: the first which is proportional to the 

dose (αD) and the other which is proportional the dose squared (βD2). The 

following mathematical equation where ‘α’ and ‘β’ are constants and ‘E’ is the 

loge sum of the non-repairable ‘α’ term and the partly repairable ‘β’ term 

represent this LQ model (Fowler 1984):  

E = α.D + β.D2         

The α/β ratio represents the dose at which the ‘α’ component of cell kill is 

equal to the ‘β’ component of cell kill. Tumour response is typically 

characterised by a high α/β ratio, around 6-25 Gy (Maciejewski et al. 1983)      
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Figure 1.9: Shaping of survival curves for mammalian cells exposed to 

radiation. The fraction of surviving cells is plotted on a logarithmic scale 

against a linear scale. For α-particles or low energy neutrons, the dose-

response curve is a straight line from the origin. For X-rays, the dose-

response curve has an initial slope, followed by a shoulder; then at higher 

doses, the curve tends to become straight again. Experimental data are fitted 

to a linear quadratic function. The dose at which the linear and quadratic 

components are equal is the ratio α/β (Hall & Giaccia 2012). 
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Figure 7.5 
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1.3.3 Cell Damage  

In general, ionising radiation leads to the production of free radicals, reactive 

oxygen species (ROS), the formation of DNA double strand breaks (DSBs), 

clustered DNA damage, and the production of new chemical bonds and 

cross-linkage between macromolecules (Prise & O’Sullivan 2009). These 

effects damage not only the DNA including proteins and lipids, but also a 

wider target area made up of the cell membrane, cytoplasm, and nucleus; all 

which are important for cellular processes and normal cell function (Selzer & 

Hebar 2012; Yokoya et al. 2008). DNA DSBs are considered one of the most 

serious threats to cells as genomic instability leads to the development 

and/or progression of cancer (Shibata & Jeggo 2014; Dueva & Iliakis 2013; 

Chapman et al. 2012; Kobayashi et al. 2008).  

The detrimental effects produced by X-ray radiation can be grouped into two 

mechanisms of action: direct and indirect action. When charged particles 

interact directly with DNA molecules or other cellular components critical for 

the survival of the cell, this is referred to as direct action. This is a process 

whereby the occurrence of high-LET damage from sources such as neutrons 

and alpha particles break chemical bonds. This becomes important for single 

hit, track particle interactions (high LET) as the radiation interacts with a 

small fraction of the nucleus. However, this may also be important for low 

LET irradiation (X-ray) when modulated fields are delivered as a significant 

part of the cell population is not directly targeted (Prise & O’Sullivan 2009).  

The probability that radiation directly targets DNA molecules is small due to 

the fact these components make up a small part of the cell. There is 

therefore a much higher probability that ionising radiation interacts with other 
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various molecules/atoms in the cell such as water, which makes up most of 

the cells’ volume. The production of free radicals (hydroxyl radical (OH●)) 

when radiation interacts with water is the damaging agent to cells triggered 

by the indirect action process (figure 1.10) (Sicard-Roselli et al. 2014; Kelsey 

et al. 2012). These typically account for 70% of the effect of low LET X-rays 

and gamma-rays (Chapman et al. 1973). DNA damage induced by indirect 

effects are not always proportional to the delivered dose as more complex 

intercellular effects influence radiation response (Prise & O’Sullivan 2009). 

High-LET radiation is believed to cause damage that is more difficult to repair 

compared to low-LET radiation due to the dense ionisation pattern which 

causes multiple strand breaks close in space to a higher degree (Karlsson & 

Stenerlöw 2004; Goodhead 1994).  
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Figure 1.10: Direct and indirect action of X-ray induced DNA damage. 

Direct action occurs when absorption of an X-ray photon results in release of 

a secondary electron that directly interacts with the DNA molecule. Indirect 

action occurs when an X-ray photon interacts with a water molecule to 

produce free radicals that in turn produces DNA damage. Indirect action is 

dominant for sparsely ionising radiation, such as X-rays (Hall 2009).  

Direct 

action 

Indirect 
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1.4 DNA Damage Response and Repair 

Tumour cells have evolved several pathways to process DNA damage and 

mitigate the adverse consequences of cytotoxicity. DNA damage responses 

(DDRs) are highly complex and are initiated when endogenous and 

exogenous agents damage the DNA. Specific repair pathways include; base 

excision repair (BER), mismatch repair (MMR), nucleotide excision repair 

(NER), homologous recombination (HR) and non-homologous end-joining 

(NHEJ). These pathways are induced by activation of ataxia telangiectasia 

mutated (ATM) or ataxia telangiectasia and Rad3 related protein (ATR) 

kinases.  

The MRE11/RAD50/NBS1(MRN) complex binds to DSBs through activation 

of ATM, to trigger either DNA repair or programmed cell death (Ghandhi et al. 

2014; Vanan et al. 2012), while ATR and DNA-dependent protein kinase 

(DNA-PK) detect DNA replication fork collapse and DSB repair respectively 

(Salles 2013). These DNA damage sensors trigger activation of events which 

affect cell fate at the cell cycle level including checkpoint signalling, DNA 

repair, and programmed cell death (Ghandhi et al. 2014; Vanan et al. 2012; 

Joiner & van der Kogel 2009).  

The cell cycle consists of four phases and is regulated by Cyclins and Cyclin-

dependent kinases (Cdks). Following DNA damage, particularly DSB 

formation, cell cycle progression is interrupted to allow time to repair and/or 

remove the damage. Cell cycle checkpoints function to limit genomic 

instability and exist at both the G1/S and G2/M boundaries. These 

checkpoints ensure the cell has met the crucial requirements before 

replication or undergoing mitosis (Howard & Pelc 1986). If repair cannot take 
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place before division, cells may be forced into apoptosis or necrosis so 

resulting mutations and/or damage cannot be passed on to daughter cells.  

These cell cycle checkpoints also have significant limitations. The G1/S 

checkpoint is a slow and sensitive process which is not fully initiated for 

several hours post ionising radiation. During the first 4 - 6 hours after ionising 

radiation, many cells enter S phase even after high doses thus exhibiting 

elevated levels of unrepaired DSBs (Deckbar et al. 2010; Cann & Hicks 

2006; Linke et al. 1997). The activation of the G2/M checkpoint is a fast but 

insensitive process that fails to be activated after low doses (anything below 

10-20 DSBs) (Krempler et al. 2007; Deckbar et al. 2007; Löbrich & Jeggo 

2007). This limitation results in many cells entering mitosis with a substantial 

amount of unrepaired DSBs. Neither the intra-S nor the G2/M checkpoint can 

compensate for the limitation of the G1/S checkpoint (Deckbar et al. 2011). 

To highlight the importance of cell cycle checkpoint proteins, loss of ATM as 

found in AT syndrome patients, predisposes humans to pancreatic ductal 

adenocarcinoma (Russell et al. 2015), gastric cancer, and thymic lymphoma 

(Helgason et al. 2015). Loss of ATM plays further roles in retardation, 

immune defects, and chromosomal fragmentation during meiosis (Xu et al. 

1996). 

  



51 
 

1.4.1 Homologous Recombination (HR)  

Given the increased activity in the S and G2 phase, this suggests the main 

aim of HR is to restore replication forks and thus genetic information through 

either repairing DNA breaks and potential lethal lesions in mitosis and/or 

chromosomal pairing and exchange during meiosis (Krejci et al. 2012).The 

HR repair pathway (figure 1.11) gives the genome an error free mechanism 

of repairing DSBs.  

The initial step in the HR repair pathway begins with damage recognition, 

and involves ATM phosphorylating BRCA1 which is then recruited to the site 

of MRN protein complex. MRE11 resects the DSB ends to expose 3’ ssDNA 

to serve as a binding site for RAD51. Next, BRCA2 facilitates the loading of 

RPA-coated single-strand overhangs produced by the endonuclease 

resection.  

In mammalian cells, the functional counterpart of Sae2 (yeast) is CtIP 

(eukaryotes), as evidenced by the dependence on CtIP for recruitment of 

RPA to nuclear foci and for ATR activation (Sartori et al. 2007). This allows 

the recruitment of Rad52 to protect against exonucleolytic degradation. In 

order for repair to occur, Rad54 unwinds the double-stranded molecule using 

its ATPase activity. ssDNA generated by resection of the ends of a DSB 

provides a substrate for assembly of additional paralogues of Rad51 needed 

for strand invasion; moreover, the invading 3’ end provides a primer for repair 

synthesis templated by the intact duplex. The strand invasion intermediate (D 

loop) extension is followed by branch migration to produce double-Holliday 

junctions (MMS4 and MS81), and are ultimately resolved by either 

crossovers or non-crossovers which result in gap filling to complete the repair 
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cycle. However the polymerase and ligase involved are still unclear (Hall & 

Giaccia 2012; Peng & Lin 2011). The ability of the Ku70/80 complex to bind 

DNA ends is restricted by the MRN complex (Jasin & Rothstein 2013).  
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1.4.2 Non-homologous End Joining (NHEJ)  

NHEJ is involved in a range of processes such as: DNA repair, telomere 

maintenance, and the insertion into the genome of HIV-1 and repetitive 

sequences. NHEJ finishes repair much faster than HR. NHEJ is 

consequently the principle means by which CRISPR/Cas9-introduced breaks 

are repaired. Deficiencies in any one of the proteins involved in NHEJ DSB 

repair results in hypersensitivity to DNA DSB-inducing agents, such as 

ionising radiation.  

ATM promotes the processing of broken DNA ends to generate 

recombinogenic ssDNA by recruiting the activity of MRN protein complex; 

however resection activity of ATM is diminished by 53BP1. NHEJ (figure 

1.11) is initiated by end recognition and binding of the Ku protein to the 

broken DNA ends. Ku which structurally supports and aligns DNA ends is a 

heterodimer, composed of 70kDa and 80kDa subunits that form the DNA-

binding component of DNA-dependent protein kinase (DNA-PK). DNA-PKcs 

phosphorylates and binds to the Artemis protein, and the resulting 

Artemis/DNA-PKcs complex is thought to have endonuclease activity that 

cleaves 5’ and 3’ DNA overhangs as well as hairpins.  

Single-stranded overhangs require DNA synthesis by a polymerase (µ and λ) 

to fill-in gaps, which creates blunt ends that can be ligated. The XRCC4/DNA 

ligase IV ligation complex is recruited to join the DNA ends together but it 

requires other accessory factors such as polynucleotide kinase (PNK) and 

XRCC4-like factor (XLF) to do so. XRCC4 functions as a regulatory element 

to stabilise DNA ligase IV, to stimulate ligase activity, and to direct the ligase 

to the site of DNA breaks via its recognition helix and DNA-binding capacity 
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(Hall & Giaccia 2012). Mutations in Ku80 in normal cells and Ligase IV in 

cancer cells result in radiosensitivity.  
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Figure 1.11: ATM/ATR pathways regulate HR and NHEJ in response to 

oxidative DNA damage. The main steps involved in HR include damage 

recognition, resection, HR component recruitment, strand invasion, resolution 

and ligation. The main steps involved in NHEJ include damage recognition, 

recruitment of DNA-PKcs, end processing, strand synthesis and strand 

ligation. (Yan et al. 2014).   
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1.5 Hypoxia  

Molecular oxygen is essential in order to generate metabolic energy for 

normal growth and survival of tissues. Tissue oxygenation plays important 

roles in physiological systems such as the cardiovascular and respiratory 

system (Pittman 2011). Nonetheless, solid tumour cells have evolved and 

developed ways in which to adapt to microenvironments which have an 

inadequate supply of oxygen (Krzywinska & Stockmann 2018). This state of 

low oxygen tensions, low pH, and limited supply of nutrients is called hypoxia 

(Lin & Hahn 2012; Harrison et al. 2011; Krohn et al. 2008).   

Hypoxic stresses within the tumour microenvironment arise as a result of 

abnormal tumour vascularisation or inadequate perfusion of the tumour mass 

(Lin & Hahn 2012; Krohn et al. 2008). Hypoxia supports tumour progression 

through initiating many consequences linked to the hallmarks of cancer such 

as treatment resistance, genomic instability, angiogenesis, hypoxia tolerance, 

invasion, and metastasis. This has been demonstrated in solid tumours 

including head and neck, breast, cervical, prostate, lung and pancreatic 

cancers (McKeown 2014; Marcu et al. 2014; Rohwer & Cramer 2011; Jubb et 

al. 2010; Vaupel 2008; Le et al. 2004; Brizel et al. 1996).   

Evidence shows the degree to which tumour hypoxia is present is 

proportional to the amount of the tumour resistant to treatment (Harrison et 

al. 2011; Rohwer & Cramer 2011; Brown 2007). It is therefore not surprising 

that tumour hypoxia is an increasing area of specific research.  
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1.5.1 Classifications of Hypoxia  

Tumour hypoxia can be divided into three groups entitled: physiological 

hypoxia, pathological hypoxia, and radiobiological hypoxia. As a result of this 

grouping, tumour hypoxia can be identified using approximate levels of 

oxygen in normal tissue and also of that in tumours (McKeown 2014). 

Normoxia, which ought to be recognised as physoxia in experimental 

conditions, is the collective term representing normal oxygen levels i.e. 4-

7.5% oxygen in peripheral tissues. These oxygen levels better represent 

peripheral tissues as they are exposed to less oxygen than that of 

atmospheric air (20-21% oxygen) (McKeown 2014; Ivanovic 2009). If future 

studies are to translate to clinical outcomes, appropriate oxygenation levels 

need to be studied. 

Physiological hypoxia (2-6% oxygen) can be recognised when oxygen levels 

in situ (Guzy & Schumacker 2006) are at the point in which tissues respond 

to maintain their preferred oxygen levels (lower end at which normal hypoxic 

responses are stimulated). Utilising the ranges involved in physiological 

hypoxia helps identify cells in an even more oxygen depleted state; 

pathological hypoxia. These particulary hypoxic cells are those within ranges 

normally found in pathology (<2% oxygen). Pathological hypoxia exists when 

homeostasis is disrupted and persistence in poor oxygenation is present. 

Lastly, radiobiological hypoxia which exists at oxygen levels below 0.4% 

oxygen; is the point at which oxygen levels illustrate cytotoxic effects of 

radiation (McKeown 2014).  

While it is important to be able to categorise the various groups of hypoxia, 

cells of different origins have different oxygen sensitivities and therefore have 
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different tolerances to reducing oxygen. This makes it difficult to predict 

cellular responses to radiation and/or drugs. To illustrate this, tumour cells 

that are particulary hypoxia tolerant and able to survive a 18-21 partial 

pressure of 02 fold reduction include prostate and pancreatic cells, while 

tumour cells less hypoxia tolerant and able to survive only a 1.6-3 fold 

decrease in partial pressure of 02 include brain, lung, rectal carcinoma and 

smooth muscle cells (McKeown 2014; Vaupel et al. 2007). 

A temporal definition of hypoxia further ensues as tumours are exposed to 

phases of fluctuating oxygen levels. Blood flow transiently interrupted is 

termed acute hypoxia, while chronic hypoxia which follows, occurs when cells 

are 100-150µm away from blood vessels and unable to receive oxygen 

(figure 1.12) (Yeom et al. 2012; Horsman et al. 2012; Piresa et al. 2010; 

Vaupel 2004; Thomlinson & Gray 1955). Acute and chronic hypoxia not only 

represent different pathophysiologies but also variable biological and 

therapeutic consequences (Bayer & Vaupel 2012).   

The ability of tumour cells to survive hypoxic stress is reliant on disruption to 

necessary response pathways (Jiang et al. 2011; Vaupel 2010; Graeber et al. 

1996). By targeting specific markers/genes within these pathways, some of 

the consequences of hypoxia may be mitigated. One current example is 

targeting von Hippel-Lindow (VHL), as this not only regulates substrates such 

as N-Myc downstream-regulated gene 3 (NDRG3), G9a, and the 

erythropoietin receptor through its canonical E3 ligase function (which targets 

hypoxia inducible factor α (HIF1α and HIF2α) for proteasome degradation), 

but can also be used as an adaptor protein that recruits the phosphatase 

pathway to mitigate constitutive AKT phosphorylation (Zhang & Zhang 2018; 
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Kim & Zschiedrich 2018). However, it has been suggested that in VHL-

associated cancer, HIF1 and HIF2 have anti- and pro-tumourigenic effects 

respectively (Pugh & Ratcliffe 2017). More research is need into targeting 

hypoxia related pathways to aid strategies in overcoming hypoxic tumours. 
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Figure 1.12: A representation of acute and chronic hypoxia. A. Under 

physoxic (normoxic) conditions there is normal blood flow through the blood 

vessels. Acute and chronic hypoxia arises when blood flow is occluded 

through the blood vessels. B. Oxygen concentration can vary with time. 

Acute hypoxia occurs when blood flow is transiently interrupted through the 

blood vessels due to phases of fluctuating oxygen levels. C. Oxygen 

concentration can vary with distance from blood vessel. Chronic hypoxia 

occurs when cells are 100-150µm away from blood vessels and unable to 

receive adequate amounts of oxygen (Salem 2018; Yeom et al. 2012; 

Horsman et al. 2012).    

Acute hypoxia 

(Perfusion-limited, cyclic) 

Chronic hypoxia 

(Diffusion-limited, temporally stable) 

A. 

B. C. 
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1.5.2 The Hypoxia-Inducible Factor (HIF) Pathway  

During tumour development and progression, cancerous cells often have 

restricted access to nutrients and oxygen. Most solid tumours have regions 

permanently or transiently subjected to hypoxia because of aberrant 

vascularisation and a poor blood supply. The hypoxic response is mainly 

ascribed to hypoxia-inducible factors (HIFs) (Petrova et al. 2018). 

Activation of HIFs in cancer may be classified as ‘quasi-physiological’, 

supporting tumour growth, just as it supports physiological oxygen 

homeostasis (Pugh & Ratcliffe 2017). Nevertheless, HIFs play an integral 

role in mediating cellular response to hypoxia through activation of target 

genes involved in maintenance of cell stemness, embryogenesis, cancer 

development, inflammation, and tissue vascularisation (Zhdanov et al. 2013).  

HIFs are heterodimers which comprise three subunits (HIF1α, HIF2α, and 

HIF3α) and a constitutive HIF1β subunit (known as ARNT) to form the HIF1, 

HIF2, and HIF3 transcriptional complexes. HIF1 drives the initial response to 

hypoxia through increases in glucose metabolism (Hu et al. 2003) and cell 

cycle arrest (Semenza 2011) while HIF2 orchestrates hypoxic response 

under chronic conditions, activating proliferation (Hea et al. 2012; Eul et al. 

2006), erythropoiesis, and iron metabolism (Zhaob et al. 2015; Bartoszewska 

et al. 2014; Zhdanov et al. 2013; Haase 2010). A negative feedback loop 

regulates HIF1/HIF2. 

Under oxic conditions, HIF1/2α is hydroxylated by prolyl hydroxylases (PHD 

1, 2, and 3), and recognised by pVHL, a product of the VHL tumour 

suppressor gene. Together with an ubiquitin ligase complex, HIF1/2α is 
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recognised by the proteasome and subsequent degradation of HIF1/2α takes 

place. However, under hypoxic conditions, HIF1/2α escapes the VHL 

machinery, dimerises with HIF1β and then binds to hypoxia response 

elements (HRE) within the promoters of target genes. Recruitment of 

transcriptional co-activators such as p300/CBP increases gene transcription 

activity (figure 1.13) (Petrova et al. 2018; McKeown 2014; Koh & Powis 2012; 

Ivan et al. 2001; Jaakkola et al. 2001; Mahon et al. 2001; Ohh et al. 2000; 

Maxwell et al. 1999; Jiang et al. 1996). Nonetheless, the ability of HIF1/2α to 

activate transcription can be prevented by the oxygen-regulated enzyme, 

factor-inhibiting HIF1 (FIH1) (Mahon et al. 2001).  

Stabilisation of HIF1/2 under hypoxia selects for a wide variety of genes such 

as VEGF, CA9, GLUT1, IL8, and LOX; all linked with a more malignant 

phenotype. It is well known that these genes play key roles in proliferation, 

glucose metabolism, angiogenesis, invasion and metastasis, drug resistance, 

and apoptosis (figure 1.13). For example, HIFs play critical roles in the 

metastasis of breast cancer to the lungs through the transcriptional activation 

of genes encoding angiopoietin-like 4 and L1 cell adhesion molecule, which 

promote the extravasation of circulating cancer cells from the lung 

vasculature, and the lysyl oxidase family members LOX, LOXL2, and LOXL4, 

which promote invasion and metastatic niche formation (McKeown 2014; 

Semenza 2013; Semenza 2012; Tsai & Wu 2012; Chan & Giaccia 2007; 

Erler et al. 2006; Rofstad 2000).  

Many of the earliest HIF target genes to be identified, encoding 

erythropoietin, angiogenic growth factors, and enzymes catalysing pathways 

of energy metabolism functioned to maintain oxygen balance. Others, such 
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as those encoding molecules involved in iron transport or pH regulation 

functioned indirectly with oxygen metabolism, and so HIF became known as 

the master regulator of oxygen homeostasis. As the number of identified 

targets of HIF has expanded, the links of many to oxygen homeostasis have 

become increasingly indirect. This is exemplified by those involved in 

development and immune-inflammatory pathways (Pugh & Ratcliffe 2017). 
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Figure 1.13: A schematic representation of the hypoxia-inducible factor 

(HIF) pathway. In the presence of oxygen (02), HIF1α is hydroxylated by 

prolyl hydroxylases (PHDs), facilitating the binding of Von Hippel-Lindau 

(VHL); a tumour suppressor protein. pVHL then directs polyubiquitination and 

mediates HIF1α proteasomal degradation. Under hypoxic conditions (N2), 

PHD activity is inhibited allowing the accumulation of HIF1α. Dimerisation of 

HIF1α with HIF1β in the nucleus allows further binding to a DNA sequence 

known as hypoxia responsive element (HRE), to activate transcription of 

target genes with various downstream endpoints (Petrova et al. 2018). 
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1.5.3 The Unfolded Protein Response (UPR) Pathway  

The endoplasmic reticulum (ER) is a cellular component mediating calcium 

homeostasis, and protein, cholesterol, and lipid biosynthesis. Multiple 

conditions induce ER stress including hypoxia, changes in glycosylation, 

redox status, glucose availability, calcium homeostasis, and secretory protein 

load (Senft & Ronai 2015; Schönthal 2012; Zhang & Kaufman 2006; Feldman 

et al. 2005).  

Protein maturation/folding requires co-ordinated activity of many chaperones 

and folding enzymes such as, binding immunoglobulin (BiP), also known as 

glucose-related protein 78 (GRP78) (Wang et al. 2018). ER stress affects 

protein maturation and triggers accumulation of unfolded or misfolded 

proteins. When the unfolded/misfolded capacity is exceeded, this promotes 

activation of UPR signalling mechanisms; with the primary aim of re-

establishing homeostasis.  

There are three classes of sensors to ER stress; PKR-like ER kinase 

(PERK), inositol-requiring protein 1 (IRE1) and activating transcription factor 

6 (ATF6). Under physiological conditions, these sensors are inhibited by the 

binding of their luminal domains with BiP/GRP78. However, accumulated 

proteins impair the equilibrium between unfolded proteins (to be folded) and 

the intra-luminal domains of the three sensors, and thus dissociation of BiP 

activates PERK, IRE1, and ATF6 (Corazzari et al. 2017).  

Activation of the UPR can promote survival through stimulation of ER 

chaperones and by promoting ER-Associated Degradation (ERAD) pathways 

to alleviate the ER stress and maintain homeostasis. However, if the burden 
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of misfolded proteins is severe and prolonged, the UPR cannot resolve the 

protein folding defect and apoptosis is initiated (figure 1.14) (Wang et al. 

2018; Tabas & Ron 2011).  

Activation of subsequent downstream targets have been studied over the 

years and indicate that the UPR influences both survival and apoptosis under 

hypoxic conditions (figure 1.15) (Pluquet et al. 2015; Rainbolt et al. 2014; 

Nagelkerkea et al. 2014; Nagelkerkeb et al. 2014; Hetz et al. 2013). 

Interestingly, hypoxia can cause activation of the UPR within 30 minutes and 

is capable of responding to changes in oxygenation, particularly that during 

acute hypoxia (Pettersen et al. 2014; Koritzinsky et al. 2013; Walter & Ron 

2011). 

Signalling mechanisms in hypoxia-induced metastasis primarily focuses on 

the HIF1 pathway; however activation of the UPR does in fact drive 

metastasis also. One example, the PERK/ATF4 target gene LAMP3, a 

metastasis-associated gene, mediates hypoxia-driven lymph node 

metastasis. Upon silencing LAMP3, inhibition of lymph node metastasis is 

observed, while both hypoxia tolerance and tumour growth are not affected. 

Cervical cancer has also shown to stimulate metastatic capacity suggesting 

poor prognosis is in fact due to alterations in the PERK/eIF2α/ATF4 

activation of LAMP3 (Pettersen et al. 2014; Mujcic et al. 2009).  

PERK has the ability to tolerate severe hypoxia  (Hill et al. 2015; Cojocari et 

al. 2013; Koritzinsky et al. 2007; Bi et al. 2005; Koumenis et al. 2002). 

Phosphorylation of eIF2α by PERK has shown to be essential in tumour 

growth (Bi et al. 2005). Furthermore PERK activation leads to cell cycle 
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arrest in G1, inhibiting protein translation by up to 70%. Cells are then able to 

conserve energy, survive hypoxic stress, and initiate hypoxia tolerance 

through increased activity of the downstream transcription factor, ATF4  

(Brewer & Diehl 2000). ATF4 can then bind to the autophagy marker, LC3b, 

allowing increased transcription of the autophagy activator ULK1 (Pike et al. 

2013; Schaaf et al. 2013; Rzymski et al. 2010) or C/EBP homologous protein 

(CHOP) which regulates a wide range of autophagy related genes, such as 

GADD34 to mediate ER stress-induced apoptosis (B’Chir et al. 2013). Thus, 

depending on severity and duration of ER stress, PERK activation can lead 

to varying degrees of survival or death (Corazzari et al. 2017). 

In addition, ATF4 induces genes that combat resistance to oxidative stress. 

PERK deficient cells display compromised cysteine uptake, reduced 

glutathione production and are therefore exposed to high levels of ROS, 

permitting cells to become sensitive to oxidative stress (Tsai & Weissman 

2010). Further observations included a reduction in hypoxic tolerance, viable 

hypoxic tumour fractions, and improvements in radiation response (Hill et al. 

2015; Rouschop et al. 2013; Cojocari et al. 2013; Rouschop et al. 2010; 

Koritzinsky et al. 2007; Bi et al. 2005; Koumenis et al. 2002).  

The IRE/X box-binding protein 1 (IRE/XBP1) pathway has shown to promote 

tumour growth and cell survival (Fang et al. 2015; Romero-Ramirez et al. 

2004). Splicing under conditions of severe hypoxia (<0.02% 02) demonstrate 

that levels of XBP1 activity between tumours differ; correlating positively with 

growth rate and inversely with glucose availability, suggesting IRE1 activation 

is in response to low glucose concentrations in addition to hypoxia (Hetz et 



68 
 

al. 2013; Spiotto et al. 2010). Ghosh et al. have shown that spliced XBP1 

directly binds to the VEGF promoter and upregulates the expression of 

VEGF, a gene known to play roles in hypoxic survival (Ghosh et al. 2010). 

Antagonism of IRE1 can impair tumour vascularity and improve patient 

survival by suppressing tumour growth through downregulation of the 

angiogenesis and proliferative processes (Minchenko et al. 2015); in addition 

to promoting apoptosis through regulated IRE1-dependent decay (RIDD). 

Activated IRE1a also interacts with tumour necrosis factor receptor-

associated factor 2 (TRAF2) to induce the upregulation of apoptosis signal-

regulating kinase 1 (ASK1) and JUN N-terminal kinase (JNK), to promote cell 

apoptosis (Wang et al. 2018).  

Although hypoxia activates both PERK and IRE1, the PERK arm is 

distinctively important for promoting adaptation and survival during hypoxia-

induced ER stress (Cojocari et al. 2013). Furthermore, UPR signalling is not 

similarly regulated in all tumour types. Head and neck cancer cells indicate 

that the PERK-arm is not universally induced by hypoxia, suggesting that 

apart from the expected variability in response between tumours of the same 

type, UPR modification may not be universally applicable to all cancers 

(Nagelkerkea et al. 2014).  

There is a need to define the roles of each branch of the UPR in specific 

tumours and gain better understanding for the molecular mechanisms that 

regulate induced cell survival or death decisions. This will help identify and 

develop drugs with high target specificity in these specific tumours. 
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Figure 1.14: Stress stimuli are responsible for unfolded protein 

response (UPR) activation and also determine cell survival or death 

induction. Evidence suggests that this decision mainly depends on the ER 

stress magnitude and duration. Upon stress both pro-survival and pro-death 

factors are transduced in tandem. However, the former is the most 

represented initially, thus sustaining cell survival. Yet, prolonged or sustained 

stress allows the accumulation of pro-death players, which in turn inactivate 

or inhibit the activity of pro-survival factors, resulting in cell death induction 

(Corazzari et al. 2017). 
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Figure 1.15: A schematic representation of the Unfolded Protein 

Response (UPR). Unfolded and misfolded proteins along with hypoxic ROS 

trigger endoplasmic reticulum (ER) stress and thus activation of the UPR. 

The UPR comprises three parallel signalling branches: PRKR-like ER kinase 

(PERK), inositol-requiring protein 1α (IRE1α), and activating transcription 

factor 6α (ATF6α). The outcome of UPR activation increases 

misfolded/unfolded proteins, hypoxia tolerance, and attenuation of protein 

synthesis (Wang et al. 2018; Corazzari et al. 2017). 
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1.5.4 The Mammalian Target of Rapamycin (mTOR) Pathway  

Another important signalling pathway associated with ageing, 

neurodegeneration, and cancer is mTOR, operated downstream of 

phosphoinositide 3-kinase (PI3K) and AKT. The mTOR pathway is a key 

regulator of cellular growth, proliferation, and survival to upstream signals 

orchestrated though changes in mRNA translation, ribosomal biogenesis, 

autophagy, and metabolism (Heberle et al. 2015; Guertin & Sabatini 2007; 

Majumder et al. 2004). It is well established that growth factors, mitogens, 

and nutrients activate this pathway in cancer, phosphorylating and activating 

the downstream effectors, p70S6K, 4E-BP1, and EEF2K involved in cellular 

translation (Wouters & Koritzinsky 2008; Browne & Proud 2004). 

Hypoxia inhibits the mTOR process. Hypoxic cells exhibit a reduced capacity 

for oxidative metabolism. This environment indirectly regulates the 

conservation of ATP by limiting energy-consuming processes such as protein 

synthesis (Vadysirisack & Ellisen 2012; Liu et al. 2006; Wouters et al. 2005). 

Regulation is mediated in part through HIF1α-dependent glycolysis and 

angiogenesis though inhibition of the mTOR complex 1 (mTORC1) pathway 

which is highly deregulated (Schito & Rey 2017; Vadysirisack & Ellisen 2012; 

Koumenis & Wouters 2006; Majumder et al. 2004).  

Hypoxia induces ATF4 translation activating AMP-activated protein kinase 

(AMPK) and a negative regulator of AKT, TRB3 (Salazar et al. 2009; Ohoka 

et al. 2005). Hypoxic conditions further induce HIFs via the DNA damage 

protein ATM, allowing induction of REDD1 (regulated in development and 

DNA damage response 1; encoded by Ddit4) (Wouters & Koritzinsky 2008; 

Heberle et al. 2015). A negative feedback loop controls REDD1 and 
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mTORC1 stability, whereby REDD1 induction inhibits mTORC1 via activation 

of the tuberous sclerosis protein 1 and 2 complexes (TSC1 and TSC2) 

(Deyoung et al. 2008).  

Hypoxia-induced autophagy is due to Rheb inactivation and BNIP3/BNIP3L 

activation (transcriptionally induced by HIFs). BNIP3/BNIP3L, negative 

regulators of the Bcl2-Berclin1 complex (Bellot et al. 2009; Azad et al. 2008; 

Tracy et al. 2007), is linked with tumour growth and poor survival in non-small 

cell lung cancer and endometrial carcinomas (Giatromanolaki et al. 2008; 

Giatromanolaki et al. 2004) yet good survival in breast cancer patients (Ern et 

al. 2007). Furthermore, the PML tumour suppressor protein inhibits Rheb-

mTORC1 (Heberle et al. 2015; Wouters & Koritzinsky 2008). Hypoxia 

therefore contributes to prevention and stimulation effects in mTORC1 

signalling.  

Taken together, data indicates that inhibition of mTOR activity through a 

network of feedback loops wherein HIF1α-dependent and HIF1α-

independent mechanisms converge to limit unhindered proliferation, cell 

growth, angiogenesis, metastasis, and oxidative stress (Schito & Rey 2017; 

Deep & Panigrahi 2015). 

The mechanisms by which mTORC1 activity is maintained in hypoxic cells 

remains to be fully understood, though at present it is clear that the 

inadequate control of mTORC1 activity in hypoxic cells may promote hypoxia 

tolerance through cell survival mechanism involving apoptosis and/or 

autophagy (Vadysirisack & Ellisen 2012; Schneider et al. 2008; Wouters & 

Koritzinsky 2008). Conversely, reversal of mTORC1 inhibition upon 
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reoxygenation has been suggested to be mediated via post-translational 

mechanisms and not through HIFs, REDD1, or BNIP3 as hypoxia regulates 

mTORC1 directly at the mTORC1 level (Tan & Hagen 2013). Furthermore it 

is believed that hypoxia induces a phase transition within a kinase signalling 

network acting like a switch for mTORC1 signalling (Wei et al. 2013). 

Recent studies show that inhibition of the mTOR pathway prevents neuronal 

death and further reduces neuroinflammation in hypoxia-ischaemia plus 

lipopolysaccharide-induced inflammation (HIL) mice models of cerebral palsy 

(Srivastava et al. 2016). In addition, signalling through mTORC1 or mTORC2 

was found to induce IGFBP1 phosphorylation in response to hypoxia 

associated with fetal growth restriction (Damerill et al. 2016). These studies 

provide novel understanding of mechanisms involved in the mTOR pathway 

and aids in development of new therapeutic strategies and targets.     

Figure 1.16 summarises the mTOR pathway under hypoxia.  
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Figure 1.16: The mTOR signalling pathway under hypoxia. Hypoxia 

inactivates mTORC1 through different mechanisms. First, hypoxia increases 

the AMP:ATP ratio activating AMPK. Second, hypoxia activates ATM 

resulting in induced REDD1. REDD1 inhibits mTORC1 via TSC1/TSC2 

activation whereas mTORC1 is necessary to stabilise the REDD1 protein. 

Third, mTORC1 inhibition in hypoxia is regulated through binding of BNIP3 to 

RHEB. Hypoxic cells require mTORC1 to re-establish homeostasis through 

HIF1α and REDD1-dependent stress response. However, mTORC1 needs to 

be restricted otherwise AKT is inhibited, leading to sensitisation to apoptosis. 

Therefore inhibitory and stimulatory inputs contribute to net mTORC1 activity 

(Heberle et al. 2015).    
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1.6 Consequences of Hypoxia  

Hypoxia permits tumours to acquire aggressive characteristics. This occurs 

through changes in energy metabolism, induction of angiogenesis (Span & 

Bussink 2015), increased invasion and metastatic potential, decreased drug 

sensitivity, decreased p53-dependent apoptosis (Graeber et al. 1996), 

hypoxia-induced protective autophagy and also through increased genetic 

instability (Bhandari et al. 2018; Subarsky & Hill 2003; Yuan & Glazer 1998). 

These consequences have been studied in a wide range of tumour types and 

are associated with malignancy and poor prognosis (Good & Harrington 

2013; Hanahan & Weinberg 2011; Fyles et al. 1998; Nordsmark et al. 1996). 

Highlighted below are ways hypoxic cells can adapt/respond to changes in 

the microenvironment through radiation and other damaging/stress stimuli.  
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1.6.1 Hypoxia and Radiation Response 

Tumour cells not only have the ability to survive hypoxic conditions, but a 

further ability to survive various cancer treatment regimes. The role of 

hypoxia in radioresistance was confirmed in 1988 by Gatenby et al. who 

measured significant differences in oxygen tensions between tumours of 

responding and non-responding radiotherapy patients (Gatenby et al. 1988; 

Gatenby et al. 1985). However, it was much earlier that studies by Alexander 

and Charlesby (1954) and later Johansen and Howard-Flanders (1965) who 

indicated the ability of oxygen as a radiosensitiser belonged in its chemical 

properties as a highly reactive electrophile, now defined as the oxygen 

fixation hypothesis (OFH) (Alexander & Charlesby 1954; Johansen & 

Howard-Flanders 1965).  

Hypoxia has been shown to be a major impediment in the success of 

radiotherapy in many tumour cells including prostate, lung, pancreatic, head 

and neck, sarcoma and rectal cancers (Liu et al. 2015; Zhaoa et al. 2015; 

Rycaj & Tang 2014; McKeown 2014; Marcu et al. 2014; Rohwer & Cramer 

2011; Bayer et al. 2011; Jubb et al. 2010; Vaupel 2008; Le et al. 2004; Brizel 

et al. 1996; Gatenby et al. 1988). The presence of hypoxic cells is not limited 

to radiation resistance and may also be responsible for tumour resistance to 

certain types of chemotherapy. 

Free radicals in DNA react with available oxygen to generate peroxy radicals 

(DNA–OO), which then chemically modify DNA. In the absence of oxygen, 

where tumour cells are 2-3 times more resistant (Kirkpatrick et al. 2004), 

chemical reduction by sulfhydryl compounds leads to decreased fixation of 

DNA DSBs and is accordingly restored by repair mechanisms (Liu et al. 
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2015; Bristow & Hill 2008). Although acute hypoxia infers greater 

radioresistance compared to chronic hypoxia; cells able to reoxygenate 

before radiation drastically reduces radioresistance through DNA repair 

mechanisms (Bayer & Vaupel 2012).  
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1.6.2 Cell Death Resistance  

HR, MMR and NHEJ are less effective under hypoxia as general repression 

in DNA repair is observed (Hill et al. 2015; Olcina et al. 2010; Chan et al. 

2008). Mediators of HR (RAD51, BRCA1, BRCA2, FANCD2 and NBS1) are 

compromised under hypoxic conditions at the transcriptional level, evidenced 

by a repressive trend in cellular HR capacity (3-8 fold) (Scanlon & Glazer 

2015; Hill et al. 2015; Salles 2013; Chan et al. 2008; Bindraa et al. 2005; 

Bindrab et al. 2005; Bindra et al. 2004) while at the translational level, 

RAD51B/C, RAD54, RAD51, BRCA2, XRCC3 and RAD52 are 

downregulated in the DNA repair process (Chan et al. 2008). However, unlike 

the inhibitory effect of hypoxia on HR, the impact of hypoxia on NER and 

NHEJ, error prone pathways are less clear (Scanlon & Glazer 2015; Yuan et 

al. 2000). Studies infer that an upregulation of translational proteins such as 

Ku70, DNA-PKcs, and DNA ligase IV leads to increased mutagenesis under 

hypoxia (Kang et al. 2008).  

Both hypoxia and reoxygenation promote aberrant DNA synthesis leading to 

over-replication and gene amplification. Reoxygenation after acute hypoxia-

induced replications arrest has been linked to DNA damage through the 

production of reactive oxygen species (ROS) which in turn allows ATM/Chk2 

mediated G2 arrest to promote metastasis (figure 1.17) (Piresb et al. 2010; 

Vaupel 2008; Aguilera & Gómez-González 2008).  
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Figure 1.17: Model of hypoxia-mediated genetic instability. Cells 

exposed to cycling hypoxia (acute hypoxia followed by reoxygenation) may 

activate cell cycle checkpoints to arrest the cell in order to repair any DNA 

damage. Reoxygenation following periods of hypoxia can lead to DNA 

damage induction and DNA replication restart. Cells exposed to prolonged 

chronic hypoxia can acquire genetic instability through decreased translation 

of DNA repair proteins leading to defective repair in proliferating cells and an 

increased mutation rate (Bristow & Hill 2008).  
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1.6.3 Hypoxia-driven adaptation   

Anaerobic metabolism  

In the presence of hypoxia, mitochondria become defective and are involved 

in many disorders such as type 2 diabetes, Alzheimer’s disease, cardiac 

ischaemia/reperfusion injury, tissue inflammation, and cancer (Solaini et al. 

2010). Mitochondria are known to consume the greatest amount of oxygen in 

order to produce energy in the form of ATP through oxidative 

phosphorylation. Hypoxic cells however respond by inducing adaptive 

reactions through the AMPK pathway, that once activated (by low energy 

status), switches on ATP producing catabolic pathways such as glycolysis 

(short-term effects on phosphorylation of regulatory proteins); known as the 

Warburg effect (Solaini et al. 2010; Viollet et al. 2009). Low oxygen 

concentrations (0.15% 02) can in fact result in cell death due to insufficient 

ATP levels (Santore et al. 2002).  

Despite AMPK acting as a metabolic tumour suppressor, evidence indicates 

that under certain cellular contexts AMPK activation may promote hypoxic 

cells to adapt and survive (Chuang et al. 2014). Although AMPK suppresses 

mTORC1 signalling, AMPK activates roles (eg stress adaptation) required for 

HIF1α activity, and may even be regulated by HIF1α. For example, Li et al. 

(2015) found that HIF1α activation in the subtotal nephrectomy model of 

chronic kidney disease limits protein synthesis and apoptosis, while 

activating autophagy, presumably for improved cell survival.  They found that 

AMPK activation was diminished in the kidney yet remarkably restored by 

HIF1α activation, demonstrating the involvement of HIF1α in the regulation of 

AMPK activity (Li et al. 2015). 
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Further studies show that cells respond to prolonged hypoxia by activating 

HIFs to stimulate transcription of genes (VEGF and GLUT1) to inhibit 

mitochondrial oxygen consumption, promoting adaption and thus cell survival 

(Zeng et al. 2015; Kaluz et al. 2008).  

 

Induction of Angiogenesis  

The vascular system is one of the main factors responsible in the 

development of hypoxia. Tumour endothelial cells play an essential role in 

angiogenesis. VEGF and its receptor pathway are recognised as key 

regulators of the angiogenic process. Increased VEGF expression is 

mediated through transcription of HIF1α signalling during hypoxia and 

indirectly through the UPR pathway.  

VEGF and type 1 collagen (VCIP) plays vital roles in both VEGF and bFGF 

induced capillary morphogenesis (Wary & Humtsoe 2005). Hypoxic cells 

express VCIP via translational regulation through 5’UTR internal initiation, 

dependent on PERK, highlighting the significance of the PERK/ATF4 arm of 

the UPR pathway, when mTORC1 signalling is inhibited (Bu & Diehl 2016; 

Wouters & Koritzinsky 2008; Blais et al. 2006). Studies show that VEGF 

mRNA expression in a variety of mouse cell lines promotes angiogenesis and 

revascularisation through elevated levels of many proangiogenic mediators 

(Wang et al. 2012). 

Studies also show that HIF1 expression can contribute to angiogenesis by 

activating several transcription genes and their receptors; VEGF, platelet-

derived growth factor B (PDGFB), angiopoietins 1 and 2 (ANGPT1, and 
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ANGPT2,) metalloproteinases (MMPs). This facilitates the recruitment of 

endothelial progenitor cells (EPC) to the site of hypoxia, thus enhancing 

endothelial cell proliferation and division (Lee et al. 2015; Zimna & Kurpisz 

2015; Rouschop et al. 2013; Krock et al. 2011; Greijer et al. 2005). The 

increased vascular supply to the tumour via angiogenesis to improve 

oxygenation encourages tumour growth, and may even facilitate metastasis 

through recruitment of these new endothelial cells (Pickup et al. 2014; Carroll 

& Ashcroft 2005). Possibly the most aggressive manifestation of tumour 

progression is the development of these distant metastases (Bristow & Hill 

2008).  
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1.6.4 Hypoxia Tolerant Environments  

Hypoxic cells can induce a pro-apoptotic or anti-apoptotic response (Achison 

& Hupp 2003). So despite adaptation it is not surprising that hypoxic cells 

have gene mutations that regulate apoptosis. Hypoxia can evoke selection 

against apoptosis susceptible cells stimulating tumour progression. One 

example of this is the p53 gene, one of the most frequently mutated tumour 

suppressors in cancer and highly involved in the activation of apoptosis. In 

vitro studies have shown that tumour hypoxia selects for p53 mutation rather 

than wild-type p53 populations; rendering resistance to therapy via selection 

of cells with mitochondrial apoptosis defects (Verduzco et al. 2015; Graeber 

et al. 1996). Significant reduction of TRAIL-induced apoptosis is indicative of 

a disturbed mitochondrial feedback loop and hypoxic selection (Weinmann et 

al. 2004). In fact, hypoxia may potentially be one of the earliest driving forces 

in losing p53 function during tumourigenesis (Span & Bussink 2015).  

Hypoxia promotes apoptosis through expression of members of the BCL2 

family (Lia et al. 2013; Koshiji et al. 2004; Ibrahim et al. 2004; Kothari et al. 

2003). Yet, autophagy under hypoxic conditions protects cancer cells against 

apoptosis induced by nutrient deprivation through a BCL1-dependent way in 

hepatocellular carcinoma. In addition to this, ULK1, a consequence of UPR 

activation is a hypoxia regulated gene promoting survival also due to 

protective autophagy (Schaaf et al. 2013). In some cases autophagy appears 

to be mediated by PERK, however it can also occur downstream of IRE1 

activation (Ogata et al. 2006).   

HIF1α displays a protective role, in which apoptotic responses are inhibited 

(Lib et al. 2013; Yao et al. 2012; Akakura et al. 2001). Pancreatic cancers 
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expressing HIF1α express anti-apoptotic responses under hypoxia (Moritz et 

al. 2002). Furthermore, AtT-20 cells expressing HIF1α also inhibit hypoxia-

induced apoptosis as well as exhibiting increased cell growth and 

proliferation (Zhang et al. 2015). Transcriptome analysis involving Spalax, 

hypoxia tolerant rodents which exhibit longevity show that there is apoptotic 

suppression and hypoxia tolerance after exposures of 6 hours at 3% 02, 6 

hours at 6% 02, and 44 hours at 10% 02 (Malik et al. 2012).  
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1.7 Radiation Induced Bystander Effects (RIBEs) 

The underling dogma of radiobiological responses has been based on the 

premise that these only occurred in cells directly targeted with irradiation (in-

field regions) and were a direct consequence of energy deposition in DNA. 

However in the past 25 years, studies have shown that cells placed outside 

of the targeted region (out-of-field) demonstrate radiobiological effects (figure 

1.18) (Asur et al. 2015; Butterworthb et al. 2013). These non-irradiated cells 

are thought to respond to signals produced by neighbouring irradiated cells 

and are termed radiation-induced bystander effects (RIBEs) (Prise & 

O’Sullivan 2009). Bystander effects are defined as a category of non-targeted 

effects (NTEs), which are effects of radiation which do not correlate with 

direct energy deposition in DNA. These include genomic instability, adaptive 

responses, and low dose hypersensitivity (Balderson et al. 2016; Morgan & 

Sowa 2015).  

Bystander effects involve two main mechanisms of action; direct cell-cell 

communication by gap junction intracellular communication (GJIC) and 

through the release of soluble factors into the medium (Butterwortha et al. 

2013; Cole et al. 2013; Prise & O’Sullivan 2009; Azzam et al. 2003). ROS 

and nitrogen species including nitric oxide and cytokines (transforming 

growth factor β and interleukin 8) are a few of the types of signalling 

molecules mediated by RIBEs which have shown to initiate downstream 

signalling pathways such as the mitogen activated protein kinase (MAPK) 

and nuclear factor-κB (NF-κB) pathways (figure 1.18) (Asur et al. 2015; Prise 

& O’Sullivan 2009). 
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Early studies by Nagasawa and Little in 1992 demonstrated chromosomal 

damage in the form of sister chromatid exchanges in more than 30% of a cell 

population under conditions in which only 1% of cell nuclei had been targeted 

using alpha particles. Another demonstrated the killing of unirradiated cells 

from the cultured medium of irradiated cells due to a signal transduction 

mechanism rather than release of cytotoxic factors (Mothersill & Seymour 

1998). Other studies have demonstrated bystander cell killing using 

microbeam technology (Tomita et al. 2012; Schettino et al. 2005; Schettino et 

al. 2003).  

Studies using modulated beam exposures have shown that out-of-field 

effects play a significant role in biological response (Butterwortha et al. 2012; 

Trainora et al. 2012; Trainorb et al. 2012; Butterworth et al. 2011), established 

primarily through intercellular signalling (Prise & O’Sullivan 2009).  

One advantage for using modulated beams is that it may target micro-

metastases through bystander signalling mechanisms that may not have 

been detected in the initial pre-treatment scans. However, one uncertain 

implication may be that normal tissue cell killing can be initiated through 

stress signalling from the high-dose targeted areas to the low-dose 

untargeted areas.   
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Figure 1.18: Schematic showing the key pathways affecting bystander 

signalling and cell killing. Cells respond to direct radiation (red cell) by 

producing bystander responses through gap junctions or release of cytokine 

signals into the extracellular matrix. Macrophages can release bystander 

signals that affect non-irradiated cells (yellow cells). Key pathways include: 

cytokine-mediated signalling, signal transduction through MAPKs and NF-κB, 

alongside the production of reactive oxygen and nitrogen species. The old 

paradigm, which assumed only direct damage to nuclear DNA led to cell 

killing by ionising radiation exposure, has been updated to consider a role for 

extranuclear targets and signalling between directly targeted and non-

targeted cells (Prise & O’Sullivan 2009).  
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1.7.1 In vitro Investigations  

RIBEs have been demonstrated in vitro using a variety of approaches, driven 

by advanced technology to more accurately replicate that which would be 

seen clinically. The majority of these investigations use primary, 

hematopoietic, and cancer cells.  

It has been shown that RIBEs mimic the direct effects of radiation. This 

includes an increased frequency of apoptosis, micronucleation, DNA strand 

breaks and mutations, altered levels or activities of regulatory proteins and 

enzymes, reduced clonogenic efficiency, and oncogenic transformations, 

although some differences are observed (Asur et al. 2015; Poleszczuk et al. 

2015; Butterwortha et al. 2013; Prise & O’Sullivan 2009; Rzeszowska-Wolny 

et al. 2009). Although DNA damage can be induced in both directly irradiated 

and also non-irradiated neighbouring cells, the mechanism by which RIBEs 

occur is yet to be fully elucidated (Ghandhi et al. 2014; Hei et al. 2008).      

In vitro studies have demonstrated there is a significant decrease in cell 

survival out-of-field following modulated field exposures; partially but not 

completely contributed by scattered dose. This suggests response to 

modulated radiation fields are driven by bystander signalling from directly 

irradiated cells to that out-of-field. In contrast, in-field regions post-irradiation 

show increased cell survival, although dependant on the relative proportion of 

cells both in- and out-of-field (Asur et al. 2015; Butterwortha et al. 2012; 

Butterworth et al. 2011). Table 1.1 highlights various in vitro experiments 

using modulated beam exposures (Adapted from Asur et al. 2015).  
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Table 1.1: A summary of experiments investigating radiation-induced 

bystander effects (RIBE) following modulated beam exposures. Both 

clonogenic survival and DNA damage were used as endpoints following 

modulated exposures created by 50% or 75% shielding configurations (Asur 

et al. 2015).   

AUTHOR ENDPOINT 
BEAM 

ENERGY 
BEAM 

MODULATION 
OBSERVED 

EFFECT 

Mackonis       
et al. 2007 

Clonogenic survival 
(MM576 cells) 

6 MV 
75% MLC 
shielded 

Decreased survival 
out-of-field 

Increased survival     
in-field 

Intracellular 
Communication 

dependent 

Butterworth   
et al.2011 

Clonogenic survival 
(DU145 and 

AGO1522 cells) 
6 MV 

50% MLC 
shielded 

Decreased survival 
out-of-field 

Increased survival     
in-field 

Trainor          
et al. 2012 

Clonogenic survival 
(DU145, MDA231, 
and AGO1522B 

cells) 

225 KeV 
50% 

shielded 

Decreased survival 
out-of-field 

Increased survival     
in-field 

McGarry        
et al. 2012 

Clonogenic survival  
(DU145 and 

AGO1552 cells) 
6 MV 

50% MLC 
shielded 

Decreased survival 
out-of-field 

Increased survival     
in-field 

No impact of field 
complexity 

Butterworth  
et al. 2012 

Clonogenic survival 
(DU145 and 

AGO1522 cells) 

178 MeV 
protons 
101–

130 MeV 
protons 

Passive 
Scattering 

Pencil beam 
scanning 

Decreased survival 
out-of-field  

Increased survival  
in-field 

Trainor          
et al. 2012 

DNA damage        
(DU145 and 

AGO1522B cells) 
225 KeV 

50% 
shielded 

Elevated 53BP1 foci            
out-of-field 

Thompson 
et al. 2017 

Clonogenic survival: 
hypoxia 

(DU145, H460, A549 
MDA231,and FaDu 

cells) 

225 KeV 
50% 

shielded 

Decreased survival 
out-of-field  

Increased survival  
in-field 

Intracellular 
Communication 

dependent 
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In addition to this, studies show a significantly increased role for bystander 

signalling under hypoxic conditions. This has been demonstrated by 

increased RIBEs when endogenous hydrogen sulphide is suppressed (Zhang 

et al. 2012). Increases in caspase-3-dependent damage through contribution 

of RIBEs under hypoxia were also reported. Increasing evidence further 

suggests that protection of radiation-induced bystander responses may be 

prevented through gene overexpression, such as that of SirT1, which inhibits 

release of signalling factors that confer serious DNA damage in bystander 

cells (Xie et al. 2015; Xie et al. 2012). Yet at present, the bystander effects in 

tumour hypoxia also remain to be fully elucidated.     

Cells deficient in RAD9 show increased sensitivity to direct and bystander 

irradiation using MN formation as the endpoint. HIF1α activation in directly 

irradiated cells may be a negative predictor of a bystander response 

suggesting that hypoxic cells directly irradiated may influence whether or not 

a bystander effect will be elicited to neighbouring cells (Ghandhi et al. 2014). 

In both irradiated and out-of-field cerebral hemispheres, significant changes 

in oxygenation and/or perfusion compared to unirradiated controls were 

observed. Anti-TNFα treatment inhibited radiation-induced local as well as 

abscopal effects in the brain tissue (Ansari et al. 2007).  

Microbeam studies demonstrate that tumours observed daily for seven days 

post-irradiation show microvascular changes in the tumour and surrounding 

normal tissue differed greatly between the wide-field and microbeam 

treatments. These results suggest changes may be due spatial and temporal 

patterns of HIF1 expression induced through RIBEs (Fontanella et al. 2015).  
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Other studies have demonstrated a time component to bystander signalling 

using both media transfer and co-culture techniques. For example, one study 

(Seymor & Mothersill 1997) observed a time dependency of response when 

media was transferred from donor populations of HaCaT and SW48 cells 

irradiated with doses of 5 Gy and 2 Gy, respectively, with the most significant 

effects occurring within 3 hours of irradiation. Using a co-culture model, Yang 

et al. (Yang et al. 2007) showed a significant time dependency of bystander 

responses at the DNA damage level when non-irradiated cells were co-

cultured with irradiated cells 6 hours or later after irradiation with 1 GeV ions 

and 250 kVp X-rays.  

Another study observed that in p53 null, immortalised keratinocyte cells, an 

increase in ROS as a means of measuring RIBEs continued for 6 hours after 

medium transfer from targeted cells to non-irradiated cells (Lyng et al. 2006). 

It has also been reported that RIBEs remain stable for up to 6 hours post-

irradiation, however a time-dependency in RIBEs could be observed based 

on distance from directly irradiated cells (Hu et al. 2006).  

Knockdown of Nrf2, which normally plays a role in defence against oxidative 

stress results in cellular radiosensitivity. Recently, Yoshino et al. (2018) took 

this one step further and investigated the effects of irradiated cell conditioned 

medium (ICCM) on cell growth and cell death induction (Annexin V+) in non-

irradiated (out-of-field) cells in A549 lung cancer cells. While Nrf2 knockdown 

did in fact decrease cell growth and enhance the radiosensitivity of A549 

cells, it did not alter the effect of ICCM on cell growth at 2 and 8 Gy. This 

group suggests that Nrf2-targeted therapy in addition to radiation treatment 

could be a potential area to explore in the future (Yoshino et al. 2018).  
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1.7.2 In Vivo Investigations  

To date, the majority of research investigating RIBEs has been derived from 

in vitro studies. While this has provided quantitative and mechanistic results 

in many cases, they have limitations including: 

1. Cell cultures lack both the cellular architecture and cell-cell 

communications present in tissues and the microenvironment.  

2. Lack of immune responses needed for key roles in carcinogenesis and 

radiotherapy. 

3. Sophisticated dose distributions delivered in radiotherapy are difficult 

to deliver and assess in vitro. 

In vivo, RIBEs have however been assessed by endpoints such as cell 

survival, apoptosis, DNA damage, production of ROS, altered gene 

expression and radioadaptive response (Ghandhi et al. 2014; Chai & Hei 

2008). 

Studies that may validate the ratio of cells that need to be targeted to achieve 

a RIBE is also of significance, as establishing thresholds for bystander 

activation may set the basis for understanding what is of therapeutic benefit 

(Brady et al. 2013). Akudugu et al. (2012) have showed that individual 

tumour characteristics are important as they have demonstrated both the 

presence and absence of bystander responses in two different breast cancer 

cell lines.  

Sheridan et al. (Sheridan et al. 2013) examined RIBEs through MRE11 

expression level in colorectal tissue. Normal colonic tissue out-of-field post 

neo-adjuvant radiotherapy (group 1a) was compared to irradiated tumour 
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tissue post neo-adjuvant radiation within the same group (group 1b). A 

colorectal cancer patient group who had not undergone neo-adjuvant 

radiotherapy (group 2) in addition to a non-cancer patient group (group 3) 

were also included. Significant increases in MRE11 expression levels in 

group 1 in comparison to group 2 and group 3 were observed, indicating 

DSBs occur at a much higher level in normal colonic mucosa of patients post 

neo-adjuvant treatment which may represent presence of RIBEs in this sub-

group of patients.  

One study which investigated irradiation induced targeted and NTEs in 

zebrafish embryos through examination of the influence of exogenous NO 

generated using S-nitroso-N-acetylpenicillamine (SNAP), showed that NTEs 

were eliminated in bystander naive embryos if pre-treated with 20 or 100 μM 

SNAP prior to partnering with embryos subjected to an X-ray dose of 75 mGy 

(Kong et al. 2016). These findings reveal the importance of NO in the 

protection against damages induced by ionizing radiation or by radiation-

induced bystander signals. However, more studies using NO need to be 

carried out as increased levels of NO have shown to act as a tumour 

radiosensitiser (Cook et al. 2004; Mitchell et al. 1993) whilst low NO levels 

also show radiosensitisation (Saleem et al. 2011).  

Bystander studies using transgenic Caenorhabditis elegans strains where 2–

3% of somatic cells were made sensitive to hypoxia show the transcriptional 

regulatory activity of the DAF-16/FOXO transcription factor acts as a hypoxic 

protective molecular to improve survival in both targeted (pharyngeal) and 

non-targeted (tails cells) pharyngeal myocytes (primary injury site) when 
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activated after hypoxic injury and further block innocent bystander death 

which otherwise would have produced behavioural dysfunction, bystander 

death and even organismal death (Sun et al. 2014). Other hypoxia-resistant 

phenotypes may also provide valuable information on hypoxic cell injury and 

bystander death protection.    

In addition, the immune system has also shown to play an important role in 

bystander effects. For example, overexpression of ad-REIC/DKK3 exhibits 

therapeutic effects on various human cancer types through ER stress. In 

vivo, Ad-REIC treatment inhibits growth not only in directly treated tumours 

but also an indirect bystander effect through stimulation of the immune 

system (infiltration of T-cells and natural killer cells and expression of the 

major histocompatibility complex (MHC) class I molecules) (Suzawa et al. 

2017).  

Bystander effects are complex and thus categorisation of subsets of patients 

and molecules able to protect against bystander-induced injury will likely aid 

in advanced sensitisation/radiosensitisation approaches in the future.    
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1.7.3 Importance of RIBE in Radiation Biology  

In vitro and in vivo investigations on RIBEs are of significant value as 

understanding mechanisms which effect not only cancerous cells but 

adjacent out-of-field cells are beneficial in optimising advanced radiation 

techniques such as IMRT where a greater proportion of cells are exposed to 

low doses of radiation. Consideration of targeting and manipulating bystander 

signalling through molecular strategies may be advantageous for future 

therapeutic approaches.     

There are still many uncertainties that remain when defining RIBE. This 

includes understanding the exact initiating event of the bystander effect, 

whether cytokines or the like are released from targeted tissue into the blood 

or by irradiated cells circulating to non-targeted tissues, whether circulating 

irradiated cells release cytokines to affected regions or contact the cells in 

the non-targeted region via gap junctions and if MAPK and NF-κB are 

involved in vivo (Chai & Hei 2008). Nevertheless, building upon existing 

studies with the additional use of computational models will extend the 

knowledge of the bystander effect at both the in vitro and in vivo level and will 

have significant impact on patients at the clinical level (McMahon et al. 2012). 
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1.8 Therapies to Overcome Hypoxia-Induced Resistance  

Hypoxic cancer cells activate molecular mechanisms for survival within the 

hypoxic tumour microenvironment. Exposure to hypoxia results in resistance 

to direct DNA damage and oxidative stress (radiochemical effects) as well as 

triggering transcriptional, translational, and metabolic responses 

(radiobiological mechanisms) that render radiotherapy less effective (Rey et 

al. 2017). Over the years, several strategies have been developed to 

overcome the negative effects of hypoxia. Three basic strategies are 

considered when targeting hypoxic tumours and these include:  

1. Improving tumour oxygenation. 

2. Increasing the radiosensitivity of the hypoxic tumour cells.  

3. Killing the hypoxic tumour cells. 

Table 1.2 displays various strategies which have been used to overcome the 

resistance which presents in hypoxic tumour cells (Harada 2011). Although 

each therapy has benefits for targeting hypoxia, they also come with 

limitations as curative options (Joiner & van der Kogel 2009). A few of the 

strategies are discussed below. 
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Table 1.2: Strategies used to overcome hypoxic related resistance. The 

table highlights various techniques used to target hypoxia along with their 

mechanisms of action (Harada, 2011).    

  

Strategies Mechanisms of Action 

Hyperbaric 
Oxygenation 

Direct delivery of molecular oxygen to         
hypoxic regions 

Red Blood Cell Transfusion 
Direct delivery of molecular oxygen to        

hypoxic regions 

Erythropoietin (EPO) 
Injection 

Direct delivery of molecular oxygen to         
hypoxic regions 

Accelerated Radiotherapy in 
combination with Carbogen 
and  Nicotinamide (ARCON) 

Direct delivery of molecular oxygen to 
hypoxic regions and reoxygenation             

of acute hypoxia 

Nitroimidazole Derivatives 
Radiosensitisation by mimicking the effect          

of molecular oxygen 

Hypoxic 
Cytotoxins 

Direct killing of hypoxic tumour cells 

HIF1 Inhibitors 
Suppression of radioresistant phenotype of 

hypoxic tumour cells 

Gene Therapy Strategies Direct killing of hypoxic tumour cells 

Fractionated Radiotherapy 
Radiation-induced reoxygenation of           

hypoxic tumour cells 

IMRT 
Delivering booster dose of radiation to       

hypoxic tumour cells 
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Hyperbaric oxygen therapy  

Hyperbaric oxygen therapy has been shown to improve the oxygen supply to 

hypoxic tumour cells and has been previously used in combination with 

radiotherapy. A study by Henk in 1986 showed that 10 fractions of 

radiotherapy along with hyperbaric oxygen therapy resulted in increased 

patient survival and local control rates in head and neck cancer when 

compared to that of 30 fractions and therefore indicated that hyperbaric 

oxygen therapy augmented the effects of radiotherapy. In addition, local 

control and survival benefits were demonstrated in uterine cervix; however no 

benefits were confirmed in patients with cancer of the skin, bronchus and 

bladder. Furthermore, follow-up studies on locally advanced laryngeal 

carcinoma demonstrated a response rate and long-term tumour control rate 

comparable to more protracted radiation schedules, indicating that hyperbaric 

oxygen therapy contributed to local control of patients with advanced 

laryngeal carcinoma (Li et al. 2012).  

Radiation therapy immediately after hyperbaric oxygen therapy has shown to 

be safe with low toxicity arising alongside having a protection property 

towards normal tissues in high-grade gliomas and therefore warrants studies 

using other cancer types. The delivery of hyperbaric oxygen therapy in 

conjunction with radiotherapy nevertheless is time consuming, complex and 

incidences of side effects have been reported and have thus made this 

treatment strategy not available for clinical use; although it has made it an 

promising approach which should be explored further (Ogawa et al. 2013).  
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ARCON 

One of the more successful approaches for improving tumour oxygen is the 

use of accelerated radiotherapy in combination with carbogen breathing 

(95% oxygen, 5% carbon dioxide) and oral nicotinamide (ARCON). This 

alternative to pure oxygen uses carbogen as it has vasodilating properties 

and nicotinamide because it decreases the intermittent closure of blood 

vessels, leading to the reduction of acute hypoxia.  

ARCON treatment has resulted in local control rates of 80% for larynx, 60% 

for hypopharynx, 87% for oropharynx, and 29% for oral cavity in patients with 

T3 and T4 tumors (Li et al. 2012; Kaanders et al. 2002). In addition to this, 

the utility of ARCON treatment has demonstrated high local and regional 

control rates in patients with advanced HNSCC (McKeown 2014; Peters & 

Rischin 2012). A further study has shown that treatment with ARCON can 

reduce the risk of proliferative activity and distant metastases formation in 

laryngeal carcinomas (Rademakers et al. 2015).  

As hypoxic tumours benefit from hypoxia modification, Yang et al. (2017) 

studied tumour samples available from the BCON phase III randomised trial 

of radiotherapy alone or with carbogen and nicotinamide (CON). From their 

studies they have suggested a 24-gene hypoxia signature (discussed in 

section 1.9) that has strong and independent prognostic and predictive value 

for muscle-invasive bladder cancer patients. It is these types of investigations 

that will identify patients likely to benefit from the addition of CON to 

radiotherapy in other types of hypoxic tumours. 
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Radiosensitisers 

Since the 1970s the use of radiosensitisers attempt to enhance the effects of 

radiotherapy by targeting and damaging DNA to improve sensitivity of 

hypoxic tumour cells. The most extensively studied hypoxic radiosensitisers 

are misonidazole and nimorazole derivatives of nitroimidazole, and have 

been developed and screened in both preclinical and clinical trials. 

Nitroimidazoles have demonstrated peripheral neuropathy (misonidazole) as 

well as dose-limiting toxicities and unimproved survival (nimorazole - 

DAHANCA trial); so are not widely accepted for clinical use. However their 

use in chemotherapy has shown effective against carcinomas of the larynx 

and pharynx (McKeown 2014; Yasui et al. 2013; Harada 2011). Furthermore, 

doranidazole has shown a significant enhanced tumour response in C6 

glioma cells, a tumour model that shows a wide range of hypoxia (Yasui et al. 

2013; Murata et al. 2008). 

More recently, SN-38 has been studied as a radiosensitiser to hypoxia 

showing induced cell cycle arrest in colorectal cancer and reduced radiation-

induced uptake of HIF1α (Okuno et al. 2018), while Bonnet et al. (2018) have 

shown that a 2-nitroimidazole and 5-nitroimidazole analogue of nitroimidazole 

alkylsulfonamides show marked radiosensitisation in either ex vivo assays of 

surviving clonogens or tumour regrowth delay (Bonnet et al. 2018). 

 

Hypoxia-activated prodrugs  

Combination of hypoxia-activated prodrugs (HAPs) with radiotherapy or 

chemotherapy may be beneficial as they kill the most malignant cells while 

causing a limited increase in systemic toxicity (reviewed in (McKeown 2014). 
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One such example, TH-302 may provide a direct method to eradicate 

hypoxic cells, improve tumour control and reduce metastases via a bystander 

effect. These bioreductive drugs are likely to achieve maximal effect if 

patients’ tumour oxygenation status throughout the treatment course is taken 

into account (Karakasheva & Reginato 2015; Higgins et al. 2015).  

Tirapazamine (TPZ) an extensively studied cytotoxin showed good anti-

tumour enhancement in phase II trials, as well as showing reduced 

metastases when used as a neoadjuveant to radiation therapy in mice, 

however once advanced to phase III trials, failure of any significant increase 

in survival and the addition of unacceptable toxicity levels were detected 

(Bennewith & Dedhar 2011; Reddy & Williamson 2009). These patients were 

not categorised based on their level of hypoxic cells,  thus highlighting the 

need for patient stratification to be beneficial for hypoxia related treatments 

(McKeown 2014).  

Another cytotoxin called AQ4N showed promise but has now been withdrawn 

and superseded by OCT1002. Cohen et al. (Cohen et al. 2007) found that 

combined radiation with TPZ and cisplatin resulted in long-term survival in a 

significant proportion of patients. Cytotoxins have shown the ability to 

eradicate hypoxic cells, improve tumour control, and reduce metastasis and 

should therefore be an avenue in which research should be directed.  

Unfortunately, other HAPs which have been discontinued from clinical trials 

are apaziquone, banoxantrone, porfiromycin, PR-104, and RH1 (Rey et al. 

2017). Although the results generated from these pre-clinical and clinical 

trials don’t translate into clinical efficacy, the limitations suggested (Mistry et 
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al. 2017) provide areas which hopefully can be addressed, exploited, and 

investigated. In the future, bioreductive prodrug therapy may achieve 

clinically personalised agents to target hypoxia.  

 

Nanoparticles 

One other emerging strategy is to utilise sensitisers such as nanoparticles 

(NPs) when in conjunction with either radio- or chemotherapy. A key 

impediment has been to avoid sensitisation of normal cells; however their 

advantages include, accumulation in tumour sites through enhanced 

permeability and retention, reduced permeability to normal vasculature and 

capillaries leading to lower drug dose to the normal tissues and lastly, can 

allow for slow and controlled delivery, increasing the synergistic effects 

between the sensitisers and treatment approaches. Several studies have 

shown increased therapeutic index without the addition of increased toxicity 

with use of NPs (Caster et al. 2015).   

One study has shown that gold NP (GNP) uptake occurred in hypoxic 

conditions, causing radiosensitisation (enhanced OER of hypoxic breast 

cancer cells by 1.39-fold) in moderate, but not extreme hypoxia in a breast 

MDA231 cells (Jain et al. 2014). In another study, it was demonstrated that 

by injecting albumin-Mn02 NPs into breast cancer cells, there was improved 

tumour oxygenation and enhanced DNA DSB and radiotherapy response 

(Prasad et al. 2014). These results show that there is potential for NP based 

drugs. 
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Dose painting 

Ling and colleagues introduced the concept of dose painting in which radio-

therapeutic control can be optimised by increasing or escalating the dose to 

tumour sub-volumes with known radioresistance. This emerging strategy 

involves trying to overcome hypoxia by first imaging the tumour (FDG or 

hypoxia-PET tracers) to visualise the sub-volumes containing the hypoxic 

regions to deliver a dose boost to the hypoxic regions of the tumour (Trani et 

al. 2015; Chang et al. 2013; Skyt et al. 2013; Bentzen & Gregoire 2011).  

This can be achieved by the dose painting by numbers method proposed by 

Bentzen in 2005 or likewise by dose painting by contours (Clausen et al. 

2014). Popple et al. (Popple et al. 2002)  demonstrated that TCP increases 

back to that found in the absence of hypoxia if a radiotherapy boost dose 

(120-150% of primary dose) is given to the hypoxic sub-volumes. However, 

this can increase the normal tissue toxicity of the OAR to the target volumes 

but it is believed that this can be overcome using the dose painting technique 

which can potentially spare the surrounding OAR (Chang et al. 2013).  

 

Drugs targeting HIF1  

As HIF1 plays a major role in cellular responses to hypoxia, there have been 

multiple attempts to develop strategies that directly and indirectly target HIF, 

as well as targeting the downstream HIF signalling pathway. Despite efforts, 

specific and selective inhibitors of HIF1 have not yet been developed. 

Wigerup et al. (2016) and Karakasheva and Reginato (2015) review drugs 

such as Bortezomib, Echinomycin, BEZ235, EZN-2968, Topotecan, 2ME2, 
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Geldanamycin, Acriflavine, and PT2385 that have been shown to target HIF1 

activity in vitro, in vivo, and at the clinical trial level. It has been proposed that 

to optimise these effects, HIF inhibitors should be used in combination with 

radio- and/or chemotherapy. However, recent discoveries into how HIFs 

regulate tumour immune response suggest that by combining 

immunotherapy and HIF inhibition, this will likely be a more advantageous 

approach (Wigerup et al. 2016; Karakasheva & Reginato 2015). 

 

Connectivity Mapping (CMap) 

It has been shown that patients with HPV-positive tumours have a higher 

incidence of hypoxia yet retain a favourable prognosis. On the other hand, 

randomised trials have suggested that hypoxia-targeted therapies may only 

benefit those with a HPV-negative status (Toustrupa et al. 2012; Trinkaus et 

al. 2011; Lassen et al. 2010; Rischin et al. 2010; Kong et al. 2009). It is 

therefore possible that this subset of HPV-negative patients have some sort 

of gene signature that enriches them to benefit from hypoxic modification. 

There has been increased effort in analysing connections between genes, 

drugs, and diseases computationally. One example, connectivity mapping 

(CMap), is a cancer genomic platform that predicts biochemical interactions 

of small molecules with their respective therapeutic drug targets (Iorio et al. 

2010; Lamb et al. 2006). The software reveals compounds based on either a 

positive or negative connectivity (range from -1 to +1) using up-regulated and 

down-regulated query genes (Belizario et al. 2016). These compounds are 

predicted to have the best therapeutic potential towards the gene signature. 
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Figure 1.19 shows an example CMap showing the different stages in the 

process.  

One study by Yu et al. (2015) used CMap to find key apoptosis genes 

induced after exposure to 191 anti-cancer drugs while others have used the 

CMap database to screen and identify drug efficacy within particular gene 

signatures (Belizario et al. 2016; Qu & Rajpal 2012). CMap query has also 

predicted well-known anti-neoplastic agents like LY294002 (PI3K inhibitor), 

Trichostatin A (HDAC inhibitor), and Tanespimycin (HSP90 inhibitor) as 

potential treatment options for patients with increased expression of the 

hypoxia gene signature in endometrial cancer (Berg et al. 2016), which have 

previously shown to down-regulate HIF1α and cause radiosensitisation of 

cervical tumours (Nakajima et al. 2015).   

Moving forward, it is vital that more hypoxia gene signatures are generated 

and compared with existing reference expression profiles (Lamb et al. 2006), 

so top-scoring drugs can be invesitagetd to try and reverse the hypoxic state 

of different tumours as represented by the gene signature.  

 

Phytochemicals 

A review by Wang et al. (2015) highlighted one strategy involving the use of 

phytochemicals to include flavonoids, terpenoids, curcumin, tea polyphenols 

and resveratrol. Research has demonstrated synergistic effects in 

combination with other agents to inhibit angiogenesis induced in hypoxia and 

has been furthermore evaluated for its anti-lymphangiogenic properties. With 

their low toxicity and limited side effects, this low cost developing strategy 
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may therefore have great potential as an alternative anti-cancer drug; 

although when used alone it has limited treatment effects. 
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Figure 1.19: The Connectivity Map (CMap) Concept. Gene expression 

profiles derived from the treatment of cultured human cells with a large number 

of perturbagens populate a reference database. A. Gene-expression signatures 

represent any induced or organic cell state of interest. B. Pattern-matching 

algorithms score each reference profile for the direction and strength of 

enrichment with the query signature. C. Perturbagens are ranked by this 

connectivity score; those at the top (positive/green) and bottom (negative/red) 

are functionally connected with the query state. D. Functional network following 

IPA analysis. Nodes in the map are functional modules (FMs) and drugs 

obtained by querying CMap using individual FMs. Drug-function links indicate 

beneficial (green: downregulation) or harmful (red: upregulation) E. In this 

example, HDAC inhibitors are highly ranked with an external HDAC inhibitor 

signature. The ‘‘barview’’ is constructed from 453 horizontal lines, each 

representing an individual treatment instance, ordered by their corresponding 

connectivity scores with the Glaser et al. (2003) signature (+1, top; –1, bottom) 

(Carter et al. 2011; Lamb et al. 2006).  

D 

https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click on image to zoom&p=PMC3&id=3127467_11357_2010_9196_Fig6_HTML.jpg
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1.9 Hypoxic Gene Signatures 

Needle electrodes, pimonidazole, imaging, and protein markers are a few of 

the approaches which have been used to assess hypoxic tumours. Hypoxic 

biomarkers have shown to be clinically relevant, yet despite the many years 

of research; there is still no reliable way of stratifying and targeting tumour 

hypoxia in patients. Nevertheless, hypoxic gene expression signatures have 

become increasingly popular due to development of high-throughput 

expression profiling technologies; and may be an emerging area to showcase 

phenotypes of interest (Yang & West 2018).  

All human disease including cancer involves altered gene expression. The 

study of changes in gene expression, mainly small regions of chromosomal 

variations provides insight into the pathogenesis of disease and offers 

information on functional changes such as; cell cycle progression, embryonic 

development, cell fate determination, hormone responsive gene regulation 

programs, and drug mediated gene expression changes. This plays 

important roles in mapping diseases with complex hereditary aetiology. 

Differential gene expression achieved by techniques such as microarray, 

RNA-seq, and second generation sequencing caused by alterations in either 

physical, biological, or chemical conditions is used to identify key regulated 

genes, pathways, and genetic biomarkers between various cell lines/tissues.  

In addition to the epigenetic and genetic changes that cancer alone brings, 

hypoxia is furthermore recognised as a major contributor to altered gene 

expression and cellular function (McKeown 2014). Patterns of genes found to 

be significantly upregulated or exceeding a defined threshold from baseline 

physoxic expression are referred to as a ‘hypoxia gene expression’ or 
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‘hypoxia signature’. This approach has been useful to investigate the effects 

of hypoxia on the vasculature, the immune system, and tumour cells. The top 

published hypoxia gene signatures are summarised in table 1.3 (Harris et al. 

2015).  

Perou et al. were the first to use RNA microarrays to predict the prognosis of 

78 breast carcinoma patients by dividing breast carcinomas into distinct 

subtypes, based on the unique gene expression patterns of a subgroup of 

genes, now defined as a gene signature (Perou et al. 2000). Using similar 

approaches, other researchers have been able to exploit gene signatures to 

generate gene sets that predict development of metastases, characterise 

prognosis of different cancer types under hypoxic conditions, and predict the 

benefit from the addition of hypoxia-modifying agents to radiotherapy.  

Hypoxic gene signatures are forefront to personalising treatments. Some of 

the successful gene signatures validated as predictive biomarkers in 

retrospective studies of randomised trials of hypoxia-targeting therapies 

include development of: a hypoxia gene expression classifier with predictive 

impact for hypoxic modification of radiotherapy in head and neck cancer 

(Toustrup et al. 2011; Toustrup et al. 2016), a gene signature for selecting 

benefit from hypoxia modification of radiotherapy for high-risk bladder cancer 

patients (Yang et al. 2017), a 26-gene hypoxia signature predicting benefit 

from hypoxia-modifying therapy in laryngeal cancer (Eustace et al. 2013), 

and development and of a 28-gene hypoxia-related prognostic signature for 

localised prostate cancer (Yangb et al. 2018). 
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Table 1.3: The top most frequently appearing genes across 32 

published hypoxia signatures. Probesets were retrieved from published 

hypoxia signatures using gene symbol as reference annotation. Genes which 

were not present in published signatures used array probeset as reference 

annotation (Accession, Ensemble, Entrez, or Unigene) (Harris et al. 2015). 

 

  

Gene Name Description 

BNIP3 BCL2/adenovirus E1B 19kDa interacting protein 3 

LOX Lysyl oxidase 

SLC2A1 Solute carrier family 2 (facilitated glucose transporter), 
member 1 

PGK1 Phosphoglycerate kinase 1 

NDRG1 N-myc downstream regulated 1 

BNIP3L BCL2/adenovirus E1B 19kDa interacting protein 3-like 

P4HA1 Prolyl 4-hydroxylase, alpha polypeptide 1 

ADM Adrenomedullin 

PDK1 Pyruvate dehydrogenase kinase, isozyme 1 

ALDOC Aldose C, fructose-bisphosphate 

P4HA2 Prolyl 4-hydroxylase, alpha polypeptide II 

MXI1 MAX interactor 1,dimerisation protein 

DDIT4 DNA-damage-inducible transcript 4 



111 
 

1.10 Hypothesis, Aims, and Objectives  

Radiotherapy has evolved considerably in the last two decades towards 

delivery of sophisticated, high precision dose distributions with greater 

conformity to protect surrounding normal tissue. Advanced techniques such 

as IMRT allow efficient dose conformity through modulated radiation fields, 

however in vitro studies have reported differential radiobiological responses 

in cells placed out-of-field than can be predicted by the conventional LQ 

model. Moreover, the success of radiotherapy in many tumour related 

cancers can be limited due to changes within the microenvironment as a 

result of poor vascular supply and hypoxia.  

 

Research hypothesis: 

Tumour hypoxia is an important radiobiological parameter in both 

directly targeted and out-of-field responses and can be utilised to 

optimise radiotherapy treatment planning to hypoxic subvolumes.  

 

 

Research aims: 

To investigate the signalling responses following modulated radiation 

fields with endpoints of cell survival, DNA damage, and gene 

expression analysis.  
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The following objectives were used to meet the aims of this project:  

1. Characterise out-of-field cellular responses following modulated field 

exposures under hypoxic conditions.  

2. Determine the radiobiological impact of hypoxia on signalling kinetics.  

3. Investigate DNA damage responses to modulated radiation fields under 

hypoxic conditions. 

4. Analyse the expression of genes following modulated irradiation under 

hypoxic conditions to determine potential molecules or pathways to 

therapeutically target. 
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Chapter 2 

 

Materials and Methods  
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2.1 Cell culture  

A range of cell lines with varying radiosensitivities and representative of 

tumours shown to have hypoxic regions were selected and are summarised 

in table 3.1 (Heb et al. 2012; Vaupel 2008; Brizel et al. 1999; Brizel et al. 

1996; Gatenby et al. 1988).  

Human prostate cancer (DU145 and PC3), breast cancer (MDA-MB-231), 

and non-small cell lung cancer (H460 and A549) were obtained from 

American Type Culture Collection (ATCC) LGC Standards Ltd, Middlesex, 

UK, and maintained in RPMI-1640 medium (DU145, PC3, H460), Eagle’s 

Minimum Essential Medium (EMEM), and Dulbecco’s Modified Eagle 

Medium (DMEM) (A549) respectively, each supplemented with 10% Foetal 

Bovine Serum (FBS) and 1% Penicillin/Streptomycin (P/S) (Sigma, UK). 

Human pharynx carcinoma cells (FaDu and Detroit562) were obtained from 

ATCC LGC Standards Ltd, Middlesex, UK, and maintained in EMEM with L-

glutamine, supplemented with 10% FBS, 1% P/S and 1% pyruvate. All cell 

lines were incubated and maintained at 37°C in a humidified atmosphere of 

95% air/5% CO2 (Sanyo Europe Ltd, UK). 

Sterile pipettes were obtained from Life Technologies (Paisley, UK) and 20ml 

universal tubes and 15ml/50ml falcon tubes were obtained from Starstedt Ltd 

(Leicester, UK). 

 

2.2 Freezing Cells for Storage  

Cells were grown to approximately 80-90% confluence and frozen in 

cryovials obtained from Nunc (Paisley, UK). Media was removed and cells 

washed in 1x phosphate buffered saline (PBS). PBS was aspirated and 5ml 
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of 1x trypsin (Life Technologies) was applied. Cells were incubated at 37°C 

for 3-5 minutes until cells detached. Trypsin was removed by centrifugation at 

350 G for 5 minutes and cells were then resuspended in freezing media (1ml 

Dimethyl Sulfoxide (DMSO): 9ml FBS) and aliquoted into cryovials. Cryovials 

were place into a Cryo 1°C freezing container, "Mr. Frosty" (Nalgene, 

Rochester, U.S.A) overnight before long term storage in either liquid nitrogen 

(BOC Ltd, Surrey, U.K) or -80oC conditions. 

 

2.3 Thawing Cells  

Frozen stocks were thawed in a 37ºC water bath and added to 10ml of fresh 

media. This solution was then centrifuged at 350 G for 5 minutes to form a 

cell pellet. After centrifugation the media was aspirated and the cell pellet 

was resuspended in fresh media and cells were then seeded into T75 flasks 

(Thermo Scientific). After 24 hours, the media was removed and fresh media 

applied to reduce excess toxicity from DMSO.   

 

2.4 Cell Passage  

Cells were grown to approximately 80-90% confluence in T75 flasks. Media 

was aspirated and cells were washed in 1x PBS. PBS was removed and 5ml 

of 1X trypsin was added to detach cells. Once detached, 5ml of media was 

mixed with the trypsinised cells and this suspension was agitated to 

dissociate cells. Cells were then centrifuged at 350 G for 5 minutes to form a 

pellet. After centrifugation the media was aspirated and the cell pellet 

resuspended in fresh media and cells seeded into new T75 flasks.   
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2.5 Western Blotting 

Cells were detached from culture flasks by incubating in 1x trypsin, followed 

by centrifugation and resuspension in fresh medium. Cells were counted 

using a Coulter counter Z2 particle and size analyser (Beckman Coulter) set 

at a threshold calibrated for the cell line using a haemocytometer with cells 

above 9µm being counted. After resuspension in fresh media, 100µl of cell 

suspension was added to 9.9ml of Isoton solution and seeded at densities of 

1x106 in p90 petri dishes (Thermo Scientific) and incubated until confluent.  

Petri dishes were incubated at 37°C under hypoxic conditions (95% N2; 5% 

CO2) for 1 hour, 4 hours and 8 hours in a custom made chamber before 

protein extraction with 150µl RIPA lysis buffer which was then transferred to 

1.5ml eppendorfs. Oxic controls were prepared and treated as sham 

exposures. Eppendorfs were kept on ice for 20 minutes before being 

centrifuged at 210 G for 13 minutes at 4oC. The supernatant (including 

protein lysates) was transferred to new eppendorfs and stored at -20oC.   

Protein concentration was determined using the BCA protein assay. 2.5µl of 

protein (duplicate) was placed in a 96 well plate and mixed with 250µl BCA 

reagent (Thermo Scientific) and incubated at 37oC for 20 minutes. 

Absorbance was detected using the Biotrak II microplate reader (Amersham 

Biosciences) and protein concentration was determined by calculation 

against a bovine serum albumin (BSA) standard protein curve. SDS-

polyacrylamide gel electrophoresis (PAGE) system resolved proteins. 

40µg of protein was added to 4x gel loading buffer in an eppendorf tube and 

vortexed. Samples were heated to 95oC on a heating block for 5 minutes 
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before being loaded into 10% polyacrylamide gels. Lysates were loaded into 

the mini-PROTEAN 3 electrophoresis apparatus with 500ml of 1x western 

running buffer along with the spectra multicolour broad range protein ladder 

(Thermo Scientific) and run at 35-40V for the length of the gel.  

Proteins were transferred in 500ml of 1x transfer buffer onto nitrocellulose 

membrane (Whatmann) using the mini trans-blot electrophoretic transfer cell 

(BioRad) according to the manufacturers’ instructions. The proteins were 

transferred for 90 minutes at 100V. Nitrocellulose membranes were stained 

with Ponceau (Sigma) to ensure complete transfer of proteins. Membranes 

were washed 3 times, 10 minutes each in TBST before being blocked in 5% 

milk/TBST buffer for 1 hour. Membranes were incubated overnight at 4oC on 

a roller in primary antibody (see appendix 1 for HIF1α, GLUT1, and β-actin). 

The following day, membranes were washed 3 times, 10 minutes each in 

TBST before the corresponding secondary antibody (see appendix 1) was 

added for 1 hour at room temperature. Membranes were washed again 3 

times, 10 minutes each in TBST. The detection reagent (Luminata 

Crescendo Western HRP Substrate, Millipore Corporation, MA) was added to 

the membranes and left for 5 minutes before visualisation of bands using an 

automated developer (SYNGENE G:BOX) and GENESys computer 

programme.  

Intensity levels of western blots were measured using ImageJ software with 

β-actin as the relative control.   
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2.6 In Vitro Cell Survival Methods 

2.6.1 Clonogenic Assay 

Cell survival for uniform and modulated exposures under oxic and hypoxic 

conditions was determined by the clonogenic assay technique of Puck and 

Marcus (Puck & Marcus 1956). Briefly, cells were detached from culture with 

1x trypsin and were then centrifuged and resuspended in fresh culture 

medium. Cells were counted using a Coulter counter and plated at sub-

confluent densities to ensure the formation of colonies for survival analysis 

without the need for separation and replating. Cells were allowed to adhere 

overnight before irradiation at room temperature (20 - 23°C). For hypoxic cell 

survival, cell cultures were irradiated after 4 hours hypoxic incubation and 

returned to normoxia for 7-12 days at 37°C in 5% CO2 in air and 95% 

humidity before staining with 4% Crystal Violet solution in ethanol. Colonies 

exceeding 50 cells were scored as representing surviving cells. All exposures 

were performed in triplicate on at least three independent occasions. On 

each occasion unexposed controls were prepared and treated as sham 

exposures.  

 

2.6.2 Cell Re-culture  

Re-culture studies were used to evaluate the temporal dependency of cell 

signalling following modulated field exposures. Re-culture was performed by 

seeding sub-confluent MDA231 cells on glass slides and allowing cells to 

adhere overnight. Slides were transferred to 150cm2 culture flasks with re-

closable lids (TPP Techno Plastic Products AG, Trasadingen, Switzerland) 

and irradiated at a direct dose of 8 Gy in shared media. At time-points of 0.5, 
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2, 6, and 24 hours after irradiation, in- and out-of-field regions were 

separated and replated at appropriate densities for survival analysis (figure 

2.1). For reoxygenated conditions, cells were irradiated after 4 hours 

incubation under hypoxic conditions and returned to oxic conditions before 

being re-plated. Cells were also maintained under chronic hypoxia following 

irradiation before being replated for survival analysis. Cell cultures were 

incubated for 7-12 days at 37°C in 5% CO2 in air and 95% humidity before 

staining with 4% Crystal Violet solution in ethanol. Colonies exceeding 50 

cells were scored as representing surviving cells. On each occasion and at 

each timepoint, unirradiated controls were prepared and treated as sham 

exposures. 
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Figure 2.1: Schematic representation of the experimental setup for re-

culture studies investigating temporal dependency in MDA231 cells. 

Cells were irradiated at a direct in-field dose of 8 Gy, with out-of-field regions 

created by shielding cells with a low melting point alloy (MCP96). After 0.5, 2, 

6, and 24 hours post-irradiation, cells were separated from their shared 

media and replated for survival analysis.  

  

In-field Out-of-field 

0.5, 2, 6, and 24 hours post-irradiation 
SEPARATE and REPLATE 

In-field Out-of-field 
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2.6.3 Irradiation Setup and Experimental Design 

All cells were irradiated at room temperature with 225 kVp X-rays using an X-

Rad 225 generator (Precision X-ray Inc., North Bradford, CT) with a 2 mm 

copper filter at a dose rate of 0.591 Gy/min. Culture flasks were aligned with 

the central axis of the beam and a modulated beam was created by shielding 

50% of the flasks using a 13.6x10.4x2.1cm3 block manufactured from a low 

melting point alloy (MCP96; Mining and Chemical Products Ltd, Northants, 

UK). A central exclusion zone of 1cm in the penumbral region was used 

when counting colonies. 

Intercellular communication was present when utilising p60 petri dishes. To 

physically inhibit secretion mediated intercellular communication, a 6 well 

plate was used. Experiments were intercellular communication was inhibited; 

these were carried out in parallel to the intercellular communication intact 

experiments. The out-of-field region was determined as the 2 wells that were 

fully shielded. The 2 central wells excluded from analysis (figure 2.2A). 

Dosimetry verification measurements for modulated beam exposures were 

performed using a Farmer ionisation chamber at an in-field distance of 1cm 

and an out-of-field region of 1cm to ensure delivery of the correct absolute 

dose (Aukett et al. 2005; The IPEMB code of practice 1996). Calibrated 

Gafchromic™ EBT film (ISP Corp, USA) was exposed and used to generate 

a dose profile (figure 2.2B) along the central axis, coincident with the plane of 

cells. Intercellular communication (IC) intact refers to cell-cell communication 

between the in- and out-of-field regions through shared media, while IC 

inhibition refers to physical inhibition of cell-cell communication. The dose 
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delivered to the out-of-field region was taken as the average scattered dose 

to that region. For a 50% modulated field, the scattered dose received out-of-

field was determined to be 4% of the in-field total dose. 

                                               
 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2.2: Schematic representation of the experimental setup (A) and 

dose profile (B) for modulated radiation fields. Cells were irradiated under 

uniform or modulated beam exposures, with out-of-field regions created by 

shielding 50% of the cells with a low melting point alloy (MCP96). Intercellular 

communication (IC) intact refers to cell-cell communication between the in- 

and out-of-field regions through shared media, while IC inhibition refers to 

physical inhibition of cell-cell communication. Both the 1cm central penumbra 

region and central wells were excluded from analysis. Dose profiles were 

measured using Gafchromic film under oxic and hypoxic conditions. The 

scattered dose received out-of-field was 4% of the total in-field dose.  

A 

 

 

 

 

 

B 

IC intact 

 

 

 

IC inhibited  
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2.6.4 Hypoxia Setup and Design 

Hypoxic conditions were induced by incubating at 37°C in 95% N2; 5% CO2 

for 4 hours prior to irradiation in a custom made chamber (figure 2.3). Once 

placed in the hypoxic chamber, the lid remained closed for the duration of the 

4 hours and corresponding irradiation time (dose rate of 0.69 Gy/min). 

Quantification of oxygen concentration was determined by the Rapidox 1100 

oxygen analyser (SensoTec, Cambridge) with gas levels in the sealed 

chambers below 0.1% after 4 hours incubation. Alignment of in- and out-of-

field regions were measured with Gafchromic™ EBT film (ISP Corp, USA) to 

ensure the central axis was correct when cultured dishes were in the custom 

chambers during hypoxic irradiation (figure 2.4).    

 

                                                                                                       

 

 

 

 

 

 

 

Figure 2.3: Hypoxia Chamber for modulated radiation fields (A). Hypoxic 

conditions were induced by incubating cells in 95% N2; 5% CO2 for 4 hours 

prior to irradiation. Once in the chamber, the lid remained closed for the 4 

hours and corresponding irradiation time. Setup for 50% shielding 

configurations (B). A low melting point alloy was used to create in- and out-

of-field regions. 

A                                                                B 
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Figure 2.4: Alignment of in- and out-of-field regions during hypoxic 

irradiation. Gafchromic™ EBT film was used to ensure the central axis was 

aligned with the edge of the low melting point alloy (MCP96) when cultured 

dishes were in custom chambers during hypoxic irradiation.  

 

 

  



125 
 

2.6.5 Cell Survival Data Analysis 

The oxygen enhancement ratio (OER) is calculated in the form OER = 

Dhypoxic/Doxic, where Dhypoxic and Doxic are doses which cause equal biological 

effects. A dose of 4 Gy was chosen in oxic cells and equivalent doses under 

hypoxia were calculated from LQ fits to determine the OER. For each of the 

irradiation conditions, surviving fractions (SF) were calculated as the ratio of 

the number of colonies in the exposed flask to the number of seeded cells, 

corrected for the plating efficiency (PE) of sham irradiated controls. When 

counting colonies, a central exclusion zone of 1 cm (0.5cm either side of 

central axis) in the penumbral region of the P60 dishes were excluded from 

analysis. Uniform field survival and modulated in-field curves were fitted to 

the form SF = exp [-(αD + βD2)] using Origin Pro version 8 where the αD term 

represents cell death due to complex single event hits, and βD2 is attributed 

to multiple track events. Statistical analysis comparing the survival values for 

uniform and modulated beam exposures under oxic and hypoxic conditions 

was carried out using an unpaired t test and 2-way ANOVA using GraphPad 

Prism version 5.01, with a threshold for significance at the level of p < 0.05. 

Time dependent signalling curves were calculated according to the model in 

McMahona et al. (2013). 

Statistical errors on values were calculated as the standard error in all cases. 

All experiments were performed at least three times with the data presented 

as ± standard error in each case. Data sets were tested for normality using 

the Shapiro-Wilk test in GraphPad Prism version 5.01. Data sets for each 

individual point were found to be distributed normally in almost all tested 

cases.    
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2.7 Ex Vivo Cell Survival Methods 

2.7.1 Tumour implantation and Maintenance  

Subcutaneous xenograft tumours derived from the H460 cell line were grown 

from Charles River Laboratories, Oxford, UK. Animals were housed in cages 

with access to food and water with no more than 5 animals per cage. All 

experiments were carried out in accordance with local ethical and Home 

Office regulations (personal project license: PIL1671) and designed in 

accordance with the Scientific Procedures Act (1986) and the 2010 

guidelines for the welfare and the use of animals in cancer research.  

H460 cells were grew to confluence and trypsinised on the day of 

implantation. After cells were counted using the Coulter counter as described 

in section 2.6.1, they were centrifuged at 10,000 G for 4 minutes. The culture 

medium was removed and cells were re-suspended in autoclaved PBS at 

3x10 cells/ml. Universal tubes were kept on ice until implantation.  

Mice were anaesthetised before implantation. Inside the flow cabinet, the 

anaesthesia chamber was set up, the oxygen/isofluorane prepared, and the 

flow started. Individually, mice were placed inside the anaesthesia chamber 

until they were recumbent. The mouse was removed and placed ventral side 

down with its head in the nose cone which had a reduced isofluorane flow. 

The anaesthesia flow was turned off and the universal tubes containing the 

H460 cells were agitated to suspend the cells in solution. On the right flank of 

each mouse, 100 µl of cell suspension was injected subcutaneously using a 

sterile syringe and 21 G needle. Mice were then returned to their respective 

cages and observed until they had fully recovered from the administered 
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anaesthetic.  

 

2.7.2 Radiation Treatment of Mice  

Tumour volumes were measured every 2/3 days until they reached 100 mm3. 

When tumour volume reached 100 mm3, animals were assigned for radiation 

using the Small Animal Radiation Research Platform (SARRP). Irradiation 

was given as single fractions of 5, 10, 15, or 20 Gy as either a uniform or 

modulated exposure (The dose rates for 5x5 mm collimator aperture and 

broad field exposures in the SARRP platform is 0.27 ± 0.16 Gy/min and 3.95 

Gy/min respectively). Modulated exposures were achieved by radiating half 

of the tumour. Animals were immobilised in a universal restrainer to protect 

normal tissue from the scattered dose of X-rays. Mice were killed by 

dislocation of the neck immediately after irradiation. Culled mice were then 

disposed of appropriately. 

 

2.7.3 Tissue dissociation and Ex Vivo Clonogenics    

Tumours from each mouse including control mice were removed for tissue 

dissociation. Tissue was dissected and placed into p60 dishes with 500 µl 

Collagenase (1mg/ml) (Stem Cell Technologies). The tissue was then minced 

using a scalpel, and once small enough to pipette with a p1000, the mixture 

was transferred into a 15ml tube. Tubes were incubated for 30 minutes at 

37°C. Cells were pipetted to separate cells further, before another 10 minute 

incubation period. DNase (Sigma) 2ml/tube in 1 µl/ml PBS was added to 

reduce viscosity and clean up the prep, and then incubated for 5 more 

minutes. The mixture was then filtered through a 100 µm filter (Millex). After 

this, the filtered mixture was centrifuged at 1000 G for 5 minutes, the 
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supernatant removed, and the pellet resuspended in 1 ml PBS. Cells were 

centrifuged again and washed in PBS, then centrifuged once more, this time 

resuspended in media. Cells were then counted using a haemocytometer 

were 10 µl cells along with 100 µl trypan blue were used to calculate cells/ml. 

Cells were then seeded as ex vivo clonogenics, with cell densities of 200 

cells for control, 400 cells for 5 Gy, 800 cells for 10 Gy and all modulated 

(half-field) regions, 1200 for 15 Gy, and 2000 cells for 20 Gy plates.    
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2.8 DNA Damage Methods 

2.8.1 Irradiation Setup and Experimental Design  

Cells were plated onto coverslips at a cell density of 3x104 cells per coverslip 

and allowed to adhere overnight before irradiation at room temperature. DNA 

damage responses following 1 Gy (and 2 Gy uniform only) delivered as a 

uniform (6 well plates) or modulated exposures (intercellular communication 

intact: quadriPERM dishes (Starstedt) and intercellular communication 

inhibited: 6 well plates) using a 2 mm Cu filtered 225 kVp X-ray source (X-

Rad 225, Precision, X-ray Inc, USA). Modulated exposures were delivered by 

shielding 50% of the 6 well plate or quadriPERM dishes with a 13.6x10.4x2.1 

cm3 block manufactured from a low melting point alloy (MCP96 - Mining & 

Chemical Products Ltd, UK). During irradiation, cells were aligned with the 

central axis of the beam. When counting 53BP1 foci, a central exclusion zone 

of 1 cm (0.5 cm either side of central axis) in the penumbral region of the 

quadriPERM dishes was excluded from analysis. At least 50 cells were 

scored for foci within each interval (in- and out-of-field regions). For 

experiments investigating physical inhibition of intercellular communication, 

central wells of the 6 well plates were excluded from analysis. For each of 

these investigations unexposed controls were also prepared and treated as 

sham exposures. The experimental setup is shown in figure 2.5. Dosimetry 

verification measurements for 50% modulated beam exposures are as 

previously described.  
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Figure 2.5: Schematic representation of the experimental and irradiation 

setup for modulated radiation delivery. Cells were irradiated in 6 well 

plates under uniform conditions (A), quadriPERM dishes for investigation of 

intercellular communication (B), and 6 well plates for investigation of physical 

inhibition of intercellular communication (C). Out-of-field regions were created 

by shielding 50% of the cells with a low melting point alloy (MCP96) block. 

Under modulated beam exposures both the 1 cm central penumbra region 

and central wells were excluded from analysis.  

  

A. 

 

 

B. 

 

 

C. 
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2.8.2 Hypoxia Setup and Design 

Hypoxic conditions were induced and quantified as previously described. To 

stimulate reoxygenation, cells were irradiated after being maintained under 

hypoxic conditions for 4 hours and then immediately returned to oxic 

conditions following irradiation. Cells were also maintained under hypoxia 

following irradiation for the entire period before DNA damage analysis 

(prolonged hypoxia) (figure 2.6). Cells were fixed at 1 and 24 hours post-

irradiation and stained for DNA damage analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6 Timeline for oxic and hypoxic conditions. A. For oxic 

irradiations, cells were maintained and irradiated under oxic conditions before 

being fixed at 1 hour and 24 hours post 1 Gy irradiation. B. Cells under 

hypoxic conditions were incubated at 95% N2; 5% CO2 for 4 hours before 

being exposed to 1 Gy irradiation under hypoxia. At this point, cells were 

either reoxygenated or kept under hypoxia for a further 1 and 24 hours being 

fixed and stained for DNA damage analysis.      

4 hr hypoxia 

1 hr 

1 hr 

24 hr 

Oxic  

1 hr 

Oxic 

24 hr 

24 hr 

Reoxygenated  

Prolonged hypoxia  

Hypoxic  

Fixed XRT 
condition 

Condition after XRT 

A. 

 

 

B. 



132 
 

2.8.3 DNA Damage Analysis by Immunofluorescent Microscopy 

At time points of 1 and 24 hours post-irradiation, cells were fixed in 

methanol/acetone (1:1). DNA damage was detected using the 

immunofluorescence assay. Cells were permeabilised in 0.5% solution of 

Triton X-100 in PBS (Sigma, UK) and then blocked with a solution of 0.1% 

Triton X-100, 5% FBS and 2mg/mL skim milk in PBS for 1 hour at room 

temperature. After blocking, cells were incubated with primary antibody for 

53BP1 (see appendix 1) for 1 hour at room temperature. Following primary 

antibody incubation, cells were washed with a 0.1% Triton X-100 in PBS 

washing buffer and incubated with Alexa Fluor 488-labelled anti-rabbit IgG 

secondary antibody (see appendix 1 for details) for 1 hour at room 

temperature. Cells were then washed in PBS and counterstained with 

ProLong® Gold Antifade Mountant with DAPI (Molecular Probes, UK). Slides 

were mounted with either 22 x 22 mm or 22 x 50 mm coverslips and sealed 

with clear nail varnish. From this point onwards, slides were stored in dark 

conditions at -20°C. Cells were viewed and manually counted using the Zeiss 

Axiovert 200M microscope (Carl Zeiss Micro Imaging, LLC, North America). 

 

2.8.4 DNA Damage Data Analysis 

Statistical errors on values were calculated as the standard error in all cases. 

All experiments were performed at least three times with the data presented 

as ± standard error in each case. Statistical analysis comparing the average 

foci number was performed with GraphPad Prism V5.01 using the unpaired t-

test in addition to 2 way ANOVA with significant differences assumed at the 

level of p < 0.05. Intensity levels of western blots were measured using 

ImageJ software with β-actin as the relative control.  
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The following equations were used to calculate the percentage repair and 

standard error: 

𝑅𝑒𝑝𝑎𝑖𝑟 (%) = 100 × ( 1 −  
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑓𝑜𝑐𝑖 𝑎𝑡 24 ℎ𝑜𝑢𝑟𝑠

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑓𝑜𝑐𝑖 𝑎𝑡 1 ℎ𝑜𝑢𝑟
  ) 

𝑆𝐷 𝑜𝑓 𝑟𝑎𝑡𝑖𝑜 =  
𝜇24ℎ

𝜇1ℎ
√(

𝜎1ℎ

𝜇1ℎ
)

2

+ (
𝜎24ℎ

𝜇24ℎ
)

2

 

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑒𝑟𝑟𝑜𝑟 𝑜𝑓 𝑟𝑒𝑝𝑎𝑖𝑟 (%) =  
𝑆𝐷 𝑜𝑓 𝑟𝑎𝑡𝑖𝑜

√𝑁
   × 100 

Where µ1h and µ24h are average foci at 1 and 24 hours respectively, 𝜎1ℎ  and 

𝜎24ℎ are the corresponding standard deviations, and N is the number of 

replicates. 

In addition to measuring the mean number of foci for in- and out-of-field 

populations, the distribution of foci was analysed at 1 and 24 hours following 

a 50% modulated field exposure. If foci were to randomly accumulate within 

cells, a Poisson distribution would be expected. This was tested by 

calculating the dispersion index of the distribution. Dispersion index is a 

measure of the spread of a distribution, and is defined as σ2/μ, where σ is the 

standard deviation of the population and μ is its mean value. A dispersion 

index of 1 indicates the population's spread is equal to that of a Poisson 

distribution whilst a value less than 1 indicates a more tightly clustered 

distribution. A value greater than 1 shows a higher degree of spread and 

often indicative of a population comprised of multiple sub-populations with 

different means. 
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2.9 Gene Expression Methods 

2.9.1 Irradiation Setup and Experimental Design 

Cells were plated at a cell density of 1.5x106 cells in p90 dishes and left to 

adhere and become confluent. All cells were irradiated (dose of 8 Gy) with 

225 kVp X-rays using an X-Rad 225 generator (Precision X-ray Inc., North 

Bradford, CT) with a 2 mm copper filter at a dose rate of 0.591 Gy min-1. A 

modulated beam was created by shielding 50% of the dish using a 

13.6x10.4x2.1cm3 block manufactured from low melting point alloy (MCP96; 

Mining and Chemical Products Ltd, Northants, UK). Petri dishes (p90) were 

aligned with the central axis of the beam, and the cells covered with 8ml of 

culture media situated 3.8 cm under the shielding. A central exclusion zone 

of 1 cm, 0.5 cm either side in the penumbral region was used. Dosimetry 

verification was as previously described. 

 

2.9.2 Hypoxia Setup and Design 

Hypoxic conditions were induced by incubating in 95% N2; 5% CO2 for 4 

hours prior to irradiation in a custom made chamber (figure 2.3). Once placed 

in the hypoxic chamber, the lid remained closed for the duration of the 4 

hours and corresponding irradiation time and then a further 6 hours before 

RNA extraction. Quantification of oxygen concentration was determined by 

the Rapidox 1100 oxygen analyser (SensoTec, Cambridge) with gas levels in 

the sealed chambers below 0.1% after 10 hours incubation. 
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2.9.3 RNA Extraction and Quantification  

Media was removed from the p90 dish and cultured cells were homogenised 

with 2 ml of STAT-60 (Amsbio, Abingdon, UK) and transferred to 1.5 ml 

microcentrifuge tubes and stored for 5 minutes. RNA extraction involved 

addition of 200 µL of chloroform (CCl3) and vortexed to create a milky-pink 

suspension. After 5 minutes, tubes were centrifuged at 210 G for 25 minutes 

at 4oC. Post-centrifugation, the upper aqueous layer was transferred into a 

new eppendorf tube and 500 µL of cool isopropanol was added to complete 

RNA precipitation. Samples were stored on ice for 20 minutes before 

centrifugation at 210 G for 25 minutes at 4oC. Following this, the supernatant 

was removed and 1 ml of ice cold 75% ethanol added to remove impurities. 

After centrifugation again at 210 G for 25 minutes at 4oC, the ethanol was 

removed and the pellet was left to air dry. 30 µL of DEPC RNase free water 

was added to the pellet and then incubated at 70oC for 5 minutes to fully 

solubilise the RNA. Samples were pulse centrifuged and stored at -80oC until 

required for cDNA synthesis. Quantification (ng/µL) and quality (A260/A280 and 

A260/A230 ratios) of RNA samples were measured by UV absorbance using a 

NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific). Ratios of 

approximately 1.8 - 2.0 were considered sufficient for RNA purity. dH20 was 

used as blank and 1.5 µl of each RNA sample was used to determine the 

above measurements. Table 2.1 highlights the irradiation conditions and 

collection times used for RNA extraction, in addition to the sample numbers 

(n=3) used to identify which eppendorfs had which RNA sample. 
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Table 2.1: RNA extraction in a range of experimental conditions. RNA 

was extracted following a number of uniform and modulated irradiation (XRT) 

conditions under oxic (O2) and hypoxic (N2) conditions. Hypoxic samples 

were incubated in hypoxic conditions 4 hours prior to any irradiation given. 

Samples (n=3) were placed in eppendorf tubes and labelled with numbers 

(shown above) to identfify the conditions in which RNA was collected (see 

later).   

  

OXYGEN 
STATUS 

CONDITION 
RADIATION 

TYPE 
COLLECTION 
TIME OF RNA 

SAMPLE 
NUMBER 

(n=3) 

OXIC 
(O2) 

Control  Uniform 
With rest of  
O2 samples 

15, 16, 17 

8 Gy  Uniform 6 hr post-XRT 25, 26, 27 

Fully shielded 
(0.32 Gy) 

Modulated 6 hr post-XRT 35, 36, 37 

In-field  
(8Gy)  

Modulated 6 hr post-XRT 45, 46, 47 

Out-of-field  
(0.32Gy)  

Modulated 6 hr post-XRT 55, 56, 57 

HYPOXIC 
(N2) 

Control  Uniform 
10 hr post N2 

incubation 
64, 66, 67 

8 Gy  Uniform 6 hr post-XRT 74, 76, 77 

Fully shielded 
(0.32 Gy) 

Modulated 6 hr post- XRT 84, 86, 87 

In-field 
(8 Gy)  

Modulated 6 hr post-XRT 94, 96, 97 

Out-of-field  
(0.32 Gy)  

Modulated 6 hr post-XRT 104, 106, 107 
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2.9.4 Gene Expression Profiling Using Clariom-D (Human) Arrays   

The WT pico reagent kit (Affymetrix) is comprised of reagents and a protocol 

(single 3 day experiment) for producing hybridisation-ready DNA from 10 ng 

of purified total RNA from PC3 cells. Clariom-D (human) arrays (Affymetrix) 

were used to run the gene expression profiling. Figure 2.7 outlines the steps 

taken to complete this 3 day protocol.    

Preparation of Control RNA 

Commercially available RNA extracted from the HeLa cell line was used as 

the positive control. On ice, 2 µL of the control RNA was added to 38 µL of 

Nuclease-free water for a final volume of 40 µL (first dilution: 5 ng/µL). Next, 

2 µL of the first dilution was added to 38 µL of Nuclease-free water (second 

dilution: 250pg/µl).      

Poly-A RNA Control Preparation  

B. Subtilis genes that are absent in eukaryotic samples (lys, phe, thr, and 

dap) were used as poly-A RNA controls and were spiked directly into RNA 

samples at concentrations as follows: lys – 1:100,000; phe – 1:50,000; thr – 

1:25,000; and dap – 1:6,667. The controls were then amplified and labelled 

together with the total RNA samples, examined by hybridisation intensities of 

these controls on the arrays. For 10 ng of starting sample, 4 dilutions of the 

poly-A RNA control stock with nuclease-free water were prepared as follows: 

1st dilution – 1:50 (2 µL of poly-A control stock in 98 µL Nuclease-free water); 

2nd dilution – 1:100 (2 µL of the 1st dilution in 198 µL Nuclease-free water); 3rd 

dilution 1:100 (2 µL of 2nd dilution in 19 8µL Nuclease-free water); 4th dilution 

1:10 (2 µL of 3rd dilution in 9 µL Nuclease-free water). Next, 2 µL of the 4th 
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dilution was added to the 10 ng of total RNA. For HeLa control cells, 2 µL of 

the 2nd dilution (500 pg) was added in the control reaction.   

Total RNA/Poly-A RNA Control Mixture Preparation 

With the addition of Poly-A RNA spike controls to the RNA, the volume of 

RNA had to be 3 µL or less. For the control RNA reaction, 2 µL of RNA (2nd 

dilution: 250 pg/µL) was added to 2 µL of diluted poly-A spike controls, and 1 

µL of nuclease-free water. For all other samples, 3 µL of total RNA sample 

(10 ng) was added to 2 µL diluted poly-A RNA controls (4th dilution) and 1 µL 

nuclease-free water. 

First-strand cDNA Synthesis 

To synthesise first-strand cDNA, the master mix was prepared in a nuclease 

free tube as follows. On ice, for each reaction, 4 µL of WT Pico first-strand 

buffer was added to 1 µL of WT Pico first-strand enzyme. Master Mix for all 

the total RNA samples (30 experimental samples) was prepared in addition 

to the positive and NTC controls. After gently being vortexed and centrifuged 

to remove air bubbles and collect the master mix at the bottom, 5 µL of the 

first-strand master Mix was transferred to each well of a 100 µL 96 well plate. 

Next, the total RNA had to be added to each first-strand master mix aliquot. 

On ice, 5 µL of total RNA was added to each 5 µL tube, each well of a 100 µL 

96 well plate containing the first-strand master mix for a final reaction volume 

of 10 µL. The 100 µL 96 well plate was sealed using a plate seal prior to 

gentle vortexing and centrifuging to remove air bubbles before being 

incubated in a thermal cycler for 5 minutes at 25oC, 60 minutes at 42oC, then 

for 2 minutes at 4oC using the first-strand cDNA synthesis program. 
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Following completion of the thermocycler program the 100 µL 96 well plate 

was centrifuged to collect first-strand cDNA at the bottom of the tube.  

Clean-up Excess Primers 

On ice, 2 µL of WT Clean-up reagent was transferred to each (10 µL) cDNA 

sample for a final reaction volume of 12 µL. Samples were pipette mixed to 

ensure complete transfer and mixing of the Clean-up reagent and centrifuged 

to collect the reaction at the bottom of  each well of a 100 µL 96 well plate. 

The first-strand clean-up reaction was incubated in a thermal cycler for 30 

minutes at 37oC and then for 10 minutes at 80oC using the clean-up program. 

After incubation, the 100 µL 96 well plate was centrifuged and placed on ice 

for 2 minutes to cool the plastic.  

3’ Adaptor cDNA Synthesis  

3' Adaptor was added to single-stranded cDNA, to act as a template for 

double stranded cDNA synthesis in the subsequent pre-IVT amplification 

reaction. The master mix was prepared in a nuclease free tube as follows. 

On ice, for each reaction, 7 µL of WT Pico 3’ Adaptor buffer was added to 1 

µL of WT Pico 3’ Adaptor enzyme. Master mix for all the total cDNA samples 

(30 experimental samples) was prepared in addition to the positive and NTC 

controls. After gentle vortexing and centrifugation to remove air bubbles and 

collect mix at the bottom, 8 µL of the 3’ Adaptor Master Mix was transferred 

to each (12 µL) first-strand cDNA samples for a final reaction volume of 20 

µL. The 100 µL 96 well plate was vortexed and centrifuged to remove air 

bubbles before being incubated in a thermal cycler for 15 minutes at 15oC, 15 

minutes at 25oC, then for 10 minutes at 70oC using the 3’ Adaptor cDNA 
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synthesis program. The 100 µL 96 well plate was again centrifuged to collect 

3’ Adaptor cDNA at the bottom of the wells on the plate and placed on ice for 

2 minutes. 

Double-Stranded cDNA Synthesis  

Here, single-stranded cDNA was converted to double-stranded cDNA. 

Preparation of pre-IVT amplification master mix in a nuclease-free tube was 

as follows. On ice, for each reaction, 29 µL of WT Pico PCR buffer was 

added to 1 µL of WT Pico PCR enzyme. Master mix for all the total cDNA 

samples (30 experimental samples) was prepared in addition to positive and 

NTC controls. After gently being vortexed and centrifuged to remove air 

bubbles and collect mix at the bottom, 30 µL of the pre-IVT amplification 

master mix was transferred to each (20 µL) 3’ Adaptor cDNA sample for a 

final reaction volume of 50 µL which was subsequently placed in a 200 µL 96 

well plate. The 200 µL 96 well plate was vortexed and centrifuged to remove 

air bubbles before being transferred to a post-PCR room. The 200 µL 96 well 

plate was then incubated in a thermal cycler for 2 minutes at 95oC, for 6 

cycles of 30 seconds at 94oC, then for 5 minutes at 70oC using the pre-IVT 

amplification program. The 200 µL 96 well plate was centrifuged to collect 

double-stranded cDNA at the bottom of the tube and placed on ice for 2-3 

minutes.  

cRNA Synthesis by IVT  

Antisense RNA (cRNA) was synthesised and amplified by IVT of the double-

stranded cDNA template using T7 RNA polymerase in a nuclease-free tube 

as follows. For each reaction, 24 µL of WT Pico IVT buffer was added to 6 µL 



141 
 

of WT Pico IVT enzyme to make up the IVT master mix. Master mix for all the 

double-stranded cDNA samples (30 experimental samples) was prepared in 

addition to the positive and NTC controls. After gently being vortexed and 

centrifuged to remove air bubbles and collect mix at the bottom, 30 µL of the 

IVT master mix was transferred to each (50 µL) double stranded cDNA 

sample for a final reaction volume of 80 µL. The 200 µL 96 well plate was 

vortexed and centrifuged before being incubated in a thermal cycler for 14 

hours at 40oC using the IVT cRNA synthesis program. The 200 µL 96 well 

plate was again centrifuged to collect the cRNA at the bottom of the tube. 

Sample reactions were then placed on ice. 

cRNA Purification  

Enzymes, salts, inorganic phosphates, and unincorporated nucleotides were 

removed to prepare the cRNA for 2nd-cycle single-stranded cDNA synthesis. 

140 µL of Purification Beads were transferred to each 80 µL cRNA sample, 

mixed thoroughly, and incubated for 10 minutes. The plate was moved to a 

magnetic stand to capture the Purification Beads, and once capture was 

complete (transparent mixture), the supernatant was aspirated. While on the 

magnetic stand, 200 µL of 80% ethanol wash solution was added to each 

well and incubated for 30 seconds, before being aspirated off again. The 

wash solution was added and aspirated off a further two times, then left to air 

dry. The plate was removed from the magnetic stand and 27 µL of preheated 

(65oC) nuclease-free water was added to each well, incubated for 1 minute, 

and mixed thoroughly. The plate was moved back to the magnetic stand for 5 

minutes to capture the Purification Beads, before the supernatant which 
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contained eluted cRNA was transferred to a nuclease-free tube. Purified 

cRNA samples were placed on ice. 

cRNA Yield Assessment  

The NanoDrop Spectrophotometer was used to measure absorbance of each 

of the cRNA samples at 260nm, with nuclease-free water as a blank. For the 

2nd-cycle cRNA synthesis reaction, 20 µg cRNA was prepared.    

2nd-cycle Single-Stranded cDNA Synthesis 

Sense-strand cDNA was synthesised by reverse transcription of cRNA using 

2nd-cycle primers. On ice, 833 ng/µL cRNA was prepared; equal to 20 µg 

cRNA in a volume of 24 µL. The 2nd-cycle single-stranded cDNA Master mix 

was prepared in a nuclease-free tube and kept on ice. For each reaction, 4 

µL of WT Pico 2nd-cycle single-stranded cDNA primers was added to 8 µL of 

WT Pico 2nd-cycle single-stranded cDNA buffer, and 4 µL WT Pico 2nd-cycle 

single-stranded cDNA enzyme. Master mix for all the total cRNA samples (30 

experimental samples) was prepared in addition to positive and NTC 

controls. After gently being vortexed and centrifuged to remove air bubbles 

and collect mix at the bottom, 16 µL of the 2nd-cycle single-stranded cDNA 

Master Mix was transferred to each (24 µL) cRNA sample, for a final reaction 

volume of 40 µL. The 200 µL 96 well plate was vortexed and centrifuged 

before being incubated in a thermal cycler for 10 minutes at 25oC, 90 minutes 

at 42oC, then for 10 minutes at 70oC using the 2nd-cycle single-stranded 

cDNA synthesis program. The 200 µL 96 well plate was again centrifuged to 

collect 2nd-cycle single-stranded cDNA at the bottom of the tube and then 

placed on ice. 
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RNA Hydrolysis using RNase H 

RNase H hydrolysed the cRNA template leaving single-stranded cDNA. On 

ice, 4 µL of RNase H was added to each (40 µL) 2nd-cycle single-stranded 

cDNA sample for a final volume of 44 µL. The 200 µL 96 well plate was 

vortexed and centrifuged before being incubated in a thermal cycler for 45 

minutes at 37oC, then 5 minutes at 95oC using the RNA Hydrolysis program. 

The 200 µL 96 well plate was again centrifuged to collect hydrolysed 2nd-

cycle single-stranded cDNA at the bottom of the tube and then placed on ice. 

Nuclease-free water (11 µL) was added to each 44 µL hydrolysed 2nd-cycle 

single-stranded cDNA sample for a final volume of 55 µL. Samples were 

vortexed and centrifuged to collect the reaction at the bottom of tube and 

placed on ice.  

Purify Second Cycle Single-Stranded cDNA 

2nd-cycle single-stranded cDNA was purified to remove enzymes, salts, and 

other unincorporated dNTPs to prepare cDNA for fragmentation and 

labelling. 100 µL of Purification Beads were added to each 55 µL of 2nd-cycle 

single-stranded cDNA sample and mixed thoroughly. Considering the 

capacity of a 200 µL 96 well plate, 78 µL of the 155 µL ss-cDNA/Beads 

sample was transferred to a second plate using the same sample order.  

75 µL of 100% ethanol was added to each (78 µL) ss-cDNA/Beads sample 

on both plates and mixed well by pipetting up and down 10 times. This 

reaction was incubated for 20 minutes to enable the ss-cDNA in the sample 

to bind to the Purification Beads. Following the incubation, plates were 

placed on two magnetics strands for 5 minutes to capture the Purification 
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Beads. When capture was complete, the mixture (transparent) and the 

Purification Beads formed pellets against the magnets in the magnetic stand. 

The supernatant in the well was carefully aspirated and discarded the 

supernatant without disturbing the Purification Beads. While on the magnetic 

stands, 100 µL of 80% ethanol wash solution was added to each well on both 

plates. The pellet was re-suspended and the sample transferred back to the 

corresponding well on the original plate. The recombined samples were then 

incubated for 5 minutes to enable the combined sample to re-pellet. The 80% 

ethanol wash solution was slowly aspirated and discarded without disturbing 

the Purification Beads. While on the magnetic stand, 200 µL of 80% wash 

solution was added to each well of the one remaining plate and incubated for 

30 seconds. The 80% ethanol wash solution was aspirated and discarded 

without disruption of the Purification Beads. The wash steps were repeated 

again to achieve a total of 3 washes with 200 µL of 80% ethanol wash 

solution. The final wash solution was completely removed and the plate 

allowed to air dry for 5 minutes.  

The plate was then removed from the magnetic stand and 30 µL of 

preheated (65oC) nuclease-free water was added to each well, incubated for 

1 minute, and mixed thoroughly. The plate was moved back to the magnetic 

stand for 5 minutes to capture the Purification Beads, before the supernatant 

which contained eluted single-stranded cDNA was transferred to nuclease-

free tubes. Purified single-stranded cDNA samples were placed on ice.  

Assess Single-Stranded cDNA yield  

The NanoDrop Spectrophotometer was used to measure absorbance of each 

ss-cDNA sample at 260nm, with nuclease-free water as a blank. 
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Fragment and Label Single-Stranded cDNA  

Purified sense-strand cDNA was fragmented by uracil-DNA glycosylase 

(UDG) and apurinic/apyrimidinic endonuclease 1 (APE1) at the unnatural 

dUTP residues to break the DNA strand. The fragmented cDNA was labelled 

by terminal deoxynucleotidyl transferase (TdT) using the Affymetrix 

proprietary DNA Labelling Reagent covalently linked to biotin. On ice, 120 

ng/µL single-stranded cDNA was prepared (5.5 µg single-stranded cDNA in a 

volume of 46 µL). Preparation of the Fragmentation and Labelling master mix 

in a nuclease-free tube was as follows. On ice, and for each reaction, 12 µL 

of WT Pico Frag & Label buffer was added to 2 µL of WT Pico Frag & Label 

enzyme. Master mix for all the total single-stranded cDNA samples (30 

experimental samples) was prepared in addition to positive and NTC 

controls. After gently being vortexed and centrifuged to remove air bubbles 

and collect mix at the bottom, 14 µL of the Fragmentation and Labelling 

master mix was transferred to each (46 µL) purified single-stranded cDNA 

sample for a final reaction volume of 60 µL. The 200 µL 96 well plate was 

vortexed and centrifuged to remove air bubbles before being incubated in a 

thermal cycler for 1 hour at 37oC, for 2 minutes at 93oC followed by 2 minutes 

at 4 oC using the Fragmentation and Labelling program. Tubes were 

centrifuged to collect single-stranded cDNA at the bottom of the tube and 

placed on ice for 2-3 minutes.   

Hybridisation Master Mix Preparation  

First, the 20X hybridisation control (bioB, bioC, bioD, and cre) was heated in 

the thermal cycler for 5 minutes at 65oC using the Hybridisation Control 

program. The Hybridisation master mix was prepared in a 15 mL nuclease-
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free tube as follows. A master mix for 30 experimental samples, a positive 

control, and NTC was prepared using the following volumes required for each 

reaction: 3.7 µL of control Oligo B2 (3 nM), 11 µL of 20X hybridisation 

control, 110µL 2X hybridisation mix, 15.4 µL DMSO, and 19.9 µL Nuclease-

free water. Samples were gently vortexed and centrifuged to collect mix at 

the bottom of the wells in the 200 µL 96 well plate. At room temperature, 160 

µL of the hybridisation master mix was added to 60 µL of the fragmented and 

labelled single-stranded cDNA to make a final volume of 220 µL. After being 

gently vortexed and centrifuged briefly, the hybridisation cocktail reaction in 

the 200 µL 96 well plate was incubated in the thermal cycler for 5 minutes at 

99oC and then for 5 minutes at 45oC using the Hybridisation Cocktail 

program. Immediately after incubation, the 200 µL 96 well plate was 

centrifuged to collect contents at the bottom of each well. On each of the 

probe array cartridges labelled with the corresponding sample ID, a pipette 

tip was inserted to vent the upper right septum, and then 200 µL of the 

hybridisation cocktail was injected into the array through one of the septa. 

The pipette tip was removed from the upper right septum, and both septa 

covered with Tough-Spots to minimise evaporation and prevent leaks. Arrays 

were placed into the hybridisation oven trays and incubated in the oven with 

rotation at 60 RPM (GeneChip Hybridisation Oven 645) for 15 hours at 45oC.             

Washing, Staining, and Scanning of Clariom-D Arrays  

Prior to washing, staining, and scanning of the probe arrays, batch 

registration of the samples was performed using the GeneChip Command 

Console (AGCC). This enabled barcodes on the individual arrays to be 

assigned to specific samples enabling traceability during the remainder of the 
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workflow. The fluidics station 450 (Affymetrix) was primed with wash buffers 

A and B (Affymetrix) following manufacturers protocols. After 16 hours of 

hybridisation, the arrays were removed from the hybridisation oven and 

Tough-Spots removed. The hybridisation cocktail mix was extracted by 

placing a pipette tip into the upper right septum, and then removing 200 µL of 

the hybridisation cocktail using a pipette placed into the other septa. The 

hybridisation cocktail was retained in the event issues arose during scanning. 

The array was completely filled with Wash Buffer A. Arrays were left to 

equilibrate to room temperature before washing and staining.  

At this point, barcodes were scanned and matched up with the sample name, 

array name, and probe array type. Stain reagents (600 µL of stain cocktail 1, 

600 µL of stain cocktail 2, and 800 µL of array holding buffer (Affymetrix) 

were prepared into vials and placed into the appropriate sample holders (1, 

2, and 3 respectively) on the fluidics station. Once the probe arrays were also 

inserted into designated modules of the fluidics station, all modules were ran 

on the AGCC Fluidics Control software using fluidics protocol FS450_0001.  

Before scanning the probe array cartridge, the glass surfaces of the probes 

were washed with lint-free tissue and Tough-Spots (Sigma Aldrich) applied to 

each of the two septa to prevent leaking of fluids from the cartridges during 

scanning. Following application of Tough-Spots, the arrays were loaded onto 

the carousel of the GeneChip® Scanner 3000 with AutoLoader (Affymetrix). 

The Affymetrix Command Console program was used to scan probe arrays. 

The AGCC software then aligned a grid on the images to identify the probe 

cells and compute probe cell intensity data to generate CEL files.  
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Figure 2.7: An outline of the single 3 day experiment for producing 

hybridisation-ready DNA from 10 ng of purified total RNA from PC3 

cells. Clariom-D (human) arrays were used to run the gene expression 

profiling. Reverse transcription is initiated at the poly-A tail as well as 

throughout the entire length of RNA to capture both coding and multiple 

forms of non-coding RNA. RNA amplification is achieved using low-cycle 

PCR followed by linear amplification using T7 in vitro transcription (IVT) 

technology. The cRNA is then converted to biotinylated sense strand DNA 

hybridization targets for unbiased coverage of the transcriptome (Affymetrix, 

2018).  
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2.9.5 Gene Ontology and Pathway Analysis  

Expression Console (EC) (Build 1.4.1.46) was used to ensure the quality 

control parameters and the data produced by the arrays were acceptable. 

CEL files generated from EC analysis were imported into the Transcriptome 

Analysis Console (TAC) software (Affymetrix v3.1.05) which generated CHP 

files. CHP files were used to identify genes of interest through differential 

expression levels, and to explore interactions between coding and non-

coding RNA. Figure 2.8 sets out the workflow on how gene-level results are 

generated from CEL files. The genes were filtered using a p of < 0.05 and an 

absolute fold change of    2.0 or  -2.0. TAC analysis was conducted on 

each of the comparisons shown in table 2.2. 

The sets of genes significantly (p < 0.05) upregulated or downregulated in 

each comparison (table 2.2) were then imported into the Ingenuity Pathway 

Analysis (IPA) software (Qiagen) (http://www.ingenuity.com). Gene sets were 

used to identify lists of top expressing genes, top molecular and cellular 

functions, significant canonical pathways, and upstream regulators. 

IPA canonical pathways that were most significant within the differentially 

expressed gene sets used Fischer’s exact test right tailed to calculate a p 

value for the probability that the association between the differentially 

expressed genes and the canonical pathway was explained by random 

chance alone. IPA upstream regulator analysis identified upstream regulators 

that may be responsible for gene expression changes observed in the 

dataset and predicts which upstream regulators are activated or inhibited to 

explain the upregulated/downregulated genes observed in the dataset. 

http://www.ingenuity.com/
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Table 2.3 highlights the comparisons used to create Venn diagrams to 

identify overlaps in genes throughout the data set. The Ingenuity Pathway 

Knowledge Base (IPKB) was used to gain additional information on genes of 

interest.  

QUADrATiC (http://go.qub.ac.uk/QUADrATiC), the online tool for exploring 

gene expression connectivity on data sets from the subset of the Library of 

Integrated Cellular Signatures (LINCS) was used to generate a list of FDA-

approved small molecule compounds for therapeutic potential using the data 

generated from comparison 1 following TAC analysis (O’Reilly et al. 2016).  
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Figure 2.8: Expression Console (EC) and Transcriptome Analysis 

Console (TAC) workflow to generate gene-level results. EC software 

provided an analysis workflow that enabled CHP files to be generated from 

CEL files. Normalisation and summarisation methods identified and removed 

outliers before TAC software enabled these CHP files to identify differentially 

expressed genes, visualize the fold changes of these genes, and visualize 

expression changes in biological pathways (Affymetrix, 2019).  
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Perform gene-level normalisation 
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Perform exon-level normalisation 
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Table 2.2: Comparisons that were used in gene level differential 

expression analysis on TAC software. Above are the 25 different 

comparisons used to generate gene-level results. For example, comparison 1 

shows hypoxic control samples relative to the oxic control samples. 

Highlighted comparisons are those taken forward for further gene analysis. 

 

 

 

vs 

Oxic 

Control 8 Gy Shield In-field Out-of-field 

H
y
p

o
x

ic
 

Control Comparison 1      

8 Gy  Comparison 2     

Shield   Comparison 3   

In-field    Comparison 4  

Out-of-field     Comparison 5  

vs 

Hypoxic 

Control 8 Gy Shield In-field Out-of-field 

H
y
p

o
x

ic
 

Control  Comparison 6 Comparison 7  Comparison 8 Comparison 9  

8 Gy   Comparison 10  Comparison 11  Comparison 12  

Shield    Comparison 13 Comparison 14 

In-field     Comparison 15 

Out-of-field      

vs 

Oxic 

Control 8 Gy Shield In-field Out-of-field 

O
x

ic
 

Control  Comparison 16 Comparison 17 Comparison 18 Comparison 19 

8 Gy   Comparison 20 Comparison 21 Comparison 22 

Shield    Comparison 23 Comparison 24 

In-field     Comparison 25 

Out-of-field      
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Comparisons A B C 

Oxic  
in-field 

Oxic control  
vs  

oxic 8 Gy 

Oxic control 
 vs  

oxic in-field 

Oxic 8 Gy 
 vs  

oxic in-field 

Oxic  
out-of-field 

Oxic control  
vs  

oxic shield 

Oxic control 
 vs  

oxic out-of-field 

Oxic shield 
 vs  

oxic out-of-field 

Hypoxic  
in-field 

Hypoxic control  
vs 

 hypoxic 8 Gy 

Hypoxic control  
vs  

hypoxic in-field 

Hypoxic 8 Gy  
vs  

hypoxic in-field 

Hypoxic  
out-of-field 

Hypoxic control  
vs 

 hypoxic shield 

Hypoxic control  
vs  

hypoxic out-of-field 

Hypoxic shield  
vs  

hypoxic out-of-field 

Between oxic  
in-field and  
out-of-field 

Oxic in-field  
vs  

oxic out-of-field 

Oxic control 
 vs  

oxic in-field 

Oxic control 
 vs  

oxic out-of-field 

Between hypoxic  
in-field and  
out-of-field 

Hypoxic in-field  
vs 

hypoxic out-of-field 

Hypoxic control  
vs  

hypoxic in-field 

Hypoxic control  
vs  

hypoxic out-of-field 

Between oxic in-
field, oxic out-of-
field and hypoxic 

in-field 

Oxic control  
vs  

oxic in-field 

Oxic control 
 vs  

oxic out-of-field 

Hypoxic control 
 vs  

hypoxic in-field 

Between oxic in-
field, oxic out-of-
field and hypoxic 

out-of-field 

Oxic control  
vs 

oxic in-field 

Oxic shield  
vs  

oxic out-of-field 

Hypoxic shield  
vs  

hypoxic out-of-field 

 

Table 2.3: Comparisons used to identify lists of common genes in the 

IPA software. Venn diagrams were constructed to identify common genes 

between the various comparisons shown above. Genes of interest could then 

be selected if they overlapped in any of the regions investigated.  

  A B 

C 
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2.9.6 Primer Design 

Reference sequence accession codes were obtained from the National 

Center for Biotechnology Information (NCBI) database for each gene of 

interest. These codes were then inputted into the Roche Primer Design 

online tool (https://lifescience.roche.com/en_gb/brands/universal-probe-

library.html#assay-design-center) to search for suitable primer sets. Criteria 

for primer acceptance were as follows: primer length between 15 and 25 

base pairs (bp) and amplicon length between 50-150 nucleotides (nt). 

Primers were purchased from Integrated DNA Technologies, Belgium. Table 

2.4 displays housekeeper genes expected to maintain constant expression 

levels in all conditions, and table 2.5 displays genes of interest generated 

from TAC and IPA analysis.   

 

2.9.7 cDNA Synthesis  

Using the Transcriptor First Strand cDNA synthesis kit (Roche, UK), 2 µg of 

RNA was added to a total volume of 11 µL Nuclease-free water. 2 µL of 

Random Primer was then added to each tube before incubation at 65°C for 5 

minutes to anneal primers. Following this, 4 µL of Transcriptor Reverse 

React Buffer, 0.5 µL RNAse Inhibitor, 2 µL dNTP, and 0.5 µL Transcriptor 

Reverse Transcriptase were added to each sample and then incubated at 

25°C for 10 minutes, 55°C for 30 minutes, and 85°C for 5 minutes using a 

Mastercycler thermal cycler (Eppendorf, Stevenage, UK). Standards (oxic 

and hypoxic controls) along with Nuclease-free water controls and no 

Reverse Transcriptase (No RT) controls were also prepared. For further use, 

cDNA samples were stored at -20°C. 

https://lifescience.roche.com/en_gb/brands/universal-probe-library.html#assay-design-center
https://lifescience.roche.com/en_gb/brands/universal-probe-library.html#assay-design-center
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Table 2.4: Housekeeping gene RT-qPCR primer sequences. The above 

five housekeeping genes were tested to see which maintained constant 

expression levels in all conditions investigated. 

 

 

  

Table 2.5: Target RT-qPCR primer sequences. Primer sequences 

generated from the Roche Primer Design online tool on genes of interest 

following TAC software analysis and IPA analysis. 

 
  

Housekeeping 

Genes 
Forward Primer Reverse Primer  

β-Tubulin 5’ cgcagaagaggaggaggatt 3’ 5’ gaggaaaggggcagttgagt 3’ 

β-Actin 5’ agaaaatctggcaccacacc 3’ 5’ tagcacagcctggatagcaa 3’ 

GAPDH 5’ ggcctccaaggaggtaagacc 3’ 5’ ctgtgaggaggggagattca 3’ 

TBP 5’ acccttcaccaatgactcctatg 3’ 5’ atgatgactgcagcaaatcgc 3’ 

HPRT1 5’ cagccctggcgtcgtgattagtga 3’ 5’ tcacatctcgagcaagacgttcagt 3’ 

Genes of 

Interest 
Forward Primer  Reverse Primer  

ADM 5’ gcctgcccagacccttat 3’ 5’ gtagcgcttgactcggatg 3’ 

BNIP3 5’ tgctgctctctcatttgctg 3’ 5’ gactccagttcttcatcaaaaggt 3’ 

NDRG1 5’ tcaacgtgaacccttgtgc 3’ 5’ gggtccatcctgagatcttg 3’ 

KCNMA1 5’ tcaagtacctgtggaccgtgt 3’ 5’ ggcttgagccattgttaatctt 3’ 

RBM6 5’ cctgctaacagaactggacctt 3’ 5’ gtgtctctcttgagcatgactctta 3’ 

KDM1A 5’ ccatggtggtaacaggtcttg 3’ 5’ tgatcttggccagttccata 3’ 

PNISR 5’ cagcaccaacaggatccaa 3’ 5’ tggtggttgttctaccatgc 3’ 

KMT2A 5’ gacagtgtgcgttatgtttgact 3’ 5’ tggccaatatatagtaaacgacca 3’ 
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2.9.8 Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR)  

cDNA samples were diluted 1:10 with water from the LightCycler 480 SYBR 

Green 1 Master Kit (Roche). Standards were mixed together (called NEAT) 

and various concentrations (0.5, 0.1, 0.02, and 0.004) made. Primers were 

made up by adding DEPC water to make 100 µM. The master mix (5 µM) 

was prepared as follows: 5 µL SYBR Green 1 Master Mix was added to 0.5 

µL forward primer (5 µM), 0.5 µL reverse primer (5 µM), and 1 µL water. To 

each 96 well plate (LightCycler 480 Multiwell Plate 96 - White, Roche), 7 µL 

of master mix was added to each well along with 3 µL of the corresponding 

1:10 dilution samples for a total of 10 µL per well. The plates were sealed 

with film and vortexed. RT-qPCR was performed on the LightCycler 480 real-

time PCR system (Roche). Cycle conditions were 55°C for 40 cycles. 

 

2.9.9 Determination of RT‐qPCR Primer Amplification Efficiency 

In order to estimate RT-qPCR primer amplification efficiency, standard 

curves were generated using the LightCycler 480 software version 1.5.1 

(Roche) to identify which housekeeping genes could be used. A standard 

curve slope of -3.32 represented a RT-qPCR reaction with 100% efficiency, 

corresponding to the doubling of a PCR amplicon during each cycle of a RT-

qPCR reaction. Standard curves with slopes more negative than -3.32 

indicate primers with less than 100% efficiency, whilst those more positive 

than -3.32 suggests amplification of more than one PCR product. Any primer 

pairs with an estimated efficiency of less than 90% or greater than 105% 

(calculated by the LightCycler 480 software) were discarded and an 

alternative set designed.  
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2.9.10 Calculation of Relative Gene Expression Level 

Standard curves were also performed for each gene of interest. Relative 

gene expression values were extrapolated for each gene from its respective 

standard curve within the LightCycler 480 software version 1.5.1 (Roche). 

Average housekeeping gene expression was used for cDNA quantity 

normalisation. Expression levels of gene of interest were divided by the 

average expression (concentration) of the housekeeping gene GAPDH (n=3). 

For calculation of fold change, these normalised gene expression values 

were again divided by the average gene expression in oxic control samples. 

 

2.9.11 Statistical Analysis 

Statistical comparisons were carried out by t-test. Values are shown as mean 

± standard error of the mean. The acceptable level for statistical significance 

was p < 0.05. 
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Chapter 3 

 

The impact of hypoxia on out-of-field cell 

survival following modulated radiation fields  
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3.1 Introduction  

Radiotherapy is a major modality in cancer therapy with over 50% of patients 

receiving radiation as part of their curative treatment regime. Radiotherapy 

has evolved considerably in the last two decades towards delivery of 

sophisticated, high precision dose distributions with greater conformity to 

protect surrounding normal tissue (Garibaldi et al. 2016; McGarry et al. 

2011). 

Intensity modulated radiation therapy (IMRT) and arc therapies allow precise 

dose conformity through delivery of multiple spatially and temporally 

fractionated radiation fields (Gutiontov et al. 2015; McGarry et al. 2011). 

Several in vitro studies have reported differential radiobiological responses in 

cells placed out-of-field (i.e. outside the irradiated area), which cannot be 

predicted by the standard linear-quadratic (LQ) model. These radiobiological 

responses are not explainable solely by any delivered scattered dose 

(Mancuso et al. 2013; McMahonb et al. 2013; McMahon et al. 2012; McGarry 

et al. 2011; Butterworth et al. 2011; Butterworth et al. 2010; Bewes et al. 

2008; Mancuso et al. 2008; Mackonis et al. 2007; Moiseenko et al. 2007). In 

addition, the radiobiological implications of modulated radiation fields have 

yet to be fully elucidated in respect to their potential impact on the risk of 

secondary cancers, normal tissue damage, and long-range abscopal effects 

post-radiotherapy (Shields et al. 2014; Butterwortha et al. 2013; He et al. 

2011; Shao et al. 2008; Shao et al. 2006; Shao et al. 2005).  

Our laboratory has previously demonstrated that out-of-field effects play a 

significant role in biological response (Butterwortha et al. 2012; Trainora et al. 

2012; Butterworth et al. 2011). This is primarily through NTEs involving 
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intercellular signalling, also known as radiation-induced bystander effects 

(RIBEs) (Prise & O’Sullivan 2009), rather than other modifiers of survival 

including low dose hypersensitivity (increased radiosensitivity at doses below 

1Gy) and spectral effects (differences in mean energy out-of-field as a result 

of scattered dose) (Balderson et al. 2016). These studies by our laboratory 

and others (reviewed in (Asur et al. 2015)) show that under oxic conditions, 

there is decreased cell survival out-of-field and increased survival in-field 

following modulated exposures using several shielding configurations when 

intercellular communication is intact. Altered responses were shown to be 

inhibited by physically or chemically inhibiting intercellular communication 

(Butterworth et al. 2015; Trainora et al. 2012; Butterworth et al. 2011).    

Many solid tumours have regions of reduced oxygen concentration (hypoxia). 

Hypoxia is strongly associated with increased tumour development, growth, 

metastases, and poor response to radiotherapy, being a major driver of 

radioresistance (Heb et al. 2012; Vaupel 2008; Brizel et al. 1999; Brizel et al. 

1996; Gatenby et al. 1988). To date, the role of intercellular signalling and the 

bystander effects in tumour hypoxia remain to be fully elucidated. However, 

studies show a significantly increased role for bystander signalling under 

hypoxic conditions demonstrated by increased RIBEs through endogenous 

hydrogen sulphide suppression (Zhang et al. 2012). Further studies suggest 

that radiation-induced bystander responses may be prevented through gene 

overexpression, such as SirT1, which inhibits release of signalling factors 

which confer serious DNA damage in bystander cells through c-Myc activity 

(Xie et al. 2015; Xie et al. 2012).  
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This chapter determined the impact of hypoxia on cell survival following 

exposure to modulated radiation fields, and the kinetics of intercellular 

signalling between the in- and out-of-field regions. We report a differential 

response of cells in- and out-of-field, dependent on oxygen status. These 

data provide further evidence on the importance of cell signalling and RIBEs 

in a variety of cell lines, and may be of importance in respect to optimising 

targeted radiotherapy techniques such as dose painting in the future. 

Data from this chapter have recently been published (Thompson et al. 2017).  
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3.2 Results  

3.2.1 Expressions of HIF1α and GLUT1    

Protein expression of two hypoxic markers, HIF1α and GLUT1 in DU145, 

A549, MDA231, H460, PC3, and FaDu cells in response to varying times 

under hypoxia are shown in figure 3.1. Both the western blots and 

corresponding graphs show that expressions/intensities of HIF1α and GLUT1 

were increased in all cell lines with time under hypoxia in comparison to their 

oxic controls.  

 

3.2.2 Cell survival following uniform field exposures under oxic and 

hypoxic conditions 

Radiation dose response curves ranging from 0 – 8 Gy under oxic and 

hypoxic conditions were determined in all cell lines following exposure to 

uniform field configurations (figure 3.2). Survival data was fitted to the LQ 

model and the parameters for each cell line are summarised in table 3.1. The 

oxic and hypoxic uniform cell survival responses at dose points of 4 and 8 Gy 

are plotted in figure 3.3 and summarised in table 3.2A. These data are 

compared to a line showing equal responses under oxic and hypoxic 

conditions, and it can be seen in all cases, hypoxic cells show a higher level 

of survival than oxic cells, as expected due to the OER. This data is in 

agreement with previous data from our lab and elsewhere (Taggart et al. 

2016; Butterworth et al. 2015; Cole et al. 2014; Jain et al. 2014; Cole et al. 

2013; Lagadec et al. 2012; Oommen & Prise 2012).  
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Figure 3.1: Western blot (A) and intensity (B) analysis of HIF1α and 

GLUT1 following various timepoints under hypoxia. Hypoxia was induced 

by incubating DU145, A549, MDA231, H460, PC3, and FaDu cells at 37°C in 

95% N2; 5% CO2 for 1, 4, and 8 hours. Cells were then harvested for protein 

analysis. Beta-actin was used as the protein loading control. Intensity levels 

(figure 3.1B) added for illustrative purposes (n=1) reflect the relative amounts 

as a ratio of each protein band relative to the lane’s loading control. All 

western blots were carried out in triplicate. 
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Figure 3.2: Uniform dose response curves under oxic and hypoxic 

conditions. Open symbols with dashed lines represent cell survival in FaDu 

(∇), H460 (Δ), A549 (□), MDA231 (○), PC3 (✩), and DU145 (◊) cells under 

hypoxic conditions. Closed symbols with solid lines represent cell survival 

under oxic conditions. Error bars represent standard error of the mean (n=3).  
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Table 3.1: The radiosensitivities of a range of cell lines under oxic and 

hypoxic conditions. Alpha (α) and beta (β) values were calculated following 

a uniform exposure. The OER is calculated in the form OER = Dhypoxic/Doxic, 

where Dhypoxic and Doxic are doses which cause equal biological effects. A 

dose of 4 Gy was chosen in oxic cells and equivalent doses under hypoxia 

were calculated from LQ fits to determine the OER. 

 

 

 

 

 

 

CELL 

LINE 

Oxic Exposures 

      α values            β values 

Hypoxic Exposures 

α values           β values 
OER 

FaDu 0.17 ± 0.04 0.02 ±  0.05 0.11 ± 0.03 0.01 ± 0.004 1.54 

H460 0.04 ± 0.03 0.07 ± 0.004 0.04 ± 0.02 0.04 ± 0.002 1.29 

A549 0.23 ± 0.02 0.03 ± 0.002 0.19 ± 0.02 0.02 ± 0.003 1.24 

DU145 0.12 ± 0.03 0.04 ± 0.004 0.19 ± 0.02 0.007 ± 0.003 1.23 

MDA231 0.15 ± 0.02 0.04 ± 0.003 0.13 ± 0.03 0.02 ± 0.005 1.29 

PC3 0.25 ± 0.04 0.04 ± 0.005 0.19 ± 0.02 0.03 ± 0.003 1.27 
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Figure 3.3: Comparison of uniform cell survival under oxic and hypoxic 

conditions. Open symbols represent cell survival in FaDu (∇), H460 (Δ), 

A549 (□), MDA231 (○), PC3 (✩), and DU145 (◊) models at 8 Gy. Closed 

symbols represent cell survival at 4 Gy. Error bars represent standard error 

of the mean (n=3). Linear regression from origin represents equal response 

under oxic and hypoxic conditions.  
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3.2.3 In-field cell survival following modulated field exposures  

Cell survival within the primary field (in-field) region of the culture dishes was 

compared to uniform field responses (figure 3.5 - 3.16). Modulated exposures 

cause a trend towards greater survival in-field. At 4 Gy, in-field survival was 

significantly higher in the DU145 cell line (p < 0.05), while at 8 Gy, in-field 

survival was shown to be significantly higher in all cell lines compared to the 

uniform field exposures. Similar trends were observed under hypoxic 

conditions in-field, with increased cell survival compared to that observed for 

uniform field exposures. At a dose of 4 Gy, in-field cell survival was 

significantly higher in the FaDu cell line, and at a dose of 8 Gy, in-field cell 

survival was shown to be significantly higher compared to uniform exposures 

in all cell lines except the MDA231 cell line. This data is summarised in table 

3.3A. These observations are consistent with previous modulated field 

studies (Butterwortha et al. 2012; Butterworth et al. 2011).  

Oxic and hypoxic in-field cell survival at dose points of 4 and 8 Gy are plotted 

in figure 3.4A and summarised in table 3.2B. Data points from each of the 

cell lines at the two dose points lie above the line of equal response (except 

DU145 cells at 4 Gy), indicating in-field cell survival under hypoxia is greater 

than that observed under oxic conditions, consistent with an OER and similar 

to that observed for uniform field responses. Under conditions were 

intercellular communication was directly inhibited by physical separation of 

in-field cell populations, in-field responses showed no significant differences 

in cell survival when compared to the uniform field responses, as predicted 

by the LQ model for all cell lines under both oxic and hypoxic conditions 

(table 3.2E and table 3.3B).   
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3.2.4 Out-of-field cell survival following modulated field exposures  

Cell survival in the shielded (out-of-field) regions of the culture dishes were 

compared to the uniform field response (figures 3.6, 3.8, 3.10, 3.12, 3.14, 

and 3.16). Out-of-field cell survival was shown to be significantly lower (p < 

0.05) compared to that observed for uniform field exposures. At a direct dose 

of 4 Gy, coinciding with 0.16 Gy scattered dose under oxic and hypoxic 

conditions out-of-field, cell survival was shown to be significantly lower in all 

cell lines except for FaDu cells (figure 3.17A). At a direct dose of 8 Gy, 

coinciding with 0.32 Gy scattered dose under oxic and hypoxic conditions 

out-of-field, cell survival was shown to be significantly lower in all cell lines 

compared to the uniform field exposures under both oxic and hypoxic 

conditions (figure 3.17B). This data is summarised in table 3.3A. 

Oxic and hypoxic out-of-field cell survival responses at single dose points of 

0.16 Gy and 0.32 Gy scatted dose are plotted in figure 3.4B and summarised 

in table 3.2C. Significantly, and unlike the directly exposed cell populations, 

out-of-field responses for each of the cell lines at the two dose points lie on or 

below the line of equal response, indicating out-of-field exposures have equal 

or greater radiosensitivity under hypoxic conditions. This suggests that these 

out-of-field effects do not show a traditional OER effect or, particulary for 

MDA231 and A549 cells which lie significantly below the line of equality at 

0.32 Gy may even see greater sensitivity under hypoxia than oxic conditions. 

As a result, it appears that out-of-field effects lack the oxygen dependence 

seen in direct radiation effects, indicating significant differences in their 

underlying mechanism.  
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Again, under conditions were intercellular communication was directly 

inhibited by physical separation of the out-of-field cell populations, out-of-field 

responses showed no significant differences to the uniform field responses in 

all cases as predicted by the LQ model for both oxic and hypoxic exposures 

(table 3.2F and table 3.3B).  
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Figure 3.4: In-field (A) and out-of-field (B) cell survival following 

modulated exposures under oxic and hypoxic conditions .Open symbols 

represent cell survival in FaDu (∇), H460 (Δ), A549 (□), MDA231 (○), and 

DU145 (◊) at a direct dose of 8 Gy in-field and 0.32 Gy out-of-field. Closed 

symbols represent cell survival at a direct in-field dose of 4 Gy and 0.16 Gy 

out-of-field. Error bars represent standard error of the mean (n=3). Linear 

regression from origin represents equal response under oxic and hypoxic 

conditions.  

A 

B 
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Figure 3.5: Cell survival following exposure to modulated radiation 

fields in H460s when intercellular communication is intact. Main plot 

shows uniform survival (oxic ●; hypoxic ▲), in-field regions (oxic ○; hypoxic 

Δ), in addition to out-of-field regions (oxic ■; hypoxic □). Inset graph displays 

out-of-field cell survival more clearly. Data is fitted to LQ model and error 

bars indicate standard error of the mean (n=3).  
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Figure 3.6: Cell survival in H460s following modulated field exposures at 

single doses of 4 Gy (A: oxic and C: hypoxic) and 8 Gy (B: oxic and 

D:hypoxic). Error bars indicate standard error of the mean (n=3) and 

statistical signifance at a level of p < 0.05.     

IC: Intercellular communication 
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Figure 3.7: Cell survival following exposure to modulated radiation 

fields in FaDus when intercellular communication is intact. Main plot 

shows uniform survival (oxic ●; hypoxic ▲), in-field regions (oxic ○; hypoxic 

Δ), in addition to out-of-field regions (oxic ■; hypoxic □). Inset graph displays 

out-of-feild cell survival more clearly. Data is fitted to LQ model and error 

bars indicate standard error of the mean (n=3). 
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Figure 3.8: Cell survival in FaDus following modulated field exposures at 

single doses of 4 Gy (A: oxic and C: hypoxic) and 8 Gy (B: oxic and 

D:hypoxic).  Error bars indicate standard error of the mean (n=3) and 

statisitical signifance at a level of p < 0.05.  

IC: Intercellular communication 
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Figure 3.9: Cell survival following exposure to modulated radiation 

fields in DU145s when intercellular communication is intact. Main plot 

shows uniform survival (oxic ●; hypoxic ▲), in-field regions (oxic ○; hypoxic 

Δ), in addition to out-of-field regions (oxic ■; hypoxic □). Inset graph displays 

out-of-field cell survival more clearly. Data is fitted to LQ model and error 

bars indicate standard error of the mean (n=3). 
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Figure 3.10: Cell survival in DU145s following modulated field exposures at 

single doses of 4 Gy (A: oxic and C: hypoxic) and 8 Gy (B: oxic and 

D:hypoxic). Error bars indicate standard error of the mean (n=3) and 

statisical signifance at a level of p < 0.05. 

IC: Intercellular communication  
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Figure 3.11: Cell survival following exposure to modulated radiation 

fields in A549s when intercellular communication is intact. Main plot 

shows uniform survival (oxic ●; hypoxic ▲), in-field regions (oxic ○; hypoxic 

Δ), in addition to out-of-field regions (oxic ■; hypoxic □). Inset graph displays 

out-of-field cell survival more clearly. Data is fitted to LQ model and error 

bars indicate standard error of the mean (n=3). 
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Figure 3.12: Cell survival in A549s following modulated field exposures at 

single doses of 4 Gy (A: oxic and C: hypoxic) and 8 Gy (B: oxic and 

D:hypoxic). Error bars indicate standard error of the mean (n=3) and 

statisical signifiance at a level of p < 0.05. 

IC: Intercellular communication  
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Figure 3.13: Cell survival following exposure to modulated radiation 

fields in MDA231s when intercellular communication is intact. Main plot 

shows uniform survival (oxic ●; hypoxic ▲), in-field regions (oxic ○; hypoxic 

Δ), in addition to out-of-field regions (oxic ■; hypoxic □). Inset graph displays 

out-of-filed cell survival more clearly. Data is fitted to LQ model and error 

bars indicate standard error of the mean (n=3). 
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Figure 3.14: Cell survival in MDA231s following modulated field exposures at 

single doses of 4 Gy (A: oxic and C: hypoxic) and 8 Gy (B: oxic and 

D:hypoxic). Error bars indicate standard error of the mean (n=3) and 

statisical significance at a level of p < 0.05. 

IC: Intercellular communication  
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Figure 3.15: Cell survival following exposure to modulated radiation 

fields in PC3s when intercellular communication is intact. Main plot 

shows uniform survival (oxic ●; hypoxic ▲), in-field regions (oxic ○; hypoxic 

Δ), in addition to out-of-field regions (oxic ■; hypoxic □). Inset graph displays 

out-of-field cell survival more clearly. Data is fitted to LQ model and error 

bars indicate standard error of the mean (n=3). 
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Figure 3.16: Cell survival in PC3s following modulated field exposures at 

single doses of 4 Gy (A: oxic and C: hypoxic) and 8 Gy (B: oxic and 

D:hypoxic). Error bars indicate standard error of the mean (n=3) and 

statisical significance at a level of p < 0.05. 

IC: Intercellular communication 
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Figure 3.17: Out-of-field cell survival under oxic (02) and hypoxic (N2) 

conditions with intercellular communication intact at 0.16 Gy (A) and 0.32 Gy 

(B). The average survival for cells uniformly exposed at 0.16 Gy and 0.32 Gy 

are shown as white bars. Error bars represent standard error of the mean 

(n=3) and statistical significance at a level of p < 0.05.   
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Table 3.2: Cell survival following (A) uniform, (B) in-field with IC intact, (C) 

out-of-field with IC intact, (D) shielded uniform, (E) in-field with IC inhibited, 

and (F) out-of-field with IC inhibited exposure conditions. Surviving fraction 

shown as a percentage of cell survival (n=3).  

IC: Intercellular Communication 

In-field Cell Survival with IC intact 

Cell Line 
4 Gy 

02                 N2 

8 Gy 

02                 N2 

DU145 43 39 9 22 

A549 31 46 5 18 

FaDu 45 68 12 32 

MDA231 35 39 5 8 

H460 31 45 3 14 

PC3 24 37 5 14 

Uniform Cell Survival 

Cell Line 
4 Gy 

02          N2 

8 Gy 

02           N2 

DU145 32 43 4 14 

A549 28 38 3 8 

FaDu 37 57 7 18 

MDA231 31 39 2 10 

H460 28 46 1 6 

PC3 16 29 1 4 

Uniform (Shielded) Cell Survival  

Cell Line 
4 Gy 

02          N2 

8 Gy 

02           N2 

DU145 100 100 98 100 

A549 96 100 98 95 

FaDu 99 99 100 93 

MDA231 96 100 96 100 

H460 100 98 100 97 

PC3 99 100 97 99 

Out-of-field Cell Survival with IC intact 

Cell Line 
4 Gy 

02              N2 

8 Gy 

02              N2 

DU145 77 81 72 79 

A549 79 75 66 46 

FaDu 89 97 67 66 

MDA231 59 65 59 44 

H460 82 75 65 64 

PC3 76 74 64 67 

In-field Cell Survival with IC Inhibited 

Cell Line 
4 Gy 

02                 N2 

8 Gy 

02                 N2 

DU145 26 45 3 14 

A549 30 34 4 10 

FaDu 38 54 11 17 

MDA231 34 36 3 10 

H460 30 41 1 9 

PC3 15 29 1 4 

Out-of-field Cell Survival with IC Inhibited 

Cell Line 
4 Gy 

02              N2 

8 Gy 

02              N2 

DU145 96 100 95 95 

A549 95 94 95 91 

FaDu 100 97 97 97 

MDA231 100 98 100 96 

H460 100 100 100 94 

PC3 97 99 99 99 

C 

E 

A 

F 

B 

D 
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Table 3.3 Cell survival following a modulated exposure under oxic and 

hypoxic conditions when intercellular communication (IC) is intact (A) 

and inhibited (B). Surviving fraction is shown as a percentage of cell 

survival with standard error of the mean in brackets (n=3). Significant 

differences (p < 0.05) indicated as an asterisk are comparable to cell survival 

under respective uniform exposures. Shaded boxes represent the cell lines 

that deviate from the linear regression as shown in Figure 2.7B. 

Cell line 

+IC 

In-field cell survival 
 

4 Gy 02              4 Gy N2                  8 Gy 02         8  Gy N2 

Out-of-field cell survival 
 

0.16 Gy 02   0.16 Gy N2    0.32 Gy 02     0.32 Gy N2 

FADU 44.7 
(±3.00) 

68.1 
(±4.00)* 

12.2 
(±1.00)* 

32.8 
(±6.00)* 

89.3 
(±7.00) 

97.2 
(±3.00) 

66.8 
(±3.00)* 

65.9 
(±3.00)* 

H460 31.8 
(±2.00) 

45.0 
(±2.00) 

3.39 
(±0.40)* 

14.2 
(±0.50)* 

82.2 
(±5.00)* 

75.5 
(±3.00)* 

65.0 
(±2.00)* 

64.2 
(±2.00)* 

DU145 43.1 
(±2.00)* 

38.8 
(±5.00) 

9.37 
(±2.00)* 

21.7 
(±3.00)* 

77.4 
(±3.00)* 

80.9 
(±4.00)* 

71.7 
(±4.00)* 

78.7 
(±3.00)* 

A549 31.6 
(±4.00) 

46.2 
(±4.00) 

5.23 
(±0.90)* 

17.7 
(±2.00)* 

79.4 
(±4.00)* 

75.0 
(±4.00)* 

66.2 
(±2.00)* 

45.8 
(±2.00)* 

MDA231 34.8 
(±2.00) 

39.7 
(±2.00) 

4.55 
(±0.40)* 

7.76 
(±0.70) 

58.8 
(±6.00)* 

65.6 
(±2.00)* 

59.9 
(±7.00)* 

44.5 
(±3.00)* 

PC3 24.0 
(±3.00)* 

37.5 
(±4.00) 

5.03 
(±0.40)* 

13.7 
(±2.00)* 

75.7 
(±3.00)* 

74.1 
(±6.00)* 

64.2 
(±3.00)* 

66.7 
(±5.00)* 

Cell line 

 -IC 
In-field cell survival 

  4 Gy 02          4 Gy N2           8 Gy 02         8  Gy N2 

Out-of-field cell survival 
 

0.16 Gy 02   0.16 Gy N2    0.32 Gy 02     0.32 Gy N2 

FADU 
38.6 

(±2.00) 
53.9 

(±4.00) 
11.7 

(±0.80) 
17.4 

(±4.00) 
99.5 

(±3.00) 
97.3 

(±2.00) 
96.9 

(±2.00) 
97.2 

(±2.00) 

H460 
30.1 

(±1.00) 
40.8 

(±3.00) 
1.27 

(±0.080) 
8.7 

(±2.00) 
103 

(±3.00) 
104 

(±3.00) 
105 

(±2.00) 
93.5 

(±2.00) 

DU145 
26.1 

(±3.00) 
45.0 

(±6.00) 
2.75 

(±2.00) 
14.0 

(±1.00) 
96.3 

(±4.00) 
103 

(±6.00) 
95.4 

(±2.00) 
95.4 

(±2.00) 

A549 
30.2 

(±1.00) 
33.8 

(±2.00) 
4.09 

(±0.20) 
10.3 

(±1.00) 
95.3 

(±2.00) 
93.6 

(±3.00) 
95.2 

(±2.00) 
91.2 

(±2.00) 

MDA231 
34.2 

(±2.00) 
36.2 

(±2.00) 
3.15 

(±0.30) 
9.89 

(±1.00) 
103 

(±5.00) 
98.5 

(±1.00) 
104 

(±3.00) 
96.0 

(±3.00) 

PC3 
14.6 

(±0.90) 
28.5 

(±1.00) 
0.87 

(±0.20) 
3.93 

(±0.50) 
97.1 

(±2.00) 
99.1 

(±2.00) 
98.9 

(±2.00) 
98.5 

(±3.00) 

A 

B 
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3.2.5 Temporal Dependency of Radiation-Induced Signalling Effects for 

Modulated Beam Exposures in MDA231 cells   

To investigate the temporal dependency of radiation-induced signalling 

effects between in- and out-of-field regions a re-culture system was used. 

MDA231 cells were selected as the out-of-field response at 0.32 Gy was 

shown to be oxygen dependent (figure 3.4B). To investigate the time kinetics 

following modulated exposures, MDA231 cells were compared to the 

patterns of response reported in previously studied DU145 and H460 cell 

lines which were not shown to be oxygen dependent (Butterworth et al. 

2015). The effects here were investigated 0.5, 2, 6, and 24 hours post-

irradiation under oxic conditions, following reoxygenation, and after 

prolonged exposure to hypoxia.  

After a direct dose of 8 Gy, in-field cell survival showed no time dependency, 

remaining constant at around 2.2% at time intervals up to 24 hours under 

oxic conditions, 25.5% following reoxygenation, and 20.3% after prolonged 

exposure to hypoxia (figure 3.18A). In contrast, out-of-field cell survival 

(figure 3.18B) showed a temporal component of response, with survival 

reaching a minimum level of 62% (SEM ± 0.03) at 6 hours post-irradiation 

under oxic conditions, 51% (SEM ± 0.05) following reoxygenation and 74% 

(SEM ± 0.08) after prolonged exposure to hypoxia. A 15% increase in cell 

survival was observed in oxic cells, and 25% increases in both reoxygenated 

and prolonged exposures between the 6 and 24 hour time points, coinciding 

with the time cell repopulation starts. This data indicates that the majority of 

radiation-induced signalling between the in- and out-of-field regions occurs 

within the first 6 hours post-irradiation.    
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Although no statistical significance was observed between the data points 

within the same intervals, 2 way ANOVA testing shows that oxygen status 

impacts cell survival both in- and out-of-field, while time only has an impact 

on out-of-field survival (table 3.4).  
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Source of 
Variation 

A 
(in-field) 

B 
(out-of-field) 

Time p = 0.7198 p < 0.0001* 

Oxygen p < 0.0001* p = 0.0009* 

 

A 

B 
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Figure 3.18: Temporal dependency of MDA231 cells. In-field (A) and out-

of-field (B) cell survival following exposure to oxic conditions (▲), 

reoxygenation (■) and prolonged hypoxia (●) after a direct in-field dose of 8 

Gy and out-of-field dose of 0.32 Gy. Error bars represent standard error of 

the mean (n=3).  

 

Table 3.4: 2 way ANOVA showing the impact of oxygen status and time on 

cell survival in both in- and out-of-field regions.  

An asterisk indicates statistical significance at a level of p < 0.05. 
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3.2.6 Ex Vivo Cell Survival   

Fox chase SCID mice were implanted with H460 cells on the right flank of 

each mouse. Tumours reaching a volume of 100mm3 were assigned for 

radiation as single fractions of either uniform or half-field (half the tumour 

radiated with ionising radiation) up to 20 Gy. Mice were killed immediately 

after SARRP irradiation and whole tumours harvested and analysed. Results 

for ex vivo cell survival study is shown in figure 3.19. 

This data indicates that intercellular communication is playing a role in cell 

survival following exposure to modulated radiation as half-field cell survival 

(green dashed line) does not flatten at around 50% which would be expected 

if only half the tumour has been irradiated, suggesting that cell-cell 

communication promotes additional cell killing in this instance. However, half-

field regions infer a greater radioresistance than cells targeted with a uniform 

beam (red dashed line), consistent with that observed in vitro; where under 

both oxic and hypoxic conditions similar trends were seen up to 8 Gy.  
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Figure 3.19: In Vitro and Ex Vivo Cell Survival following Exposure to 

Modulated Radiation in H460 Cells. Graph shows uniform survival (red oxic 

●; blue hypoxic ■), and in-field survival (green oxic ○; purple hypoxic □) as 

solid lines for in vitro clonogenics. For cell survival following ex vivo 

clonogenics, uniform (red: ♦) and half-field (modulated) (green: ◊) are shown 

as dashed lines. Data is fitted to LQ model and error bars indicate standard 

error of the mean (n=3). 
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3.3 Discussion  

NTEs are known to play key roles in low dose response, mediated through 

signalling mechanisms including cytokines/chemokines (such as transforming 

growth factor β (TGFβ)), and reactive oxygen species/reactive nitrogen 

species (ROS/RNS) (Kong et al. 2016; Mothersill & Seymour 2015; Kadhim 

et al. 2013; Hei et al. 2011; Shao et al. 2003). These effects include genomic 

instability, adaptive response, and RIBEs (Kadhim et al. 2013). A number of 

studies investigating RIBEs in vitro and in vivo (reviewed in (Kadhim et al. 

2013; Blyth & Sykes 2011)), used modulated beam profiles under exposure 

conditions to more accurately replicate the sequential delivery of multiple 

spatial and temporal modulated radiation fields during clinical exposures 

(Asur et al. 2015; Butterworth et al. 2015; Cole et al. 2013; McMahonb et al. 

2013; Butterworthb et al. 2013; Trainora et al. 2012; Butterwortha et al. 2012; 

Butterworth et al. 2011). In particular, they mimic the steep dose gradients 

that can be present at the edge of treatment fields. These studies suggest an 

underlying role for intercellular communication out-of-field, as differences in 

cell survival cannot solely be explained by the effects of scattered dose.  

Differential bystander cell survival and signalling kinetics (Fontanella et al. 

2015; Yang et al. 2007; Lyng et al. 2006; Hu et al. 2006) have already been 

observed under oxic conditions. However, as hypoxia is a well-known 

contributor to altered gene expression, cell survival and function, this current 

study performed clonogenic assays under both oxic and hypoxic conditions 

to investigate out-of-field effects at the cell survival level following exposure 

to modulated fields.  
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Western blot analyses show that a hypoxic response was elicited across all 

the cell lines with varying time under hypoxia (figure 3.1). Uniform exposures 

further demonstrate that the level of cell survival under hypoxia is greater 

than that under oxic conditions; consistent with an OER, as expected (figure 

3.3). Cells exposed to the primary treatment field (in-field) when in contact 

with neighbouring cells receiving a low radiation dose (out-of-field) 

demonstrate a significant increase in cell survival when compared to their 

uniform equivalents; and this is consistent with previous observations 

(Butterwortha et al. 2012; Butterworth et al. 2011). These in-field cells also 

show an equal or greater cell survival under hypoxia (summarised in figure 

3.4A, and individually in figures 3.5 – 3.16), consistent with an increased 

OER and similar to that observed for uniform field exposures. 

Under oxic conditions, out-of-field regions show significant decreases in cell 

survival when compared to their uniform equivalents, indicative of RIBEs 

(summarised in table 3.3A and figure 3.17 and cell line specific in figures 3.6, 

3.8, 3.10, 3.12, 3.14, and 3.16). However, contrary to expectation, under 

hypoxia these cells saw further reductions in survival compared to oxic 

exposures at 8 Gy (figure 3.17B). These results demonstrate that hypoxic 

cells have an equal or greater sensitivity to RIBEs when compared to oxic 

cells (figure 3.4B). In general this means that RIBEs become increasingly 

more important under hypoxic conditions. Former studies have shown similar 

cell survival responses under oxic conditions (Cole et al. 2013; Trainora et al. 

2012; Butterworth et al. 2011), but this represents the first study of the effects 

under hypoxia. 
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Inhibition of intercellular communication between in- and out-of-field regions 

abrogated signalling-induced responses, indicating direct physical dose and 

hypoxia are not responsible for the decreased out-of-field cell survival under 

conditions carried out in this study. These results show out-of-field responses 

are dose dependent. Intercellular communication has previously been shown 

to play a significant role in cell survival to modulated radiation fields by a 

number of authors (reviewed in (Asur et al. 2015)).  

This study furthermore used a re-culture system as a means to characterise 

the kinetics of in- and out-of-field responses under oxic and hypoxic 

conditions. While most cell lines showed hypoxia had no effect out-of-field, 

MDA231 and A549 cells showed significant changes in sensitivity at 0.32 Gy 

(figure 3.4B). To investigate if this is also impacted on response kinetics, 

MDA231 cells were used to investigate the temporal signalling effects 

between in- and out-of-field regions. The in-field responses showed no 

significant differences in cell survival at the various time intervals up to 24 hrs 

(figure 3.18A) while out-of-field responses showed a temporal component of 

response as cell survival fell to a minimum level 6 hours after irradiation 

before an increase in survival up to 24 hours (figure 3.18B). This data is in 

agreement with previous reports investigating time kinetics following 

modulated exposures were out-of-field regions are strongly dependent on 

incubation time and intercellular communication through shared media with 

the in-field population (figure 3.18B) (Butterworth et al. 2015). 

These observations suggest that out-of-field effects are mediated differently 

than direct effects post-irradiation and occur much more slowly. As signalling 
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to out-of-field regions was not shown to be dependent on the presence of 

oxygen, techniques such as dose painting which aim to target hypoxia by 

boosting dose into small hypoxic regions may be limited as cell killing in 

hypoxic regions may depend more significantly on doses delivered to the 

surrounding oxic tissue. Additionally, signalling from these high dose regions 

may cause higher cell death in nearby regions receiving low dose, potentially 

increasing the probability of toxicity in OAR.  

Similar effects have been observed in spatially fractionated radiotherapy 

(GRID) and microbeam studies. Asur et al. (Asur et al. 2012) evaluated the 

use of GRID to induce bystander effects in murine carcinoma cells following 

a single dose of 10 Gy. Significant bystander killing was observed when 

compared to controls, and found to be more than that predicted from the 

average dose, suggesting similar effects to modulated therapies. In addition, 

when modelling response to GRID using pre-clinical image-guided radiation 

therapy, significant levels of cell killing was observed in low-dose regions 

while a reduction in cell killing was observed in direct high-dose regions 

(Butterworth et al. 2016). Mothersill et al. (Mothersill et al. 2014) showed that 

when high doses of synchrotron microbeam radiation and homogenous field 

irradiation using a broad beam were delivered, bystander responses were 

produced in the contra-lateral brain hemisphere in rats. Furthermore, results 

of this study confirmed their previous work showing soluble factors present in 

medium from explanted mouse bladder tissue had the capacity to cause 

death in reporter recipient cells in vitro (Mothersill et al. 2005).   

Translation of these effects from in vitro to in vivo models is required to fully 

validate potential clinical significance. As hypoxia is typically associated with 
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reduced perfusion and blood flow, this may significantly reduce the ability of 

signals to propagate from high- to low-dose regions. Validation of the kinetics 

and range of signalling effects in relevant experimental models, such as 

through the use of image-guided small animal irradiation, may offer the 

potential to inform how these effects may translate into clinical treatment 

volumes. With biological dose responses and DNA damage effects being 

comparable between the XRAD and SARRP sources (see appendix 2), pre-

clinical radiobiology investigations and small animal radiotherapy platforms 

can and should be used to their fullest potential.  

The hypoxic impact of the tumour microenvironment is mostly mediated by 

transcriptional activity of HIFs and secretion of signalling molecules by 

cancer cells from regions directly targeted by radiation to areas outside the 

treatment area (Petrova et al. 2018). Ex vivo clonogenics suggest that 

immediately after SARRP irradiation there may be similar genetic factors in 

vitro and in vivo which predispose these in-field regions to have increased 

radioresistance (figure 3.19). Genetic background has previously been 

shown to play important roles in mediating bystander effects, for example 

TP53 status (Strigari et al. 2014; He et al. 2011; Mothersill et al. 2011; Ryan 

et al. 2008; Camphausen et al. 2003). Gene expression profiling within these 

regions may further prove valuable in understanding the underlying 

mechanisms responsible for out-of-field signalling and the pathways to 

therapeutically target, and this will be the approach taken in chapter 5.    

It is clear that significant differences in cell survival are observed between the 

in- and out-of-field regions when exposed to modulated radiation fields under 



198 
 

both oxic and hypoxic conditions. Both physical (dose, dose rate, field size, 

source, and fraction size) (Butterwortha et al. 2012) and biological factors 

(cell type, intercellular communication, and hypoxia) (Xie et al. 2015; 

Butterworth et al. 2015; McMahonb et al. 2013; Zhang et al. 2012;  Trainora et 

al. 2012; McMahon et al. 2012; Butterworthb et al. 2012) have been shown to 

impact bystander responses, and further work is needed to fully quantify their 

contributions at different oxygen tensions. While OERs are predicated at 3.0, 

significantly lower OERs were recorded in this study (Rockwell et al. 2009; 

Kirkpatrick et al. 2004). This limitation may be due to measuring gas 

concentrations in the sealed chambers rather than oxygen concentrations in 

the media, which would have ensured radiobiologically hypoxic cells. 

Nevertheless, radiosensitivity, dose and time dependency, and 

communication status were found to be important determinants of cell 

survival responses to modulated radiation fields in this study. 

This study for the first time provides evidence for the role of hypoxia on 

intercellular signalling during modulated exposures where dose gradients are 

present. Delivery of low doses as part of modulated fields needs to be 

assessed not only with respect to their impact on the risk of secondary 

cancer out-of-field, but radioresistance in-field. Further understanding of out-

of-field signalling effects at the DNA repair and whole organism level (animal 

and gene expression studies) is now made possible by image-guided in vivo 

radiobiology. Future studies focussing on out-of-field effects and hypoxia will 

likely have important contributions towards improving biological dose 

conformations across targeted tumours in advanced radiotherapies. 
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Chapter 4 

 

DNA Damage Responses to Modulated  

Radiation Fields under Hypoxic Conditions 
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4.1 Introduction  

It is well known that modulated radiation therapies offer significant tumour 

control and conformity to targeted volumes by reducing dose to OAR to 

minimise acute and late toxicity (Bhide et al. 2010; Staffurth 2010). Yet, 

studies have shown a differential level of response by cells placed outside 

the primary treatment field (out-of-field) (Asur et al. 2015). Chapter 2 

highlighted the importance of intercellular communication at the cell survival 

level which could not be contributed solely to scattered dose, thus warranting 

further investigations to determine the impact of hypoxia on response to 

modulated radiation fields at the DNA damage level.   

DNA double strand breaks (DSB) are considered one of the most serious 

threats to cells as genomic instability promotes progression of cancer 

(Shibata & Jeggo 2014; Dueva & Iliakis 2013; Chapman et al. 2012; 

Kobayashi et al. 2008). Mammalian cells have evolved several pathways to 

process DNA damage and mitigate their adverse consequences. These 

responses are highly complex and determine cellular outcomes through 

checkpoint signalling and other key signalling complexes (Jeggo & Löbrich 

2015; Shaltiel et al. 2015; Shibata & Jeggo 2014; Hühn et al. 2013).   

Around 50-60% of solid tumours have microenvironments of low oxygen 

concentration (hypoxia), which is known to play key roles in cancer 

progression, metastasis, radioresistance, and clinical outcome in many 

cancers including head and neck, breast, prostate, and lung (Heb et al. 2012; 

Vaupel 2008; Brizel et al. 1999; Brizel et al. 1996; Gatenby et al. 1988). 

Tumour cells can be differentially exposed to cycling levels of hypoxia (acute: 

minutes to hours) before reoxygenation, while some cells can be exposed for 



201 
 

longer periods of time (chronic: hours or days) (Michiels et al. 2016; Liu et al. 

2015; Bayer et al. 2011). Acute and chronic hypoxia not only represent 

different pathophysiologies, but also have variable biological and therapeutic 

consequences (Bayer & Vaupel 2012). For this reason, investigating varying 

levels of hypoxia is of interest in order to determine response to current 

therapies. 

Induction of DNA damage foci and micronuclei (MN) in bystander cells has 

been reported previously using particle, microbeam, and conditioned medium 

(CM) approaches (Chaudhary et al. 2016; Acheva et al. 2014; Burdak-

Rothkamm et al. 2008; Shao et al. 2008; Han et al. 2007; Tartier et al. 2007; 

Hu et al. 2006). Utilising modulated beams, Trainor et al. (Trainorb et al. 

2012) demonstrated a significant increase in 53BP1 foci out-of-field and 

diminished induction of foci in-field following 1 Gy irradiation when compared 

to uniformly irradiated cells under oxic conditions. Inhibition of intercellular 

communication was shown to abrogate responses as shown in similar cell 

survival assays.  

Using HepG2 cells, Zhang et al. (Zhang et al. 2012) observed induction of 

MN in non-irradiated cells after treatment with CM harvested from irradiated 

cells under hypoxic conditions. Sodium hydrosulfide diminished bystander 

effects while effects were increased when irradiated cells were pretreated 

with an inhibitor of cystathionine β-synthase (CBS) and cystathionine γ-lyase 

(CSE), synthases of endogenous hydrogen sulfide. In addition, Ghandhi et al. 

(Ghandhi et al. 2014) showed that RAD9 plays a role in radiation-induced 

bystander responses as RAD9 deficiency increases sensitivity and enhances 

MN formation following 1 Gy alpha particle irradiation in bystander regions.  
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DNA damage pathways such as HR and NHEJ are less effective under 

hypoxic conditions, demonstrated through repression of DNA repair (Hill et al. 

2015; Olcina et al. 2010; Chan et al. 2008). Reoxygenation after acute 

hypoxia-induced replication arrest has been linked to DNA damage through 

the production of reactive oxygen species (ROS) which in turn allows 

ATM/Chk2 mediated G2 arrest to promote repair and metastasis (Piresb et al. 

2010; Vaupel 2008; Aguilera & Gómez-González 2008). Although acute 

hypoxia infers greater radioresistance compared to chronic hypoxia; cells 

able to reoxygenate before radiation drastically reduces radioresistance 

through DNA repair mechanisms (Bayer & Vaupel 2012).  

It is therefore becoming clear that cells exposed to ionising radiation and 

other genotoxic agents communicate their DDR status to cells out-of-field. 

Such responses are thought to modulate cellular metabolism in an effort to 

minimise the adverse consequences of DSBs by repairing the lesions or by 

eliminating severely damaged cells through apoptosis (Mladenov et al. 2018; 

Klammer et al. 2015).  

This chapter aimed to determine DNA damage responses (DDRs) following 

modulated radiation fields delivered by 50% shielding configurations under 

varying hypoxic conditions. Fluorescent detection of 53BP1 was utilised as a 

marker of DNA damage and the role of intercellular communication was 

investigated. Exploiting differential responses of cells in varying hypoxic 

conditions will help optimise image-guided strategies in individuals whose 

tumours contain hypoxic subpopulations in the future.     
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Data from this chapter have been prepared for submission to Radiation 

Research.   
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4.2 Results  

4.2.1 Protein Expressions of HIF1α and GLUT1 

Protein expression of two hypoxic markers, HIF1α and GLUT1 in Detroit562 

cells in response to varying times under hypoxia are shown in figure 4.1. 

Both the western blots and corresponding graph show that 

expressions/intensities of HIF1α and GLUT1 were increased with time under 

hypoxia in comparison to the oxic control.  

 

4.2.2 DNA Damage Induction and Repair Following Exposure to Uniform 

Radiation Fields under Oxic Conditions  

Cells were plated on coverlsips and exposed to uniform doses of 1 and 2 Gy, 

then fixed at 1 hour and 24 hours post-irradiation. Figure 4.2 shows induction 

and repair of DNA damage under oxic conditions in a range of cell lines. The 

observed responses were dose dependent, as a 2 Gy uniform dose elicited 

higher induction of 53BP1 foci in all cell lines (FaDu, Detroit562, and A549 

cells significantly higher) compared to 1 Gy uniform exposures after 1 hour. 

In the subsequent 24 hours, DNA damage had repaired to that similar to non-

irradiated controls across all cell lines at 1 and 2 Gy. 

A visual representation of stained 53BP1 foci in non-irradiated controls, and 

H460 cells exposed to 1 Gy irradiation after 1 hour and 24 hours can be seen 

in figure 4.3 under both oxic and hypoxic (reoxygenated) conditions.    
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Figure 4.1: Western blot (A) and intensity (B) analysis of HIF1α and 

GLUT1 following various timepoints under hypoxia. Hypoxia was induced 

by incubating Detroit562 cells at 37°C in 95% N2; 5% CO2 for 1, 4, and 8 

hours. Cells were then harvested for protein analysis. Beta-actin was used as 

the protein loading control. Intensity levels (figure 4.1B) added for illustrative 

purposes (n=1) reflect the relative amounts as a ratio of each protein band 

relative to the lane’s loading control. All western blots were carried out in 

triplicate. 
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Figure 4.2: DNA damage under oxic conditions following 1 and 2 Gy 

uniform irradiations in H460 (yellow), FaDu (red), MDA231 (green), 

Detroit562 (orange), DU145 (purple), and A549 (blue) cells. Error bars 

represent standard error of the mean (n=3) and statistical significance at a 

level of p < 0.05. 

1 and 2 Gy Uniform: Oxic  
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Control – Oxic conditions                        Control – Hypoxic conditions 
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Figure 4.3: Immunofluorescent detection of DNA DSB damage and 

repair in H460s under oxic and hypoxic conditions. Foci were stained 

with 53BP1 (Alexa Fluor 488) to show DSBs, and hypoxic induction was 

confirmed using HIF1α (Alexa Fluor 568) accumulation in the nucleus (DAPI). 

The scale bar shows a distance of 20 μm at 63X magnification oil objective in 

Zeiss microscope.   
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4.2.3 DNA Damage Induction and Repair Following Uniform Exposures  

DNA damage levels in uniform non-irradiated controls are shown in figure 

4.4, showing little impact of hypoxia on background damage levels. Figure 

4.5 shows induction and repair of DNA damage under oxic, reoxygenated, 

and prolonged hypoxia following a 1 Gy uniform exposure. Maximum foci 

counts/cell were observed 1 hour post-irradiation across all cell lines and 

throughout each condition. Reoxygenated and prolonged hypoxia foci counts 

at 1 hour post-irradiation were statistically lower than foci counts under oxic 

conditions in all cell lines (except MDA231 cells following reoxygenation). In 

addition to this, MDA231, Detroit562, and A549 cells had significantly lower 

foci counts in prolonged hypoxia when compared to reoxygenated cells 1 

hour post-irradiation. Again, after 24 hours post-irradiation DNA damage had 

repaired to counts similar to that of their respective unirradiated controls. 

2 way ANOVA analysis shows that both time and oxygen significantly impact 

DNA damage responses in uniform controls (table 4.1) and following 1 Gy 

uniform exposures (table 4.2). 

The OER for each cell line, calculated by the ratio of the number of double 

strand breaks (foci count) in oxic conditions following a 1 Gy uniform 

irradiation to the number of double strand breaks (foci count) in reoxygenated 

conditions following a 1 Gy uniform irradiation is summarised in table 4.3. 

This data is similar to that from the OERs calculated from cell survival data 

(table 3.1).  
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Source of 
Variation 

H460 FADU MDA231 DETROIT562 DU145 A549 

Time p = 0.0137* p = 0.0057* p = 0.008* p = 0.0971 p = 0.0394* p = 0.0033* 

Oxygen p = 0.124 p = 0.0144* p = 0.007* p = 0.00132* p < 0.0001* p < 0.001* 

 

Uniform Controls 
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Figure 4.4: Uniform DNA damage in non-irradiated controls in H460 (yellow), 

FaDu (red), MDA231 (green), Detroit562 (orange), DU145 (purple), and A549 

(blue) cells following oxic, reoxygenated, and prolonged hypoxic conditions at 

1 and 24 hours post-irradiation. Error bars represent standard error of the 

mean (n=3) and statistical significance at a level of p < 0.05. 

 

Table 4.1: 2 way ANOVA showing the impact of time and oxygen status on 

DNA damage induction and repair in non-irradiated controls - determined by 

the number of foci counts/cell.  

An asterisk shows statistical significance at a level of p < 0.05. 
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Source of 
Variation 

H460 FADU MDA231 DETROIT562 DU145 A549 

Time p < 0.0001* p < 0.0001* p < 0.0001* p < 0.0001* p < 0.0001* p < 0.0001* 

Oxygen p < 0.0001* p = 0.0001* p < 0.0001* p = 0.0014* p = 0.0002* p < 0.0001* 

 

Uniform – 1 Gy 
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Figure 4.5: DNA damage in 1 Gy uniformly irradiated H460 (yellow), FaDu 

(red), MDA231 (green), Detroit562 (orange), DU145 (purple), and A549 

(blue) cells in oxic, reoxygenated, and prolonged hypoxic conditions at 1 and 

24 hours post-irradiation. Error bars represent standard error of the mean 

(n=3) and statistical significance at a level of p < 0.05. 

 

Table 4.2: 2 way ANOVA showing the impact of time and oxygen status on 

DNA damage induction and repair in uniformly irradiated cells - determined 

by the number of foci counts/cell.  

An asterisk shows statistical significance at a level of p < 0.05.  
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Table 4.3: Double Strand Break OER in a range of cell lines. The OER is 

calculated as a ratio of the number of foci (DSBs) in oxic conditions at 1 hour 

following 1 Gy uniform irradiation to the number of foci (DSBs) in 

reoxygenated conditions at 1 hour following 1 Gy uniform irradiation. The 

OER of the same cell lines calculated using α and β values from LQ fits are 

included from the cell survival data.  

 

 

 

 

 

  

 

Number of foci at 1 hour 

following 1 Gy uniform  

irradiation 

Double 

Strand 

Break  

OER 

(O2:NO) 

Cell survival 

OER following 

4 Gy uniform 

irradiation  

(table 2.1) Cell Line 
Oxic 
(O2) 

Reoxygenated 
(NO) 

H460 18.4 11.7 1.57 1.29 

FaDu 16.4 12.6 1.30 1.54 

MDA231 19.5 19.7 0.99 1.29 

Detroit562 17.5 14.9 1.17 - 

DU145 18.2 13.4 1.36 1.23 

A549 16.3 13.0 1.25 1.24 
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4.2.4 DNA Damage Induction and Repair Following Modulated 

Exposures  

To establish whether a non-uniform response would be observed in- or out-

of-field regions, DNA damage responses following 1 Gy modulated 

exposures were determined in all cell lines under oxic, reoxygenated, and 

prolonged hypoxic conditions at 1 hour and 24 hours post-irradiation.  

Oxic 

Under oxic conditions there were small differences in response observed 1 

hour post- irradiation between the uniform and in-field regions (figure 4.6). 

The average number of foci in-field decreased by 10% in H460 cells, 13.6% 

in MDA231 cells, 1.9% in Detroit562 cells, 21.5% in DU145 cells, and 4.53% 

in A549 cells, while it increased by 14% in FaDu cells. However, this was 

statistically significant in DU145 cells only. In the subsequent 24 hours 

following irradiation, there was a significant decrease in foci counts/cell in-

field in FaDu (61.3%) and MDA231 (51.6%) cells when compared to 

uniformly irradiated cells, while Detroit562 (82.1%) and DU145 (81.1%) cells 

had increases in foci counts/cell, however these were not significant. At both 

1 and 24 hours following modulated exposures, the out-of-field regions of 

DU145 and A549 cells displayed a significant increase in the average foci 

counts when compared to their non-irradiated controls. All other cell lines 

showed similar trends, but were not significant.     

Reoxygenation 

Following reoxygenation, there were also differences in response observed 1 

hour post- irradiation between the uniform and in-field regions (figure 4.7). 
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The average number of foci in-field decreased by 7.38% in H460 cells, 13% 

in FaDu cells, 41.85% in MDA231 cells, 14.7% in Detroit562 cells, and 9.48% 

in DU145 cells, while it increased by 8.27% in A549 cells. This was 

statistically significant in FaDu, and MDA231, Detroit562, and DU145 cells. In 

the subsequent 24 hours following irradiation, there was a significant 

decrease in foci counts/cell in-field in FaDu (46.9%), MDA231 (43.6%), and  

Detroit562 (82.2%) cells when compared to uniformly irradiated cells. At both 

1 and 24 hours following modulated exposures, out-of-field regions displayed 

an increase in average foci counts when compared to their non-irradiated 

controls, with A549 cells showing statistical significance.      

Prolonged hypoxia 

Following prolonged hypoxia there were similar trends to that under oxic and 

reoxygenated conditions. Again, differences in response were observed 1 

hour post-irradiation between the uniform and in-field regions (figure 4.8). 

Average foci counts in-field decreased by 16.9% in H460 cells, 1.1% in FaDu 

cells, 36.2% in MDA231 cells, 2% in DU145 cells, and 10.2% in A549 cells, 

while it increased by 8.4% in Detroit562 cells. This was statistically significant 

in the H460, MDA231, and A549 cell lines. In the subsequent 24 hours 

following irradiation, there was an increase in foci counts/cell in-field when 

compared to uniformly irradiated cells in MDA231 cells. At both 1 and 24 

hours following modulated exposures, the out-of-field regions of MDA231 

cells displayed a significant increase in the average foci counts when 

compared to their non-irradiated controls, while Detroit562, DU145, and A549 

cells showed significant increases out-of-field at the 1 hour time point. Other 

cell lines showed similar trends but were not significant.    
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Figure 4.6: DNA damage following uniform and modulated exposures in 

H460 (yellow), FaDu (red), MDA231 (green), Detroit562 (orange), DU145 

(purple), and A549 (blue) cells under oxic conditions at 1 and 24 hours post-

irradiation. Error bars represent standard error of the mean (n=3) and 

statistical significance at a level of p < 0.05 indicated as an asterisk.  

Oxic 
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Figure 4.7: DNA damage following uniform and modulated exposures in 

H460 (yellow), FaDu (red), MDA231 (green), Detroit562 (orange), DU145 

(purple), and A549 (blue) cells under reoxygenated conditions at 1 and 24 

hours post-irradiation. Error bars represent standard error of the mean (n=3) 

and statistical significance at a level of p < 0.05 indicated as an asterisk. 

Reoxygenation 



218 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8 DNA damage following uniform and modulated exposures in 

H460 (yellow), FaDu (red), MDA231 (green), Detroit562 (orange), DU145 

(purple), and A549 (blue) cells under prolonged hypoxic conditions at 1 and 

24 hours post-irradiation. Error bars represent standard error of the mean 

(n=3) and statistical significance p < 0.05 indicated as an asterisk.  

Prolonged hypoxia 
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To establish whether oxygen status impacts DNA damage in-field 

(intercellular communication intact), figure 4.9 compares the in-field regions 

under each condition. All cell lines except A549s show that DNA damage is 

significantly lower 1 hour post-irradiation in reoxygenated cells when 

compared to oxic conditions, while in all cell lines there is a significant 

decrease in foci counts between oxic and prolonged hypoxia. In addition to 

this, in-field DNA damage under reoxygenated conditions show that in all 

cells except FaDu cells there are increased foci counts when compared to 

prolonged hypoxia, suggesting that oxygen presence does in fact impact 

induction of DNA 1 hour post-irradiation.  

In the subsequent 24 hours, H460, MDA231, Detroit562, and DU145 show a 

significant decrease in foci counts when comparing oxic to reoxygenation, 

while a significant decrease can be shown when comparing oxic to prolonged 

hypoxia in H460 and DU145 cells.  

Taken together, as expected these observations support that both time and 

oxygen status have a significant impact on in-field DNA damage induction 

and repair as 2 way ANOVA analysis in table 4.4 shows a significance of p < 

0.0001 in all cell lines (bar oxygen status in A549 cells).  

Furthermore, to determine whether oxygen status impacts DNA damage out-

of-field (with intercellular communication intact), figure 4.10 compares the 

out-of-field regions under each condition. MDA231 and A549 cells show that 

DNA damage is significantly higher out-of-field 1 hour post-irradiation in 

reoxygenated cells when compared to oxic conditions, while only the 

Detroit562 cell line shows a significant difference in foci counts between oxic 
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and prolonged hypoxia. In addition to this, out-of-field DNA damage under 

reoxygenated conditions in Detroit562 and A549 cells show significantly 

increased and decreased foci counts when compared to prolonged hypoxia 

respectively. In the subsequent 24 hours, all cell lines appear to have 

repaired to similar counts as each other. Only A549 cells show a significant 

difference in foci counts between oxic and reoxygenated conditions. In all 

cases, the absolute number of new foci is quite low (0.5-1) but that damage 

does seem to persist for longer times, which in line with other observations 

such as that in Trainor et al. (Trainorb et al. 2012). 

Each out-of-field exposure was corrected for background foci, and show a 

small but significant increase in the number of foci at almost all times and 

oxygen status. This emphasises the point that there is observation of out-of-

fields effects in DNA damage.    

Table 4.5 highlights that oxygen status is only significant in the Detroit562 

and A549 cells, suggesting that oxygen status may not play a large role in 

DNA damage response out-of-field. This provides additional data to support 

the out-of-field cell survival results discussed in chapter 3. Table 4.5 shows 

that time has a significant role in DNA damage response out-of-field in all 

cells except H460s and MDA231s.   
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  Source of 

Variation 
H460 FADU MDA231 DETROIT562 DU145 A549 

Time p < 0.0001* p < 0.0001* p < 0.0001* p < 0.0001* p < 0.0001* p < 0.0001* 

Oxygen p < 0.0001* p < 0.0001* p < 0.0001* p < 0.0001* p < 0.0001* p = 0.0565 

 

In-field +IC 
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Figure 4.9: In-field DNA damage in 1 Gy irradiated H460 (yellow), FaDu 

(red), MDA231 (green), Detroit562 (orange), DU145 (purple), and A549 

(blue) cells in oxic, reoxygenated, and prolonged hypoxic conditions at 1 and 

24 hours post-irradiation. Error bars represent standard error of the mean 

(n=3) and statistical significance at a level of p < 0.05. 

 

Table 4.4: 2 way ANOVA showing the impact of time and oxygen status on 

in-field DNA damage when communication is intact. 

An asterisk shows statistical significance at a level of p < 0.05.  
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  Source of 

Variation 
H460 FADU MDA231 DETROIT562 DU145 A549 

Time p = 0.0709 p - 0.0027* p = 0.0619 p < 0.0001* p = 0.0225* p = 0.0005* 

Oxygen p = 0.339 p = 0.430 p = 0.582 p = 0.0275* p = 0.585  p = 0.0027* 

 

Out-of-field +IC 
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Figure 4.10: Out-of-field DNA damage in 1 Gy irradiated H460 (yellow), 

FaDu (red), MDA231 (green), Detroit562 (orange), DU145 (purple), and A549 

(blue) cells in oxic, reoxygenated, and prolonged hypoxic conditions at 1 and 

24 hours post-irradiation. Error bars represent standard error of the mean 

(n=3) and statistical significance at a level of p < 0.05. 

 

Table 4.5: 2 way ANOVA showing the impact of time and oxygen status on 

out-of-field DNA damage when communication is intact  

An asterisk shows statistical significance at a level of p < 0.05.  
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4.2.5 The Role of Intercellular Communication within the Response to 

Modulated Radiation Fields  

DNA damage responses in- and out-of-field in circumstances where 

intercellular communication through cellular secreted factors was physically 

inhibited are shown in figures 4.11 - 4.13 and figures 4.14 - 4.16 respectively.  

Oxic 

Under oxic conditions there is an increase in average number of foci in-field 

with inhibition of communication when compared to in-field regions with 

communication intact (figure 4.11). Foci counts increased by 5.81% in H460 

cells, 7.25% in MDA231 cells, 2.27% in Detroit562 cells, 19.7% in DU145 

cells, and 5.94% in A549 cells, while it decreased by 10% in FaDu cells. This 

was statistically significant in H460, MDA231, and DU145 cells. This trend 

shows that in-field cells restore back to the uniform response level when 

intercellular communication is inhibited. In the subsequent 24 hours following 

irradiation, there were no significant differences in foci counts between the in-

field regions with communication intact and the in-field regions with 

communication inhibited. At both 1 and 24 hours following modulated 

exposures, no significant differences in DNA damage was observed (except 

the DU145 cell line at 1 hour and Detroit562 cell line at 24 hours post-

irradiation) between the uniform counts and in-field regions with 

communication inhibited.  

Reoxygenation 

Again following reoxygenation there is an increase in the average number of 

foci in-field when communication is inhibited, compared to in-field regions 
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with communication intact (figure 4.12). Foci counts increased by 12.4% in 

H460 cells, 8.65% in FaDu cells, 57.9% in MDA231 cells, 15.8% in 

Detroit562 cells, and 3.18% in DU145 cells,  while it decreased by 6.9% in 

A549 cells. This was statistically significant in FaDu, MDA231, and 

Detroit562 cells. This trend shows that in-field cells restore back to the 

uniform response level when intercellular communication is inhibited. In the 

subsequent 24 hours following irradiation, similar trends were observed; 

however these were significant in H460, MDA231, and A549 cells. At both 1 

and 24 hours following modulated exposures, no significant differences in 

DNA damage was observed (except the MDA231 and DU145 cell lines at 1 

hour and Detroit562 cell line at 24 hours post-irradiation) between the 

uniform counts and in-field regions with communication inhibited. 

Prolonged hypoxia 

Under prolonged hypoxia, foci counts increased by 14.4% in H460 cells, 

34.1% in MDA231 cells, 19.7% in DU145 cells, and 19.5% in A549 cells, 

while it decreased by 8.36% in FaDu cells, 5% in Detroit562 cells, and 1.84% 

in DU145 cells in the in-field regions with inhibition of communication when 

compared to communication intact (figure 4.13). This was only significant 

differences in MDA231 and A549 cells. This trend shows that in-field cells 

restore back to the uniform response level when intercellular communication 

is inhibited. However, in the subsequent 24 hours following irradiation, there 

were no significant differences found between the in-field regions with 

communication intact and the in-field regions with communication inhibited. In 

addition to this, at both 1 and 24 hours following modulated exposures, no 

significant difference in DNA damage was observed (except the FaDu and 
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A549 cell lines at 24 hours post-irradiation) between the uniform counts and 

in-field regions with communication inhibited. 

Taken together, it can be highly suggested that physical inhibition of cellular 

secreted factors between the in-field populations were shown to reverse DNA 

damage responses observed when communication was intact. These results 

are in agreement with observations in other studies (Trainorb et al. 2012). 
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Figure 4.11: Oxic DNA damage responses following exposure to 1 Gy 

modulated radiation field with communication intact or inhibited (-IC) in H460 

(yellow), FaDu (red), MDA231 (green), Detroit562 (orange), DU145 (purple), 

and A549 (blue). Error bars represent standard error of the mean (n=3) and 

statistical significance at a level of p < 0.05 indicated as an asterisk. 

IC: Intercellular communication   

Oxic 



229 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.12: Reoxygenated DNA damage responses following exposure to 1 

Gy modulated radiation field with communication intact or inhibited (-IC) in 

H460 (yellow), FaDu (red), MDA231 (green), Detroit562 (orange), DU145 

(purple), and A549 (blue). Error bars represent standard error of the mean 

(n=3) and statistical significance at a level of p < 0.05 indicated as an 

asterisk.            IC: Intercellular communication   

Reoxygenation 
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Figure 4.13: Prolonged hypoxic DNA damage responses following exposure 

to 1 Gy modulated radiation field with communication intact or inhibited (-IC) 

in H460 (yellow), FaDu (red), MDA231 (green), Detroit562 (orange), DU145 

(purple), and A549 (blue). Error bars represent standard error of the mean 

(n=3) and statistical significance at a level of p<0.05 indicated as an asterisk. 
IC: Intercellular communication   

Prolonged hypoxia 
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Oxic 

Under oxic conditions there is a decrease in average foci counts out-of-field 

with communication inhibited when compared to out-of-field regions with 

communication intact (figure 4.14). Foci counts decreased by 27% in H460 

cells, 26.5% in FaDu cells, 3% in MDA231 cells, 38.5% in Detroit562 cells, 

60.1% in DU145 cells, and by 45% in A549 cells. This was statistically 

significant in Detroit562, DU145, and A549 cells. In the subsequent 24 hours 

following irradiation, similar trends were observed, however only the DU145 

cells were significant. At both 1 and 24 hours following modulated exposures, 

no significant difference in DNA damage responses were observed between 

the control out-of-field counts and out-of-field regions with communication 

inhibited. 

Reoxygenation 

Again, following reoxygenation, there is a decrease in average foci counts 

out-of-field with communication inhibited when compared to out-of-field 

regions with communication intact (figure 4.15). Foci counts decreased by 

39% in H460 cells, 72.2% in FaDu cells, 37.5% in MDA231 cells, 62.4% in 

Detroit562 cells, 72.9% in DU145 cells, and by 89.9% in A549 cells. This was 

statistically significant in FaDu, MDA231, Detroit562, and A549 cells. In the 

subsequent 24 hours following irradiation, similar trends were observed, 

however only the FaDu cells were significant. At both 1 and 24 hours 

following modulated exposures, no significant difference in DNA damage 

responses were observed between the control out-of-field counts and out-of-

field regions with communication inhibited. 
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Prolonged hypoxia 

Following prolonged hypoxia, there is also a decrease in average foci counts 

out-of-field with communication inhibited when compared to out-of-field 

regions with communication intact (figure 4.16). Foci counts decreased by 

35.3% in H460 cells, 32.5% in FaDu cells, 6.96% in MDA231 cells, 62.4% in 

Detroit562 cells, 41.9% in DU145 cells, and by 39.7% in A549 cells. This was 

statistically significant in the Detroit562 and A549 cell lines. In the 

subsequent 24 hours following irradiation, similar trends were observed, 

however only the H460 and FaDu cells were significant. At both 1 and 24 

hours following modulated exposures, no significant difference in DNA 

damage responses were observed between the control out-of-field counts 

and out-of-field regions with communication inhibited, except at 24 hours 

post-irradiation in FaDu cells. 

As a general observation, out-of-field regions with communication physically 

inhibited were shown to display decreased foci counts at both the 1 and 24 

hour time points when compared with communication intact. Average foci 

counts/cell out-of-field with inhibition of intercellular communication were 

comparable to counts in the non-irradiated controls. Taken together, it can be 

highly suggested that physical inhibition of cellular secreted factors can 

reverse the DNA damage responses observed when communication is intact. 

These results are again in agreement with observations in other studies 

(Trainorb et al. 2012).  
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Figure 4.14: Oxic out-of-field DNA damage responses following exposure to 

1 Gy modulated radiation field with communication intact or inhibited (-IC) in 

H460 (yellow), FaDu (red), MDA231 (green), Detroit562 (orange), DU145 

(purple), and A549 (blue). Error bars represent standard error of the mean 

(n=3) and significance at a level of p < 0.05 indicated as an asterisk. 

IC: Intercellular communication   

Oxic 
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Figure 4.15: Reoxygenated out-of-field DNA damage responses following 

exposure to 1 Gy modulated radiation field with communication intact or 

inhibited (-IC) in H460 (yellow), FaDu (red), MDA231 (green), Detroit562 

(orange), DU145 (purple), and A549 (blue). Error bars represent standard 

error of the mean (n=3) and significance (p < 0.05) indicated as an asterisk.  

IC: Intercellular communication   

Reoxygenation 
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Figure 4.16: Prolonged hypoxic out-of-field DNA damage responses 

following exposure to 1 Gy modulated radiation field with communication 

intact or inhibited (-IC) in H460 (yellow), FaDu (red), MDA231 (green), 

Detroit562 (orange), DU145 (purple), and A549 (blue). Error bars represent 

standard error of the mean (n=3) and significance (p < 0.05) indicated as an 

asterisk.        IC: Intercellular communication   

Prolonged hypoxia 
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To establish whether oxygen status impacts DNA damage in-field when 

intercellular communication is inhibited average foci counts under each 

condition were compared (figure 4.17).  

All cell lines except MDA231 and A549s show that DNA damage is 

significantly lower 1 hour post-irradiation in reoxygenated cells when 

compared to oxic conditions, while in all cell lines there is a significant 

decrease in foci counts between oxic and prolonged hypoxia. In addition to 

this, in-field DNA damage under reoxygenated conditions in MDA231, 

Detroit562, and DU145 cells show decreased counts when compared to 

prolonged hypoxia, suggesting that oxygen presence does in fact impact 

induction of DNA 1 hour post-irradiation. In the subsequent 24 hours, only 

A549 cells show a significant decrease in foci counts between reoxygenation 

and prolonged hypoxia, while a significant decrease can be shown when 

comparing oxic to prolonged hypoxia in FaDu, Detroit562, and A549 cells.  

Taken together, it is highly suggestive that both time and oxygen status has a 

significant impact on in-field DNA damage induction and repair when 

intercellular communication is inhibited, as shown by the 2 way ANOVA 

analysis in table 4.6. 

In addition to this the trends observed in figure 4.17 coincide with the results 

observed under uniform conditions in figure 4.5, again reiterating that DNA 

damage responses reverse to that under uniform exposures when 

communication is inhibited. 

Furthermore, to determine whether intercellular communication impacts DNA 

damage out-of-field (intercellular communication inhibited), figure 4.18 sets 
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out to compare the out-of-field regions under each condition. There is a lot of 

background noise however; there is no statistical difference 1 hour post-

irradiation. In the subsequent 24 hours only FaDu cells show a significant 

difference in foci counts between reoxygenated and prolonged hypoxic, in 

addition to oxic and prolonged hypoxic conditions. Table 4.7 shows that in 

regions out-of-field, time and oxygen status do not play a role in DNA 

damage responses when communication is inhibited. 
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Source of 
Variation 

H460 FADU MDA231 DETROIT562 DU145 A549 

Time p < 0.0001* p < 0.0001* p < 0.0001* p < 0.0001* p < 0.0001* p < 0.0001* 

Oxygen p < 0.0001* p < 0.0001* p < 0.0001* p < 0.0001* p < 0.0001* p = 0.0099* 

 

In-field -IC 
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Figure 4.17: In-field DNA damage when communication is inhibited in 1 Gy 

irradiated H460 (yellow), FaDu (red), MDA231 (green), Detroit562 (orange), 

DU145 (purple), and A549 (blue) cells in oxic, reoxygenated, and prolonged 

hypoxic conditions at 1 and 24 hours post-irradiation. Error bars represent 

standard error of the mean (n=3) and statistical significance at a level of p < 

0.05. 

 

Table 4.6: 2 way ANOVA showing the impact of time and oxygen status on 

out-of-field DNA damage when communication is intact  

An asterisk shows statistical significance at a level of p < 0.05.  
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Source of 
Variation 

H460 FADU MDA231 DETROIT562 DU145 A549 

Time p = 0.729 p = 0.0678 p = 0.861 p = 0.810 p = 0.792 p = 0.999 

Oxygen p = 0.447 p = 0.621 p = 0.426 p = 0.965 p = 0.918 p = 0.277 

 

Out-of-field -IC 
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Figure 4.18: Out-of-field DNA damage when communication is inhibited in 1 

Gy irradiated H460 (yellow), FaDu (red), MDA231 (green), Detroit562 

(orange), DU145 (purple), and A549 (blue) cells in oxic, reoxygenated, and 

prolonged hypoxic conditions at 1 and 24 hours post-irradiation. Error bars 

represent standard error of the mean (n=3) and statistical significance at a 

level of p < 0.05. 

 

Table 4.7: 2 way ANOVA showing the impact of time and oxygen status on 

out-of-field DNA damage when communication is inhibited. 

An asterisk shows statistical significance at a level of p < 0.05.  
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4.2.6 Oxygen Status and DNA Damage in Uniform and Modulated 

Radiation Fields  

Following 1 Gy uniform exposures there was increased DNA damage in oxic 

conditions than under prolonged hypoxia 1 hour post-irradiation (figure 

4.19A) as shown by a rise in average foci counts/cell. Similar trends are 

observed in figure 4.19B, when comparing DNA damage in reoxygenated 

cells when compared to oxic conditions; however there is a slight shift 

upwards at 1 hour post-irradiation. This trend towards the linear regression 

from the origin suggests more DNA damage under conditions were more 

oxygen is available.  

There is a shift to the left, again towards the linear regressions in figure 

4.19C, indicating that the changes in DNA damage are not as prominent 

when comparing prolonged hypoxia to reoxygenation when DNA damage is 

measured 1 hour post-irradiation. Nevertheless, all cell lines remain below 

the line adding to the idea that oxygen status does play a role in DNA 

damage induction following a uniform exposure. In each case, very little 

differences are observed 24 hours post-irradiation, indicating that by this 

time, oxygen status does not significantly impact on residual DNA damage 

levels. 

Following 1 Gy modulated exposures with intercellular communication intact, 

the in-field regions again show more DNA damage in the oxic conditions than 

under prolonged hypoxia 1 hour post-irradiation (figure 4.20A). This can be 

seen in the rise in average foci counts/cell. Yet again, similar trends are 

observed when comparing reoxygenated cells to that under oxic conditions 
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(figure 4.20B), and a slight shift upwards at 1 hour post-irradiation towards 

the regression from the origin is evident, suggesting more DNA damage 

under conditions were more oxygen is available. Although these trends are 

similar to those under uniform exposures, in-field regions in figure 4.19A-B 

and figure 4.20A-B have overall decreased foci counts/cell collectively.   

Once again, there is a shift to the left, towards the linear regressions in figure 

4.20C, indicating that the changes in DNA damage are not as prominent 

when comparing prolonged hypoxia to reoxygenation 1 hour post-irradiation. 

Nevertheless, all cell lines remain on or below the line adding to the idea that 

oxygen status does play a role in DNA damage induction following a 

modulated exposure. In each case, very little differences are observed 24 

hours post-irradiation, indicating that by this time, oxygen status does not 

significantly impact on residual DNA damage levels. 

In out-of-field regions, there are comparable foci counts in prolonged hypoxia 

and oxic cells at 1 and 24 hours post-irradiation (figure 4.21A). Nearly all the 

cell lines fit tightly to the linear regression, however, at 1 hour post-irradiation, 

cells sit higher up the line. In figure 4.21B, there is a shift upwards where all 

cells now sit above the line at 1 hour post-irradiation, while in the subsequent 

24 hours, cells remain close to the linear regression. This data shows no 

significant differences in DNA damage levels. This corresponds with that in 

Chapter 3, where no significant differences in cell survival data were 

observed out-of-field (figure 3.17). These results suggest that reoxygenation 

has some impact on DNA damage out-of-field compared to oxic or prolonged 

hypoxic conditions at 1 hour, although this is small apart from in the outlier 
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A549 cells. Again oxygen status does not seem to significantly impact on 

DNA damage levels at 24 hours in any condition (figure 4.21C). 
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Figure 4.19: DNA damage following a uniform exposure of 1 Gy 

irradiation. Open symbols represent DNA damage (average foci counts/cell) 

in FaDu (∇), H460 (Δ), A549 (□), MDA231 (○), and DU145 (◊) cells at 24 

hours post-irradiation. Closed symbols represent average foci counts/cell 1 

hour post-irradiation. Linear regression from origin represents equal 

response under prolonged hypoxia and oxic conditions (A), reoxygenated 

and oxic conditions (B), and prolonged hypoxia and reoxygenated conditions 

(C).    
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Figure 4.20:  In-field DNA damage following a modulated exposure of 1 

Gy irradiation when intercellular communication is intact. Open symbols 

represent DNA damage (average foci counts/cell) in FaDu (∇), H460 (Δ), 

A549 (□), MDA231 (○), and DU145 (◊) cells at 24 hours post-irradiation. 

Closed symbols represent average foci counts/cell 1 hour post-irradiation. 

Linear regression from origin represents equal response under prolonged 

hypoxia and oxic conditions (A), reoxygenated and oxic conditions (B), and 

prolonged hypoxia and reoxygenated conditions (C).      
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Figure 4.21: Out-of-field DNA damage following a modulated exposure 

of 1 Gy irradiation when intercellular communication is intact. Open 

symbols represent DNA damage (average foci counts/cell) in FaDu (∇), H460 

(Δ), A549 (□), MDA231 (○), and DU145 (◊) cells at 24 hours post-irradiation. 

Closed symbols represent average foci counts/cell 1 hour post-irradiation. 

Linear regression from origin represents equal response under prolonged 

hypoxia and oxic conditions (A), reoxygenated and oxic conditions (B), and 

prolonged hypoxia and reoxygenated conditions (C).    
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4.2.7 DNA Repair Response 

Table 4.8 highlights percentage DNA repair. Following uniform exposures 

there is high levels of repair (>90%) under oxic, reoxygenated, and prolonged 

hypoxic conditions. The only outliers include FaDu cells under oxic 

conditions, and Detroit562 cells following reoxygenation and prolonged 

hypoxia, although in all cases the uncertainties are large compared to the 

remaining damage. This confirms the idea that almost all DNA damage 

induced is repaired by 24 hours post-irradiation. Percentage repair between 

the uniform exposures and in-field regions when intercellular communication 

is inhibited can be closely linked as individual cell lines are comparable to 

one another.   

In-field regions with intercellular communication intact are again very similar 

to uniform exposures, indicating that communication status does not impact 

on amount of repair 24 hours post-irradiation. However there is much more 

variation in percentage repair out-of-field. These range from as almost no 

repair in MDA231 cells under oxic conditions to complete repair back to 

control levels in A549 cells following prolonged hypoxia. 

There are no apparent trends between the cell lines when comparing cell 

survival and DNA damage in the out-of-field regions with communication 

intact either in oxic or hypoxic conditions. This suggests that while there is 

good evidence for intercellular signalling inducing DNA damage out-of-field, 

out-of-field repair kinetics is not a useful tool to quantify these effects. This 

may in part be due to the relatively small absolute number of foci generated 

which lead to very large uncertainties in the resulting repair rates.  
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Oxic Repair of DNA Damage (%) 

Cell Line Uniform 
In-field 

+IC 
Out-of-field    

+IC 
In-field 

-IC 

MDA231 95.9 (±7.07) 94.5 (±5.10) 6.94 (±200) 93.6 (±7.69) 

H460 98.0 (±4.74) 96.8 (±6.08) 97.8 (±271) 98.2 (±5.66) 

DU145 95.5 (±5.98) 84.8 (±14.7) 33.8 (±139) 93.3 (±8.67) 

FADU 87.9 (±11.1) 96.8 (±4.23) 96.6 (±98.2) 92.4 (±7.50) 

DETROIT562 97.3 (±6.30) 91.8 (±8.11) 15.3 (±430) 93.5 (±6.95) 

A549 98.2 (±5.15) 99.4 (±4.29) 113 (±103) 99.0 (±5.55) 

 

 
Prolonged Repair of DNA Damage (%) 

Cell Line Uniform 
In-field 

+IC 
Out-of-field   

+IC 
In-field 

-IC 

MDA231 95.3 (±6.59) 96.8 (±9.48) -38.2 (±328) 93.1 (±9.83) 

H460 98.3 (±7.76) 97.5 (±8.29) 97.8 (±220) 97.2 (±7.71) 

DU145 92.4 (±12.9) 93.6 (±8.75) 38.0 (±133) 88.1 (±13.8) 

FADU 92.8 (±9.67) 94.7 (±8.35) 63.7 (±135) 97.5 (±10.2) 

DETROIT562 75.5 (±25.6) 100 (±6.19) 112 (±36.8) 96.6 (±7.90) 

A549 91.4 (±12.9) 97.4 (±7.38) 118 (±114) 91.2 (±13.0) 

  

Reoxygenation Repair of DNA Damage (%) 

Cell Line Uniform 
In-field 

+IC 
Out-of-field 

+IC 
In-field 

-IC 

MDA231 97.9 (±4.65) 97.1 (±6.88) 86.0 (±55.9) 97.5 (±6.84) 

H460 95.9 (±9.94) 99.2 (±5.90) 65.9 (±127) 95.9 (±8.32) 

DU145 95.7 (±9.75) 93.5 (±7.00) 95.9 (±41.6) 95.4 (±8.56) 

FADU 91.6 (±10.1) 98.1 (±6.48) 107 (±755.8) 94.0 (±8.59) 

DETROIT562 82.6 (±12.4) 100 (±5.78) 115 (±84.9) 94.0 (±8.35) 

A549 97.2 (±5.43) 100 (±4.11) 104 (±11.0) 97.2 (±8.33) 

A 
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Table 4.8: DNA damage repair 24 hours post-irradiation. Foci counts at 1 

hour and 24 hours post-irradiation were used to calculate the amount of 

repair (%). Uniform and modulated conditions with intercellular 

communication intact and inhibited are shown in oxic (A), reoxygenated (B), 

and prolonged hypoxic (C) conditions. Standard error (n=3) is shown in 

brackets. 

IC: Intercellular communication 
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4.2.8 Comparisons of Distribution of Foci 

In general, the distribution of foci in oxic, reoxygenated, and prolonged 

hypoxia was shown to be in agreement with a single Poisson distribution 

(table 4.9). The foci distribution was narrower than expected, as almost all 

dispersion values were less than 1. This data suggests that a single 

population was responsible for the observed DNA damage in- and out-of-

field. Some exceptions were observed in A549 cells were DNA damage out-

of-field following prolonged hypoxia at 1 hour post-irradiation was 1.26, while 

24 hours post-irradiation, DU145 and H460 cells under oxic conditions, had 

in-field dispersion values of 1.95 and 1.45 respectively. In these cases it can 

be suggested that there may be two different populations (bystander 

responding and non-bystander responding) each with different means 

accounting for the bystander response, although this may be due to statistical 

fluctuations in experiments.  

This data is not in agreement with investigations Trainor and Burdak-

Rothkamm (Trainorb et al. 2012; Burdak-Rothkamm et al. 2007). 
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1 hour Oxic Reoxygenated Prolonged 

+IC IF OOF IF OOF IF OOF 

FADU 0.214 0.696 0.493 0.563 0.206 0.532 

A549 0.123 0.916 0.238 0.885 0.129 1.26 

MDA231 0.354 0.834 0.137 0.592 0.0771 0.487 

DU145 0.262 0.763 0.359 0.537 0.214 0.785 

H460 0.170 0.740 0.445 0.854 0.197 0.805 

Detroit562 0.146 0.926 0.136 0.541 0.169 0.590 

 

24 hours Oxic Reoxygenated Prolonged 

+IC IF OOF IF OOF IF OOF 

FADU 0.570 0.714 0.534 0.736 0.821 0.722 

A549 0.790 0.876 0.736 0.875 0.719 0.740 

MDA231 0.642 0.712 0.599 0.592 0.774 0.792 

DU145 1.95 0.859 0.514 0.794 0.743 0.586 

H460 1.45 0.847 0.761 0.631 0.806 0.671 

Detroit562 0.784 0.713 0.828 0.712 0.575 0.828 

 
 

Table 4.9: Dispersion values showing the distribution of 53BP1 foci in 

modulated conditions exposed to 1 Gy irradiation with intercellular 

communication intact 1 (A) and 24 hours post-irradiation (B). Values 

larger than 1 suggest that two populations are present - made up of one 

population of non-bystander responding cells and one population of 

bystander responding cells, each with different means. The 3 darker shaded 

boxes represent dispersion values greater than 1.  

A 

 

 

 

 

 
B 
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4.3 Discussion  

Although tumour cells are the intended targets during radiotherapy, adjacent 

healthy cells may suffer damage and thus compromise tumour eradication 

(Subhashree et al. 2017). While the mechanisms of bystander effects and 

DNA targeted (in-field) and NTEs (out-of-field) in radiation therapy are not 

fully understood, the biological effects are well established (Subhashree et al. 

2017; Nikitaki et al. 2016; Buonanno et al. 2011; Prise & O’Sullivan 2009; de 

Toledo et al. 2006). Yet, the effects of low doses in out-of-field regions at the 

DNA damage level is less clear (Siegel et al. 2016; Azzam et al. 2016; 

Brenner et al. 2012), and even more so under hypoxic conditions.  

It is suggested that out-of-field cells adopt common DNA damage associated 

phenotypes from adjacent irradiated cells. In oxic conditions, Sokolov et al. 

(Sokolov et al. 2007) reported the formation of DNA damage foci in bystander 

cells suggesting the accumulation of DSBs in these out-of-field regions, while 

Syme et al. (Syme et al. 2009) reported how scattered (out-of-field) radiation 

was more effective at producing biological DNA damage (γ-H2AX 

fluorescence intensity) than open beam (in-field) radiation when steep dose 

gradients are present in IMRT treatment deliveries.  

As low dose regions can activate cellular responses following modulated 

exposures, these differential responses warrant further investigation. While 

severe hypoxia (< 0.1% O2) itself does not lead to the accumulation of DNA 

damage (figure 4.4), hypoxia does however trigger a DDR; somewhat 

paradoxical as no detectable DNA damage is induced (Olcina & Hammond 

2014). Nevertheless, as there are limited reports demonstrating the impact of 

hypoxia on DDRs following modulated radiation fields, this study investigated 
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whether intercellular communication and oxygen status were important to 

DNA damage induction and repair following 50% modulated exposures.  

Trainorb et al. (2012) observed that manifestations of the RIBE require the 

generation of some form of DNA damage in the bystander cell. This was 

demonstrated in oxic conditions through increased foci counts out-of-field 

when compared to non-irradiated controls, 30 minutes post-irradiation. 

Similar out-of-field observations were shown in a more recent study (Zaleska 

et al. 2017; Syme et al. 2009). The responses reported in these studies are 

consistent with the present study as all cell lines showed an increase 

(average of 50% increase) in foci counts out-of-field 1 hour post-irradiation 

(figures 4.6), with DU145 and A549 cells showing significantly higher foci 

counts. Similar trends were found under hypoxic conditions, with significantly 

higher foci counts observed in FaDu and A549 cells following reoxygenation 

and in MDA231, Detroit562, DU145, and A549 cells following prolonged 

hypoxia (figures 4.7 and 4.8). In the subsequent 24 hours, DNA damage out-

of-field appears to return to control levels.   

The level at which ionising radiation induces DNA damage depends on dose 

and sensitivity of cells. Although figure 4.2 shows increased DSBs at 2 Gy 

compared to 1 Gy following uniform irradiations under oxic conditions, it 

would be expected that foci counts double between 1 and 2 Gy. However on 

this occasion it may be possible there was undercounting of overlapping foci.  

Nevertheless, exposure to a 1 Gy uniform radiation field in all oxygen 

conditions investigated rapidly increased the average foci counts/cell 1 hour 

post-irradiation (figure 4.5). However, figures 4.6 – 4.8 show that modulated 

responses were observed in-field 1 hour post-irradiation, as decreased foci 
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counts were found in these regions compared to uniform exposures. Foci 

counts were significantly lower in DU145 in oxic conditions, in MDA231, 

Detroit562, and DU145 cells following reoxygenation, as well as in H460, 

MDA231, A549, and Detroit562 cells following prolonged hypoxia. Again, 24 

hours post-irradiation, DNA damage appeared to return to control levels. This 

data suggests that responses are cell line specific and shows a dependence 

on cellular secreted intercellular signals following modulated exposures. This 

data is also consistent with Trainorb et al. (2012). 

Physical inhibition of intercellular communication during exposure to 

modulated fields in chapter 3 (cell survival) was shown to abrogate out-of-

field responses to that observed under uniform conditions. Here, it was also 

shown that inhibition of communication between the in- and out-of-field 

regions not only abrogated the increase in DNA damage foci out-of-field 

(figures 4.14 – 4.16), but restored the in-field response levels comparable to 

the uniform response (figures 4.11 – 4.13). This data also provides evidence 

for RIBEs relying on signalling generated by irradiated cells.  

In addition to intercellular communication playing a key role in DNA damage 

induction and repair, oxygen status and time can further impact the DDR. 

Under uniform conditions, oxygen and time were found to significantly impact 

the DDR between the 1 and 24 hour time points post 1 Gy irradiation (table 

4.2). This was also the case in the in-field regions when intercellular 

communication was intact (table 4.4). However, out-of-field regions were 

shown not to be impacted by oxygen status and time (table 4.5). This 
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suggests that, much like the observed effects on cell survival in Chapter 3, 

out-of-field DNA damage induction is not dependent on oxygen. 

Physical inhibition of intercellular communication shows that oxygen status 

and time significantly impact the DNA damage response in-field (table 4.6) 

and are highly comparable to p values found under uniform conditions (table 

4.2), while out-of-field regions as expected, show that oxygen status and time 

play no roles in DNA induction and repair (table 4.7).   

Studies have shown that reoxygenation following periods of hypoxia leads to 

increased DNA damage when compared to oxic conditions (Olcina & 

Hammond 2014). However, table 4.3 shows that following uniform 

exposures, only the MDA231 cells have increased foci counts 1 hour post-

irradiation, with an OER of less than 1. The remaining cell lines have OERs 

above 1, demonstrating that reoxygenation in this case generates less DSBs 

1 hour post-irradiation and therefore less DNA damage. Again, this was not 

evident in-field (figure 4.20B) as cells fit under the linear regression; however 

it was clear in the out-of-field regions with communication intact (figure 

4.21B).  

Cells exposed to acute periods of severe hypoxia (< 0.01% 02 for fewer than 

12 hours) and then allowed to undergo reoxygenation will undergo replication 

restart. These cells restart following the induction of ROS-induced DNA 

damage and in a context of reduced DNA repair (Piresa et al. 2010; Piresb et 

al. 2010). Olcina et al. suggest that a recurring feature of the DDR is the 

repression of DNA repair across all oxygen tensions (mild and severe 

hypoxia); indicating that a large proportion of the hypoxic tumour may in fact 
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experience compromised repair (Olcina & Hammond 2014). They further 

suggest that apparent repression of repair may in fact be a reflection of the 

fact elevated repair levels might result from cell lines adapting to tissue 

culture growth conditions, whereas hypoxic conditions may simply lead to a 

return to baseline physiological levels of repair  (Olcina & Hammond 2014; 

Olcina et al. 2010).  

However, in this study, under uniform conditions, only 3 of the 6 cell lines 

showed a decrease in DNA damage repair in reoxygenated conditions, while 

4 of the 6 of cell lines showed a decrease in DNA damage repair following 

prolonged hypoxic conditions (table 4.8). It is possible that repair is 

compromised a little, but this just leads to some inaccurate repair events, or 

slower repair, which is almost always completed by 24 hours. Absence of 

fully functional repair mechanistic pathways can generate DNA damage 

following cycles of hypoxia/reoxygenation, compromising genetic integrity.  

Although Trainorb et al. (2012) observed dispersion indexes that suggested 

evidence of two populations of both responding and non-responding cells; 

this data shows a narrower foci distribution than expected (less than 1) and 

thus no clear evidence of two populations accounting for the bystander 

response (table 4.9). 

This is the first investigation that provides suggestion for the role of RIBEs in 

modulated exposures under varying hypoxic conditions. Here, a differential 

DDR between the in- and out-of-field regions when compared to uniformly 

irradiated cells has been reported. In addition to cell survival data (Thompson 

et al. 2017), this investigation further informs on conventional radiobiological 
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models, and may refine current approaches to radiotherapy treatment plans 

in the future. It is suggested that both the transmission of DNA damaging 

signalling from the in-field regions to the neighbouring out-of-field cells and 

the possible accumulation of low doses in these out-of-field regions from 

diagnostic exposures and imaging procedures need to be at the forefront to 

these approaches (Subhashree et al. 2017).  

Understanding how the bystander effect couples to cell fate decision at the 

cell survival, DNA damage, and even gene expression level may impact on 

risk assessment and indicate novel targets to increase the efficiency of 

chemo- and radiotherapy techniques (Jaiswal & Lindqvist 2015).  
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Chapter 5 

 

Gene profiling in prostate cancer (PC3) cells 

following exposure to hypoxia and modulated 

radiation fields 
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5.1 Introduction  

Hypoxic environments place a selective pressure on cells to adapt or die, 

which is driven by the initiation of transcriptional and post-transcriptional 

responses. One example is activation of the transcriptional factor HIF1α and 

downstream target genes, and also non-coding RNAs that modulate gene 

expression post-transcriptionally (eg microRNAs - miR-182 and miR210) 

(Harris et al. 2015). Cells that adapt and survive under hypoxic pressures 

adopt a hypoxic phenotype which tends to be resistant to radio- and 

chemotherapy. Therefore, it is unsurprising that determining transcriptional 

responses is key to defining the impact of hypoxic biology. 

Gene expression profiling techniques are used to address key topics in 

radiation biology such as prediction of radioresistance and exposure dose for 

biodosimetry (Paul & Amundson 2008; Ghandhi et al. 2008). In addition to 

this, transcriptional analysis provides insight into signalling pathways and 

targets involved in radiation response (Kumaraswamy et al. 2008), and can 

be used to develop biomarker signatures for prognostic and predictive use in 

cancer.  

Some of the more successful gene signatures validated as predictive 

biomarkers in retrospective studies of randomised trials of hypoxia-targeting 

therapies include development of: a hypoxia gene expression classifier with 

predictive impact for hypoxic modification of radiotherapy in head and neck 

cancer (Toustrup et al. 2016; Toustrupb et al. 2012; Toustrup et al. 2011), a 

gene signature for selecting benefit from hypoxia modification of radiotherapy 

for high-risk bladder cancer patients (Yang et al. 2017), a 26-gene hypoxia 
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signature predicting benefit from hypoxia-modifying therapy in laryngeal 

cancer (Eustace et al. 2013), and development and of a 28-gene hypoxia-

related prognostic signature for localised prostate cancer (Yangb et al. 2018). 

Jonsson et al. (Jonsson et al. 2016) demonstrated that pretreatment with the 

HDAC inhibitor vorinostat may overcome radioresistance of hypoxic prostate 

tumours by similar mechanisms to that observed under oxic conditions and 

proposes a gene signature to predict radiosensitising effects independent of 

hypoxia status. Hypoxia gene expression signatures increase our ability to 

characterise the hypoxic status of tumours, and is now shaping ways to 

predict and select for patients most likely to respond to treatment therapies. 

The development of hypoxia signatures is outlined in figure 5.1. 

As well as direct effects of radiation exposure, the bystander effect is now 

well established. Previous chapters have demonstrated differential biological 

effects following modulated radiation under varying hypoxic conditions. 

Although various signalling molecules such as cytokines, ROS, NO, and 

MAP kinases have been implicated in the bystander response, the regulatory 

pathways and mechanisms responsible for differential responses have not 

been well elucidated (Ghandhi et al. 2008).    

Gene expression microarrays have been used in bystander studies where 

GJA1 (connexion-43) and PTGS2 (cyclooxygenase-2) have been identified 

as genes expressed at higher levels in bystander cells (Zhou et al. 2005). 

Furthermore, Ghandi et al. (Ghandhi et al. 2008) showed that activation of 

p53 is minimal in bystander cells whilst the NFκB response is almost identical 
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in directly targeted and bystander cells, demonstrating an imbalance of 

signalling likely to cause differential survival responses.   

Under oxic conditions, gene expression levels in bystander cells are well 

reported, and although gene signatures have been documented under 

hypoxic conditions, there are limited studies describing gene expression 

under hypoxic conditions following modulated radiation exposures. The most 

widely used microarray is the Affymetrix 3’IVT (in vitro transcription) and in 

this chapter, Clariom-D (human) arrays were used to achieve extensive gene 

profiling analysis of localised high-risk PC3 prostate cancer cells following 

modulated beam exposures under hypoxic conditions. 
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Figure 5.1: Schematic outlining the development of hypoxia signatures. 

Both traditional in vitro and computational methods can aggregate genes with 

the aim of deriving a hypoxia gene signature representative of the cell line or 

clinical tumour being investigated (Harris et al. 2015).  
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5.2 Results  

 
 

5.2.1 Expression Console Generated Results 

Expression Console (EC) software was used to process original CEL files 

using Clariom-D Human library files from Affymetrix. During quality control of 

the 31 samples (30 prostate samples and 1 HeLa sample) 2 samples were 

found to be outliers when compared to the rest of the data set. Figure 5.2A 

shows that samples 45 (oxic in-field) and 57 (oxic out-of-field) [referenced in 

table 2.1] were spiked higher compared to the other samples, in particular 

dap (red) and thr (pink) for sample 45 and dap (red) for sample 57. These 

IVT (Poly A) Controls which were spiked in at a fixed ratio to a fixed amount 

of total RNA (Lys: AFFX-r2-Bs-lys (1:100,000), Phe: AFFX-r2-Bs-phe 

(1:50,000), Thr: AFFX-r2-Bs-thr (1:25,000), and Dap: AFFX-r2-Bs-dap 

(1:6,667)), show the technical variation associated with amplification and the 

entire labelling process (cRNA), not the quality or variation from sampling 

itself. Once samples 45 and 57 were removed (figure 5.3A), and the Poly A 

Controls evaluated, the signal values of lys, phe, thr, and dap were more in 

line with a satisfactory labelling process.  

In addition to this, Eukaryotic Hybridisation Controls were spiked into the 

hybridisation cocktail, independent of RNA sample preparation, and used to 

evaluate sample hybridisation efficiency on gene expression arrays. BioB is 

at the level of assay sensitivity (1:100,000 complexity ratio) and should be 

called Present at least 70% of the time. BioC, BioD, and cre should always 

be called Present with increasing signal values, reflecting their increasing 

relative concentrations. This is apparent in figures 5.2B and 5.3B, and shows 
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that the efficiency and alignment of the microarrays was satisfactory to move 

forward and conduct further gene analysis. 

The distribution of the ratio of the intensity of each probe to the median probe 

intensity across all of the selected arrays is summarised in the Box Plot – 

Relative Log Expression Signal (figure 5.4). The plot which compares the 

distribution of intensities on each array to the median probe intensity value 

for the group shows that samples 45 and 57 have divergent probe intensity 

distributions relative to the other arrays in the study. Once these samples 

were removed, there were no divergent probe intensities and this provided 

further evidence that the 2 named samples should be removed from further 

analysis (figure 5.4B). 

PCA Plots identified a set of variables (PCA1, PCA2, and PCA3) that 

accounted for the majority of the variance in the original data set. The first 

principal component (PCA1) captured as much variability in the data as 

possible. PCA2 captured as much of the remaining variability (not accounted 

for by PCA1) as possible. PCA3 then captured as much of the remaining 

variability (not accounted for by PCA2) as possible. The removal of samples 

45 and 57 from the PCA Plots shown in figure 5.5, show there is less 

variability among the data set as samples fit closer together. Furthermore 

and as expected, the HeLa sample of different origin was positioned further 

away from the data set.  

Taking all the quality control metrics and normalisation measures into 

account, it was understood that the removal of samples 45 and 57 would 

support and yield better results in any further gene analysis. 
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Figure 5.5: (A) Principle Component Analysis (PCA) for the Original 31 

Sample Data Set. The PCA plot shows that samples 45 and 57 have a high 

degree of variance as they are further away from the rest of the data set. (B) 

Principle Component Analysis (PCA) for the 29 Sample Data Set. The 

PCA plot shows that once samples 45 and 57 are removed, the remaining 

samples fit closely together resulting in less variability among the data set.  
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5.2.2 Gene Level Differential Expression Analysis using Transcriptome 

Analysis Console (TAC) software 

Gene level analysis was further conducted with TAC software using the CHP 

files generated from the EC software after signal summarisation and data 

normalisation. A total of 135,750 genes were tested to investigate the 

expression levels in each of the comparisons previously listed in table 2.2. To 

reduce the number of genes generated by the software, fold changes (linear) 

of  -2 or  2 and ANOVA p values of < 0.05 were chosen as cutoff values. 

Lists of differentially expressed genes were then generated from the 

remaining 28 prostate samples (sample numbers 45 and 57 now excluded 

from analysis). 

In order to look more specifically at the signalling that takes place out-of-field, 

the comparisons highlighted in table 2.2 (comparisons 1, 5, 14, 15, 24, and 

25) were taken forward for further analysis at the gene level. 

Volcano plots and hierarchical clustering are shown in figures 5.6 – 5.11. 

Genes with fold changes  2 and p value < 0.05 are indicated in red, and 

genes with fold change  -2 and p value < 0.05 are indicated in green. 

Positive ( 2) fold changes indicate upregulation of the group 1 sample 

compared with the group 2 sample, while negative ( -2) fold changes 

indicate downregulation of the group 1 sample compared with the group 2 

sample. The total numbers of differentially expressed genes for all 

comparisons are listed in tables 5.1 and 5.2 (gene names not included).  

In comparison 1 there were 1781 differentially expressed genes, of which 

856 were found to be upregulated and 925 downregulated. Of these 856 
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upregulated genes, 108 were found to be coding genes, 365 found to be 

multiple complex genes, 228 found to be non-coding genes, and 91 found to 

be transcript unassigned genes. Of the 925 downregulated genes, 130 were 

found to be coding genes, 480 found to be multiple complex genes, 206 

found to be non-coding genes, and 72 found to be transcript unassigned 

genes. Table 5.2 shows that in terms of the numbers of upregulated and 

downregulated genes, there are similar numbers across each sub-category 

of gene groups (coding, multiple complex, non-coding, and transcript 

unassigned). 

Surprisingly, there were 1398 genes that were differentially expressed in 

comparison 5 (figure 5.7). Previous chapters demonstrated that oxygen 

status plays no significant roles in the bystander response at both the cell 

survival and DNA damage level, yet TAC predicted that 410 genes were 

upregulated and nearly1000 genes downregulated in this particular dataset 

(table 5.2).  

Comparisons 14 (figure 5.8) and 24 (figure 5.10) look at the differentially 

expressed genes in shielded control regions relative to the out-of-field 

regions under hypoxic and oxic conditions respectively. Table 5.2 shows that 

while the total number of upregulated genes are very similar (156: hypoxic; 

151: oxic), the total number of downregulated genes in oxic conditions was 3 

times larger than that in hypoxic conditions (549: hypoxic; 1719: oxic). It 

would be expected that shielded and out-of-field regions exhibit similar trends 

in expression; however this data demonstrates that oxygen status and 

intercellular communication are playing roles in the number of genes 

expressed, especially the number of downregulated genes in oxic conditions. 



275 
 

The direct signalling between in- and out-of-field regions can be observed in 

comparisons 15 (figure 5.9) and 25 (figure 5.11) under hypoxic and oxic 

conditions respectively. Table 5.2 shows that while the total number of 

upregulated genes are again similar (171: hypoxic; 216 oxic), the total 

number of downregulated genes in oxic conditions was nearly double that in 

hypoxic conditions (326: hypoxic; 564 oxic). Again, this data demonstrates 

that oxygen status and intercellular communication are playing roles in the 

numbers of genes expressed, especially the number of downregulated genes 

in oxic conditions. 

To note, in each of the 6 comparisons mentioned, the total number of 

downregulated genes exceeds that of the upregulated genes. 
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Figure 5.6: Distribution of gene expression of hypoxic controls [group 1] and 

oxic controls [group 2] illustrated as hierarchical clustering (left) and volcano 

plot analysis (right). Red (positive fold change) indicates upregulation of 

expression in hypoxic controls relative to the oxic controls. Green (negative fold 

change) indicates downregulation of expression in hypoxic controls relative to the 

oxic controls.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7: Distribution of gene expression of hypoxic [group 1] and oxic 

[group 2] out-of-field samples illustrated as hierarchical clustering (left) and 

volcano plot analysis (right). Red (positive fold change) indicates upregulation of 

expression in hypoxic out-of-field samples relative to the oxic out-of-field samples. 

Green (negative fold change) indicates downregulation of expression in hypoxic out-

of-field samples relative to the oxic out-of-field samples.  
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Figure 5.8: Distribution of gene expression of hypoxic shielded controls 

[group 1] and hypoxic out-of-field samples [group 2] illustrated as hierarchical 

clustering (left) and volcano plot analysis (right). Red (positive fold change) 

indicates upregulation of expression in hypoxic shielded controls relative to the 

hypoxic out-of-field samples. Green (negative fold change) indicates downregulation 

of expression in hypoxic shielded controls relative to the hypoxic out-of-field 

samples.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9: Distribution of gene expression of hypoxic in-field samples [group 

1] and hypoxic out-of-field samples [group 2] illustrated as hierarchical 

clustering (left) and volcano plot analysis (right). Red (positive fold change) 

indicates upregulation of expression in hypoxic in-field samples relative to the 

hypoxic out-of-field samples. Green (negative fold change) indicates downregulation 

of expression in hypoxic in-field samples relative to the hypoxic out-of-field samples.  
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Figure 5.10: Distribution of gene expression of oxic shielded controls [group 

1] and oxic out-of-field samples [group 2] illustrated as hierarchical clustering 

(left) and volcano plot analysis (right). Red (positive fold change) indicates 

upregulation of expression in oxic shielded controls relative to the oxic out-of-field 

samples. Green (negative fold change) indicates downregulation of expression in 

oxic shielded controls relative to the oxic out-of-field samples.  

 

 

 

 

 

 

 

 

 

 
 

 
Figure 5.11: Distribution of gene expression of oxic in-field samples [group 1] 

and oxic out-of-field samples [group 2] illustrated as hierarchical clustering 

(left) and volcano plot analysis (right). Red (positive fold change) indicates 

upregulation of expression in oxic in-field samples relative to the oxic out-of-field 

samples. Green (negative fold change) indicates downregulation of expression in 

oxic in-field samples relative to the oxic out-of-field samples.  
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Table 5.1: Total number of differentially expressed genes for each 

experimental comparison. TAC generated lists of differentially expressed 

genes subcategorised into coding, multiple complex, non-coding, precursor 

microRNA, pseudogenes, ribosomal, small RNA, tRNA, and transcript 

unassigned genes. The total number does not take into account whether the 

genes were upregulated/downregulated, just the overall presence in that 

particular experimental comparison (Affymetrix, 2017).  
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Table 5.2: Total number of upregulated and downregulated differentially 

expressed genes. The total number of upregulated and downregulated 

genes, and those subcategorised into coding, multiple complex, non-coding, 

and transcript unassigned genes as generated by the TAC software for each 

comparison are shown (Affymetrix, 2017). 
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5.2.3 Ingenuity Pathway Analysis (IPA) Output  

 

IPA Summary Analysis  

Before looking at individual genes, IPA was used to perform pathway 

analysis on the differentially expressed gene sets. The top analysis-ready 

molecules (rank based on highest [±] fold change), the top canonical 

pathways (rank based on -log [p value]), the top upstream regulators (rank 

based on -log [p value]), and top molecular and cellular functions (rank based 

on -log [p value]) were identified for comparisons 1, 5, 14, 15, 24, and 25 

(table 2.2). 

 

Comparison 1 

Table 5.3A shows the top 10 upregulated and downregulated molecules in 

hypoxic control samples relative to the oxic control samples. The top 

upregulated molecule was ADM (684 fold) and the top downregulated 

molecules was RIOX1 (-22.5 fold). The upregulated genes observed here 

coincides with Harris et al. (2015) who also demonstrate that ADM, NDRG1, 

and DDIT4 are all in the top 20 most frequently appearing genes across 32 

published hypoxia signatures. 

Analysis also revealed that the gene list associated with this particular 

comparison overlapped with 435 canonical pathways connected with prostate 

cancer signalling, VEGF signalling, NF-κB signalling, and the unfolded 

protein response. The most significant (p < 0.05) of these are presented in 

table 5.3B. For example, in the NRF2 – mediated oxidative stress response 

pathway, of the known 193 molecules connected with this pathway, 26 
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molecules were found either to be upregulated or downregulated in this data 

set.  

IPA upstream functional analysis was used to predict (based on the literature 

compiled in the IPKB) the top upstream transcriptional regulators from 

differentially expressed genes in the prostate cell line. An overlap p value 

was computed based on significant overlap between genes in the data set 

and known targets regulated by the transcriptional regulator. The activation z-

score algorithm was used to make predictions. IPA predicted that the top 

transcriptional regulators activated in this data set were, NUPR1 (z score: 

8.099; p value of overlap: 2.38 x10-40), HIF1A (z score: 4.723; p value of 

overlap: 6.77 x10-15), and EPAS1 (z score: 4.361; p value of overlap: 2.50 

x10-14). Furthermore, EGLN (z score: -5.026; p value of overlap: 3.52 x10-15) 

and COMMD1 (z score: -3.464; p value of overlap: 8.99 x10-13) were 

predicted to be inhibited in the data set (table 5.3C).  

Table 5.3D shows the 5 most significant molecular and cellular functions 

associated with the gene set. Of the 1781 genes imported into IPA for this 

comparison, 287 molecules have been linked with cell death and survival, 

followed by 237 molecules which have been linked to cellular development.   
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Hypoxic Control vs Oxic Control – Comparison 1 
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Table 5.3: IPA Summary Analysis for Hypoxic Control Samples Relative 

to Oxic Control Samples. IPA generated Top Analysis-Ready Molecules 

(A), Top Canonical Pathways (B), Top Upstream Regulators (C), and Top 

Molecular and Cellular Functions (D) from the gene list generated by the 

Transcriptome Analysis Console software. 
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Comparison 5 

Table 5.4A shows the top 10 upregulated and downregulated analysis ready 

molecules (genes) in hypoxic out-of-field samples relative to the oxic out-of-

field samples. The top upregulated gene was again ADM (420 fold) and the 

top downregulated gene was MT-TQ (-17.9 fold). Of the top 10 upregulated 

genes in comparison 1, 8 were also upregulated here. These included: ADM, 

HILPDA, ANKRD37, ARRDC3, SLC2A1, ACKR3, PFKFB3, and NDRG1. 

Analysis also revealed that the gene list associated with this particular 

comparison overlapped with 370 canonical pathways connected with HIF1α 

signalling, cell cycle regulation, p53 signalling, and the unfolded protein 

response. The most significant (p < 0.05) of these are presented in table 

5.4B. For example, in the AMPK pathway, of the known 189 molecules 

connected with this pathway, 14 molecules were found either to be 

upregulated or downregulated in this data set.   

IPA further predicted the top transcriptional regulators activated in our data 

set. These included, NUPR1 (z score: 6.091; p value of overlap: 1.03 x10-23), 

HIF1A (z score: 3.787; p value of overlap: 9.36 x10-13), and NEDD9 (z score: 

2.714; p value of overlap: 2.38 x10-10). Salirasib (z score: -2.571; p value of 

overlap: 6.55 x10-10) was predicted to be inhibited in the data set while the 

activation status of EGFR could not be predicted (table 5.4C).  

Table 5.4D shows the 5 most significant molecular and cellular functions 

associated with the gene set. Of the 1398 genes imported into IPA for this 

comparison, 140 molecules have been linked with cell death and survival, 

while 101 have been linked with gene expression. 
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Hypoxic Out-of-field vs Oxic Out-of-field – Comparison 5 
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Table 5.4: IPA Summary Analysis for Hypoxic Out-of-field Samples 

Relative to Oxic Out-of-field Samples. IPA generated Top Analysis-Ready 

Molecules (A), Top Canonical Pathways (B), Top Upstream Regulators (C), 

and Top Molecular and Cellular Functions (D) from the gene list generated by 

the Transcriptome Analysis Console software.  
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Comparison 14 

Table 5.5A shows the top 10 upregulated and downregulated molecules in 

hypoxic shielded control samples relative to the hypoxic out-of-field samples. 

The top upregulated molecule was RFX3 (4.18 fold) and the top 

downregulated molecules was RBM26 (-7.25 fold).  

Analysis also revealed that the gene list associated with this particular 

comparison overlapped with 209 canonical pathways connected with ATM 

signalling, IL-8 signalling, NOTCH signalling, and GADD45 signalling. The 

most significant (p < 0.05) of these are presented in table 5.5B. For example, 

in the PPARα/RXR activation pathway, of the known 178 molecules 

connected with this pathway, 5 molecules were found either to be 

upregulated or downregulated in this data set.    

IPA upstream functional analysis predicted the top transcriptional regulators 

in this data set to include 2-amino-5-phosphonovaleric acid, UCHL1, mir-183, 

Clathrin, and FERD3L. However, IPA could not predict their 

activation/inhibition status even though each had a highly significant p-value 

overlap (table 5.5C).  

Table 5.5D shows the 5 most significant molecular and cellular functions 

associated with the gene set. Of the 705 genes imported into IPA for this 

comparison, 29 molecules have been linked with cell morphology followed by 

19 molecules which have been linked to cellular assembly and organisation. 

 

 

  



291 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Hypoxic Shield vs Hypoxic Out-of-field – Comparison 14 
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Table 5.5: IPA Summary Analysis for Hypoxic Shield Samples Relative 

to Hypoxic Out-of-field Samples. IPA generated Top Analysis-Ready 

Molecules (A), Top Canonical Pathways (B), Top Upstream Regulators (C), 

and Top Molecular and Cellular Functions (D) from the gene list generated by 

the Transcriptome Analysis Console software. 
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Comparison 24 

Table 5.6A shows the top 10 upregulated and downregulated molecules in 

oxic shielded control samples relative to the oxic out-of-field samples. The 

top upregulated molecule was CRLF3 (2.44 fold) and the top downregulated 

molecules was mir-548 (-19.7 fold). 

Analysis also revealed that the gene list associated with this particular 

comparison overlapped with 225 canonical pathways connected with 

molecular mechanisms of cancer, protein kinase A signalling, and androgen 

signalling. The most significant (p < 0.05) of these are presented in table 

5.6B For example, in the interferon signalling pathway, of the known 36 

molecules connected with this pathway, 3 molecules were found either to be 

upregulated or downregulated in this data set.  

IPA upstream functional analysis predicted the top transcriptional regulators 

in the data set to include E2F6, SSB, ANXA7, ING1, and RNA polymerase II. 

Again, IPA could not predict their activation/inhibition status even though 

each had a highly significant p-value overlap (table 5.6C).  

Table 5.6D shows the 5 most significant molecular and cellular functions 

associated with the gene set. Of the 1870 genes imported into IPA for this 

comparison, 20 molecules have been linked with cell-to-cell signalling and 

interaction, and 24 with cellular function and maintenance.  

At this stage, there seems to be no apparent overlap in the 

molecules/pathways listed in this comparison (oxic conditions) to that in 

comparison 14 (hypoxic conditions). 
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Oxic Shield vs Oxic Out-of-field – Comparison 24 
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Table 5.6: IPA Summary Analysis for Oxic Shield Samples Relative to 

Oxic Out-of-field Samples. IPA generated Top Analysis-Ready Molecules 

(A), Top Canonical Pathways (B), Top Upstream Regulators (C), and Top 

Molecular and Cellular Functions (D) from the gene list generated by the 

Transcriptome Analysis Console software. 
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Comparison 15 

Table 5.7A shows the top 10 upregulated and downregulated molecules in 

hypoxic in-field samples relative to hypoxic out-of-field samples. The top 

upregulated molecule was NIR3682 (3.44 fold) and the top downregulated 

molecules was HMCN1 (-4.82 fold).  

Analysis also revealed that the gene list associated with this particular 

comparison overlapped with 160 canonical pathways connected with 

androgen signalling, HIF1α signalling, and mTOR signalling. The most 

significant (p < 0.05) of these are presented in table 5.7B. For example, in 

the IL-8 signalling pathway, of the known 197 molecules connected with this 

pathway, 3 molecules were found either to be upregulated or downregulated 

in this data set.  

IPA upstream functional analysis predicted the top transcriptional regulators 

in our data set to include PTK2B, ATE1, mir-140, methyl methanesulfonate, 

and folic acid. However, IPA could not predict their activation/inhibition status 

even though each had a highly significant p-value overlap (table 5.7C).  

Table 5.7D shows the 5 most significant molecular and cellular functions 

associated with the gene set. Of the 497 genes imported into IPA for this 

comparison, 16 molecules have been linked with cell-to-cell signalling and 

interaction, and 10 with cellular growth and proliferation and cellular 

development. 
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Hypoxic In-field vs Hypoxic Out-of-field – Comparison 15      
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Table 5.7: IPA Summary Analysis for Hypoxic In-field Samples Relative 

to Hypoxic Out-of-field Samples. IPA generated Top Analysis-Ready 

Molecules (A), Top Canonical Pathways (B), Top Upstream Regulators (C), 

and Top Molecular and Cellular Functions (D) from the gene list generated by 

the Transcriptome Analysis Console software. 
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Comparison 25 

Table 5.8A shows the top 10 upregulated and downregulated molecules in 

oxic in-field samples relative to the oxic out-of-field samples. The top 

upregulated molecule was LINCO1111 (3.09 fold) and the top downregulated 

molecules was mir-95 (-6.00 fold).  

Analysis also revealed that the gene list associated with this particular 

comparison overlapped with 172 canonical pathways connected with 

ERK/MAPK signalling, NF-κB signalling, cyclins and cell cycle regulation, and 

molecular mechanisms of cancer. The most significant (p < 0.05) of these are 

presented in table 5.8B. For example, in the role of CHK proteins in cell cycle 

checkpoint control pathway, 4 of the known 55 molecules connected with this 

pathway were either upregulated/downregulated in this data set.  

IPA upstream functional analysis predicted the top transcriptional regulators 

to include HCAR2, Estrogen receptor, SPDEF, Discodermolide, and mir-135-

a-5p. However, IPA could not predict their activation/inhibition status even 

though each had a highly significant p-value overlap (table 5.8C). 

Table 5.8D shows the 5 most significant molecular and cellular functions 

associated with the gene set. Of the 780 genes imported into IPA for this 

comparison, 38 molecules have been linked with cellular function and 

maintenance, 26 molecules with cell cycle, and 17 molecules with DNA 

replication, recombination, and repair.  

At this stage, there seems to be no apparent overlap in the 

molecules/pathways listed in this comparison (oxic conditions) to that in 

comparison 15 (hypoxic conditions). 
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Oxic In-field vs Oxic Out-of-field – Comparison 25      

 

Table 5.8: IPA Summary Analysis for Oxic In-field Samples Relative to 

Oxic Out-of-field Samples. IPA generated Top Analysis-Ready Molecules 

(A), Top Canonical Pathways (B), Top Upstream Regulators (C), and Top 

Molecular and Cellular Functions (D) from the gene list generated by the 

Transcriptome Analysis Console software. 
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Venn diagrams  

Genes which show altered expression out-of-field are theoretically good 

candidates for further analysis in order to characterise the genetic footprint of 

the signalling that takes place between directly irradiated cells and those in 

bystander regions. The interactive Venn diagrams presented in tables 5.9 – 

5.14 are comparisons which focus on out-of-field regions. The following 

genes were upregulated out-of-field and so were selected for validation by 

RT-qPCR:   

 

 

KMT2A (Multiple Complex Gene) 

 Upregulated in oxic out-of-field samples relative to oxic control samples 

 Upregulated in oxic out-of-field samples relative to oxic in-field samples 

 Upregulated in oxic out-of-field samples relative to oxic shielded control 

samples 

 Upregulated in hypoxic out-of-field samples relative to hypoxic shielded 

control samples 

 

RBM6 (Multiple Complex Gene) 

 Upregulated in oxic out-of-field samples relative to oxic 8 Gy samples 

 Upregulated in oxic out-of-field samples relative to oxic shielded control 

samples 

 Upregulated in hypoxic out-of-field samples relative to hypoxic shielded 

control samples 

 

PNISR (Multiple Complex Gene) 

 Upregulated in oxic out-of-field samples relative to oxic control samples 

 Upregulated in oxic out-of-field samples relative to oxic shielded control 

samples 

 Upregulated in oxic out-of-field samples relative to oxic in-field samples 

 Upregulated in hypoxic out-of-field samples relative to hypoxic shielded 

control samples 

 

KDM1A (Transcript Unassigned Gene) 

 Upregulated in hypoxic out-of-field samples relative to hypoxic control 

samples 

 Upregulated in hypoxic out-of-field samples relative to hypoxic in-field 

samples 
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KCNMA1 (Non-Coding Gene)  

 Upregulated in oxic out-of-field samples relative to oxic control samples 

 Upregulated in oxic out-of-field samples relative to oxic shielded control 

samples 

 Upregulated in hypoxic out-of-field samples relative to hypoxic shielded 

control samples 

 Downregulated in hypoxic out-of-field samples relative to hypoxic control 

samples 

 

 

Tables 5.15 – 5.19 show a summary of how these genes are regulated, and 

the pathways, diseases, and roles each gene plays in the cell. This 

information was predicted from the IPKB.  
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O2 – oxic conditions 
N2 – hypoxic conditions 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.9 
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                                                                             Table 5.10 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.11 
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Table 5.12 
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Table 5.14 
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Table 5.9: Venn diagram showing differentially expressed genes in 

out-of-field regions under oxic conditions. The overlaps in this Venn 

diagram are between (A) oxic control samples relative to the oxic shielded 

control samples, (B) oxic control samples relative to the oxic out-of-field 

samples, and (C) oxic shielded control samples relative to the oxic out-of-

field samples. 

 

Table 5.10: Venn diagram showing differentially expressed genes in 

out-of-field regions under hypoxic conditions. The overlaps in this Venn 

diagram are between (A) hypoxic control samples relative to the hypoxic 

shielded control samples, (B) hypoxic control samples relative to the hypoxic 

out-of-field samples, and (C) hypoxic shielded control samples relative to the 

hypoxic out-of-field samples. 

 

Table 5.11: Venn diagram showing differentially expressed genes 

between the in- and out-of-field regions under oxic conditions. The 

overlaps in this Venn diagram are between (A) oxic in-field samples relative 

to the oxic out-of-field samples, (B) oxic control samples relative to the oxic 

in-field samples, and (C) oxic control samples relative to the oxic out-of-field 

samples. 

 

Table 5.12: Venn diagram showing differentially expressed genes 

between the in- and out-of-field regions under hypoxic conditions. The 

overlaps in this Venn diagram are between (A) hypoxic in-field samples 

relative to the hypoxic out-of-field samples, (B) hypoxic control samples 

relative to the hypoxic in-field samples, and (C) hypoxic control samples 

relative to the hypoxic out-of-field samples. 
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Table 5.13: Venn diagram showing differentially expressed genes 

between the oxic in- and out-of-field regions and the hypoxic in-field 

regions. The overlaps in this Venn diagram are between (A) oxic control 

samples relative to the oxic in-field samples, (B) oxic control samples relative 

to the oxic out-of-field samples, and (C) hypoxic control samples relative to 

the hypoxic in-field samples. 

 

Table 5.14: Venn diagram showing differentially expressed genes 

between the oxic in- and out-of-field regions and the hypoxic out-of-

field regions. The overlaps in this Venn diagram are between (A) oxic 

control samples relative to the oxic in-field samples, (B) oxic shielded control 

samples relative to the oxic out-of-field samples, and (C) hypoxic shielded 

control samples relative to the hypoxic out-of-field samples. 
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Table 5.15 

Potassium calcium-activated channel subfamily M alpha 1 (KCNMA1) 

Synonyms  

5730414M22RIK, bA205K10.1, BKCA, Bkca-alpha, Bkca-α, BKTM, Bk α, cbv1, hSlo, KCa1.1, 
Kca channel alpha subunit, Kca channel α subunit, Kcnma, KCNMA1b, KCNMA1c, 
LOC142955, LOC498438, MaxiK, MAXIK CHANNEL, Maxi-K α, mSlo, mSLO1, potassium 
calcium-activated channel subfamily M alpha 1, potassium calcium-activated channel 
subfamily M α 1, potassium large conductance calcium-activated channel, subfamily M, 
alpha member 1, potassium large conductance calcium-activated channel, subfamily M, α 
member 1, SAC, SAKCA, SLO, SLO1, SLO-alpha, SLO-α 

Regulates 
K+, KCNMA1, POMC, ION CHANNEL, aldosterone, KCNMB1, CRH, VEGF, MMP2, Ca2+, 
CXCL8, Pka catalytic subunit, potassium channel, KCNMB4, corticosterone  

Regulated 

by 
aldosterone, KCNMA1, TLR7/8, S100A9, S100A8, ESR1, TRPS1, RNF31, topotecan, 
pyridaben, maneb, astressin 2B, antalarmin, SETD7, DMD  

Binds  
KCNMB1, KCNMB4, TBXA2R, ALB, HSPA8, Pka catalytic subunit, PLA2G4A, EED, CADM3, 
Hspa2os, HSPA2, GLO1, KIF5C, CBX1, FH  

Molecular 

Function 

actin binding; calcium-activated potassium channel activity; ion channel activity; large 
conductance calcium-activated potassium channel activity; metal ion binding; potassium 
channel activity; protein binding; protein complex binding; protein homodimerization 
activity; voltage-gated ion channel activity; voltage-gated potassium channel activity 

Biological 

Process 

adult walking behaviour; aging; auditory receptor cell differentiation; cell maturation; 
cellular potassium ion homeostasis; circadian rhythm; eye blink reflex; ion transport; 
locomotor rhythm; micturition; negative regulation of cell volume; neuromuscular process 
controlling balance; positive regulation of apoptotic process; positive regulation of neuron 
apoptotic process; positive regulation of vasodilation; potassium ion transmembrane 
transport; potassium ion transport; protein homooligomerization; protein 
homotetramerization; regulation of action potential in neuron; regulation of aldosterone 
metabolic process; regulation of ion transmembrane transport; regulation of membrane 
potential; regulation of vasodilation; relaxation of vascular smooth muscle; response to 
calcium ion; response to carbon monoxide; response to corticosteroid stimulus; response 
to oestrogen stimulus; response to hypoxia; response to osmotic stress; response to pH; 
saliva secretion; sensory perception of sound; smooth muscle contraction involved in 
micturition; synaptic transmission; transmembrane transport; transport; vasodilation  

Role in 

Cell 
apoptosis, transmembrane potential, action potential, volume, response, maturation, 
degeneration, function, differentiation, innervation  

Disease  

generalized epilepsy with paroxysmal dyskinesia, osmotic shock response, gait 
disturbance, noise-induced hearing loss, ataxia, motor dysfunction or movement disorder, 
eosinophilic esophagitis, atrial flutter, atrial fibrillation, asthma, mastocytosis, 
bronchospasm, tremor, sensorineural hearing loss, urinary incontinence, conjunctivitis, 
hypertension, small cell lung cancer, glioma, renal clear cell adenocarcinoma, renal clear 
cell cancer, glioma formation, glioblastoma cancer, glioblastoma, uterine serous 
papillary cancer, multiple sclerosis  
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PNN interacting serine and arginine rich protein (PNISR) 

Synonyms  

5730406M06Rik, AA673174, bA98I9.2, C6orf111, HSPC306, Pinsr, PNN 

interacting serine/arginine-rich, PNN interacting serine and arginine 

rich protein, RGD1307395, SFRS18, SRrp130, Srsf18  

Regulates - 

Regulated by - 

Binds  
BAG3, CDC42, EDEM1, SHOC2, NAA10, KIFC1, SRPK2, XPO1, PAPSS1, 

PIH1D1, HSPB1, RPS24, APC, PNN, U2AF2  

Molecular 

Function 
- 

Biological 

Process 
- 

Role in Cell - 

Disease  - 

 

Table 5.16 

 

RNA binding motif protein 6 (RBM6) 

Synonyms  
BAG3, CDC42, EDEM1, SHOC2, NAA10, KIFC1, SRPK2, XPO1, PAPSS1, 
PIH1D1, HSPB1, RPS24, APC, PNN, U2AF2 

Regulates - 

Regulated by L-dopa, sirolimus 

Binds  
PAPD5, TAF15, HNRNPA1, PPP1CB, SRSF1, Fus, RPL35, JUNB, MATR3, 
FGL1, EMC2, MMGT1, ASB12, ASB18, KIF16 

Molecular 
Function 

DNA binding; metal ion binding; nucleotide binding; protein binding; 
RNA binding 

Biological 
Process 

RNA processing 

Role in Cell growth 

Disease  - 

 

Table 5.17  
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Table 5.18 

Lysine methyltransferase 2A (KMT2A) 

Synonyms  
6430520K01, ALL-1, CXXC7, FLJ11783, HRX, HTRX, HTRX1, lysine (K)-specific 
methyltransferase 2A, lysine methyltransferase 2A, mKIAA4050, MLL, MLL1, MLL1A, 
TRX1, WDSTS  

Regulates 
HOXA9, HOXA7, HOXA10, PBX3, Meis1, CDKN1A, HOXC9, HOXA5, HOXC8, HOXA6, 
CDKN1B, MEIS1, Histone h3, PGR, TFAP2D  

Regulated 

by 

etoposide, doxorubicin, TASP1, beta-estradiol, wortmannin, etoposide catechol, 
TOP2A, etoposide quinone, teniposide, quercetin complex, myricetin, flavone, genistin, 
fisetin, kaempferol  

Binds  
WDR5, MEN1, ASH2L, RBBP5, KMT2A, HIST3H3, CREBBP, HIST1H3A, DOT1L, SET, 
HCFC1, SETD1A, CDK9, CCNT1, SMARCB1  

Molecular 

Function 

AT DNA binding; chromatin binding; core promoter sequence-specific DNA binding; 
DNA binding; histone acetyl-lysine binding; histone-lysine N-methyltransferase activity; 
histone methyltransferase activity (H3-K4 specific); identical protein binding; metal ion 
binding; methyltransferase activity; protein binding; protein homodimerization activity; 
sequence-specific DNA binding transcription factor activity; transcription regulatory 
region DNA binding; transferase activity; unmethylated CpG binding; zinc ion binding 

Biological 

Process 

anterior/posterior pattern specification; apoptotic process; circadian regulation of 
gene expression; cognition; covalent chromatin modification; definitive hemopoiesis; 
DNA methylation; embryonic hemopoiesis; exploration behaviour; histone H3-K4 
methylation; histone H3-K4 trimethylation; histone H4-K16 acetylation; homeostasis of 
number of cells within a tissue; membrane depolarization; methylation; negative 
regulation of cell proliferation; peptidyl-lysine monomethylation; positive regulation of 
cellular response to drug; positive regulation of histone H3-K4 methylation; positive 
regulation of transcription, DNA-dependent; positive regulation of transcription from 
RNA polymerase II promoter; positive regulation of transporter activity; post-
embryonic development; protein complex assembly; regulation of gene expression; 
regulation of histone H3-K14 acetylation; regulation of histone H3-K4 methylation; 
regulation of histone H3-K9 acetylation; regulation of short-term neuronal synaptic 
plasticity; regulation of transcription, DNA-dependent; response to light stimulus; 
response to potassium ion; rhythmic process; spleen development; transcription, DNA-
dependent; transcription from RNA polymerase II promoter; visual learning 

Role in 

Cell 
expression in, transformation, growth, proliferation, number, transactivation in, 
immortalization, differentiation, apoptosis, colony formation  

Disease  

Wiedemann-Steiner syndrome, bleeding, Cornelia de Lange syndrome, leukaemia, 
mixed phenotype acute leukaemia, oedema, neoplasia, acute myeloid leukaemia, 
hereditary disorder, urothelial bladder carcinoma, transitional cell bladder cancer, 
cognitive impairment, Cornelia de Lange syndrome type 1, acute lymphocytic 
leukaemia, urothelial neoplasm, epithelial neoplasia, tumorigenesis, chronic 
lymphocytic leukaemia  
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Table 5.19 

Lysine demethylase 1A (KDM1A) 

Synonyms  
1810043O07Rik, AA408884, AOF2, BHC110, CPRF, D4Ertd478e, KDM1, KIAA0601, LSD1, 
lysine (K)-specific demethylase 1A, lysine demethylase 1A, mKIAA0601, RGD1562975  

Regulates 
DNA promoter, DNA endogenous promoter, CDKN1A, RNA polymerase II, PTEN, CDH1, 
Gamma globin, SREBF1, FASN, PPP1R12A, CLDN7, SOX2, KRT8, SCD, SIRT1  

Regulated 
by 

HOTAIR, LAMTOR5, Pka, RUNX1, cyclic AMP, HMG20A, HMG20B, TP53, MYC, SNAI1, SALL4, 
Alpha catenin, anti-miR-302b inhibitor, anti-miR-302a inhibitor, CD44  

Binds  
HDAC1, RCOR1, HDAC2, CTBP1, HMG20B, ZNF217, HIST1H3A, PHF21A, RCOR2, ZMYM2, 
MTA2, HMG20A, SNAI1, ZMYM3, GSE1  

Molecular 
Function 

androgen receptor binding; chromatin binding; demethylase activity; DNA binding; enzyme 
binding; flavin adenine dinucleotide binding; histone deacetylase activity; histone 
demethylase activity; histone demethylase activity (H3-dimethyl-K4 specific); histone 
demethylase activity (H3-K4 specific); histone demethylase activity (H3-K9 specific); ligand-
dependent nuclear receptor transcription coactivator activity; MRF binding; oxidoreductase 
activity; p53 binding; protein binding; RNA polymerase II transcription factor binding; 
sequence-specific DNA binding transcription factor activity; telomeric DNA binding; 
transcription factor binding; transcription regulatory region DNA binding 

Biological 
Process 

alternative nuclear mRNA splicing, via spliceosome; blood coagulation; cell proliferation; 
cellular response to cAMP; cellular response to gamma radiation; cellular response to UV; 
cerebral cortex development; covalent chromatin modification; granulocyte differentiation; 
guanine metabolic process; histone deacetylation; histone H3-K4 demethylation; histone 
H3-K9 demethylation; in utero embryonic development; multicellular organismal 
development; muscle cell development; negative regulation of DNA binding; negative 
regulation of DNA damage response, signal transduction by p53 class mediator; negative 
regulation of neurogenesis; negative regulation of protein binding; negative regulation of 
sequence-specific DNA binding transcription factor activity; negative regulation of 
transcription, DNA-dependent; negative regulation of transcription from RNA polymerase II 
promoter; neuron maturation; oxidation-reduction process; pituitary gland development; 
positive regulation of cell size; positive regulation of chromatin binding; positive regulation 
of histone ubiquitination; positive regulation of hormone biosynthetic process; positive 
regulation of neural precursor cell proliferation; positive regulation of neuron projection 
development; positive regulation of sequence-specific DNA binding transcription factor 
activity; positive regulation of stem cell proliferation; positive regulation of transcription 
from RNA polymerase II promoter; protein demethylation; regulation of double-strand 
break repair via homologous recombination; regulation of neurogenesis; regulation of 
primitive erythrocyte differentiation; regulation of transcription, DNA-dependent; 
regulation of transcription from RNA polymerase II promoter; response to fungicide; 
response to organic cyclic compound; transcription, DNA-dependent  

Role in 
Cell 

expression in, differentiation, transactivation in, transcription in, destabilization in, 
methylation in, binding in, ubiquitination in, proliferation, repression in  

Disease  
Kabuki syndrome, cleft palate, psychomotor retardation and distinctive facial features, 
gastrulation failure, neoplasia, medulloblastoma, brain cancer, prostate cancer, coronary 
artery disease  
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Table 5.15: IPA Gene View on the KCNMA1 (Mammalian) Gene. The table 

highlights the top findings from the Ingenuity Pathway Knowledge Base on key 

regulators, associated molecular functions and biological processes, and also 

the roll of KCNMA1 in the cell, and diseases associated with the KCNMA1 gene.   

 

Table 5.16: IPA Gene View on the PNISR (Mammalian) Gene. The table 

highlights the top findings from the Ingenuity Pathway Knowledge Base on key 

regulators, associated molecular functions and biological processes, and also 

the roll of PNISR in the cell, and diseases associated with the PNISR gene.   

 

Table 5.17: IPA Gene View on the RBM6 (Mammalian) Gene. The table 

highlights the top findings from the Ingenuity Pathway Knowledge Base on key 

regulators, associated molecular functions and biological processes, and also 

the roll of RBM6 in the cell, and diseases associated with the RBM6 gene.   

 

Table 5.18: IPA Gene View on the KMT2A (Mammalian) Gene. The table 

highlights the top findings from the Ingenuity Pathway Knowledge Base on key 

regulators, associated molecular functions and biological processes, and also 

the roll of KMT2A in the cell, and diseases associated with the KMT2A gene.   

 

Table 5.19: IPA Gene View on the KDM1A (Mammalian) Gene. The table 

highlights the top findings from the Ingenuity Pathway Knowledge Base on key 

regulators, associated molecular functions and biological processes, and also 

the roll of KDM1A in the cell, and diseases associated with the KDM1A gene.   
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5.2.4 Microarray Data Validation by RT-qPCR 

Validation was performed by calculating the gene expression levels (in fold 

change) of 8 different genes (3 confirming hypoxic conditions and 5 

upregulated out-of-field) using RT-qPCR. All gene expression levels were 

relative to GAPDH, the housekeeping gene (figure 5.12). 

Gene microarray analysis data predicted that 856 genes were upregulated in 

hypoxic control samples relative to the oxic control samples. Of these, the 

ADM, NDRG1, and BNIP3 genes were chosen for validation. The 

upregulation of these genes is consistent with other studies such as Harris et 

al. (Harris et al. 2015) who found these genes, amongst others to be 

upregulated under similar hypoxic conditions. Following gene-level analysis, 

TAC predicted these genes to have increased fold changes of 684 69.7, and 

3.37 respectively. Although the results shown in figure 5.13 demonstrate that 

the direction (higher expression in hypoxic control samples) of gene 

expression levels was in agreement with that observed in the microarray 

data; the relative fold changes were diminished as ADM was expressed at a 

relative fold change of 12.4 (significantly higher than oxic control at a level of 

p < 0.05), NDRG1 at a fold change of 15.7, and BNIP3 at a fold change of 

1.60. Nevertheless, this data shows that a hypoxic response was elicited as 

upregulation of these hypoxic markers were observed.  

Patterns of relative expression levels (in fold change) of the genes RBM6, 

KMT2A, PNISR, KCNMA1, and KDM1A were also in synchrony with the 

microarray data, with one exception: the expression levels in the KCNMA1 

gene did not appear to be upregulated in the out-of-field regions relative to 
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the shielded control samples under hypoxic conditions (figure 5.14). On the 

whole, RT-qPCR confirmed that the genes predicted by the microarray data 

were reliable in terms of being either upregulated/downregulated.  

However, similarly and like before, the relative expression levels were much 

lower than predicted and there were no significant differences in expression 

between any of comparisons described in table 5.20. In addition, the 

expression levels between the microarray data and RT-qPCR were shown to 

be statistically different in all cases (table 5.20), showing that although similar 

patterns and trends were observed, there was significant variation between 

the two techniques; however this may be due to statistical fluctuations in 

experiments.  

The trends shown in figure 5.14 suggest that the genes RBM6, KMT2A, 

PNISR, and KDM1A are upregulated out-of-field relative to their shielded 

controls under hypoxic conditions, and potentially could be targeted through 

gene silencing or therapeutic drugs to downregulate expression levels back 

to that found in the shielded control samples. 
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Figure 5.12: GAPDH housekeeping gene. All expression levels of genes of 

interest were made relative to the GAPDH housekeeping gene. Error bars 

represent standard error of the mean (n=3). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.13: Relative Expression of the Genes ADM, NDRG1, and BNIP3 

in Oxic and Hypoxic Non-Irradiated Control Cells. Expression levels (in 

fold change) of genes of interest made relative to the GAPDH housekeeping 

gene. Error bars represent standard error of the mean (n=3) and statistical 

significance at a level of p < 0.05 shown as an asterisk. 
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Figure 5.14: Relative Expression of the Genes of Interest in Oxic and 

Hypoxic Conditions. Expression levels (in fold change) of the genes RBM6, 

KCNMA1, KMT2A, KDM1A, and PNISR made relative to the GAPDH 

housekeeping gene. Error bars represent standard error of the mean (n=3).  
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Table 5.20: Comparison of Relative Gene Expression by Microarray and 

RT-qPCR. Relative gene expression levels shown as fold change relative to 

the housekeeping gene GAPDH. Statistical significance (p < 0.05) between 

the microarray and RT-qPCR fold change data shown as an asterisk.              

O2: Oxic;    N2: Hypoxic  

Gene Description of Comparison Microarray RT-qPCR 

RBM6 

Upregulated in O2 out-of-field          
relative to O2 8 Gy samples 

2.34 1.75 * 

Upregulated in O2  out-of-field relative 
to O2 shielded control samples 

2.16 1.60 * 

Upregulated in N2 out-of-field relative 
to N2 shielded control samples 

3.35 1.07 * 

KMT2A 

Upregulated in O2 out-of-field          
relative to O2 control samples 

2.06 1.30 * 

Upregulated in O2 out-of-field            
relative to O2 in-field samples 

2.10 1.56 * 

Upregulated in O2 out-of-field relative 
to O2 shielded control samples 

2.27 3.15 * 

Upregulated in N2 out-of-field relative 
to N2 shielded control samples 

2.83 1.24 * 

PNISR 

Upregulated in O2 out-of-field            
relative to O2 control samples 

2.17 1.70 * 

Upregulated in O2 out-of-field relative 
to O2 shielded control samples 

2.28 1.19 * 

Upregulated in O2 out-of-field           
relative to O2 in-field samples 

2.12 1.42 * 

Upregulated in N2 out-of-field relative 
to N2 shielded control samples 

3.79 1.28 * 

KCNMA1 

Upregulated in O2 out-of-field           
relative to O2 control samples 

6.26 1.25 * 

Upregulated in O2 out-of-field relative 
to O2 shielded control samples 

2.57 1.32 * 

Upregulated in N2 out-of-field relative 
to N2 shielded control samples 

2.96 -1.73 * 

Downregulated in N2 out-of-field 
relative to N2 control samples 

-3.07 -1.08 * 

KDM1A 

Upregulated in N2 out-of-field          
relative to N2 control samples 

2.08 1.55 * 

Upregulated in N2 out-of-field          
relative to N2 in-field samples 

2.04 1.18 * 
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5.2.5 QUB Accelerated Drug and Transcriptomic Connectivity 

(QUADrATiC) Output  

Using the gene set predicted by TAC, hypoxic unirradiated control samples 

were compared to oxic unirradiated control samples to identify potential small 

molecule compounds which could be investigated as candidates to treat 

prostate cancer (PC3 cells). Hypoxic control samples were entered into the 

QUADrATiC software as a positive dataset. After being run through the 

software, a list of 10,175 FDA-approved small molecules was generated. 

After filtering for a p level of 0.05 and small molecules known to treat PC3 

cells, the list of small molecules reduced to 271. In this case it was the aim to 

downregulate the hypoxic control samples towards the oxic control samples. 

Small molecules with the most negative Z score were predicted to achieve 

this aim. 

Table 5.21 (rank based on largest negative Z score) shows that based on the 

QUADrATiC software, Flupirtine, Mephentermine, and Acyclovir were the top 

predicted FDA-approved small molecules with the highest potential of 

downregulating the expression levels of genes in hypoxic control samples 

towards that in oxic control samples.  
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Table 5.21: FDA-approved Small Molecules with the Potential of 

Targeting Hypoxic Unirradiated Control PC3 cells. QUADrATiC software 

generated a list of FDA-approved small molecules that could downregulate 

hypoxic control samples closer to that found in oxic control samples (those 

with most negative z score). The software was filtered to include FDA-

approved small molecules that had previously been used to treat PC3 cells in 

addition to setting a p value of < 0.001 (QUADrATiC, 2017).  

 

 

 

  

FDA-approved small molecule N Z Raw p 

FLUPIRTINE__PC3 9 - 4.53 - 0.0405 0.0000057 

MEPHENTERMINE__PC3 10 - 4.14 - 0.0558 0.0000227 

ACYCLOVIR__PC3 12 - 4.08 - 0.0583 0.0000292 

MAFENIDE__PC3 15 - 3.87 - 0.0310 0.000107 

LAPATINIB__PC3 9 - 3.83 - 0.0359 0.000138 

GRANISETRON__PC3 4 - 3.24 - 0.0620 0.000607 

ACETYLCYSTEINE__PC3 32 - 2.75 - 0.0281 0.00533 

TRICHLORMETHIAZIDE__PC3 5 - 2.73 - 0.0363 0.00598 

QUINIDINE__PC3 9 - 2.70 - 0.0265 0.00664 

TIAPROFENIC-ACID__PC3 15 - 2.63 - 0.0204 0.00741 

HYDROFLUMETHIAZIDE__PC3 13 - 2.61 - 0.0206 0.00787 

MOXIFLOXACIN__PC3 21 - 2.56 - 0.0181 0.00988 
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5.3 Discussion 

Prostate cancer is one of the most leading causes of death from cancer in 

men worldwide, accounting for an estimated 366,000 deaths annually, with 

this number steadily increasing (Torre et al. 2015). Despite recent progress, 

prostate cancer remains a significant medical problem for the men affected, 

as more than 50% of patients with localised, high-risk prostate cancer 

relapse within 5 years (Cooper & Sanfilippo 2017). In addition to the 

inadequate therapies for metastatic prostate cancer, the presence of hypoxic 

cells in these tumours further leads to therapy resistance.  

Recent studies have shown significant hypoxia-induced disruption to the 

global transcriptome resulting in the differential expression of many 

transcription factors and their targets across many tumour types. Clariom-D 

microarrays were used here to predict hypoxia-regulated gene expression in 

prostate cancer (PC3) cells. Affymetrix software considered a fold change of 

 2 /  -2 and p value <0.05 as significant. Using these filters, we identified 

856 genes that were upregulated in hypoxic unirradiated control samples 

relative to oxic unirradiated control samples (comparison 1) (table 5.2). IPA 

ranked these genes based on expression values (table 5.3). These findings 

correlate with published results, as Yang et al. also found that 9 of these top 

10 genes (excluding ACKR3) were also upregulated under hypoxic 

conditions in PC3 cells (Yangb et al. 2018). 

In conditions of 1% oxygen concentrations for 24 hours, Yangb et al. (2018) 

further derived a 28-gene signature using an Affymetrix array in 11 cohorts of 

low- to high-risk prostate cancer patients with localised disease. 10 genes 

(ATF3, BHLHE40, SLC2A3, EGR1, KLF10, FOSL2, CYR61, SLC2A14, 
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KLF6, and TIPARP) in this 28-gene signature have been shown in the 

literature to be hypoxia regulated in different tumour sites (reviewed in Yangb 

et al. 2018). In this study, 6 of these genes (BHLHE40, KLF10, FOSL2, 

SLC2A14, KLF6, and TIPARP) were upregulated under hypoxic conditions. 

Furthermore, of these 28 genes, 13 were PC3 cell line specific, 8 of which 

were identified in this study to be upregulated in the hypoxic control samples 

(BHLHE40, KLF6, TIPARP, CSRNP1, PPP1R15A, RHOB, SIK1, and 

ZFP36).   

In addition to this, a preclinical investigation identified a 15-gene hypoxia 

profile in different prostate cancer cell lines under varying hypoxic conditions 

(0%, 0.5%, 1.0%, 2.0%, and 5.0% O2). In this investigation 5 genes were 

identified to be upregulated under hypoxia. These included ADM, ANKRD37, 

FAM162A, LOX, ALDOA, which were also upregulated in hypoxic control 

samples relative to the oxic controls in this study (Wittenborn et al. 2016).  

Specific treatment plans for prostate cancer patients are driven by clinical 

and pathological features (Marignol 2018). Recently, Abou-Ouf et al. (2018) 

refined and validated a previously characterised 10-gene model with 

prognostic implication to patients with prostate cancer. They suggest that 

high-dimensional discriminant analysis (HDDA10) is of value to Gleason 

grade grouping (scoring of biopsy specimens by a pathologist) and other 

clinical–pathological parameters in defining biochemical recurrence and 

metastasis (both in and outside the prostate region) endpoints, especially in 

the low to intermediate patients’ risk groups (Abou-Ouf et al. 2018; Mohler et 

al. 2010). Although analysis was carried out on patient samples who received 

radical prostatectomy for primary prostatic adenocarcinoma, we report that of 
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the 10 genes validated in their study, only 1 (SDCBP2) was upregulated 

under hypoxic conditions in this current study.   

The above findings confirm that an appropriate hypoxic response was 

stimulated in the PC3 cells as upregulation of similar differentially expressed 

genes have been reported in the literature. Of the 856 genes upregulated in 

comparison 1, ADM, NDRG1, and BNIP3, all markers of hypoxic response 

were taken forward for validation by RT-qPCR. Figure 5.13 demonstrated 

that in each case, expression levels were higher in each of the genes under 

hypoxic conditions. Although expression levels were significantly higher in 

the ADM gene, the magnitude of the expression levels of these 3 genes as 

predicted by TAC could not be replicated here. It is suggested that possible 

limitations for the observed expression levels (in fold change) is due to 

experimental error or standardization differences between the TAC software 

and in vitro RT-qPCR.   

Combination therapies (drugs/small molecules in combination with radiation) 

can result in improved clinical outcomes for patients, as many diseases like 

prostate cancer have regions of low oxygen tensions. Jonsson et al. 

demonstrated that pretreatment of DU145 and PC3 with clinically relevant 

doses of the class I/II HDAC inhibitor vorinostat led to significant 

radiosensitation under both oxic and hypoxic conditions (Jonsson et al. 

2016), while fucoidan-manganese dioxide nanoparticles was shown to 

reverse the hypoxia-induced radioresistance in pancreatic cancer cells by 

decreasing clonogenic survival and increasing DNA damage and apoptotic 

cell death in response to therapy (Shin et al. 2018). Furthermore, in a phase I 

clinical trial, Narayan et al. demonstrated that Everolimus at a dose of 10mg 
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in combination with fractionated post-prostatectomy radiation therapy was 

able to radiosensitise prostate cancer cells by reducing prostate-specific 

antigens 18 months post-treatment (Narayan et al. 2017).  

It is therefore of clinical value to be able to identify drugs/small molecules that 

can show similar effects in conjunction with radiation therapies as those 

mentioned above. QUADrATiC software enables the exploration of gene 

expression connectivity on the subset of the Library of Integrated Cellular 

Signatures (LINCS) data set corresponding to FDA-approved small molecule 

compounds. The software offers the potential to analyse transcriptional data 

and enable the identification of compounds for repurposing therapeutic 

potential. It is believed that QUADrATiC provides more biologically-relevant 

results than previous alternative solutions (O’Reilly et al. 2016).  

Table 5.20 indicates that several FDA-small molecules could downregulate 

hypoxic responses similar to that under oxic conditions; ideal to generate 

more cell killing. Although lapatinib is an oral inhibitor of epidermal growth 

factor receptor (EGFR) and HER-2, pathways associated with breast cancer, 

they may also be involved in activation of androgen receptor and progression 

of prostate cancer (Whang et al. 2013). Several genes associated with both 

EGFR and HER-2 were upregulated under hypoxic conditions in this study. 

There were 2 genes in particular, SOD2 and FOS which were upregulated 

here that were recently identified to be involved in HER2 positive breast 

cancer by Zhong et al. (Zhong et al. 2016).  

EGFR tyrosine kinase inhibitors like lapatinib have shown to sensitise non-

small cell lung cancer (NSCLC) cells to vacuolar H + ATPase (vATPase) 
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inhibitors via downregulating HIF1α/BNIP3 expression and enhancing 

synergistic cell death (Jin et al. 2015). Other studies have shown that hypoxia 

promotes lapatinib-resistance in ERBB2-positive breast cancer cells via HIF1 

regulation of the ERK pathway. Furthermore, breast cancers containing high 

levels of HIF1 and reduced dual-specificity phosphatase 2 (DUSP2) 

expression could be utilised as predictive markers for lapatinib-resistance 

and identify patient populations that may benefit from combination treatment 

with lapatinib and MEK inhibitors for the treatment of hypoxic ERBB2-positive 

tumours (Karakasheva & Reginato 2015; Karakashevb & Reginato 2015). 

Targeting the androgen receptor (AR) with anti-androgen drugs remains a 

critical component of novel castration-resistant prostate cancer (CRPC) 

therapies. Enzalutamide (ENZ) which prevents AR signalling has significant 

anti-tumor effects both in vitro and in vivo. Combination treatment of 

Lapatinib with ENZ most effectively induced cell death (increased apoptosis) 

in LNCaP cells in vitro and was more effective than ENZ alone in preventing 

tumour growth in an in vivo model of CRPC (Shiota et al. 2015). Furthermore, 

in a phase II trial, lapatinib (dose of 1500 mg once daily) was given to a small 

subset of unselected patients with CRPC, as measured by PSA. Although 

lapatinib showed single agent activity, Whang et al. suggests that future trials 

should explore combination therapies of lapatinib with other agents (Whang 

et al. 2013). 

Lapatinib could be a good candidate to take forward to check for sensitization 

of hypoxic cells by clonogenic survival assays. This could further be 

assessed in combination with advanced radiotherapy techniques.  



326 
 

Differences in the oxygen tension between normal tissues and tumours 

provide the potential for designing tumour-specific gene therapies in 

combination with radiotherapy techniques. Such therapies exploit genes/ 

expression markers/signatures in bystander regions and can provide 

information on the signalling that takes place between irradiated cells and 

cells placed outside the treatment field. 

Alterations in the tissue microenvironment may impact directly irradiated cells 

by inducing the expression of pro-survival genes that could promote cancer 

development in other regions. Previous studies have demonstrated the 

importance of signalling between in- and out-of-field regions at the cell 

survival and DNA damage level. Under hypoxic conditions, Thompson et al. 

observed a differential response out-of-field dependent on time and 

intercellular communication, while oxygen status appeared to play no 

significant role in these regions (Thompson et al. 2017). These regions 

showed increased cell killing, while in-field regions demonstrated a protective 

effect on cell survival. They further reported that cell death was most 

significant 6 hours post-irradiation in the out-of-field regions under all oxygen 

tensions investigated. Considering this as the time most of the cell-cell 

signalling takes place, this chapter also used a time point of 6 hours post-

irradiation to investigate gene expression in PC3 cells.  

To narrow the results generated, we considered those genes upregulated 

out-of-field under hypoxic conditions relative to the shielded controls. We 

identified that 156 genes were upregulated in hypoxic shielded controls 

relative to hypoxic out-of-field regions (comparison 14), 171 in hypoxic in-field 

relative to hypoxic out-of-field regions (comparison 15), 151 in in oxic 
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shielded controls relative to oxic out-of-field regions (comparison 24), 171 in 

oxic in-field relative to oxic out-of-field regions (comparison 25) (table 5.2). 

Venn diagram analysis confirmed 5 genes that were upregulated in some 

way out-of-field under hypoxic conditions. These genes included KDM1A, 

KCNMA1, RBM6, PNISR, and KMT2A (tables 5.9 – 5.14).   

These 5 genes were also taken forward for validation by RT-qPCR. In each 

case, expression levels followed the same trends as that predicted by TAC 

(outlined in table 5.20). Like before, the magnitude of the expression levels 

as predicted by TAC could not be replicated on this occasion. Table 5.20 

shows that the expression levels predicted by TAC were significantly higher 

than that calculated by RT-qPCR, even when similar values were obtained. It 

is possible that the microarray overestimated relative fold change or 

expression was underestimated by RT-qPCR. This demonstrates the huge 

complexity in terms of the alterations in gene expression profiles across the 

many experimental groups investigated.  

Tables 5.15 – 5.19 summarise key information about each of the genes of 

interest based on data provided by IPKB. At first glance, KDM1A (also 

named LSD1) is shown to be involved in prostate cancer. KDM1A is a 

demethylase that removes methyl groups from histones H3K4me1/2 and 

H3K9me1/2 (Shi et al. 2004), and is aberrantly expressed in many cancers 

(prostate: Schulte et al. 2009; Metzger et al. 2005) where it impedes 

differentiation and contributes to cancer cell proliferation, cell metastasis and 

invasiveness, and is associated with inferior prognosis (Yanga et al. 2018). 

Many of the genes that KDM1A is regulated by/regulates have also been 

previously reported to be involved in prostate cancer and its progression [e.g. 
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MYC in prostate cancer: (Baena-Del Valle et al. 2018; Barfeld et al. 2017; 

Hubbard et al. 2016)].   

KDM1A has been reported to be recruited directly to sites of DNA damage. 

This correlates with results from chapter 4 were there was more DNA 

damage than expected in the out-of-field regions (figures 4.14 – 4.16). 

Consistent with roles of a DDR, Mosammaparast et al. shows that 

knockdown of KDM1A results in hypersensitivity to gamma-irradiation and 

increased homologous recombination (Mosammaparast et al. 2013). Other 

studies have shown that KDM1A regulates VEGF expression in prostate 

cancer, a known gene upregulated in hypoxia. Inhibition of KDM1A was 

shown to suppress VEGF expression and block androgen induced 

expression. In addition, growth of hormone dependent (LNCaP) and 

independent (PC3) prostate cancer cells were also suppressed through 

reduced proliferation (Kashyap et al. 2013).  

Although several types of KDM1A inhibitors have been documented in the 

literature, with some even undergoing clinical trials, there are still many 

problems that have to be overcome before its clinical use (e.g. problems 

developing selective inhibitors, side effects in the blood, inhibitors playing 

different roles across cancers) (Yanga et al. 2018; Dent & Chandra 2013; 

Abdulla et al. 2013; Lomenick et al. 2011). In this study, KDM1A was 

upregulated out-of-field relative to in-field regions under hypoxic conditions 

and also in out-of-field regions relative to unirradiated controls under hypoxic 

conditions. Although in-field regions were irradiated with a dose of 8 Gy, 

lower doses may yield additional results and differential gene expression 

levels. However, with more research and fine tuning, genes like KDM1A have 
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the potential to become biomarkers in response to the signalling that takes 

place in hypoxic subvolumes of prostate cancer.  

As more evidence regarding the molecular and genetic factors that contribute 

to the signalling that takes places between directly irradiated and out-of-field 

regions is made available, this will provide important insights into the 

mechanisms of hypoxia-induced cellular changes. Although a number of 

challenges remain such as robustness of signatures, and the stability of 

genes across heterogeneous and ever-changing oxygen levels of tumours 

(Marignol 2018); validating hypoxic signatures in this context will hopefully 

result in improved detection and characterisation of prostate cancer, and 

move us towards more personalised treatment strategies. 
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Chapter 6 

 

General Discussion of the Results and  

Future Work  
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6.1 Discussion   

It is widely reported that hypoxia is a major impediment in the success of 

radiotherapy. Although IMRT allows precise dose conformity through delivery 

of multiple spatially and temporally fractionated radiation fields, several in 

vitro studies show a differential radiobiological response in cells placed out-

of-field which is not completely contributed by scattered dose (Mancuso et al. 

2013; McMahon et al. 2013; McMahon et al. 2012; McGarry et al. 2011; 

Butterworth et al. 2011; Butterworth et al. 2010; Bewes et al. 2008; Mancuso 

et al. 2008; Mackonis et al. 2007; Moiseenko et al. 2007). Defining these out-

of-field effects is paramount in optimising advanced radiation techniques as a 

greater proportion of cells are exposed to low doses of radiation, and this 

sets the basis of the work carried out here.   

Previous research investigating cell survival following modulated exposures 

under oxic conditions have shown decreases in cell survival out-of-field, and 

increases in survival in-field when intercellular communication is intact, with 

the ability to physically inhibit these altered responses through inhibiting 

intercellular communication between the in- and out-of-field regions 

(Butterworth et al. 2015; Butterworth, McGarry, Trainor, et al. 2012; C Trainor 

et al. 2012; Butterworth et al. 2011). Here, the radiation response in a range 

of cell lines with varying radiosensitivities are in close agreement with those 

previously reported under oxic conditions. In addition to decreased cell 

survival out-of-field and increased cell survival in-field, further reductions in 

survival were also observed under hypoxic conditions when compared to oxic 

exposures. This data is indicative of RIBEs and although out-of-field cells 

play a significant role in biological response; it is important to note that RIBEs 
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are increasingly important under hypoxic conditions as they have an equal or 

greater radiosensitising effect at doses of 4 and 8 Gy. As inhibition of 

intercellular communication abrogated responses to that shown following 

uniform exposures, this infers that direct physical dose and hypoxia itself are 

not responsible for the decreased survival observed out-of-field.  

Ex vivo cell survival further suggested communication status was important in 

cell survival as half-field (representing in-field) regions had increased 

radioresistance. These observed responses may have similar genetic factors 

which predispose these regions to increased radioresistance to in vitro cells.  

Re-culture techniques were used to characterise the signalling kinetics of in- 

and out-of-field responses under oxic and hypoxic conditions at varying time 

points post-irradiation. Results suggest that out-of-field effects are 

differentially mediated than direct effects and occur much more slowly. From 

our laboratory, Butterworth et al. showed comparable trends to those shown 

here both in- and out-of-field at the same time points post-irradiation in 

DU145 and H460 cells under oxic conditions (Butterworth et al. 2015). On the 

whole, this data confirms that out-of-field regions are strongly dependent on 

intercellular communication and incubation time with shared media from the 

in-field population. The ability to validate the time at which signalling between 

the in- and out-of-field takes place may offer important contributions towards 

understanding the underlying mechanisms taking place and genes to 

therapeutically target.  

Nevertheless, the data presented here provides evidence that at the cell 

survival level, radiosensitivity, dose, time dependency, and communication 
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status are all important factors that need to be considered in the role of 

hypoxia during modulated exposures where steep dose gradients are 

present.  

The importance of intercellular communication at the cell survival level 

warranted further study to determine the response of hypoxia to modulated 

radiation fields at the DNA damage level. While researchers have 

demonstrated DNA damage induction using approaches including particle 

irradiation and conditioned medium under hypoxic conditions (Ghandhi et al. 

2014; Zhang et al. 2012), there are currently no studies which provide any 

suggestion for the role of bystander signalling following modulated beam 

exposures under hypoxic conditions.   

Again, the data presented here continues on from the research carried out in 

our laboratory looking at DNA damage following modulated exposures under 

oxic conditions (Colman Trainor et al. 2012). Trainor et al. demonstrated an 

increase in 53BP1 foci out-of-field and a diminished induction of foci in-field 

following 1 Gy irradiation when compared to uniformly irradiated cells under 

oxic conditions. Similarly to cell survival, they also demonstrated that physical 

inhibition of intercellular communication abrogated the responses of DNA 

damage to that comparable to their respective uniform equivalents.  

In this study, DNA damage measured using the fluorescent detection of 

53BP1 was determined following oxic, reoxygenated and prolonged hypoxic 

conditions after exposure to modulated irradiation. These two hypoxic 

conditions were taken into consideration as acute and chronic hypoxia not 

only represents different pathophysiologies, but also variable biological and 
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therapeutic consequences. Although hypoxia itself does not lead to increased 

53BP1 foci counts, it has been suggested it does however trigger a DNA 

damage response in out-of-field regions. 

All manifestations of the RIBE require the generation of some form of DNA 

damage in the bystander cell, and this is consistent with observations from 

Trainor et al. and this study. Following oxic, reoxygenated, and prolonged 

hypoxia, an increase in foci counts 1 hour post-irradiation was observed out-

of-field. Trends towards increased foci counts were also seen in the 

subsequent 24 hours; however in some cell lines the level of DNA damage 

was relatively low. A modulated response was also evident in-field as the 

levels of foci counts/cell decreased at a time of 1 hour post-irradiation across 

all conditions investigated. Responses were shown to be cell line specific.  

Again, physical inhibition of intercellular communication abrogated responses 

to that of their uniform counterparts. Additionally and on the whole, in 

conditions were intercellular communication was intact, the induced DNA 

damage observed in cells placed out-of-field were not impacted by oxygen 

status (corresponding with cell survival data) and time, however these factors 

did in fact impact the damage observed in the in-field regions significantly.       

Data here further provides evidence that oxygen status, time, and 

communication status are the important factors that contribute and impact the 

DDR following modulated exposures.   

A summary of the responses observed at the cell survival and the DNA 

damage level following uniform and modulated radiation under oxic and 

hypoxic conditions is shown in figures 6.1 and 6.2. 
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Figure 6.1: A schematic summarising the levels of difference in both 

cell survival and DNA damage response following uniform radiation 

under oxic and hypoxic conditions. Across all cell lines, hypoxic cells 

uniformly irradiated at 8 Gy have increased levels of cell survival when 

compared to oxic cells at the same irradiation dose (red sectors). This data is 

consistent with that of the DNA damage as increased levels of cell survival 

correlate with less DNA damage. Again across all cell lines, hypoxic cells 

uniformly irradiated at 1 Gy have decreased levels of DNA damage 1 hour 

post-irradiation when compared to oxic cells at the same irradiation dose and 

time (green sectors). 

** Darker shades of red/green represent larger increases compared to lighter 

shades of colour.  

A darker red represents increased levels of cell survival

A darker green represents increased levels of DNA damage 
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Figure 6.2: A schematic summarising the levels of difference in both cell 

survival and DNA damage response following modulated radiation under 

oxic and hypoxic conditions. In-field regions under oxic conditions show small 

increases in cell survival (1) when compared to uniform equivalents. This is 

consistent with that expected for DNA damage as under oxic conditions in-field 

regions show small decreases in the levels of DNA damage (2). Similar 

observations are seen in-field under hypoxic conditions, however the levels of 

cell survival (3) is significantly higher when compared to oxic conditions while the 

levels of DNA damage (4) are further decreased compared to oxic conditions. As 

intercellular communication can take place between the in- and out-of-field 

regions, under oxic conditions out-of-field regions show decreased levels of cell 

survival (5) and increased levels of DNA damage (6) when compared to their 

uniform equivalents. Levels of cell survival are similar in the out-of-field regions 

under oxic and hypoxic conditions as oxygen status plays no role in these 

regions (5 and 7). The same can be observed for the levels of DNA damage out-

of-field (6 and 8). 

** Black arrows illustrate that intercellular communication between the in- and 

out-of-field regions modulate responses.  

** Darker shades of colour represent larger increases/decreases compared to 

lighter shades of colour.   

A darker red represents increased levels of cell survival/ DNA damage 

A darker green represents decreased levels of cell survival/DNA damage 

5. 

4. 

1. 

2. 6. 

7.

8.

3.
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As hypoxic cells have the ability to adapt to their environment, it is not 

surprising that these cells undergo genetic mutations to regulate apoptosis in 

order to stimulate tumour progression and survive against cancer treatment 

regimes such as radiotherapy. Despite these detriments, there have been 

numerous strategies employed over the years to overcome the resistance 

linked with hypoxia. More recently however, hypoxic gene expression 

signatures have become an increasingly popular strategy used in mapping 

disease, showcasing genes of interest, and predicting the benefit of hypoxia-

modifying agents to radiotherapy.  

As there is extensive inter-tumour and intra-tumour heterogeneity in tumour 

hypoxia, it is understood that gene expression profiling/ microarray analysis 

provides valuable information regarding the signalling effects at the whole 

organism level. To our knowledge, this was the first Clariom-D array analysis 

looking at the out-of-field signalling effects in PC3 cells subject to hypoxia.  

Comparisons 1 and 5 (tables 5.6 and table 5.7) demonstrated hypoxic 

conditions were achieved across the sample sets as a number of hypoxic 

markers which have been published in the literature were upregulated (Yangb 

et al. 2018; Harris et al. 2015). In both cases, many of these upregulated 

genes were similar across the comparisons (e.g. ADM, HILPDA, ANKRD37, 

PFKFB3, and NDRG1). 

Although, the top canonical pathways and upstream regulators were not 

explored further in this study, tables 5.3 – 5.8 in addition to IPA provided 

detailed information on potential pathways and molecules of interest across 

all 25 comparisons (table 2.2) investigated. At the gene molecule level, 
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RBM6, KMT2A, PNISR, and KDM1A all showed trends in upregulation out-

of-field, however on this occasion, the magnitude at which these genes were 

expressed could not be replicated (by RT-qPCR) to the expression levels 

predicted by TAC. This demonstrates the huge complexity in terms of the 

alterations in gene expression profiles across the many experimental groups 

investigated. 

A schematic representing the genes predicted by IPA to be upregulated in 

the out-of-field regions (comparative to their control equivalents) under 

prolonged hypoxic conditions is shown in figure 6.3. 

Overall, gene expression data shows numerous ways to pursue and target 

out-of-field effects. Some of these methods have included identifying 

particular pathways and upstream molecules associated with a dataset, 

identifying genes of interest in a dataset, and identifying FDA-approved small 

molecules that can downregulate expression to that of another known 

sample. Through these techniques, it is hoped that bystander hypoxic gene 

signatures can be identified and exploited to improve response to therapy.   

In conclusion, the data overall demonstrates that following modulated 

radiation, in-field regions respond differently to out-of-field regions. Under 

hypoxic conditions, both time and intercellular communication have shown to 

impact the survival of cells placed out-of-field, while the oxygen status of 

these cells plays no significant role in this bystander response. Although 

several genes have been identified to be upregulated out-of-field, further 

investigations are needed to comprehensively understand the full cellular 
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response. This will likely add to our knowledge on the mechanisms involved 

in gene expression, regulation, and adaptation in hypoxic tumours.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3: A schematic summarising the predicted genes upregulated 

out-of-field under hypoxic conditions in prostate PC3 cells. The above 

genes of interest were predicted by IPA when statistical significance was set 

at p < 0.05 with an absolute fold change of  2.0 or  2.0. 
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6.2 Future Work 

Following on from the work carried out in this thesis, in vitro cytokine analysis 

from the culture media in the penumbra region (exclusion zone between the 

in- and out-of-field regions) could be investigated to screen for up- or down-

regulation of many of the cytokines involved in bystander response at various 

time points. Initially this could include TNFα and TGFβ. 

In addition to this, other approaches could be taken to identify additional 

molecules and mechanistic pathways which target out-of-field regions subject 

to hypoxia. The genes validated in this thesis where those which were 

upregulated out-of-field. Similar investigations could be considered to explore 

genes that are downregulated in these out-of-field regions, which again could 

be validated by RT-qPCR. Furthermore, in order to visualise interactions that 

might reveal regulatory hubs, genes from the top scoring direct irradiation 

networks, as predicted by IPA, could be used to generate merged pathway 

networks for each of comparisons highlighted in table 2.2. Figures 5.3 – 5.8 

show the top canonical pathways that are implicated in the regulation of out-

of-field gene expression response 6 hours post-irradiation, however, gene 

expression levels could also be investigated at additional time courses to 

monitor and compare relative expression levels, and their associated 

pathways.  

The impact of hypoxic microenvironments on signalling responses between 

the in- and out-of-field regions could also be investigated through various 

clamping techniques in mouse models. From these tumours, additional 

genes of interest could be validated which would be more in keeping with the 

clinical setting.  
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Future studies could be designed to treat PC3 cells prior to irradiation with 

different small molecules predicted by QUADrATiC. Table 5.20 highlighted 

several FDA-approved small molecules which have the potential to 

downregulate hypoxic control prostate samples towards oxic control samples. 

Initially this could be assessed by clonogenic cell survival assays, and if 

hypoxic cell survival was similar to oxic survival, QUADrATiC could further 

investigate comparisons out-of-field, possibly between the out-of-field regions 

and the shielded control samples under both oxic and hypoxic conditions. 

In addition, small molecular inhibitors of hypoxia-regulated pathways such as 

IRE1 could be investigated (concentration of inhibitor, treatment time prior to 

irradiation) to assess whether hypoxic responses could be radiosensitised to 

that similar under oxic conditions. This would assess if such inhibitors could 

be given to patients prior to radiotherapy to create more effective cell killing in 

tumours with hypoxic subvolumes. This could also be extended to KDM1A 

inhibitors to verify radiosensitation in hypoxic prostate cancer (PC3). 

In recent years, ‘FLASH’ radiotherapy has become a promising new tool in 

radiation studies. This type of radiotherapy depletes the oxygen 

instantaneously (making cells acutely hypoxic) in normal tissue in addition to 

maintaining tumour control (reviewed in Harrington 2019; Bourhis et al. 2019; 

de Kruijff 2019; Durante et al. 2018), making it possible to increase treatment 

doses without harming surrounding normal tissue. It is this use of ultra-high 

dose rates at extremely short irradiation times (>40 Gy/sec compared to 

traditional studies like that here delivering 0.591 Gy/min) that have attracted 

the attention in radiation oncology departments worldwide for the potential in 

clinical applications. If this technique was to be applied under similar 
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conditions to that carried out in this thesis, it would be predicted that in-field, 

the FLASH effect would give additional protection compared to results 

following modulated radiation, whereas out-of-field results would show no 

significant differences given that oxygen does not impact out-of-field regions. 

This work should be investigated at varying ultra-high dose-rates on different 

oxygen tensions. 
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Appendix 1: 

 

Buffers, Solutions, and Reagents 
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CELL CULTURE 
 

Penicillin/Streptomycin (P/S) – 5mg/ml 

Purchased as a sterile solution (GibcoBRL) and stored at -20oC in 10ml 

aliquots 

 

Foetal Bovine Serum (FBS)  

Purchased as sterile 500ml bottles (GibcoBRL) and stored at -20oC in 50ml 

aliquots 

 

1x Phosphate Buffered Saline (PBS) 

1 PBS tablet (OXOID) 

100ml ddH20 

Autoclaved before use  

 

10x Trypsin-EDTA 

Purchased as sterile 100ml bottles (GibcoBRL) and diluted 1:4 with sterile 1x 

PBS. Stored at -20oC in 10ml aliquots  

 

Sodium Pyruvate 

Purchased as sterile 100ml bottles (GibcoBRL) and stored at -20oC in 10ml 

aliquots  

 

Freezing Medium 

1ml DMSO (Sigma Aldrich) 

9ml FBS 

 

Crystal Violet 

5g crystal violet (Sigma Aldrich)  

950ml Methanol  

50ml ddH20 

 

1x PBS/1% FBS 

5ml FCS (GibcoBRL) 

450ml 1xPBS 

 

PBS-EDTA 

500µl 0.5M EDTA (pH 8.0) 

Made up to 500ml with 1xPBS 
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WESTERN BLOTTING  
 

BSA 
10mg Bovine Serum Albumin (Sigma Aldrich) 

10ml ddH20  

Stored at 4oC  

 

RIPA Buffer   

0.606g 50mM TRIS pH7.4 

0.876g 150mM NaCl 

0.186g 5mM EDTA 

1ml 1% Triton X 

1ml 20% SDS (total concentration 1ml of 10% SDS) 

Made up to 100ml with ddH20 and stored at 4oC. Two protease inhibitor 

cocktail tablets were added per 10ml stock RIPA buffer prior to use. Stored at 

-20oC in 1ml aliquots. 

 

BCA Protein Assay (Thermo Scientific) 

5µl Reagent A 

45µl Reagent B 

Per well in a 96 well-plate 

 

10% Polyacrylamide Gel 

4ml ddH20 

3.3ml 30% Acrylamide mix 

2.5ml 1.5M Tris (pH 8.8) 

0.1ml 10% SDS 

0.1ml 10% APS 

0.004ml TEMED 

Per gel 
 

STACK 

2.7ml ddH20 

0.67ml 30% Acrylamide mix 

0.5ml 1.0 M Tris (pH 6.8) 

0.04ml 10% SDS 

0.04ml 10% APS 

0.004ml TEMED  

Per gel 
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Resolving Gel for Western Blotting 

(BioRad - TGX and TGX Stain-Free FastCast Acrylamide Kit and Starter 

Kit) 

4ml Resolver A 

4ml Resolver B 

4µl TEMED 

40µl 10% APS 

Per gel  

 

Stacking Gel for Western Blotting 

(BioRad - TGX and TGX Stain-Free FastCast Acrylamide Kit and Starter 

Kit) 

1.5ml Stacker A 

1.5ml Stacker B 

3µl TEMED 

15µl 10% APS 

Per gel  

 

10% APS  

1g ammonium persulphate (Sigma Aldrich) 

9ml ddH20 

 

Loading dye  

Mercaptoethanol  

 

10x Western Blotting Running Buffer 

10g SDS 

144g Glycine 

30.3g TRIS 

Made up to 1 litre with ddH20 

 

1x Western Blotting Running Buffer 

100ml 10x Running Buffer 

900ml ddH20 

 

10x Western Blotting Transfer Buffer 

144g Glycine 

30.3g TRIS 

Made up to 1 litre with ddH20 

 

1x Western Blotting Transfer Buffer 

700ml ddH20 

100ml 10x transfer buffer 

200ml methanol 
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Western Blotting Washing Solution 

900ml ddH20 

100ml TBS 

1ml TWEEN-20 

  

Methanol/Acetone cell fixative  

50ml methanol 

50ml acetone  

75% ethanol  

7.5ml ethanol  

2.5ml ddH20  

 

 

 

 

 

GENE EXPRESSION 
 

Transcriptor First Strand cDNA synthesis kit  

4ul React Buffer 

0.5ul RNAse Inhibitor  

2ul dNTP 

0.5ul Transcriptase 

 

The LightCycler 480 SYBR Green I Master Mix (5uM)  

5ul CYBR 

0.5ul Forward Primer 

0.5ul Reverse Primer 

1ul Water 

Per well in a 96 well plate 
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ANTIBODIES 

Name Source 
Product 

code 
Manufacturer Dilution 

P
R

IM
A

R
Y

 

β – actin Mouse #3700 Cell Signalling 1:1000 

HIF1α Rabbit #3716 Cell Signalling 1:1000 

GLUT1 Rabbit ab15309 Abcam 1:5000 

53BP1 Rabbit NB100-304SS Novus Biologicals 1:5000 

S
E

C
O

N
D

A
R

Y
 

Anti-Mouse Anti-Mouse #7076 Cell Signalling 1:1000 

Anti-Rabbit Anti-Rabbit #7074 Cell Signalling 1:1000 

Alexa Fluor 
488 

Goat Anti- 
Mouse 

A-11029
Thermo Fisher 

Scientific  
1:1000 

Alexa Fluor 
568  

Goat Anti-
Rabbit 

A-11036
Thermo Fisher 

Scientific  
1:1000 
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Appendix 2: 

 

Dosimetry verification:                                               

Comparison of the Small Animal Radiation 

Research Platform (SARRP) and X-RAD 225 

generator   
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A2.1 Introduction 

In an age where radiotherapy is a key component of cancer treatment, both 

researchers and clinicians depend on translational in vivo models to 

investigate radiobiological hypotheses and develop new therapies (Ford et al. 

2017; Dilworth et al. 2014). Implementation of these pre-clinical studies with 

technical complexity is better performed on irradiators capable of focal 

irradiation with image guidance. These include commercial platforms such as 

the X-Rad 225Cx system (Precision X-ray, North Branford, USA), the Small 

Animal Radiation Research Platform (SARRP, Xstrahl Inc, Suwanee GA, 

USA) or newer stereotactic radiotherapy systems developed in house like the 

image guided small animal arc radiation treatment system (iSMAART) (Sha 

et al. 2016). 

The SARRP system delivers single or multiple beams of radiation to the 

target with the upmost accuracy through incorporation of cone-beam 

computed tomography (CBCT) imaging. Furthermore, this system matches 

both the standard of care in the pre-clinical setting, and the movements 

available on clinical radiation machines in oncology departments worldwide 

(Tillner et al. 2014; Verhaegen et al. 2014; Verhaegen et al. 2011; Deng et al. 

2007). While this platform is designed to assess the efficacy and efficiency of 

current treatment regimens and provide new data that can help shape future 

radiation protocols, the key to matching clinical studies is the ability to 

achieve conformal reproducible dose distributions at the pre-clinical stage 

(Sharma et al. 2017; Glide-Hurst & Chetty 2014).  

The rate at which dose is delivered impacts cell survival and the DDR. During 

prolonged irradiation at low dose-rates, induction of toxic DNA lesions along 
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the particle track competes with DNA damage repair, leading to reduced cell-

killing; often dominant in late responding cells (Van Limbergen et al. 2015; 

Matsuya et al. 2014). Yet, increased induction of mutation or chromosomal 

aberrations and enhancement of cell-killing in even lower dose rates (10 - 

100 cGy/hour) have been reported (Stevens et al. 2014; Mitchell et al. 2002; 

Amundson & Chen 1996). However, these effects are believed to result from 

low-dose hypersensitivity and intercellular signalling. Nevertheless, it has 

been suggested that the higher the dose rate, the more damaging tissue 

biological effects become (Van Limbergen et al. 2015).  

Despite this, under modulated conditions, Butterwortha et al. (2012) 

demonstrate no significant differences in cell survival when doses of 4 and 8 

Gy were delivered in-field and 0.12 and 0.24 Gy out-of-field at various dose-

rates between 0.25 - 4 Gy/min in DU145 and AGO-1522 cells. 

The goal of pre-clinical radiotherapy studies is to translate discovery through 

human trials. As SARRP continues to enhance the understanding of how 

radiation interacts with tissue, the mechanisms of DNA repair, and ultimately 

how radiation can be used in the most effective way to improve patient 

centred healthcare; radiobiological considerations between the X-RAD 225Cx 

for in vitro studies and the SARRP system for in vivo models should be 

aligned before the design of clinically relevant trials.   



352 
 

A2.2 Additional Materials and Methods  

A2.2.1 Irradiation Set-up 

To deliver accurate radiation dose to small animals, the irradiator was 

calibrated in terms of absolute dose, for which a protocol such as the AAPM 

code of practice is followed (Chair et al. 2001; Nath et al. 1994). The dose 

rates for 5x5 mm collimator aperture and broad field exposures in the 

SARRP platform is 0.27 ± 0.16 Gy/min and 3.95 Gy/min respectively. 
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A2.3 Results  

A2.3.1 Radiobiological verification of dose across different radiation 

sources 

Radiation dose response curves and DNA damage assays were performed in 

a panel of cell lines irradiated using both X-RAD 225 and SARRP sources.  

Cell survival assays were performed for each cell line following irradiation 

using the X-RAD 225 cabinet source (solid line) and the SARRP source 

(dashed line), and represented as the surviving fraction (figure A2.1). Close 

agreement was observed between survival responses across both irradiation 

platforms for all cell lines. However, trend towards increased survival at 8 Gy 

was observed for all SARRP irradiated cells. A significant increase (p < 0.05) 

in cell survival was observed when comparing SARRP to the X-RAD 225 

source in DU145 cells at 4 Gy and in both MDA231 and DU145 cells at 8 Gy. 

However, at the DNA damage level following broad field uniform exposures 

at a dose of 1 Gy, there was no significant differences at 1 or 24 hours post-

irradiation in any of the cells lines investigated (figure A2.2).  

 

A2.3.2 Effect of Dose Rate on Mean Inactivation Dose (MID) 

MID is a useful concept for the comparison of human cell survival curves. 

Unlike other parameters of radiobiology, mean inactivation dose (MID) 

estimates the radiation sensitivity of mammalian cells at low and high 

radiation doses. Total responses were evaluated by calculating the MID, 

defined as the area under the dose response curve for each cell line on each 

irradiation source. The ratio of SARRP MIDs to XRAD MIDs were found to 

range from 0.98 for H460 cells to 1.09 for DU145 cells, but there was no 
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significant trend across each cell line (mean ratio 1.028 ± 0.027), suggesting 

equivalent biological effects. These results are summarised in table A2.1.   
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Figure A2.1: Cell survival following uniform irradiation by an X-RAD 225 

Generator (solid line) and Small Animal Radiation Research Platform 

(SARRP) (dashed line). Data shown for H460, MDA231, A549, and DU145 

cell lines. Error bars indicate standard error of the mean (n=3).  
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Figure A2.2: Average number of 53BP1 foci per cell after a 1 Gy uniform 

irradiation by an X-RAD 225 Generator and Small Animal Radiation 

Research Platform. Data shows DNA damage responses at 1 and 24 hours 

post 1 Gy irradiation in FaDu (red), Detroit-562 (orange), H460 (yellow), 

DU145 (purple), A549 (blue), and MDA231 (green) cell lines. Error bars 

indicate standard error of the mean (n=3) and significant difference at a level 

of p < 0.05. 
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Table A2.1. Mean Inactivation Dose (MID) for SARRP and X-RAD 225 

sources. The ratio between SARRP MIDs and X-RAD 225 MIDs has been 

calculated in A549, H460, DU145, and MDA231 cell lines. Standard error of 

the mean (n=3) shown in brackets. 

  

 

Cell       

Line 

 

SARRP  

MID 

 

X-RAD 225  

 MID 

Ratio  
SARRP MID /     

X-RAD 225 MID 

A549 3.84 (± 0.078) 3.71 (± 0.045) 1.03 

H460 3.29 (± 0.066) 3.33 (± 0.068) 0.98 

DU145 3.45 (± 0.10) 3.14 (± 0.098) 1.09 

MDA231 3.59 (± 0.074) 3.59( ± 0.053) 1.0 
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A2.4 Discussion  

Although  considerable differences between animal models and humans exist 

(Koontz et al. 2017), their genetic backgrounds are generally comparable in 

the context of radiation response. Therefore, translation of information from 

small animal models to the patient scenario is possible (Kummermehr 1985). 

Whilst the insight gained using traditional radiobiological irradiation 

techniques has been very important in understanding fundamental biology, it 

might not be entirely relevant for modern radiotherapy delivery (Verhaegen et 

al. 2011). Therefore, the development of dedicated small animal image 

guided irradiation devices has gained considerable attention from 

radiobiology labs to translate and downsize clinical irradiation technologies.  

The data presented in this short study show that the biological dose response 

for cell survival and DNA damage are comparable even though the dose 

rates are different between the two irradiation platforms (3.95 Gy/min for 

SARRP and 0.59 Gy/min for X-RAD 225). The results here further support 

previous data from our laboratory, showing a minimum impact of dose rate 

on survival following uniform field irradiation (Butterwortha et al. 2012). In 

addition, no significant differences were observed when comparing film 

measurements of physical dose and biological response at 1 hour in cells 

exposed to parallel-opposed fields and uniform fields, further suggesting a 

minimum impact of the dose rate on DNA damage responses (Ghita, not 

published). 

Precise small animal irradiators, such as the SARRP are a technology that 

can revolutionise the technology and field of radiobiology. Their multi-

disciplinary relevance to radiobiology has the potential to offer numerous 
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avenues of pre-clinical investigation (Verhaegen et al. 2011). With biological 

effects of both sources being comparable, pre-clinical radiobiology 

investigations and small animal radiotherapy platforms can and should be 

used to their fullest potential.  
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