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Abstract 

 

Prostate cancer (PCa) is the most common cancer type and the second leading cause 

of cancer-related death among men worldwide. While most prostate cancer patients 

respond to androgen deprivation therapy (ADT), progression to a castration-resistant 

state is likely for advanced disease. Over 90% of metastatic castration-resistant 

prostate cancer (mCRPC) settings metastasise to the bone, representing the lethal 

form of the disease. In these settings, while a number of survival-benefiting 

interventions are currently utilised, there exists an increasing need to improve survival 

and quality of life (QOL) for men with mCRPC.  

Abiraterone and Enzalutamide are anti-androgens shown to be among the treatments 

to improve overall and progression-free survival in mCRPC. However, although 

commonly used in clinical settings, many questions exist regarding drug selection, 

scheduling with radiation, potential synergy with radiation and the underlying 

mechanisms governing any potential synergy. Another key unexplored area of interest 

is if the combination of AR inhibitors with the α-emitter radium-223, which targets bone 

metastases, can be utilised to improve patient response over radium-223 alone. 

However, studies such as the ERA-223 highlight the need for further studies to 

determine if these combinations are effective and safe. 

This thesis addressed these issues by conducting the first detailed analysis of the 

effects of Abiraterone and Enzalutamide alone or in combination with X-rays, radium-

223 or Olaparib across a range of biological endpoints, including, survival, DNA 

damage, cell cycle, DNA repair and cell death across a panel of AR-insensitive (PC3) 

and AR-sensitive (LNCaP) prostate models and osteosarcoma bone (SJSA-1) 

models. The results of this study report that in AR-sensitive settings, Abiraterone and 
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Enzalutamide radiosensitise in both low and high LET settings through the 

downregulation of essential DNA repair proteins involved in homologous 

recombination (HR) and non-homologous end joining (NHEJ), with reductions in HR 

at least in part due to cell cycle distribution changes, resulting in increased levels of 

DNA damage and cell death. Furthermore, synthetic lethality approaches using 

Olaparib in combination with Abiraterone or Enzalutamide showed combinations 

resulted in increased radiosensitisation, DNA damage and cell death over single agent 

use. Therefore, offering the potential to enhance this synergy further. 

In conclusion, this thesis provides the first in vitro comparison of Abiraterone and 

Enzalutamide with and without radium-223, demonstrating that while both Abiraterone 

and Enzalutamide could be used to enhance tumour response, Abiraterone proved 

superior across all endpoints measured and synthetic lethality approaches could be 

used to enhance this efficacy even further. Overall this thesis supports that 

combinations of Abiraterone and Enzalutamide can be utilised with radium-223 to 

improve tumour response. 
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1 INTRODUCTION 

1.1  CANCER 
 

Cancer is a large group of diseases where abnormal cells grow uncontrollably, invade 

nearby tissues, migrate to different body parts and promote new blood vessel growth. 

These cancerous cells can develop from any tissue within the body. As they multiply, 

they form a mass of cancerous tissue called a tumour that invades and destroys 

normal adjacent tissue. Cancerous cells can then spread from the initial (primary) site 

to other sites throughout the body through metastasis.  

Cancer is a complex disease, encompassing over 200 types throughout all tissue 

sites. However, despite their complexities, they can be characterised by ‘The 

Hallmarks Of Cancer’. These are capabilities crucial for forming all malignant tumours 

from all cancer cell types defined at the cellular phenotype level. Initially, this took the 

form of six distinct hallmark capabilities, including resisting cell death, sustaining 

proliferative signalling, evading growth suppressors, activating invasion and 

metastasis, enabling replicative immortality and inducing angiogenesis [1]. This later 

expanded to eight hallmarks, including, avoiding immune detection and 

reprogramming cellular metabolism, which were previously classified as emerging 

hallmarks, with two enabling characteristics in genome instability and mutation and 

tumour-promoting inflammation [2]. A recent revision has also seen the addition of 

emerging hallmarks and enabling characteristics such as unlocking phenotypic 

plasticity, non-mutational epigenetic reprogramming, polymorphic microbiomes and 

senescent cells [3] (Figure 1.1). Ever since their inception, the hallmarks of cancer 

have provided a backbone upon which normal cells can be differentiated from 
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cancerous cells and thus biological rationales that continue to be targeted to improve 

therapeutic outcomes in cancer (Figure 1.2). 

 

 

Figure 1.1- The hallmarks of cancer [3]. The hallmarks and emerging hallmarks of cancer as described by Hanahan 

and Weinberg. 
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Figure 1.2- Targeting the hallmarks of cancer [2]. The hallmarks and emerging hallmarks of cancer as described 
by Hanahan and Weinberg and examples of how they can be targeted. 

 

1.1.1 Cancer epidemiology 
 

Despite continued advances, cancer represents the second leading cause of death 

worldwide. The coronavirus pandemic has adversely affected both the diagnosis and 

treatment of cancer, resulting in reduced access to care through closures and delays 

in treatment. Thus, this may increase the incidence of late-stage disease and mortality 

[4]. 

Since 1991, cancer mortality has decreased by 35% due to early detection, improved 

therapeutics and changes in cultural habits, i.e. smoking [5]. However, 2022 

projections estimate upwards of 1,918,030 new cases and 609,360 deaths in the US 

alone [5]. Thus, highlighting the need for continued improvements and research. 
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The most common forms of cancer differ between sexes, with prostate, lung and 

colorectal cancer accounting for 48% of all cancer diagnoses in men and breast, lung 

and colorectal cancer accounting for 51% of all diagnoses in women. PCa alone 

accounts for 27% of all diagnoses in men, while breast cancer accounts for 31% of all 

diagnoses in women [5]. This is also reflected in mortality, with the most significant 

mortality rates resulting from lung, prostate and colorectal cancer in men and lung, 

breast and colorectal cancer in women (Figure 1.3). 

 

Figure 1.3- The projected top ten cancer types for new cancer cases and deaths by sex in the USA in 2022 [5]. 

There are many different causes of cancer, the leading cause being tobacco use, 

accounting for approximately 22% of all cases [6, 7]. In comparison, 10% of deaths 

result from poor diet, obesity, lack of physical activity, alcohol consumption, or 

exposure to ionising radiation, pollutants and infection. Approximately 15% of all 

cancers are caused by infections such as hepatitis b, hepatitis c, human 

papillomavirus infection, helicobacter pylori, human immunodeficiency virus (HIV) and 
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the Epstein-Barr virus. These viruses can lead to gene mutation, resulting in the onset 

of cancer [7]. 

Inherited genetic defects account for 5-10% of cancer, while cancer may also be 

caused by interactions between genetic factors and cancer-causing agents called 

carcinogens [8]. Carcinogens can be split into three categories: physical carcinogens 

such as ionising radiation, e.g. ultraviolet rays from sunlight and radiation from alpha, 

gamma, beta and X-ray emitting sources. Chemical carcinogens, such as 

nitrosamines, asbestos, cadmium, benzene, vinyl chloride, nickel and benzidine, while 

cigarettes and tobacco contain about 60 known potent cancer-causing toxins or 

chemicals [9]. Biological carcinogens include infections from certain bacteria, viruses 

or parasites. 

1.2 PROSTATE CANCER 

PCa represents a significant health issue, with between one and three million new 

cases worldwide. Over ten million men live with PCa, upwards of 700,000 of which 

have metastatic disease [10, 11]. Metastatic PCa accounts for over 400,000 deaths 

annually, this is expected to double by 2040. In Northern Ireland, over 1200 men are 

diagnosed with PCa annually, resulting in 276 deaths. Making it the most common 

form of male cancer and the second most common cause of cancer death [12]. 

1.2.1 The biology of prostate cancer  

Like all cancers, the onset of PCa results from complex interactions between inherent 

germline susceptibility, acquired somatic gene alterations and environmental factors. 

Early-stage PCa typically results from the accumulation of either large-scale genomic 

structural rearrangements, copy number aberrations, or both [13, 14]. While alterations 

in the androgen receptor (AR) are rare, early genomic alterations include TMPRSS2-
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ERG fusions in 40-60% of patients. SPOP loss of function mutations in 5-15% of 

patients and FOXA1 gain of function mutations in 3-5% of patients [13, 15]. Mutations 

in TP53 or PTEN occur in 10-20% of localised PCa, increasing to 50% in advanced 

disease [16]. Increased copy number alterations occur in almost a third of localised 

PCa with kataegis, chromothripsis and chromoplexy and have been associated with 

disease relapse [17–19]. This genomic instability, combined with a microenvironment 

of intratumoral hypoxia, leads to relapse and highly aggressive PCa [18, 20]. 

Alterations in AR signalling have long been recognised as critical in PCa progression 

and resistance to androgen deprivation therapy (ADT). In metastatic castration-

resistant prostate cancer (mCRPC) settings, alterations in the AR pathway such as 

increased AR signalling and increased AR transcription or gain of function mutations 

are common [21]. AR splice variants such as AR-V7 that constitutively activate the AR 

and drive AR signalling are commonly expressed in mCRPC and are associated with 

resistance towards ADT [22–24]. Loss of dependence on AR signalling occurs in 15-

20% of advanced PCa, driving progression towards a castration-resistant setting.  

Progression to an mCRPC setting is often associated with dysregulation of additional 

genes, with loss of function and homozygous deletion of PTEN occurring in 40% of all 

mCRPC cases and gain of function in PIK3CA, PIK3CB or AKT1 in 5% of all mCRPC 

cases [25]. Alterations in RB1 and TP53 occur in 20-50% of circumstances leading to 

poorer outcomes [21], which, when combined with PTEN deletions, can lead to lineage 

plasticity and the development of castration-resistant disease [26–28]. MYC oncogene 

overexpression and Wnt signalling pathway activation occur in 29-39% of mCRPC 

cases [21]. AR signalling blockade can also result in PI3K-AKT pathway activation 

[29]. 
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The DNA damage response (DDR) plays a critical role in PCa. Men harbouring 

germline BRCA1 or BRCA2 mutations have an eightfold increased risk of PCa [30, 

31]. While inherited mutations in MLH1, MLH2 and PMS2 also increase PCa risk [32]. 

The prevalence of inherited DDR mutations in mCRPC risk is 12%, most commonly in 

the form of BRCA1, BRCA2, ATM, CHEK2, RAD51D and PALB2, with almost a third 

of patients having no history of inherited cancer that would necessitate testing [33]. 

Somatic DDR gene aberrations most commonly occur in BRCA2, ATM, BRCA1, 

CHEK2, CDK12 and PALB2 in upwards of 23% of metastatic PCas [34, 35]. 

1.2.2 Diagnosis and staging of prostate cancer. 
 

Prostate-specific antigen (PSA) is a glycoprotein enzyme secreted by epithelial cells 

of the prostate gland. PSA is present in small quantities in healthy prostate cells but is 

often elevated in PCa [36]. Therefore, while not a unique indicator of PCa, PSA testing 

is often utilised as a surveillance strategy to detect PCa in men between 50 and 75 

years old. The results of two major screening studies, The PLCO (prostate, lung, 

colorectal and ovarian) and the cluster randomised trial of PSA testing for PCa, which 

ran for 16 and 10 years respectively, reported no reduction in mortality in screened 

men but did show increased detection of low-risk PCa [37]. At the same time, the 

randomised screening for PCa trial that followed more than 182,000 men for 16 years, 

showed a benefit of screening that increased with time and significantly reduced the 

mortality rate in screened patients [38]. 

MRI technology has seen significantly improved reliability and diagnostic capabilities 

[39–41]. Evidence supporting the use of MRI-directed biopsies identified twice as 

many cancers (grades 2-5) as standard transrectal biopsies (93% vs 48%) [42], 
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avoiding unnecessary biopsies and detection of indolent disease [43–45], supporting 

the use of MRIs before biopsy [46]. 

Molecular imaging through PET-CT has also seen increased utilisation in the 

treatment of PCa over recent years. While early PET tracers were initially based on 

[¹¹C]choline or [¹⁸F]choline or amino acid metabolism (e.g., [¹⁸F]FACBC), these have 

been succeeded by small polypeptide ligands to the prostate-specific membrane 

antigen (PSMA [FOLH1]) that are highly expressed in cancer cells. Although PSMA 

expression can be heterogeneous both within and between patients [⁶⁸Ga]Ga-PSMA-

11 has been shown be correlate with tumour grade and occur in 90% of intraprostatic 

primary lesions [47]. Sensitivity has also been shown to increase with increasing PSA 

following radical treatment, with sensitivity increasing from 45% at PSA levels between 

0.20-0.49 ng/mL to 95% with PSA levels of more than 2.00 ng/mL [48]. Comparison 

of imaging accuracy between conventional imaging (abdominopelvic CT and whole-

body bone scan) to that of [⁶⁸Ga]Ga-PSMA-11PET for staging newly diagnosed 

intermediate-risk or high-risk PCa showed [⁶⁸Ga]Ga-PSMA-11PET having accuracies 

of 92% compared to 65% with conventional imaging. While also resulting in shorter 

imaging durations and lower radiation doses [49]. 

1.2.3 Management of prostate cancer 
 

The management of PCa depends on a range of critical factors, such as PSA 

concentrations, tumour stage and histological grade by Gleason score [50]. 

Classification of PCa into low, intermediate or high risk also incorporates several other 

factors such as molecular signatures, imaging findings, positive biopsy cores and 

tumour length in the biopsy [51]. These factors inform clinical strategy between active 
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surveillance in dormant disease, single-arm approaches, i.e. radiotherapy or surgery 

or multi-modality approaches. 

Active surveillance is an approach utilised in men with low or low-tier intermediate-risk 

PCa, striking a balance between sparing men from expensive invasive treatment and 

cancer control in a disease setting that may never progress. Suitability for active 

surveillance is continuously evolving but is based on risk stratification through PSA, 

staging and biopsy information, with many centres using MRIs as an additional test. 

Debate continues regarding active surveillance versus active management of the 

primary tumour, with radical prostatectomies shown to increase median survival by 2-

9 years [52] while reducing mortality rates in men by 30% with PSA concentrations of 

over 10ng/mL. Similarly, in respective studies, adding radiotherapy to ADT alone in 

high-risk PCa increased overall survival (OS) by 9% at ten years and 8% at seven 

years [53, 54]. Strong support exists for adding ADT to radiotherapy in locally 

advanced and high-risk PCa settings. There is evidence of benefit for all clinical 

endpoints, including OS with survival increases of 20% [55–58], with durations of at 

least six months and upwards of three years likely to be beneficial depending on the 

cancer grade [59, 60]. 

In metastatic castration-sensitive settings, comparisons of radiotherapy plus SoC 

(ADT or ADT plus docetaxel) have only shown survival benefits in low metastatic 

burden settings (absence of visceral metastases and less than four bone metastases), 

with survival increases of 8% [61, 62]. 

In patients with high-risk factors for recurrence following radical prostatectomy, 

radiation within four-months post radical prostatectomy leads to delayed recurrence 

and increased survival [63–65]. While comparisons of adjuvant radiotherapy versus 
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salvage radiotherapy (PSA beyond 0.2 ng/mL) showed no survival benefit with 

adjuvant over salvage radiotherapy [66–68], supporting salvage radiotherapy based 

on rising PSA as the SoC due to reduced toxicity [69]. 

Comparisons of radical prostatectomy and radiotherapy have reported conflicting 

results [70]. Both have benefits, with radical prostatectomy offering definitive 

histological information, nerve-sparing surgery, removal of bladder outlet obstruction 

symptoms, avoiding adverse ADT events, early biochemical relapse detection and 

easy administration of additional therapies in case of relapse. At the same time, 

radiotherapy can be utilised in unresectable diseases and surgically unfit patients, 

while radiotherapy may also avoid substantial stress caused by urinary incontinence. 

There are also minimally invasive, organ-sparing ablative therapies in localised 

settings, such as cryotherapy, electroporation, high-intensity focused ultrasound, 

brachytherapy, stereotactic radiotherapy and vascular targeted photodynamic therapy 

interstitial laser thermotherapy. However, several of these are still currently under 

investigation [71]. 

Oligometastatic PCa is defined as cancer typically with a low number of metastatic 

lesions (less than 3, in some studies less than 10) [70], which can also be subdivided 

based on the timely appearance of lesions [71]. In these settings, metastasis-directed 

therapy (MDT) has shown potential in prolonging survival and time to subsequent 

treatment and reducing biochemical recurrence rate [72–74]. However, although 

promising, phase lll randomised trials are needed to define patient selection and 

provide definitive evidence. 

In metastatic castration-sensitive prostate cancer (mCSPC), reducing circulating 

testosterone through chemical castration continues to serve as the cornerstone of 
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systemic treatment. AR inhibitors such as Abiraterone, Enzalutamide, Apalutamide 

[75–79] and the chemotherapeutic agent docetaxel [80,81] are treatments showing 

significant benefits in mCRPC settings, which have also shown to be significantly 

beneficial in earlier disease settings when given continuously with ADT. The choice 

between AR inhibitors or docetaxel combined with ADT is based on several clinical 

features such as, disease volume, comorbidities, patient access and drug access. 

Non-metastatic castration-resistant prostate cancer (nmCRPC) is a disease setting 

with no evidence of metastatic burden but rising PSA levels and castrate serum 

testosterone levels. Patients with high-risk and doubling times of less than ten months 

showed increased metastasis-free survival of 20 months with good tolerability and 

QOL when treated with AR inhibitors [82–84]. 
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Figure 1.4- The TNM staging of prostate cancer [85]. 
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1.3 TREATMENT OPTIONS IN METASTATIC-CASTRATION RESISTANT PROSTATE 

CANCER  
 

1.3.1 Chemotherapy  
 

Mitoxantrone was the first chemotherapy approved in an mCRPC setting on a 

palliative basis [86] but has long been superseded by more effective chemotherapies 

such as docetaxel, with comparisons of mitoxantrone against docetaxel showing 

docetaxel providing three-month survival advantages over mitoxantrone [87,88]. 

Comparisons of mitoxantrone against cabazitaxel in mCRPC patients that had 

progressed after docetaxel or Abiraterone/Enzalutamide treatment showed 

cabazitaxel improved OS by 2.4 months [89]. Docetaxel and cabazitaxel are taxanes, 

these function by stopping cell growth and mitosis by interfering with microtubules. 

Direct comparisons of docetaxel and cabazitaxel showed no significant difference in 

OS as first-line chemotherapeutic agents [90]. Platinum-based chemotherapies are 

not currently utilised in mCRPC due to no observable survival benefit [91]. However, 

it may benefit selected populations harbouring DDR defects or neuroendocrine 

features [92]. 

1.3.2 Bone Targeting Agents 
 

In mCRPC settings, approximately 90% of patients will develop bone metastases [93–

95], causing increased mortality and significant impacts on QOL such as pain, 

pathological fractures, spinal compressions and skeletal-related events (SRE) 

[93,96,97]. 

Bone metastases occurs when malignant cells from the primary tumours escape into 

the surrounding tissue and bloodstream, carrying them throughout the body. PCa cells 
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then invade and proliferate in the axial skeleton in areas such as the spine, pelvis, ribs 

and on occasion, the skull and long bones [98]. 

The bone matrix is rich in growth factors utilised in bone remodelling and physiological 

development, making it an ideal environment for invasion and tumour growth. This 

perfect environment creates a vicious cycle between PCa cells and the bone for 

metastases. In the bone matrix, PCa cells produce parathyroid hormone-related 

peptide (PTHrP) that upregulates receptor activation of nuclear factor-kappa B ligand 

(RANKL) and downregulates osteoprotegerin (OPG) by osteoblasts, activating 

osteoclastogenesis and bone resorption. This accelerated bone resorption then 

promotes the release of bone-derived growth factors such as transforming growth 

factor-beta (TGF-β), insulin-like growth factor (IGF)-1 and raised extracellular calcium 

concentration [99,100], promoting PCa cell growth and creating a feedback loop 

between PCa cells and the bone. This process can be seen in Figure 1.5. Interactions 

of tumour cells with osteoclasts and osteoblasts elicit osteolytic, osteoblastic or mixed 

responses [101].  

Osteoblastic responses involve new bone deposition due to bone formation not 

preceded by bone resorption [102], causing osteoblastic lesions that are deposition of 

calcified or mineralised bone into the tissue lesions. Osteolytic responses involve the 

destruction of bone, resulting from osteoblast inactivation and osteoclast recruitment 

and activation, causing osteolytic lesions that are soft sections of damaged bone, 

causing pain and fractures. Mixed responses involve both osteoblastic and osteolytic 

reactions. 
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Figure 1.5- The feedback loop between prostate cancer cells and the bone matrix [103]. Prostate cancer cells 
invade the bone matrix releasing various factors involved in bone differentiation and maintenance. This promotes 
tumour growth, bone disruption and maintenance and bone remodelling activation. Bone cells release molecules 
promoting prostate cancer cell survival, creating a feedback loop. 

 

1.3.2.1  Bone Targeting radionuclides  
 
Bone targeting radionuclides play a vital role in the palliation and treatment of mCRPC. 

Administered intravenously, bone-targeting radionuclides concentrate on the sites of 

bone remodelling, delivering high-dose radiation to bone lesions via alpha or beta 

particles emission. 

Historically, radiopharmaceuticals have only seen success for palliative treatment in 

mCRPC settings. The beta-particle emitters Strontium-89 (89Sr) chloride, samarium 

(153Sm) lexidronam and rhenium (186Re and 188Re) HEDP are all recommended for 

pain palliation and treating diffuse bone metastases but show no survival benefits 

[104,105]. 
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1.3.2.2  Radium-223 
 

Radium-223 is the first approved alpha-emitting radiopharmaceutical shown to 

improve OS, delay SREs and control bone pain [106] and is approved to treat CRPC 

patients with symptomatic bone metastases and no known visceral involvement.  

Radium-223 belongs to the same alkaline earth metal periodic group as calcium, 

leading to radium-223 acting as a calcium mimic, spreading to the newly formed bone 

and integrating into the bone structure through forming complexes with the bone 

mineral hydroxyapatite [107] (Figure 1.6). 

 

Figure 1.6- The uptake of radium-223. Radium-223 is incorporated into the bone matrix by binding to 
hydroxyapatite [102]. 

Radium-223 has qualities characteristic of alpha particles, such as a short half-life 

(11.4 days), short tissue range and high LET, allowing for high levels of DNA damage 

with minimal toxicity to healthy tissue compared to radionuclides such as beta particles 

and gamma-rays [107]. 

The radium-223 decay chain encompasses the emission of four alpha particles with 

an energy deposition of 28.2 MeV and 95% of the total particulate decay energy, 

followed by five additional alpha emissions. Radium-223 is also very stable, resulting 

in no significant distribution of daughter radionuclides (Figure 1.7) [108].  
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Figure 1.7- The decay chain of radium-223 showing the energy of each emitted alpha particle, the half-life of each 
radionuclide and the probability of each decay chain [109]. 

In comparison to beta particles or photons, alpha particles such as radium-223 induce 

complex non-repairable double-strand breaks (DSB), resulting in an increased 

likelihood of cell death through several pathways [96,110,111] and an improved 

treatment rate that preferentially spares healthy tissue due to its short-range [112] 

which, is independent of oxygen level, cell cycle status and dose rate [111]. 

Any radium-223 not taken into the skeleton is quickly excreted from the gastrointestinal 

tract with insignificant urinary excretion. Only 20% of radioactivity remains in the 

bloodstream 15 minutes post-infusion, decreasing to 4% radioactivity four hours post-

infusion and declining to ≤1% 24 hours post-infusion. At the same time, radioactivity 

in the bone remains at upwards of 44-77% four hours post-injection [110,113].  
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1.3.2.2.1 Clinical trials with radium-223 
 
The safety and tolerability of radium-223 were accessed in 25 patients with bone 

metastases split among 15 primary prostate patients and ten primary breast cancer 

patients. Radium-223 doses of 250 kBq kg-1 were well tolerated without dose-limiting 

toxicity, increased pain palliation and decreased serum alkaline phosphatase levels 

(ALP) (A homodimeric protein enzyme that plays a physiological role in 

dephosphorylating compounds and has a positive correlation with bone formation). 

These results were substantiated in six PCa patients with bone metastases that 

received repeated radium-223 injections of up to 250 kBq kg-1 showing no dose-limiting 

toxicity [114]. 

Phase ll clinical trials further supported radium-223 in mCRPC with bone metastases. 

The addition of radium-223 to symptomatic mCRPC receiving palliative care external 

beam radiation therapy showed that adding radium-223 led to improvements in time 

to first SRE and reductions in ALP levels over those receiving saline [110]. In 

comparison, another phase II trial showed that radium-223 was well tolerated with 

decreased pain response and minimal haematological toxicity in 100 mCRPC patients 

that received a single randomised radium-223 dose of 5, 25, 50 or 100 kBq kg-1 [111]. 

Finally, the effects of radium-223 on PSA and ALP levels were investigated in 122 

mCRPC patients that received three radium-223 doses of either 22.50 or 80 kBq kg-1 

at six-week intervals. The results showed ALP and PSA levels decreased by >50% 

and a significant dose-response relationship, with a more substantial decrease 

observed with a dose of 80 kBq kg-1 over 22.50 kBq kg-1 [115]. Overall, consistent 

findings across phase l and ll clinical trials demonstrated the safety and efficacy of 

radium-223 in mCRPC settings. 
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Radium-223 was approved for use in mCRPC settings based on the phase lll 

ALSYMPCA clinical trial, which showed significantly increased survival (14.9 months 

vs 11.3 months) and QOL while delaying the onset of SREs and prolonging time to 

PSA and ALP progression time. A total of 921 symptomatic mCRPC patients with no 

known visceral disease and ≥ 2 bone metastases were treated in a 2:1 ratio with 

placebo or radium-223 (50 kBq kg-1 at 4-week intervals) and all patients received 

optimal SoC [116].  

With the clinical success of radium-223, recent efforts have also focused on evaluating 

the combined efficacy of radium-223 with other mCRPC-approved therapies such as 

docetaxel, cabazitaxel, sipuleucel-T, Abiraterone and Enzalutamide. Combinations of 

AR inhibitors with radium-223 have proved conflicting. Initial reports suggested that 

concomitant use of Abiraterone and radium-223 could have beneficial effects on OS 

(77% reduction in risk of death), SREs (88% reduction in risk of SRE) and progression 

(68% reduction in risk of progression) [117]. The ERA-223 trial of men with mCRPC 

treated with radium-223 plus Abiraterone and prednisolone or Abiraterone plus 

prednisolone and placebo had to be halted due to the increased emergence of SREs 

(22.3 months vs 26 months) and increased rate of fractures (28.6% vs 11.4%) [118]. 

These conflicting results continue to be evaluated in clinical trials, such as 

Enzalutamide and radium-223 in the PEACE III trial (NCT02194842) and phase II 

studies (NCT02507570, NCT02199197 and NCT02225704). Further studies such as 

combinations of sipuleucel-T with radium-223 are currently under investigation in 

phase II trials [119]. The randomised NCT02023697 phase II trial reported no benefit 

from high dose or extended standard doses (>6 cycles) relative to standard radium-

223 doses. 
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1.3.2.3  Other bone targeting agents  
 
Recent evidence has shown the benefit of adding osteoclast inhibiting agents to 

therapy for mCRPC [120]. While offering no survival benefit [121], they have 

demonstrated significant reductions in SREs. With the bisphosphonate zoledronic acid 

reducing the emergence of SREs by 11% (44% vs 33%) [122] and denosumab, a 

monoclonal antibody targeting the nuclear factor kappa-B ligand (RANKL) further 

reduces the time to SREs by 3.6 months over zoledronic acid [123]. 

1.3.3 PARP Inhibition  
 
Approximately 23% of mCRPC tumours have mutations in essential DDR genes such 

as BRCA1, BRCA2, ATM and CHEK2 [34]. Patients harbouring these DDR defects 

have benefited from adding poly(ADP-ribose) polymerase (PARP) inhibitors to 

achieve synthetic lethality. The TOPARP-A study showed that 32% of mCRPC 

patients responded to Olaparib, with 88% of those harbouring DDR gene alterations, 

with the validation cohort TOPAPR-B selecting for DDR gene defects showed a 47% 

response to Olaparib (83% BRCA1 and BRCA2, 57% PALB2, 37% ATM and 25% 

CDK12) [124,125]. Likewise, the PROfound study found men with mCRPC harbouring 

DDR gene defects and had progressed on ADT had increased radiological 

progression-free survival of 3.8 months and increased OS of 3.3 months (14 months 

vs 17.3 months) with Olaparib compared to alternative ADT [126]. 

1.3.4 Immunotherapy  
 

Sipuleucel-T was the first autologous active cellular immunotherapy approved for solid 

malignancies in mCRPC with OS increases of 4.1 months (25.8 months vs 21.7 

months). In contrast, others, such as the PSA-targeted immunotherapy PROSTVAC-

VF have shown no survival benefit [127].  
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Immune checkpoint inhibitors, such as monoclonal antibodies targeting PD-1 or PD-

L1, have shown low response rates of 15% in unselected PCa patients [128,129], with 

the anti-CTLA4 monoclonal antibody ipilimumab showing no OS advantage over 

placebo in chemotherapy-naïve or docetaxel treated mCRPC patients [130,131], but 

showed potential long-term responders [132]. 

Combining immunotherapies with existing ADT has shown some promise, with 

combinations of pembrolizumab and Enzalutamide showing marginally increased anti-

tumour activity in unselected mCRPC patients [133].  

There is also evidence that immune checkpoint blockade may prove more effective in 

mCRPC patients harbouring DDR gene defects, with the CheckMate 650 trial reporting 

ipilimumab and nivolumab response rates of 25% in mCRPC patients with no prior 

chemotherapy and 10% who had previous chemotherapy. This response rate 

increases to 50% in patients with DDR gene defects [134–136]. 

1.3.5 Prostate-specific membrane antigen 
 

Prostate-specific membrane antigen (PSMA) expression is elevated in mCRPC, 

making it an attractive therapeutic target. PSMA PET-CT can quantify PSMA 

expression and identify patients who may benefit from PSMA-targeted therapy through 

PSMA-targeted bispecific molecules, antibody-drug conjugates and small molecules 

or antibodies conjugated with α and β particle radioisotopes. 

The short-range β-emitter conjugate lutetium-177 [¹⁷⁷Lu]Lu-PSMA-617 decreased 

PSA levels by greater than 50% in 64% of the 50 mCRPC patients tested that had 

progressed after conventional treatment while also displaying reductions in pain and 

low toxic effects [137]. These results were supported by the phase 2 TheraP trial 

showing increased response (66% vs 37%) and delayed PSA progression with 
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[¹⁷⁷Lu]Lu-PSMA-617 compared to cabazitaxel in mCRPC patients that had progressed 

on conventional therapy [138]. While the phase lll VISION study also reported 

significant improvements in radiographic progression-free survival (rPFS) (8.7 months 

vs 3.4 months) and OS (15.3 months vs 11.3 months) when [¹⁷⁷Lu]Lu-PSMA-617 was 

added to SoC compared with SoC alone in 831 mCRPC patients [139]. Novel 

combinations, alternative ligands and radiotherapeutics, optimal sequencing and 

earlier usage in disease settings are under investigation. At the same time, critical 

issues such as PSMA expression heterogeneity, patient selection, mechanisms of 

action and resistance mechanisms are yet to be defined. 

1.3.6 Treatment sequencing in mCRPC 
 
Treatment selection remains a topic of much debate with various mCRPC options, 

including multiple taxanes and AR targeting agents approved for the same indication. 

The current choice is influenced by various factors, including safety profiles, access 

and patient characteristics. Recent sequencing studies have shown little benefit with 

the sequential treatment of different AR inhibitors, with improvements in progression-

free survival (19.3 months vs 15.2 months) and higher rates of 50% PSA response 

(36% vs 4%) but no survival benefit in groups receiving Abiraterone followed by 

Enzalutamide [140,141]. Whereas, mCRPC groups that had progressed on 

Abiraterone or Enzalutamide had increased OS (2.6 months) if subsequentially treated 

with cabazitaxel over another AR inhibitor [142]. 

1.4 ANDROGEN DEPRIVATION THERAPY  
 
PCa has been recognised as hormone-dependent since its first diagnosis in the late 

eighteenth century [143]. In healthy cells, testosterone and its more potent derivate 

dihydrotestosterone (DHT) are essential for the health and normal function of the 
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prostate. However, excess activation of the androgen signalling pathway results in the 

uncontrolled proliferation of cells [144,145]. 

ADT remains the foundation of advanced PCa treatment by reducing circulating 

androgen levels [146]. Initially, this took the form of bilateral orchiectomy, which, while 

still in use today, has been replaced as the gold standard by ADT drugs. Recent years 

have seen continued advances in targeting the AR pathway, with new hormonal 

treatments, new mechanisms of action, improved diagnostics and improved 

sequencing and combination therapies. 

With advancements in treatments and detection, the definition of castration has 

continued to evolve. Initially, castration was defined as testosterone levels lower than 

50 ng/dL based on radioimmunoassays in the 1960s. However, increased assay 

sensitivity led to below 20 ng/DL targets, with bilateral orchiectomy reducing 

testosterone levels to 15 ng/DL [146]. 

While all PCa cells initially respond to ADT, long-term castration leads to castration 

resistance characterised by rising PSA levels with castration testosterone levels 

[147,148]. In this castration-resistant prostate cancer (CRPC) setting, reactivation of 

the AR can occur from a variety of mechanisms such as androgen-independent AR 

activation androgen production by the adrenal gland and PCa cells, a gain of function 

mutation in the AR-ligand binding domain, AR gene overexpression or amplification 

and AR splice variants. Despite this castration-resistant state, AR suppression 

remains essential due to the heterogeneity of PCa cells exhibiting varying androgen 

sensitivity allowing those PCa cells still sensitive to ADT to remain suppressed [149]. 
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1.4.1 The Androgen Signalling Pathway  
 

Due to the critical role of androgens and the androgen signalling pathway in the 

progression and maintenance of PCa, the increasing understanding of how it functions 

has been essential to the development of new therapies in the treatment of PCa. 

Testosterone secretion is initiated in the hypothalamus with the pulsatile release of 

luteinising hormone-releasing hormone (LHRH), which binds to and stimulates LHRH 

receptors in the anterior pituitary gland causing the release of luteinising hormones 

(LH) and follicle-stimulating hormones (FSH) and regulated by gonadotropin-releasing 

hormone (GnRH). Testosterone production is induced through LH stimulating Leydig 

cell receptors in the testes. 

Testosterone is a steroid hormone produced from cholesterol through biochemical 

reactions [150]. The final steps involve converting the testosterone precursors, 

pregnenolone and progesterone into dehydroepiandrosterone and androstenedione 

respectively, through the 17 alpha(α)-hydroxyl C17,20-lyase enzyme. While these 

critical enzymes are usually produced in the testes and adrenal glands, PCa cells can 

produce testosterone outside standard regulatory mechanisms. 

Testosterone mainly circulates bound to serum sex hormone-binding globulin (SHBG) 

and albumin [151,152]. Only free testosterone can enter prostate cells, here it 

undergoes conversion to the more potent and active form DHT by 5α reductase, 

where, in conjunction with the dissociation of heat shock proteins from the AR, DHT 

binds to the AR in the cytoplasm and translocates into the nucleus through binding to 

importin-α [153]. Once in the nucleus, the AR dimer binds to androgen response 

elements (ARE) in the promoter regions of target genes, e.g. PSA and TMPRSS2, 
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where they recruit various co-activator proteins to facilitate transcription [154–159] 

(Figure 1.8). 

 

Figure 1.8- Androgen receptor signalling in prostate cells [160]. After synthesis, testosterone is converted to DHT 
in the cytoplasm of prostate cells by 5-α-reductase before dissociating heat-shock proteins and binding to the AR. 
The AR is then translocated into the nucleus and binds as a heterodimer to AREs in the promoter region of target 
genes such as PSA and TMPRSS2. 

 

1.4.2 Targeting the Androgen Signalling Pathway 
 

The vastness and complexity of the androgen signalling pathway enable multiple 

pharmacological routes to suppress androgen stimulation. Antiandrogens such as 

nilutamide, bicalutamide and flutamide formed some of the earliest antiandrogens and 

function by inhibiting the binding of DHT to the AR. However, they are limited in 

metastatic PCa settings, as they do not lower testosterone levels and are less effective 

than both LHRH agonists and surgical castration [161]. To this end, they are often 

utilised in patients with non-metastatic PCa who wish to avoid ADT’s effects and 

preserve libido. While in metastatic settings, they are often combined with LHRH 

agonists or antagonists to achieve total androgen blockade [162,163].  
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LHRH agonists and antagonists target the LHRH receptor in the anterior pituitary 

gland. LHRH agonists function through stimulation of the LHRH receptor leading to a 

surge of LH and consequently testosterone, followed by receptor downregulation over 

2-3 weeks leading to LH reduction and testosterone suppression [164]. LHRH 

antagonists function through competitively binding to the LHRH receptor, blocking LH 

production (Figure 1.9). 

A wide range of LHRH agonists with various delivery systems allows continuous 

controlled administration. Leuprolide acetate is the most common LHRH agonist used 

in the US, achieving castration testosterone levels below 50 ng/dL in 98%-100% of 

patients [165]. These levels were also achieved with other LHRH agonists such as 

triptorelin (95%-99%) and goserelin (65%-91%). Direct comparative LHRH agonist 

studies are limited but have generally not demonstrated any difference in the extent of 

testosterone suppression. At the same time, safety profiles are similar and well-

tolerated, with side effects consistent with testosterone suppression [166–168]. 

Only one LHRH antagonist is approved for the treatment of advanced PCa. Degarelix 

is effective within 2-3 days post-injection, with 99%-100% of patients achieving 

testosterone levels less than 50 ng/dL [169,170] and side effect profiles consistent 

with testosterone suppression [171,172]. 
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Figure 1.9- Mode of action of LHRH agonists and antagonists in prostate cancer cells [173]. (A) LHRH stimulates 
LH and FSH release in the pituitary gland, stimulating sex hormone release. (B) Tumour cells can be hormone-
dependent or independent. (C) LHRH antagonists competitive bind to LHRH receptors inducing a 
hypogonadotropic state. (D) LHRH agonists downregulate the LHRH receptor creating a testosterone surge before 
receptor down-regulation and suppression. 

While antiandrogens and LHRH receptor agonists and antagonists are classed as first 

and second-generation ADTs, AR inhibitors such as Abiraterone and Enzalutamide 

represent third-generation inhibitors and possess additional mechanisms of action. 

Abiraterone acetate is an oral indirect AR inhibitor that functions by blocking the 17α-

hydroxylase/C17,20-lyase (CYP17) enzyme, preventing androgen production from all 

sources, including the adrenal glands, testes and PCa cells [174] (Figure 1.10). 

Abiraterone is often combined with prednisolone and ongoing ADT, leading to 

significantly lower testosterone levels over LHRH agonists alone [175]. 

In clinical settings, initial studies showed Abiraterone improved rPFS by two months 

and OS by four months in mCRPC patients [176], while in docetaxel-naïve patients, 

Abiraterone increased rPFS by 8.3 months and OS by 4.4 months [177]. More recent 
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studies, such as the LATITUDE and STAMPEDE trials, led to the approval of 

Abiraterone in patients with high-risk mCSPC after demonstrating increased survival 

and improved secondary endpoints [75,79]. 

Along with adverse events associated with testosterone suppression, Abiraterone has 

also been linked to mineralocorticoid toxicity (fluid retention, hypertension and 

hypokalaemia) and liver function abnormalities (acute liver failure and fulminant 

hepatitis). At the same time, the addition of prednisolone can lead to additional 

adverse events such as nausea, vomiting, confusion, headaches and restlessness 

[178]. 

 

Figure 1.10- The effect of Abiraterone on androgen biosynthesis pathway [179]. Abiraterone acetate inhibits 17α-
hydroxylase, decreasing serum cortisol level and increasing adrenocorticotrophic hormone, deoxycorticosterone 
and corticosterone. Abiraterone also inhibits C17,20-lyase resulting in a significant reduction in 
dehydroepiandrostenedione androstenedione and testosterone. 

Enzalutamide is a direct non-steroidal AR inhibitor approved in mCRPC settings that 

inhibits the AR in multiple ways, including competitively binding to the AR binding site, 

preventing translocation of the AR from the cytoplasm into the nucleus and preventing 

binding of the AR to DNA. Through acting as a direct AR inhibiter, Enzalutamide blocks 

the action of testosterone at a cellular level and from all sites, leading to decreased 

cellular proliferation and increased cell death. Clinical studies of the effectiveness of 
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Enzalutamide in mCRPC settings showed Enzalutamide vs placebo in patients that 

had previously received chemotherapy resulted in improvements in OS (18.4 vs 13.6 

months) [180] while also significantly reducing the risk of radiographic progression 

(65% vs 14% at 12 months) and death (29% reduction with Enzalutamide) in 

chemotherapy-naïve patients [181]. 

While treatment with Enzalutamide results in adverse events characteristic of 

testosterone suppression, symptoms such as seizures and posterior reversible 

encephalopathy have also been observed on rare occasions though this is likely a 

result of the drug crossing the blood-brain barrier [182]. 

 

Figure 1.11- Mechanism of action of Enzalutamide in the androgen receptor signalling pathway [183]. 
Enzalutamide can inhibit AR signalling in multiple ways, including competitively binding to the AR, preventing 
translocation of the AR into the nucleus and preventing binding of the AR to DNA. 

Both Abiraterone and Enzalutamide achieve similar clinical outcomes but through 

different mechanisms of action. While Abiraterone and Enzalutamide represent the 

current SoC in mCRPC settings, several other inhibitors are either recently approved 

or in development. Apalutamide is a recently approved AR inhibitor in non-metastatic 

CRPC that binds to the ligand-binding domain of the AR, preventing the action of 
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testosterone. Patients with non-metastatic CRPC that received Apalutamide or 

placebo with ADT or bilateral orchiectomy showed that Apalutamide had significantly 

increased metastasis-free survival (40.5 vs 16.2 months), with common sides effects 

being hypertension, rash, fatigue and diarrhoea [184]. 

Other ADT drugs currently approved or in development include darolutamide, an AR 

inhibitor FDA approved in 2019. This has similar mechanisms of action to Apalutamide 

and Enzalutamide and has demonstrated dose-dependent PSA response rates in 

mCRPC of 29% in low doses (200 mg), 33% in medium doses (400 mg) and 33% at 

high doses (1400 mg) 12 weeks post-administration [185]. Relugolix is a GnRH 

antagonist currently in phase lll trials shown to reduce testosterone levels within six 

hours of administration, with testosterone levels rapidly recovering following stopping 

treatment [186]. 

1.4.3 Resistance to Androgen Deprivation Therapy  
 

As mentioned above, despite initial response to androgen blockade, progression to 

castration resistance is inevitable. The onset of resistance to ADT is a complex 

process resultant of several molecular mechanisms, including mutations in the AR, 

increased AR expression, alternative androgen sources, increased expression of AR 

co-activators, the emergence of AR splice variants, and activation of alternative 

signalling pathways. 

One of the main mechanisms of resistance to ADT is the occurrence of mutations in 

the AR. Mutations in the AR can increase its ability to activate downstream signalling 

pathways, leading to resistance to ADT. These mutations can result in the AR 

becoming more sensitive to low levels of androgens, allowing the cancer cells to 

continue to grow and proliferate despite the presence of ADT [186, 187]. 
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Another mechanism of resistance to ADT is increased AR expression. PCa cells can 

increase the levels of AR in response to ADT, allowing the cancer cells to continue to 

activate AR signalling pathways even in the absence of androgens. This increased AR 

expression can contribute to resistance to ADT by providing a means for the cancer 

cells to bypass the effects of ADT [188]. 

Alternative androgen sources can also contribute to resistance to ADT. Androgens are 

not only produced by the testes, but also by the adrenal gland. In some cases, PCa 

cells can continue to receive androgens from the adrenal gland even in the presence 

of ADT, providing a continued source of androgens to activate AR signalling pathways 

[188–190]. 

The expression of AR co-activators, such as SRC-1 and p300, can also contribute to 

resistance to ADT [191]. These co-activators increase the strength of AR signalling 

pathways, allowing the cancer cells to continue to proliferate even in the absence of 

androgens. Increased expression of AR co-activators can result from genetic changes 

in the cancer cells, as well as from changes in the tumour microenvironment [192–

195]. 

Another mechanism of resistance to ADT is the emergence of AR splice variants. AR 

splice variants are alternative isoforms of the AR with different functional properties. 

Some AR splice variants can activate AR signalling pathways in a manner that is 

independent of androgens, allowing PCa cells to continue to grow and proliferate even 

in the presence of ADT [196–199]. 

Finally, the activation of alternative signalling pathways can also contribute to 

resistance to ADT. For example, the activation of the PI3K/AKT pathway can provide 

a means of bypassing the effects of ADT [200–202]. This can occur as a result of 
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genetic changes in the cancer cells, as well as from changes in the tumour 

microenvironment. 

1.5 RADIATION 
 

Since the discovery of X-rays in 1895 by Wilhelm Conrad Röntgen, radiation therapy 

has long since developed into a recognised medical speciality, with radiation oncology 

being a vast multidisciplinary speciality. Along with surgery and chemotherapy, 

radiotherapy remains an essential and cost-effective modality in cancer treatment, 

accounting for only 5% of total cancer care costs [187], with 50% of all cancer patients 

receiving radiotherapy at some point during treatment and contributing to upwards of 

40% of curative treatments [188–190]. The field of radiotherapy continues to see rapid 

progress through advances in imaging techniques, computerised treatment planning 

systems, radiation treatment machines and improved understanding of the 

radiobiology underlying radiation therapy [191]. 

1.5.1 Principles of Radiation 
 

Radiation in cancer therapy induces cell death and destroys cancer cells. In 

radiotherapy, the type of radiation used is called ionising radiation (IR). It is so named 

due to its ability to remove one or more orbital electrons from a molecule or atom to 

form ions. These ions (electrically charged particles) deposit energy through the 

tissues and cells they pass by, which can break chemical bonds, damaging cancer 

cell DNA (deoxyribonucleic acid) and thus blocking their ability to divide and proliferate 

[192]. 

Although radiation damages both normal and cancer cells, radiotherapy aims to 

maximise radiation dose to cancer cells whilst sparing normal cells; while exposure to 

normal cells is inevitable, normal cells ability to repair at faster rates and retain regular 
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function over their cancer cell counterparts results in differential cancer cell killing 

[189]. 

1.5.2 Ionising Radiation 
 

Due to its ability to damage DNA, radiation has been a vital tool in treating cancer for 

over a century [193]. Radiation can be either ionising or non-ionising. Non-ionising 

radiation only possesses enough energy to excite an electron. In contrast, ionising 

radiation occurs when radiation has enough energy to remove one or more orbital 

electrons from a molecule or atom. 

Ionising radiation can be either electromagnetic or particulate. The electromagnetic 

(EM) (Figure 1.12) spectrum is structured based on frequency and wavelength. It 

consists of radio waves, microwaves, infrared, visible light, ultraviolet, X-rays and 

gamma-rays in decreasing wavelength order and increasing frequency and photon 

energy. Of the EM spectrum, both X-rays and gamma rays are commonly used in 

cancer treatment, with X-rays the most common of the two [194]. Upon interacting with 

solid, liquid or gas, radiation loses kinetic energy at varying rates through different 

mechanisms. Either complete or partial energy transfer through electromagnetic 

(gamma) or particulate (alpha or beta) radiation can excite electrons, removing them 

from atoms or molecules. 
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Figure 1.12- The electromagnetic spectrum is structured based on frequency and wavelength. It consists of radio 
waves, microwaves, infrared, visible light, ultraviolet, X-rays and gamma-rays in decreasing wavelength order and 

increasing frequency and photon energy [195]. 

X-rays are produced by linear accelerators that accelerate electrons to high energy 

before colliding them into targets of gold or tungsten. This causes the conversion of 

the electron’s kinetic energy into photon energy in the form of X-rays. X-rays have high 

energy per photon with a large frequency and a short wavelength. When absorbed in 

biological matter, the energy from X-rays is unequally distributed in ‘packets’ that break 

chemical bonds and initiate the biological consequences [193].  

X-rays are measured in electron volts (eV), the energy possessed by an electron 

accelerated through 1 volt. The amount of eVs used in cancer treatment depends on 

the cancer being treated. With superficial tumours such as on the skin using eVs in 

the kiloelectron range and more deeply embedded tumours using much higher eVs 

such as megaelectron volts (MeV) [193]. 

Particulate radiation (e.g. alpha particles, electrons and protons) are the other type of 

ionisation energy used in cancer treatment. Electrons are negatively charged particles 

accelerated to high energy using linear accelerators or betatrons and are widely used 

in cancer treatments such as skin cancers [196]. 
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Protons are positively charged particles with greater mass than both electrons and 

alpha particles resulting in more expensive and complex equipment (e.g. cyclotrons) 

needed to accelerate protons to clinically useful energies. Proton therapy has been 

utilised in many different cancer types, e.g. pancreatic cancer settings, due to 

favourable dose distributions [196]. 

Alpha particles are positively charged, consisting of a helium nucleus of two neutrons 

and two protons in close approximation and accelerated in similar devices used in 

proton acceleration. Alpha particles have seen clinical success in the form of 

radionuclides such as radium-223, which is utilised to treat mCRPC [116,193]. 

The international unit for radiation dose is the gray (Gy), defined as J/kg, i.e. 1 Gy 

equals the absorption of 1 joule of energy in 1 kg. However, different IR types do not 

elicit equivalent biological doses, with biological effects depending on the source and 

properties of the biological target. The effectiveness of different radiation types is 

usually compared to X-rays as the standard, referred to as the relative biological 

effectiveness (RBE). 

The interaction of radiation with biological mediums may be direct or indirect (Figure 

1.13). Direct events occur when key molecules (DNA, RNA or enzymes) are disrupted 

by knocking out intramolecular bonding electrons. In contrast, indirect effects occur 

when ionised or disrupted molecules (e.g. water) recombine into toxic compounds 

(e.g. hydrogen peroxide) [197], which damage nearby biological molecules in their 

path. Indirect effects also involve free radicals. Free radicals are produced when 

radiation interacts with other molecules such as (water, proteins and lipids) to produce 

free radicals, which then can react with DNA molecules. 
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Figure 1.13- The direct and indirect action of ionising radiation [198]. Both direct and indirect measures of ionising 
radiation can damage DNA, either through direct disruption of the DNA strand or by free radical interactions with 
DNA. 

Radiation can also be classified based on ionisation density (linear energy transfer). 

Direct ionising radiation induces significant primary ionisations (alpha and beta) and 

indirect ionisation radiation causes minimal primary ionisation (X-ray, gamma and 

neutron). Linear energy transfer (LET) is the number of energy radiations transferred 

per unit track length, measured in keV/μm and reflected in the ability to produce 

radiobiological damage. Radiation can be classified as high or low LET, with high LET 

being alpha particles and low LET being beta and gamma particles (Figure 1.14). 
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Figure 1.14- Schematic representation of a cell nucleus irradiated with two electron tracks from gamma rays (low 
LET) or two alpha particle tracks (high LET) [199]. 
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1.5.2.1  Alpha Particles 
 
Alpha particles are a high LET ionising radiation, they are highly damaging but have 

little penetrating power, with the thickness of a piece of paper being enough to stop 

them and resulting in alpha particles only being hazardous in the event of internal 

exposure, e.g. ingestion, inhaling or absorption internally [200]. 

Alpha particles are helium nuclei consisting of two protons and two neutrons. When a 

parent radionuclide emits an alpha particle, its atomic mass decreases by four and its 

atomic number by two, creating a different element. In nature, alpha particles result 

from the radioactive transformation of heavy elements (e.g. radium, uranium, radon, 

thorium). Long transformation chains produce successive alpha and beta particles 

until a nuclide has a stable configuration [201]. 

Alpha particles have a +2 electrical charge and a mass number of 4, leading them to 

interact strongly with matter. Their high energy and large mass (7,200 times that of an 

electron) cause them to move slowly across each atom they pass, allowing them to 

knock off electrons easily and lose energy very quickly. This gives alpha particles low 

penetrations levels, ranging from 3-10 cm in air and only 25-80 μm in biological mass. 

Once all their energy has been expanded, alpha particles combine with two electrons, 

forming a helium atom chemically inert to biological material [202]. 

1.5.2.2  Beta Particles 
 

Beta particles are low-LET high-velocity electrons ejected from transforming nuclei. 

They are formed when unstable nuclei cannot stabilise their number of protons due to 

either too many or too few electrons and can be either negatively charged (negatron- 

β−) or positively charged (positron- β+) [203]. 
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Negatrons form when radionuclides with too many neutrons stabilise. They achieve 

this through a neutron changing into a proton, this causes the nucleus to emit a 

negatron and an antineutrino, resulting in a different element with one fewer neutron, 

one more proton and an equal mass number as the original nucleus. The energy 

spectrums of beta particles are characteristic of the particular radionuclide from which 

they arise but range from zero to a specific maximum [203].  

Positrons form when there are not enough neutrons in the nucleus. In this case, a 

proton changes into a neutron causing the nucleus to emit a positron and a neutrino, 

resulting in the formation of a different element of the same atomic mass number of 

the original element but one more neutron and one less proton. Positrons are highly 

reactive but will eventually combine with an electron after slowing through successive 

ionisations. Once connected, this positron-electron pair is annihilated and converted 

into energy in the form of two gamma-ray photons of 0.51 MeV each [203]. 

1.5.2.3  Gamma Radiation 
 
Gamma rays are a highly penetrating low LET indirect form of ionisation. Radioactive 

transformation occurs when alpha or beta emissions leave the nucleus in an excited 

state that contains excess residual energy. The nucleus eventually releases this 

energy returning to a grounded stable state or as close to an energy level as possible. 

The energy released is equal to the change in energy state in the form of gamma 

radiation (high-energy photons) [204].  

Depending on the energy of the gamma-ray photon and the atomic number of the 

absorbing material, gamma-ray photons can interact with an absorbing material by 

one of three primary methods, photoelectric interaction, Compton scattering or pair 

production. This interaction results in highly energetic electrons interacting with other 
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atoms in their path, dissipating their energy and ionising atoms similarly to beta 

particles. Gamma rays have a considerable ionisation distance between them and 

liberate electrons when absorbed into matter, making them and the electrons liberated 

low LET. Both X-rays and gamma rays behave identically but differ in origin. Gamma 

rays originate in the nucleus and X-rays originate in the orbital electron structure or 

from stopping highly energetic electron or beta particles [204]. 

1.6 DNA DAMAGE 
 
Deoxyribonucleic acid (DNA) is one of the most important molecules in living cells, 

containing the genetic code necessary for cellular and organismal development. DNA 

is a polymer of monomers called nucleotides, comprising a 5-carbon sugar, 

deoxyribose, a nitrogenous base and one or more phosphate groups. DNA has four 

bases: the single-ring pyrimidines cytosine and thymine and the double-ring purines 

adenine and guanine [205]. 

The primary aim of radiation is to damage cancer cell DNA, triggering a subsequent 

cascade of DDR response signalling to control cancer cell cycle arrest and cell death 

or survival [206]. Genomic stability is essential to normal cell growth and survival, with 

many external and internal genotoxic insults challenging DNA integrity daily [207,208]. 

Cells have developed fail-safe mechanisms containing complementary and 

independent repair pathways, allowing compensation if one path is compromised 

[209,210]. 

Ionising radiation induces DNA damage, including crosslinks, base and sugar 

damage, single-strand breaks (SSB) and DSBs. SSBs, compared to DSBs, are more 

straightforward and easier to repair than DSBs, which are more damaging, more 

complex and more difficult to repair due to both DNA strands being affected 
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simultaneously [211,212]. DSBs can be either simple or complex, with simple DSBs 

being two-ended DNA breaks that are rapidly repaired. Complex DSBs can result in 

clustered DNA damage, consisting of two or more instances of oxidative base 

damage, basic sites or SSBs around a DSB [213–215]. Complex DSBs are also more 

slowly and inefficiently repaired than simple DSBs, resulting in increased genomic 

instability [216–218]. 

The DNA damage and response type vary based on radiation type (Figure 1.15). High-

LET radiation results in increased clustered DSB damage of up to 500 DSBs/μm3 with 

higher risks of chromosomal rearrangements and death [219–221]. At the same time, 

irradiation with X-rays or gamma rays leads to 3-4 times the rate of clustered DNA 

lesions over single-strand damage [222]. 

 

Figure 1.15- DNA damage response pathways and how they can be targeted. Double-strand, single-strand breaks, 
or mismatches result in the activation of specific signalling and repair cascades which can be therapeutically 

targeted [223]. 
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1.6.1 Cell Cycle checkpoints and arrest 
 
To ensure the fidelity of DNA replication through the cell cycle, cells are monitored by 

highly regulated pathways governing progression from one phase of the cell cycle to 

the next. During interphase, cells must pass through the G1 restriction point to allow 

chromosomal replication and the G2 checkpoint to enter mitosis [224]. If DNA damage 

has been sustained, additional checkpoints such as the intra-S and spindle 

checkpoints must also be cleared (Figure 1.16) [225,226]. 

Cell cycle checkpoints assess whether the genome of a cell is fit for division or whether 

it must be repaired. If repair is successful, the cell can continue through the cell cycle. 

However, apoptosis may be triggered if repair is unsuccessful in preventing the errors 

from propagating as mutations. These checkpoints are governed by a range of 

mechanisms, including key members of the DDR pathways such as ataxia 

telangiectasia and Rad3-related protein (ATR), ataxia telangiectasia mutated (ATM) 

and DNA-dependent protein kinase (DNA-PK). 

ATR is a serine/threonine-specific protein kinase [227] activated by SSBs and 

generated from helicase uncoupling and DNA polymerase during replication fork 

stalling [228]. At the same time, ATM is activated by DSBs [229]. Upon 

phosphorylation, both ATM and ATR activate a range of downstream effectors and 

transducers that help regulate the cell cycle [230]. These include Chk1 by ATR or Chk2 

by ATM, which initiates intra-S cell cycle arrest through inhibition of nuclear export of 

Cdc25 [231]. Chk2 also activates p53-dependent pathways arresting the cell cycle 

[232]. 

ATM and ATR also regulate the tumour suppressor gene BRCA1’s role in controlling 

the G2/M checkpoint [233]. Both ATM and ATR activate BRCA1 through 
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phosphorylation of multiple serine residues such as Ser1423 and Ser1526 [234,235]. 

ATM phosphorylation and activation of Chk2 also allow BRCA1 phosphorylation at 

Ser988, which is vital in promoting homologous recombination (HR) DSB repair [236]. 

G1 is also regulated through similar pathways. With ATM phosphorylating p53 and 

regulating a p53-p21 mediated G1 checkpoint [237–240]. Ku, a DNA-binding protein 

heterodimer composed of Ku70 and Ku80, plays a critical role in recombination and 

DNA repair [241]. ATM phosphorylates Ku in response to DNA damage, recruiting 

DNA-PK for the DNA-PK/Ku complex facilitates enzyme access to DNA ends for repair 

through non-homologous end joining (NHEJ) [242]. The DNA-PK/Ku complex 

regulates the G1/S cell cycle checkpoint through p53 and p21 dependent pathways 

[243–245]. 

 

Figure 1.16- Cell cycle checkpoint activation following DNA damage [223]- ATM/ATR regulate cell cycle checkpoint 
through CHK1 and CHK2, which subsequently phosphorylate Cdc25 and activates Cdks resulting in cell cycle 
arrest. IR-induced DSBs are repaired by either HR or NHEJ. NHEJ occurs preferentially during G0 and G1, whereas 
HR is prevalent during S and G2. 

 



   
 

65 
 

1.6.2 Double-strand break repair 
 
Efficient and faithful DSB repair is essential to cell function and survival, with incorrect 

repair leading to genomic rearrangement, potentially resulting in genomic instability, 

resistance to therapy and tumourigenesis. DNA repair is a diverse and lesion-specific 

process, with one unrepaired DSB sufficient to trigger apoptosis [246]. DSBs are 

mainly repaired in mammalian cells through two distinct pathways: NHEJ and HR. 

Both mechanisms have important implications in tumour response to radiotherapy. 

1.6.3 Homologous recombination 
 

HR is a critical pathway in repairing DSBs and maintaining genomic stability. HR is a 

much more accurate form of DSB repair over NHEJ, allowing for high-fidelity repair of 

DSBs through deriving the correct sequence from a homologous strand of intact DNA 

[247]. HR is also the primary mechanism of DSB repair during the S and G2 phases 

of the cell cycle, partly due to sister chromatid availability, which is used as repair 

templates [248]. 

The mechanism of HR can be summarised into five sequential steps. The 5’ to 3’ 

resection of broken DNA strands, search for homologous repair sequences, strand 

invasion, recombination and ligation (Figure 1.17). HR is initiated by DNA end 

resection in the 5’ to 3’ direction, creating a 3’ long strand of DNA on both sides of the 

break that is essential for homologous DNA strand invasion and gap-filling DNA 

synthesis [249]. The 3’ overhangs of single-stranded DNA are then coated in 

replication protein A (RPA) before being displaced by Rad51. Rad51 is organised in 

nucleoprotein filaments, which are assembled, rearranged and disassembled, 

promoting DNA strand reassembly by DNA polymerases. A process critical for HR 

processes such as homology recognition, strand invasion and capturing the second 

DNA end [250]. Holliday junctions temporarily link crossing DNA strands, while DNA 
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polymerases add complementary bases using the homologous strand as a template, 

resulting in two restored double-stranded DNA molecules [251,252]. Following DNA 

end ligation, Holliday junctions are removed by endonucleases, which may also 

include swapping on identical strand sections between sister chromatids in a process 

known as ‘crossover’ or can be resolved in non-crossover methods [253,254]. 
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Figure 1.17- Homologous recombination repair. DNA is resected by the MRN complex creating a 3’ overhang 
coated with RPA. RPA is displaced by RAD51 through The BRCA1-PALB2-BRCA2 complex, allowing RAD51 

nucleoprotein filament to invade the complementary template and DNA repair to occur [255]. 

 

 

 

 

 



   
 

68 
 

1.6.4 Non-homologous end-joining 
 
NHEJ is a more error-prone method of DSB repair that can occur at all stages of the 

cell cycle, but mainly in G1, where no template strand is available and most cells 

reside, making it the predominant mechanism of lethal DNA DSB repair from ionising 

radiation. NHEJ has two mechanisms of action, the classical method for when DNA-

PK is available and an alternative mechanism if DNA-PK is unavailable. 

Classical NHEJ can be divided into four sequential steps. Initially, DNA ends are 

recognised, promoting NHEJ component assembly and stabilisation. DNA ends are 

then bridged and stabilised before being processed and modified. The DNA ends are 

then ligated together and the NHEJ complex dissociates [272–275] (Figure 1.18). 

During end recognition, the Ku heterodimer, composed of the Ku70 and Ku80 

subunits, binds to sites of DSBs within seconds of damage occurring with high binding 

affinity [256]. This Ku heterodimer then acts as a scaffold, allowing for the recruitment 

of other NHEJ factors such as DNA protein kinase catalytic subunit (DNA-PKcs), which 

binds, forming a holoenzyme complex and becoming autophosphorylated [257]. 

Providing the energy needed to facilitate conformational changes of the holoenzyme 

complex allowing subsequent DNA end processing and ligation. Artemis then forms a 

complex with DNA-PK, which can be phosphorylated to activate endonuclease activity 

enabling the process of 5’ and 3’ overhanging nucleotides and hairpin loops [258]. End 

processing may also involve filling in gaps mediated by DNA polymerases μ and λ. 

The Ku heterodimer then recruits X-ray repair complementing defective repair in 

Chinese cells 4 (XRCC4) and DNA ligase lV to the processed DNA ends to tie up the 

DNA strands while DNA-PKcs stabilise the new complex [259,260]. The XRCC4-like 

factor (XLF) protein is recruited to promote DNA ligation in cases where DNA strands 

are mismatched or lack homology [261]. 
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The alternative mechanism of NHEJ occurs when DNA-PK is either functionally 

compromised or absent and HR is unavailable, e.g. in the wrong phases of the cell 

cycle. While the exact mechanisms of alternative NHEJ are unclear, it follows the 

same general pathways as classical NHEJ, with DNA ends recognised, bridged, 

stabilised and ligated together (Figure 1.18). Alternative NHEJ can also take over other 

DSB repair methods, such as classical NHEJ or HR, should they fail. The resulting 

components remaining at the DNA ends are abrogated by DNA ligase IV from the 

already altered DNA [282–285]. 

Although the exact mechanisms are unknown, several proteins have been heavily 

implicated. DNA ends can be recognised by PARP1 and stabilised by the MRN 

complex and histone 1. While DNA ligase l or a DNA ligase lll/XCCR1 complex 

mediates DNA end ligation. Alternative NHEJ is much slower and inefficient than 

classical NHEJ, increasing the risk of large-scale deletions, chromosomal 

translocations and other sequence alterations, while also displaying lower sequence 

homology, increasing the risk of incorrect end binding [262–265]. 



   
 

70 
 

 

Figure 1.18- Mechanisms of non-homologous end-joining repair. NHEJ can be either classical or alternative. 
Classical involves DNA ends recognition, promotion of NHEJ component assembly and stabilisation. DNA ends 
bridging and stabilisation before processing, modification and DNA end ligation. The alternative mechanism of 
NHEJ occurs when DNA-PK is either functionally compromised or absent and HR is unavailable and follows the 

same general pathways as classical NHEJ [255]. 
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1.6.5 Cell death mechanisms  
 
Following irradiation, should damage prove too significant to repair, then cell death, 

defined as the loss of replicative capacity (i.e. replicative or reproductive death), will 

occur via one of several pathways, including mitotic catastrophe, apoptosis, 

autophagy, necrosis and senescence (Figure 1.19). 

Mitotic catastrophe regulates cells unable to complete mitosis through mitotic arrest 

and regulated cell death or senescence. Mitotic catastrophe results from abnormal 

chromosomal segregation, causing the formation of giant cells with aberrant nuclei 

and multiple micronuclei that are nucleus degradation products [266]. Cells in mitotic 

catastrophe eventually trigger other cell death pathways to initiate cell death and in 

some rare cases may escape mitotic catastrophe. Dysfunctional cell cycle 

checkpoints, a common cancer cell hallmark, allow irradiated cells to prematurely 

enter mitosis with misrepaired DNA, leading to mitotic catastrophe. Several attempted 

divisions may occur before enough DNA damage is accumulated to trigger mitotic 

death, a rationale behind delayed radiation response [267,268]. 

Apoptosis, often called programmed cell death, is a form of highly regulated cell death 

for embryonic development and removing damaged and infected cells. It is 

characterised by chromatin condensation, cellular shrinkage, nuclear fragmentation 

and outer membrane blebbing. The intrinsic apoptotic pathway activates when the 

DDR and p53 as a central component disrupt the pro-apoptotic and anti-apoptotic 

balance, resulting in cytochrome c release from the mitochondria into the cytoplasm 

and activation of intrinsic-specific caspase 9 [269]. The extrinsic apoptotic pathway is 

activated by binding of the tumour necrosis factor (TNF) ligand family to plasma 

membrane death receptors causing extrinsic pathway-specific caspase 8 activation. 

Death receptors are commonly upregulated following radiation, making this a widely 
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activated pathway [270–272]. The ceramide pathway is triggered by acid 

sphingomyelinase activation in the plasma membrane, producing ceramide through 

sphingomyelin hydrolysis; De novo ceramide synthesis can also activate mitochondrial 

ceramide synthase. The intrinsic, extrinsic and ceramide pathways converge in the 

activation of caspase 3 and 7, setting off a controlled cellular degradation cascade. 

Autophagy is sequestering old or damaged cytoplasmic organelles within vesicles for 

lysosomal degradation following cellular stress. During autophagy, an autophagosome 

(double-membrane vesicle) envelopes portions of the cytoplasm or organelles before 

fusing with lysosomes digesting the intracellular components. These can then be 

recycled, providing energy and biosynthesis. Usually, a cytoprotective process, 

autophagic cell death occurs when an excessive autophagic response occurs [273]. 

Autophagy is a highly regulated process, with its exact mechanisms unknown but 

involving ATG genes through the endoplasmic stress module and mTOR pathway 

[273]. Autophagy is commonly observed in dying cells following radiation exposure, 

but it is unclear whether this is a mechanism of treatment resistance or cell death 

[274,275]. 

Necrosis is an unregulated and uncontrolled form of cell death triggered by severe 

stress or mechanical disruption such as ion imbalance, energy loss and extreme pH 

changes. Necrosis is morphology characterised by cell swelling, cell membrane 

integrity loss, vacuole formation and mitochondrial and organelle degradation [276]. 

Necrosis is also often associated with triggering immune responses and inflammation 

due to spilling cellular contents into the matrix—a contrast to apoptosis, where 

membranes isolate cell contents [276]. 
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Senescence is the loss of replicative capabilities through permanent cell cycle arrest. 

Radiation-induced senescence is triggered by DNA damage and activation of the p53 

and pRb pathways, blocking the cell cycle [277,278]. It also occurs in normal cells that 

have reached their replicative potential, i.e. telomere shortening. While unable to 

divide, senescent cells are still metabolically active, developing an expression pattern 

of immunomodulatory factors driving the expression of interferon and NF-kB elements 

[279,280]. 

Other types of radiation-induced cell death include necroptosis and ferroptosis. 

Necroptosis has similar properties to necrosis but is regulated, able to be activated by 

death receptors and signalling transduced by caspase-independent pathways 

converging on RIPK3 and MLKL. Ferroptosis is a form of cell death triggered by lipid 

peroxide accumulation by decreased glutathione peroxidase (GPX4) degradation. In 

response to radiation, this occurs via ATM repression of the cystine-glutamine 

antiporter system xc- resulting in reduced glutathione, a GPX4 cofactor. 
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Figure 1.19- Cell death mechanisms induced by ionising radiation. In the event of unresolved DNA damage and 
defective cell cycle checkpoints, cells may undergo mitotic catastrophe resulting from failed replication. If DNA 
damage is too complex to repair, apoptosis, necrosis or necroptosis may also be initiated. Cells may also enter 
senescence, a state of permanent cell cycle arrest [281]. 

1.7 SENSITISING RADIATION RESPONSE 
 

The effectiveness of radiation therapy is mainly dependent on its ability to cause lethal 

DNA damage. However, radioresistance remains a significant hurdle, a partial result 

of efficient and redundant DNA repair capabilities. Therefore, the increased efficacy of 

radiotherapy through drug combinations that can disrupt DNA repair machinery is an 

evolving field to improve clinical outcomes. 

1.7.1 INHIBITING DNA REPAIR 

 

Following radiation, most DNA damage is repaired through SSB and base excision 

repair (BER). Inhibition of these pathways can convert SSBs to DSBs when 

encountering replication forks [282], sensitising even HR proficient cells to radiation 

[283]. This has already been extensively demonstrated with PARP inhibitors in in vitro 
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and in vivo settings [284–286]. Still, early clinical data has yet to show coherent proof 

of synergy, although numerous clinical trials are underway [287,288]. APE1 is a critical 

component of BER and SSB repair commonly overexpressed in cancer, making it an 

attractive therapeutic target [289,290]. Preclinical studies have shown increased 

efficacy with radiotherapy in preclinical settings, with lucanthone combined with 

temozolomide currently undergoing phase ll clinical trials in glioblastoma [291]. 

DNA-PK inhibitors have shown radiosensitisation in preclinical studies [292–294], with 

phase l clinical trials currently testing the safety and tolerability of DNA-PK inhibition 

(M3814) in combination with palliative radiotherapy +/- immunotherapy in advanced 

solid tumours (NCT02516813 and NCT03724890) and curative-intent radiotherapy in 

advanced rectal cancer (NCT03770689) [295,296]. 

Inhibition of Ku70 and Ku80 has also been suggested to decrease DNA-PK and NHEJ 

activity, with the shRNA depletion of Ku70 or Ku80 reported to show increased 

radiosensitisation and cytotoxicity in pancreatic cancer cells [297,298]. Dual inhibition 

of DNA-PK and mTOR (CC-115) has also demonstrated increased cytotoxicity, with 

CC-115 combined with radiotherapy and temozolomide undergoing phase l trials in 

glioblastoma (NCT02977780) [299]. 

Specific inhibitors of HR are lacking, with imatinib shown to reduce RAD51 expression 

and functional HR increasing radiosensitisation [300]. ATM is a key enzyme involved 

in both HR and NHEJ, with ATM defective cells being extremely radiosensitive 

independent of p53 status [301,302]. ATM inhibitors have shown increased 

radiosensitisation in preclinical studies, with phase l clinic trials testing ATM inhibition 

with radiation in brain tumours currently underway [303–305]. ATM can also be 
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indirectly inhibited through mitogen-activated protein kinase (MAPK) or TGFβ-

signalling inhibition, increasing tumour radiosensitivity [306–308]. 

Cancer cells with elevated levels of replication stress are more susceptible to ATR 

inhibition [309]. ATR inhibition (AZD6738) has shown promising preclinical results 

[309,310], with several phase l clinical trials investigating ATR inhibition (M6620) as a 

monotherapy or combined with radiotherapy (NCT02223923), olaparib, carboplatin 

and immunotherapy agents (NCT03641547, NCT02567422, NCT02589522). 

1.7.2 Inhibiting cell cycle checkpoints  
 

Cell cycle checkpoint dysfunction is a common defect in cancer cells. Targeting cell 

cycle checkpoint signalling is an alternative approach to improving therapeutic 

outcomes and modulating DNA repair. Cancer cells with altered G1 checkpoints have 

endless cell cycle progression, with G2 removal increasing unrepaired damage and 

leading to transfer to daughter cells, resulting in the loss of essential genetic material 

and cell death. 

Combinations of radiotherapy with dual CHK1 and CHK2 inhibition (AZD7762 and 

prexsertib) have shown increased radiosensitisation effects and mitotic catastrophe in 

cancer cell lines and xenografts [311–313]. Phase 1b clinical trials of prexsertib with 

radiotherapy and cisplatin or cetuximab in locally advanced head and neck cancer 

(NCT02555644) are currently underway. 

WEE1 kinase is a central regulator of the G2-M checkpoint [314] by inhibiting entrance 

to mitosis and phosphorylation of Cdc2. Inactivating the Cdc2/cyclin B complex stops 

cells in G2-M, facilitating DNA repair. Several preclinical studies have shown the 

potential radiosensitisation effects of WEE1 inhibitors [315,316], with phase l trials 

currently underway testing adavosertib (AZD1775) with radiotherapy, radiotherapy 
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and temozolomide (NCT01849146) and radiotherapy and cisplatin (NCT03345784, 

NCT03028766 and NCT02585973). 

1.7.3 Inhibiting cell death mechanisms 
 

Resistance to cell death is a hallmark of cancer and an essential determinant in 

therapeutic response to radiotherapy. TNF-related apoptosis-inducing ligand (TRAIL) 

inhibits apoptosis through binding to the death receptors DR4 and DR5. Combining 

radiotherapy with recombinant purified TRAIL has shown to increase apoptotic cell 

death with radiation, sensitising cancer cells to TRAIL-induced apoptosis [317–319]. 

Cancer cell resistance to radiotherapy has also been linked to overexpression of anti-

apoptotic factors such as members of the Bcl-2 family and inhibition of apoptosis 

proteins (IAP) [320–322]. Bcl-2 inhibition and downregulation of IAP are shown to 

radiosensitise cancer cells by triggering apoptosis [323–329]. 

Cancer cells utilise autophagy to increase resistance to radiation. Inhibition of 

autophagy leads to increase radiosensitisation of cancer cells in vitro [330,331] but 

may be dependent on immune response, with autophagy inhibition in 

immunocompetent mice shown to reduce radiation response [332]. Other current 

research has investigated the use of vitamin D to induce a cytotoxic form of autophagy 

to increase radiosensitivity [333,334]. 

1.7.4 Hypoxia  
 

Hypoxia is a state of insufficient oxygen levels to maintain homeostasis. In normal 

cells, levels are around 5%, fluctuating between 1-8%. However, oxygen levels in 

tumours are much more diverse, ranging from mild hypoxia levels of ≤2% to severe 

hypoxia levels of ≤0.1%. 
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Hypoxic cells are upwards of twofold to threefold more radioresistant than normoxic 

cells, therefore targeting hypoxia has become an attractive means of sensitising 

tumour cells to radiation. Hypoxic cells lead to radioresistance by preventing oxygen 

from stabilising and fixing the initial DNA radial damage caused by free radicals. 

Without oxygen, initial DNA damage is repaired through reaction with sulfhydryl (SH) 

groups without the need for other DNA repair mechanisms (Figure 1.20) [335]. 

 

Figure 1.20- The oxygen fixation hypothesis: Free radicals are produced either directly when the photon removes 
a valence electron in the DNA (repairable damage) or indirectly when the radical used oxygen and the subsequent 
DNA damage is unrepairable [336]. 

Hypoxic regions arise when oxygen from blood vessels becomes inaccessible. Acute 

hypoxia results from temporary blockage or closure of particular blood vessels, usually 

resulting from incorrectly formed tumour vasculature. Chronic hypoxia results from the 

physical distance between tumour cells and blood supply, resulting in limited diffusion 

distance for metabolising oxygen. Chronic hypoxic cells will die unless oxygen access 

is re-established [337]. 

Hypoxia is a phenomenon primarily seen in tumours over normal tissue, making 

strategies to increase tumour oxygen availability an attractive target to increase 

radiation response. While early efforts utilised hyperbaric oxygen chambers to 
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increase blood oxygen concentration, current efforts use small oxygen mimicking 

molecules such as nitroimidazoles to sensitise hypoxic cells to radiation. 

Nitroimidazoles become activated in hypoxic conditions, fixing free radical DNA 

damage in a similar but less effective manner to oxygen. However, issues with dose-

limiting toxicity resulted in clinical failure [338–342]. 

Nimorazole has shown less toxicity than other nitroimidazoles in phase l-lll clinical 

trials, with combinations of nimorazole with radiotherapy showing a more significant 

response in head and neck cancer in the DAHANCA trial [343–345] and current phase 

lll trials such as the NIMRAD trial currently underway [346]. 

Newer approaches utilise hypoxia-activated pro-drugs (HAPs), precursors of cytotoxic 

DNA damaging agents, which selectively target hypoxic cells through being chemically 

reduced to active compounds in low oxygen conditions [347]. At the same time, other 

approaches include molecularly targeted bioreductive pro-drugs such as DNA-PK 

inhibitors. With HAP DNA-PK inhibitors such as BCCA621C shown to sensitise 

hypoxic cells to radiation in vitro [348,349]. 

Delivery of HAPs remains challenging, with hypoxic cells often distant from functioning 

vasculature. Hypoxic tumours must also be stratified through methods such as [18]F-

fluoroazomycin arabinoside (FAZA) and positron emission tomography (PET 

imaging). Despite the attractiveness of HAPs, these challenges have so far resulted 

in a lack of effectiveness in clinical settings thus far [349]. 
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1.8 AIMS AND OBJECTIVES  
 
Radiotherapy continues to represent an essential treatment modality in the treatment 

of mCRPC, with high-LET alpha particles such as radium-223 displaying distinct 

characteristics over conventional low-LET radiation such as X-rays. The increasing 

understanding of the role of the AR has led to increasing interest in using AR inhibitors 

to enhance radiation response synergistically, but whether combinations are 

synergistic or merely additive is currently unknown. Another issue is the selection of 

AR inhibiting agents, with no current biological rationale for selecting Abiraterone or 

Enzalutamide or vice versa, with a choice now based on consideration of various 

factors such as side effect profiles. 

We hypothesise that AR suppression leads to radiosensitisation to both low and high 

LET irradiation through the downregulation of key DDR proteins, and can be further 

enhanced in combination with other DNA repair inhibitors. This project aimed to 

evaluate and dissect this hypothesis through the following aims: 

1. Investigate the potential radiosensitising effects of AR suppression with low 

(Chapter 3) and high LET (Chapter 4) radiation across prostate and bone 

models. 

2. Determine the role of AR suppression on DSB repair pathways, cell cycle, cell 

death and DNA damage with low (Chapter 3) and high LET radiation (Chapter 

4) across prostate and bone models. 

3. Compare and contrast the radiological biological effectiveness of X-rays with 

radium-223 in prostate and bone models (Chapter 4). 

4. Investigate the efficacy of synthetic lethality through combinations of DNA 

repair inhibitors with AR suppression with and without radiation across prostate 

and bone models (Chapter 5). 
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2 MATERIALS AND METHODS 

2.1 TISSUE CULTURE  
 

2.1.1 Cell handling  
 

Tissue culture work was conducted in a class ll unidirectional laminar flow 

microbiological safety cabinet (Thermo Fisher Scientific, UK). Materials used were 

autoclaved at 121°C or purchased sterile. In addition, all materials were sprayed with 

70% industrial methylated spirits (IMS) (Thermo Fisher Scientific, UK) before use. 

2.1.2 Mycoplasma testing  
 

Mycoplasma testing was conducted using a MycoAlert® Mycoplasma Detection Kit 

(Lonza, Switzerland). The MycoAlert® Reagent and MycoAlert® Substrate were 

reconstituted in MycoAlert® Assay Buffer for 15 minutes to allow rehydration. 

Following rehydration. 100 µl of supernatant from cells was then transferred to a white-

walled plate and a luminometer was used to take one-second integrated readings. 

Then 100 µl of MycoAlert® Reagent was added to each sample for 5 minutes before 

being placed in a luminometer and read to obtain reading A. Next, 100 µl of 

MycoAlert® substrate was added to each sample for 10 minutes before being read in 

a luminometer to get reading B. The ratio of Reading B/Reading A was then used to 

determine if samples were mycoplasma infected. Cells infected with mycoplasma 

produced ratios greater than 1 [374]. 

2.1.3 Cell culture 
 
Cells were cultured and incubated in a range of tissue culture flasks (T25, T80 and 

T175) depending on the number of cells required (ThermoFisher Scientific, UK) at 

37°C and 5% atmospheric CO2 in a humidified incubator (Sanyo Europe Ltd). Water 
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in the incubator was routinely changed every two weeks and an anti-bacterial solution 

(Aqua Resist, VWR) was added to ensure sterility. 

Cells were cultured in appropriate media, dependent on cell type. The prostate models 

PC3, LNCaP and the osteosarcoma bone models SJSA-1 were all grown in Roswell 

Park Memorial Institute medium (RPMI-1640) supplemented with 10% foetal bovine 

serum (FBS) (ThermoFisher Scientific, UK) and 1% penicillin-streptomycin. 

2.1.4 Cell passage 
 

Cells were grown until confluency levels of 70-90% before media was aspirated and 

washed with phosphate-buffered saline (PBS) (Oxoid, UK) to remove excess media. 

Cells were immersed in 5% trypsin (Sigma, UK) before being incubated until cells had 

detached from the surface of the flask (typically 5-10 minutes) and removed, before 

being resuspended in fresh media and aliquoted into a new flask at 10-20% 

confluency. 

2.1.5 Freezing cells  
 
Cells were grown to 80-90% confluency before being washed in PBS, detached with 

trypsin and cells transferred to a falcon tube. The cell suspension was then spun down 

in a centrifuge (Eppendorf Centrifuge 5702) at 2500 rpm for 5 minutes and the 

supernatant was removed before being resuspended in freezing media composed of 

10% dimethyl sulfoxide (DMSO) (Sigma, UK) and 90% FBS (Gibco, UK). The cell 

suspension was then aliquoted into cryovials, placed into a ‘Mr Frosty’ (Thermo Fisher 

Scientific, UK) (to allow slow freezing and prevent ice crystal formation) and put into a 

-80°C freezer (New Brunswick C760) for 24 hours before being transferred to an 

appropriate storage container at -80°C. 
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2.1.6 Thawing Cells 
 
Frozen cells were rapidly defrosted at 37°C and added to a falcon tube containing 

warm media before, being spun down at 1,500 RPM and discarding the supernatant 

to remove the DMSO/media freeze mix. Cells were resuspended in warm media, 

placed into an appropriately sized flask and after 24 hours the media was replaced 

and cells were cultured as usual. 

2.1.7 Cell Counting  
 

Following trypsinisation and resuspension cells were gently mixed to ensure a single 

cell suspension. Of this cell suspension, 100 μl was added to 9.9 ml of isotonic solution 

and counted twice using a Beckman Coulter Counter, before taking an average to 

determine cells/ml. The Coulter Counter was washed with an isotonic solution between 

counts and a blank of isotonic solution was used as a control.  

2.1.8 Cell Models 
 
All prostate and bone models were obtained from American Type Culture Collection 

(ATCC, UK). The human AR-insensitive prostate model PC3 is derived from bone 

metastasis from a grade IV prostatic adenocarcinoma of a 62-year-old Caucasian 

male. The human AR-sensitive prostate model LNCaP is derived from the left 

supraclavicular lymph node metastasis of a 50-year-old caucasian male. The human 

osteosarcoma cell line SJSA-1 is derived from the primary tumour of a 19-year-old 

male with primitive multipotential sarcoma of the femur. 

2.2 MTT ASSAYS 
 
MTT assays measured cell metabolic activity [375] and were utilised to study the 

viability of cells following drug treatment. Cells were seeded into 96 well plates at a 

density of 5000 cells per well in 200 μl media 24 hours before treatment across a dose 
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range of 0-100 μl. Following drug treatment, cells were left for 72 hours before 20 μl 

of 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) dye was added 

to each well for up to three hours. All solution was removed from the wells and 100 μl 

DMSO was added to allow the formazan product to dissolve. The absorbance of each 

well was then measured at 570 nm in a FLUOstar Omega plate reader (BMG Labtech, 

Germany). LD values were determined from MTT curves to indicate the drug 

concentration at which cell viability was reduced by the desired % compared to 

controls. 

2.3 CLONOGENIC ASSAYS  
 
Clonogenic survival assays [376] were performed to assess cellular survival following 

exposure to radiation and drug treatment. 

2.3.1 Seeding 
 

For X-ray exposures, appropriate numbers of cells were seeded into six-well plates, 

as shown in Table 7.1, before being left to adhere overnight. The following day media 

was removed, replaced (containing the relevant drugs if required) and left for an 

additional 24 hours to allow drug uptake. Cells were then irradiated and incubated to 

allow colony formation. 

For radium-223 exposure, cells were seeded into six-well plates at densities shown in 

Table 7.2, with media replaced and relevant drugs added the following day. Following 

24 hour drug exposure, radium-223 was added to cells for six or 24 hours before media 

was removed and wells were washed three times with PBS to ensure all traces of 

radium-223 were removed. Fresh media was added and cells were left to form 

appropriate colonies. 
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2.3.2 Fixation and staining  
 

Cells were fixed when there were sufficient colonies containing 50 or more cells, 

typically between 7 and 14 days post-radiation. Colonies were fixed and stained by 

removing media and adding 0.4% crystal violet (Sigma, UK) in 95% IMS (Sigma, UK) 

for 30 minutes before crystal violet was washed out of wells by carefully submerging 

in water. 

Colonies were manually counted, with inclusion criteria of 50 cells or more 

representing a single colony and any colony judged to contain less than 50 cells was 

not scored. Clonogenic survival fractions were calculated based on the following 

formulas: 

Plating eficiency (PE) = (
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑓𝑜𝑟𝑚𝑒𝑑

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑠𝑒𝑒𝑑𝑒𝑑
)𝑋100 

 

𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (𝑆𝐹) =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑓𝑜𝑟𝑚𝑒𝑑

(𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑠𝑒𝑒𝑑𝑒𝑑 × 𝑃𝐸/100)
 

SF values were then plotted in a logarithmic scale plot and non-linear regression of 

the LQ dose-response with GraphPad Prism 8.4.3 (GraphPad Software, LLC) used 

for analysis. Relative biological effectiveness (RBE) and Sensitising enhancement 

ratio (SER) were determined through the following equation (X-rays were used as 

control values in RBE calculations): 

 

𝑅𝐵𝐸/𝑆𝐸𝑅𝑆𝐹=10% = 𝐶𝑜𝑛𝑡𝑟𝑜𝑙/𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 
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2.4 IMMUNOFLUORESCENCE  
 

Immunofluorescence staining with 53BP1 was used to quantify DNA dsb and repair. 

Coverslips were sterilised in ethanol, placed into six-well plates and allowed to dry, 

before cells were seeded at densities of 100,000 cells per well in 2 ml of media. Cells 

were left for 24 hours to adhere before drugs were added and cells were irradiated 24 

hours after drug treatment. 

2.4.1 Fixation  
 

Before fixation, a fixation solution of 50% methanol and 50% acetone was created and 

stored at -20°C before use. Media was removed from cells at desired timepoints and 

2 ml of fixative solution was added to each well for 10 minutes at 4°C. The fixing 

solution was removed before being washed with PBS three times for 5 minutes each. 

Plates were then immediately stained or stored at 4°C in PBS.  

2.4.2 Antibody staining  
 

Following fixation, cells were incubated in permeabilisation buffer (0.5% Triton X-100 

in PBS) for 20 minutes at 4°C. Permeabilisation buffer was removed, cells were 

washed three times with PBS and blocking buffer solution (5% FBS in PBS) was added 

to cells for 60 minutes at room temperature. Blocking buffer was removed from cells 

and the 53BP1 primary antibody (568 nm) (Abcam, UK) at a concentration of 1:5000 

in blocking buffer was added to cells for 60 minutes at room temperature. Following 

this, the primary antibody was removed, cells were washed three times with PBS and 

the relevant secondary antibody (ThermoFisher Scientific, UK) at a concentration of 

1:2000 diluted in blocking buffer was added to cells. Cells were incubated in the dark 

for 60 minutes at room temperature and washed three times with PBS to remove the 

secondary. 
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2.4.3 Slide mounting  
 

Coverslips were mounted to microscope slides using ProLong Gold Antifade reagent 

containing DAPI (ThermoFisher Scientific, UK). Slides were stored at -20°C before 

being analysed using an inverted fluorescence microscope (Zeiss Axiovert 200, Carl 

Zeiss MicroImaging) at 63x magnification. Foci were counted of 50 randomly selected 

cells per slide. Foci from three replicate groups were counted unless stated otherwise. 

2.5 WESTERN BLOT ASSAYS 
 
Western blot assays were conducted to measure cell death and protein expression of 

essential DNA repair genes in response to AR inhibition and radiation. 

2.5.1 Protein extraction 
 
Cells were seeded in p100 petri-dishes at a cell density of one million cells and 

drugged the next day for 24 hours before irradiation. At each timepoint, media was 

removed and placed into labelled 15 ml falcons on ice, while adhered cells were 

scraped and transferred to the relevant 15 ml falcon. Cells and media were centrifuged 

at 2500 RPM for 5 minutes and the supernatant was removed. Cell pellets were 

resuspended in an appropriate amount of radioimmunoprecipitation assay (RIPA) 

(typically 100 μl) containing sodium fluoride (Sigma, UK) and sodium orthovanadate 

(Sigma, UK) and incubated on ice for 20 minutes. Cells were centrifuged at 2,500 RPM 

for 5 minutes, with the resultant supernatant transferred to fresh 1.5 ml Eppendorf 

tubes for immediate quantification or stored at -20°C. 

2.5.2 Protein quantification  
 
Protein samples were thawed on ice before being centrifuged at 13,200 RPM for 10 

minutes at 4°C, with the supernatant transferred to fresh Eppendorf tubes. For 

quantification, a bicinchoninic acid assay (BCA) (ThermoFisher Scientific, UK) master 
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mix was prepared with 245 μl of reagent A added to 5 μl of reagent B. Then 250 μl 

were added per well of a 96 well plate and 2.5 μl of each protein sample added per 

well in duplicate. The 96 well plates were then incubated for 30 minutes at 37°C. A 

FLUOstar Omega plate reader (BMG Labtech, Germany) was used to measure 

colourimetric absorbance signal at absorbance values at 570 nm and proteins were 

quantified based on standard curves. 

2.5.3 Protein preparation 
 
Protein samples were made up in 4x loading buffer according to calculations and 

heated at 95°C for 5 minutes before being loaded into a 4-10% acrylamide gel 

(dependent on the molecular weight of the proteins to be examined). 

2.5.4 Gel electrophoresis  
 
Gel electrophoresis was conducted using a Mini-PROTEAN 3 electrophoresis tank 

(Bio-Rad, USA). Invitrogen NuPAGE Bis-Tris Midi gels (ThermoFisher Scientific, UK) 

of varying percentages were utilised (4-10%) depending on the molecular weights of 

the desired proteins. Once loaded, samples were initially run at 80 volts until the 

proteins passed through the gel stack. The volts were then increased to 100 volts until 

the desired separation had been achieved as measured using a PagrRulerTM Plus 

Prestained Protein Ladder (ThermoFisher Scientific, UK). 

2.5.5 Protein transfer 
 
Proteins were transferred at 30 volts overnight onto polyvinylidene fluoride (PVDF) 

membrane (Merck, UK) and stained using Ponceau solution (Sigma, UK) to ensure 

accurate transfer.  
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2.5.6 Chemiluminescent imaging of proteins  
 

Membranes were blocked in 5% non-fat dairy milk (Marvel) in PBS-Tween (PBS-T) 

(10 mM sodium phosphate, 0.15M NaCl, 0.05% Tween-20 (Sigma, UK), pH 7.5) for 

one hour before being incubated in primary antibodies overnight. The following day 

membranes were washed three times for 5 minutes each with PBS-T before incubating 

with the relevant horseradish peroxidase (HRP)-conjugated secondary antibody for 

one hour. Membranes were then washed with PBS-T three times for 10 minutes each. 

HRP colourimetric substrate (LuminataTM Crescendo, Merck Millipore, UK) was added 

to each membrane and chemiluminescent signal output was measured using a G: 

BOX imager (SYNGENE, UK). 

2.5.7 Membrane stripping and antibody re-probing. 
 
Membranes were washed with PBS-T to remove excess chemiluminescent substrate 

before incubating at 37°C immersed in RestoreTM Western Blot Stripping Buffer 

(ThermoFisher Scientific, UK) for 5-15 minutes. Membranes were then washed three 

times for 5 minutes in PBS-T and re-imaged to ensure sufficient removal of all 

antibodies. Membranes were then re-blocked before further addition of antibodies or 

imaging.  

2.5.8 Data analysis 
 

All western blot images were quantified using Image J. The mean grey value of all 

bands was determined and the background signal intensity was subtracted from all 

values. Protein expression was then normalised to loading control values and all 

values were expressed as percentages relative to experimental controls. 
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2.6 CELL CYCLE  
 

Cell cycle analysis was conducted to assess the percentage of cells in particular cell 

cycle phases following drug treatment and radiation. Cells were seeded at densities 

of 100,000 cells into p30 petri-dishes and left to adhere overnight before drug 

treatment. Twenty-four hours post drug treatment cells were irradiated and fixed at 

required timepoints. 

2.6.1 Fixation 
 
Cell media was transferred to labelled 15 ml falcon tubes on ice at the desired 

timepoints then PBS/EDTA (500 ml PBS+0.5 g EDTA) was added to cells and 

incubated at 37°C for 20 minutes or until cells had adequately detached. Detached 

cells were then added to relevant tubes and centrifuged at 2500 rpm for 5 minutes at 

4°C and the supernatant was removed. The pellet was then resuspended in 1 ml 

PBS/FBS (500 ml PBS+ 5 ml FBS) and 4 ml of ice-cold 100% ethanol (Sigma, UK) 

was added during slow vortexing. Cells were then stored at 4°C until staining. 

2.6.2 Propidium iodide (PI) staining  
 

Cells were centrifuged at 2500 RPM for 5 minutes at 4°C and the supernatant was 

discarded. Pellets were then resuspended in 6 ml PBS/FBS and centrifuged again at 

2500 RPM for 5 minutes at 4°C and the supernatant was discarded to remove all 

traces of ethanol. Cell pellets were then resuspended in 500 μl PI (Sigma, UK)/ 

RNaseA (Qiagen, UK) (150 μl PI+ 37.5 μl RnaseA made up to 15 ml with PBS/FBS), 

incubated for 30 minutes at 37°C and stored at 4°C in the dark for up to 24 hours 

before analysis. 
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2.6.3 Flow cytometry analysis  
 

Samples were processed using a BD AccuriTM C6 Plus flow cytometer (San Jose, CA, 

USA). Analysis was conducted BD Csampler plus. Flow cytometry events were 

appropriately gated to exclude cell debris and doublet/triplet cells. 

2.7 CO-CULTURE  
 

Co-culture experiments were conducted to study the interaction of bone and prostate 

models in response to radiation. Prostate and bone models were seeded onto 

separate microscope slides and placed within the same Nunc™ Rectangular Dishes 

(ThermoFisher Scientific, UK), with 1 ml of media seeded onto each slide. Cells were 

then incubated for 24 hours before media was removed and the container containing 

the slides was filled with media to allow cross-signalling. After 24 hours of cross-

signalling, cells were irradiated. Following irradiation, cells were trypsinised, counted 

and reseeded from slides into six-well plates. Cells were then incubated at 37°C for 

the relevant periods. This process can be seen in Figure 2.1. 

 

Figure 2.1- Co-culture set up for X-ray and radium-223 exposure 

For radium-223 exposure, cells were seeded on inserts adjacent to each other on the 

same slide, as seen in Figure 2.2. Cells were seeded in different media on the same 

slide for 24 hours to allow adherence before media was removed and the whole slide 
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was covered with media to allow cross-signalling. After 24 hours of cross signalling, 

media was removed and cells were washed before radium-223 was added across a 

dose range of 0-0.5 Gy for a 24 hour exposure period. Following radium-223 exposure, 

cells were washed, trypsinised, counted and reseeded into six-well plates and 

incubated at 37°C for the appropriate incubation time. 

 

Figure 2.2- Radium-223 co-culture set up. Prostate and bone models were seeded next to each other on the same 
slide using a slide insert. 

 

2.8 IRRADIATION  
 

2.8.1 X-ray irradiation 
 
X-ray irradiation was carried out using an X-RAD 225 cabinet X-ray irradiator 

(Precision X-ray Inc, USA). The cabinet was controlled using an Isovolt Titan E power 

supply (General Electric, USA) and calibrated by RPS services. The dosimetry was 

routinely conducted in-house using a Farmer-Baldwin ionisation chamber. Cells were 

treated with 225 kVp X-rays, 50 cm from the source, at a dose rate of 0.591 Gy/min. 

2.8.2 Radium-223 irradiation 
 

Radium-223 dichloride (Xofigo) was provided by the Nuclear Medicine Department of 

the Northern Ireland Cancer Centre. Vials provided contained 6.6 MBq radium-223 in 

6 ml consisting of 7.2 mg/ml of sodium citrate and 0.2 mg/ml of hydrochloric acid USP 
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(pH adjustment), 6.3 mg/ml sodium chloride USP (tonicity agent) and water USP 

(injection). 

To determine the amount of radium-223 to be added to cells, activity, exposure time 

and decay rate were all taken into account [377]. Radium-223 was also suspended in 

a saline solution of sodium chloride (6.3 mg/ml) to maintain the same total volume 

across treatments and remove saline as a potential variable. Once the desired amount 

of radium-223 for the required dose and exposure time was calculated, the radium-

223 and saline were added to the media and left for the desired exposure time. After 

exposure, the media was removed and the cells were washed three times with PBS 

before adding fresh media. 

2.9 DATA ANALYSIS  
 

All data was analysed and presented using Microsoft Excel and Graphpad Prism. 

Statistical testing to determine significance was determined using two-tailed unpaired 

t-tests. 
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3 COMPARING AND DETERMINING THE 

RADIOBIOLOGICAL RESPONSE OF ABIRATERONE AND 

ENZALUTAMIDE 

 

3.1 INTRODUCTION 
 
The androgen signalling axis is essential to normal prostate growth and development, 

with the development and progression of PCa fundamentally reliant on AR activation. 

Since the discovery that patients with metastatic prostate cancer (MPC) could be 

treated by androgen ablation therapy [378], ADT to reduce circulating androgen levels 

has been extensively utilised as a cornerstone in the management and treatment of 

PCa [379].  

Abiraterone acetate and Enzalutamide are two AR inhibitors that are orally available 

and well-tolerated, with both seeing widespread clinical use delivering increased 

overall and progression-free survival in patients with MCRPC [380, 381]. Abiraterone 

acetate is an indirect AR inhibitor, inhibiting the cytochrome p450-α-

hydroxylase/17,20-lyase (CYP17A1) enzyme, reducing androgen production from all 

sources, including the adrenal glands, PCa cells and the testes [171]. The anti-tumour 

activity of Abiraterone has been repeatedly demonstrated in a CRPC setting [173, 382, 

383], with overall survival increases of five months in post-chemotherapy patients. 

Evidence also suggests Abiraterone inhibits the CYP17A1 enzyme and may be 

metabolised to form an AR antagonist, similar to Enzalutamide, allowing direct AR 

suppression [384, 385]. Enzalutamide [386] in contrast, acts as a direct AR inhibitor 

inhibiting multiple steps in the AR pathway, such as serving as an AR antagonist 

preventing AR translocation into the nucleus and binding to the AR stopping 
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coactivator recruitment. Like Abiraterone, Enzalutamide has also shown significant 

increases in overall and progression-free survival [179, 180]. 

A primary aim of this chapter is provide the first in vitro comparison of the effectiveness 

of Abiraterone and Enzalutamide. There is no biological rationale for selecting one 

over the other in a clinical setting, with the current selection dependent on preference 

and side effect profiles. For example, Abiraterone is associated with increased 

mineralocorticoid levels, leading to hypertension, hypokalemia and fluid retention [382] 

and should therefore be used with caution in patients suffering from cardiovascular 

disease. Likewise, Enzalutamide has been associated with an increased risk of 

seizures, making it unsuitable for patients with pre-existing brain issues or a history of 

seizures [180]. Should side effect profiles not prove an issue, there is no data currently 

on one being more effective than the other. This chapter addresses this issue by 

comparing Abiraterone and Enzalutamide across a range of biological endpoints such 

as survival, DNA damage, DNA repair, cell cycle and cell death. 

The other key aim of this chapter is to test for synergy of Abiraterone and Enzalutamide 

with radiation. Radiotherapy continues to be a fundamental cornerstone in treating 

PCa. However, radioresistance remains a significant hurdle, making combination 

therapies an attractive option to improve patient outcomes [387]. Combining ADT with 

radiation has enhanced clinical results [388, 389], but contrasts remain about whether 

these effects are additive [390, 391] or synergistic [392–395]. This chapter aims to 

address these contradictions, by examining the radiosensitising effects of these 

agents across a range of prostate and bone models. 
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An explanation for such synergy may relate to the recent discovery of the AR’s ability 

to regulate critical networks of DNA repair genes [392, 396]. The AR has shown to 

upregulate essential DNA repair genes, potentially leading to radioresistance, 

providing a rationale of how AR inhibition could play a crucial role in enhancing 

radiation response. This chapter aims to investigate these links by investigating the 

impact of Abiraterone and Enzalutamide on key DNA repair pathways such as HR and 

NHEJ. 

Here, we provide the first direct in vitro comparisons of Abiraterone and Enzalutamide 

across androgen-sensitive androgen insensitive and osteosarcoma bone models and 

elucidate their radiosensitising potential through observing their direct and indirect 

impacts on crucial DNA repair pathways, such as HR and NHEJ. 
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3.2 RESULTS  
 

3.2.1 Androgen receptor status across prostate and bone cell 
lines. 

 
Androgen receptor status plays a crucial role in the progression and response to 

treatment in mCRPC. Therefore, it was essential to compare and contrast Abiraterone 

and Enzalutamide sensitivity across cell lines of varying AR statuses. To this end, a 

series of prostate ‘AR negative’ cell lines (PC3 and DU145), prostate ‘AR-positive’ cell 

lines (LNCaP), osteosarcoma bone models (SJSA-1, U20S and SAOS-2) and the 

normal human osteoblasts (HOB) were gathered and their AR expression evaluated. 

To achieve this, cell lines were plated, allowed to grow, harvested and quantified as 

described in Chapter 2.5. Western blots were then run to check for AR status. As 

shown in Figures 3.1 and 3.2, basal AR levels were highest in the AR-positive LNCaP 

model, with AR protein also detected in the prostate models PC3 and DU145. PC3 

cells displayed higher AR levels than DU145 cells. Similarly, all bone cell lines also 

showed the presence of an AR, with U20S cells showing the highest levels among all 

bone cell lines.  
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Figure 3.1- AR expression across PC3, DU145, LNCaP, SJSA-1, SAOS-2, U20S and HOB models (A). AR 
expression comparison of all cell lines with LNCaP cells excluded (B). Samples were harvested and expression 
levels were measured via Western blot. β-Actin was used as a loading control (n=3). 

 
 

 

Figure 3.2- Bar chart of AR expression across PC3, DU145, LNCaP, SJSA-1, SAOS-2, U20S and HOB models 
(A). AR expression comparison of all cell lines with LNCaP cells excluded (B) (n=3). 
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3.2.2 Cytotoxicity of Abiraterone and Enzalutamide.  
 

In subsequent studies, an AR-positive cell line (LNCaP), an AR-negative cell line 

(PC3) and an osteoblastic bone model (SJSA-1) were selected and used for further 

investigation to represent the entire mCRPC landscape. 

Initial studies measured the cytotoxic/cytostatic potential of Abiraterone and 

Enzalutamide through the use of MTT assays (Figures 3.3, 3.4 and Table 3.1), with 

cells exposed to a dose range of 10 nM to 100 μM Abiraterone, Enzalutamide or 

DMSO (used as a vehicle control) for 72 hours (standard MTT timepoint) before the 

viability was quantified. Abiraterone and Enzalutamide displayed significant cytotoxic 

effects regardless of AR status and cell line, with the AR-sensitive prostate model 

LNCaP showing the highest sensitivity to both Abiraterone (LD25=5.75 +/- 0.05 µM) 

and Enzalutamide (LD25=12.02 +/- 0.05 µM) compared to the AR- insensitive prostate 

model PC3 (LD25: Abiraterone=12.59 +/- 0.04 µM and Enzalutamide=23.44 +/- 0.06 

µM) and the osteoblastic bone model SJSA-1 (LD25: Abiraterone=16.22 +/- 0.05 µM 

and Enzalutamide=34.67 +/- 0.06 µM), which both displayed similar responses to each 

other. Abiraterone was also more cytotoxic than Enzalutamide across all cell lines. 

LNCaP cells were over twice as sensitive to Abiraterone than Enzalutamide, with fold 

sensitivity increases over DMSO of 15.8 with Abiraterone compared to 7.6 with 

Enzalutamide. (Table 7.3). While both PC3 and SJSA-1 cells displayed a similar fold 

sensitivity increase to both Abiraterone (PC3=6.6 and SJSA-1=6.6) and Enzalutamide 

(PC3=3.5 and SJSA-1=3.1). 
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Figure 3.3- The impact of Abiraterone, Enzalutamide and DMSO (vehicle control) treatment on cell viability in PC3, 
LNCaP and SJSA-1 cells. LNCaP, PC3 and SJSA-1 cells were treated with a dose range of 10 nM to 100 μM of 
Abiraterone, Enzalutamide or DMSO. Cell viability was evaluated 72 hours post-treatment by MTT assay. Each 
value is the mean of three independent experiments performed in triplicate and error bars represent SEM. 

 

 

Figure 3.4- The impact of Abiraterone and Enzalutamide treatment on cell viability in PC3, LNCaP and SJSA-1 
cells. PC3, LNCaP and SJSA-1 cells were treated with a dose range of 10 nM to 100 μM of Abiraterone, 
Enzalutamide or DMSO (vehicle control). Cell viability was evaluated 72 hours post-treatment by MTT assay. Each 

value is the mean of three independent experiments performed in triplicate and error bars represent SEM. 
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Table 3.1- LD25 values of MTT values across cell lines ± SEM. LD25 values were determined from MTT curves 
and indicate the drug concentration at which cell viability was reduced by 25%. 

LD25 (µM) Treatment PC3 LNCaP SJSA-1 

 DMSO 83.18 ± 0.07 91.20 ± 0.01 107.15 ± 0.06 

 Enz 23.44 ± 0.06 12.02 ± 0.05 34.67 ± 0.06 

 Abi 12.59 ± 0.04 5.75 ± 0.05 16.22 ± 0.05 

 

 

 

3.2.3 Additive/Synergistic effects of Abiraterone and 
Enzalutamide in combination with radiation.  

 

Abiraterone and Enzalutamide both serve as critical agents in treating mCRPC. 

However, many questions remain regarding the efficacy of their combination with other 

treatments such as radiation. Having shown the cytotoxic potential of both Abiraterone 

and Enzalutamide regardless of the cell line or AR status, their potential additive or 

synergistic effects with radiation were investigated through clonogenic survival assays 

(Figure 3.5). While PC3 and SJSA-1 cells were treated with 10 μM Abiraterone and 

Enzalutamide (consistent with previous studies), LNCaP cells were treated with 200 

nM due to their increased sensitivity to both Abiraterone and Enzalutamide. DMSO 

was utilised as a vehicle control. 

Both Abiraterone and Enzalutamide caused significant cytotoxic effects across all cell 

lines. PC3 survival decreased from 100% +/- 1.79 in controls to 73.69% +/- 3.28 with 

Enzalutamide (**p ≤ 0.01) and 55.56% +/- 2.10 with Abiraterone (****p ≤ 0.0001). 

LNCaP survival decreased from 100% +/- 3.57 in controls to 79.10% +/- 2.59 with 

Enzalutamide (**p ≤ 0.01) and 78.65% +/- 1.39 with Abiraterone (***p ≤ 0.001). SJSA-

1 +/- survival decreased from 100% +/- 1.05 in controls to 74.88% +/- 3.49 (**p ≤ 0.01) 

with Enzalutamide and 50.71% +/- 8.80 with Abiraterone (**p ≤ 0.01). 
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Combining Abiraterone or Enzalutamide 24 hour pre-treatment with 2 Gy X-rays (a 

standard clinically relevant dose) showed significant additive effects across all cell 

lines. PC3 survival decreased from 38.80% +/- 3.93 with X-rays to 29.84% +/- 3.67 

with Enzalutamide (*p ≤ 0.05) and 22.09% +/- 2.83 with Abiraterone (**p ≤ 0.01). 

LNCaP survival decreased from 40.66% +/- 4.32 with X-rays to 26% +/- 4.14 with 

Enzalutamide (**p ≤ 0.01) and 20.47% +/- 2.92 with Abiraterone (**p ≤ 0.01). SJSA-1 

survival decreased from 29.86% +/- 1.11 with X-rays to 22.99% +/- 1.81 with 

Enzalutamide (**p ≤ 0.01) and 15.88% +/- 1.56 with Abiraterone (***p ≤ 0.001). 
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Figure 3.5- The cytotoxic effects of Abiraterone, Enzalutamide and DMSO (vehicle control) as single agents or 
combined with 2 Gy X-rays in PC3, LNCaP and SJSA-1 cells. PC3 and SJSA-1 cells were treated with 10μM 
Abiraterone, Enzalutamide or DMSO 24 hours before irradiation, while LNCaP cells were treated with 200 nM. 
Cells were then incubated until sufficient colonies were formed and any colonies of 50 cells or more were counted. 
Each value is the mean of three independent experiments performed in triplicate (+/- SEM) and normalised to 
control. Unpaired students t-test was used for comparisons between two groups. ns=non-significant, *p ≤ 0.05, **p 
≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. 

Synergistic effects (i.e. whether the combination of Abiraterone or Enzalutamide with 

radiation is more significant than combined individual toxicity) were determined 

through normalising to account for drug-mediated cytotoxicity, allowing only radiation-

induced effects to be observed (Figure 3.6 and Table 3.2). Both Abiraterone 

(SER=1.23 +/- 0.08) and Enzalutamide (SER=1.23 +/- 0.07) showed significant 

radiosensitisation in the AR-sensitive prostate model LNCaP. In contrast, only 

Abiraterone displayed radiosensitising properties in the AR-insensitive prostate model 

PC3 (SER=1.19 +/- 0.05) and the osteosarcoma bone model SJSA-1 (SER=1.16 +/- 
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0.02), with no Enzalutamide effect observed (SER: PC3=0.96 +/- 0.05 and SJSA-

1=1.00 +/- 0.02). 

 

Figure 3.6- Radiosensitisation effects of Abiraterone, Enzalutamide and DMSO (vehicle control) on X-rays in PC3, 
LNCaP and SJSA-1 cells. LNCaP cells were treated with 200 nM, while PC3 and SJSA-1 cells were treated with 
10 μM Abiraterone, Enzalutamide or DMSO 24 hours before irradiation with X-rays across a dose range of 0-8 Gy. 
Cells were then left to form appropriately sized colonies and the survival fraction was calculated using SF = 
(colonies counted)/ (cells seeded x (PE /100) colonies counted). Error bars are standard errors of the mean (+/- 
SEM) and for some points, the error bars are smaller than the height of the symbol (n=3). Data was fit to a linear-
quadratic model. 
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Table 3.2- SER values of X-rays plus inhibitors vs X-rays at 10% with +/- SEM. SER was calculated as the drug 
dose needed for DMSO, Abiraterone or Enzalutamide at a survival fraction of 10% and determined as described 
in Chapter 2.3.2 

 

 

3.2.4 Abiraterone and Enzalutamide treatment leads to 
increased DNA damage. 

 

The impact of Abiraterone and Enzalutamide on DNA damage was assessed through 

immunofluorescence, looking at changes in 53BP1 foci after exposure with and 

without 2 Gy X-rays at one, 24 and 48 hours post-treatment. One, 24 and 48 hours 

were chosen to determine how long these inhibitors took to exert their effects as single 

agents and to determine their short and long-term effects in combination with radiation 

and was the case for all experiments going forward. 

Treatment with Enzalutamide or Abiraterone (Figure 3.7) led to significant increases 

in DNA damage regardless of AR status. In PC3 cells, foci per cell increased from 

background levels of 4.66 +/- 0.07 foci to 5.68 +/- 0.19 foci with Enzalutamide (***p ≤ 

0.001) and 5.85 +/- 0.22 foci with Abiraterone (***p ≤ 0.001) 24 hours post-treatment. 

Increasing to 6.03 +/- 0.21 foci with Enzalutamide (****p ≤ 0.0001) and 6.37 +/- 0.26 

foci with Abiraterone (****p ≤ 0.0001) 48 hours post-treatment.  

In LNCaP cells, foci per cell increased from background levels of 4 +/- 0.08 foci to 6.98 

+/- 0.28 foci with Enzalutamide (****p ≤ 0.0001) and 9.84 +/- 0.42 foci with Abiraterone 

Con DMSO
SER10% 

(Con/DMSO)
Enz

SER10% 

(Con/Enz)
Abi

SER10% 

(Con/Abi)
Parameters

PC3
0.38 ± 0.02 0.36 ± 0.03 0.98 0.32 ± 0.01 0.96 0.45 ± 0.04 1.19

0.05 ± 0.002 0.05 ± 0.001 0.04 0.06 ± 0.004 0.05 0.07 ± 0.005 0.05

LNCaP
0.28 ± 0.03 0.29 ± 0.02 1.00 0.48 ± 0.04 1.23 0.47 ± 0.01 1.23

0.09 ± 0.004 0.09 ± 0.003 0.09 0.09 ± 0.003 0.07 0.10 ± 0.001 0.08

SJSA-1
0.45 ± 0.04 0.40 ± 0.05 0.94 0.32 ± 0.01 1.00 0.45 ± 0.02 1.16

0.02 ± 0.002 0.05 ± 0.002 0.02 0.06 ± 0.003 0.02 0.07 ± 0.001 0.02
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(****p ≤ 0.0001) 24 hours post-treatment. Increasing to 9.82 +/- 0.32 foci with 

Enzalutamide (****p ≤ 0.0001) and 12.16 +/- 0.34 foci with Abiraterone (****p ≤ 0.0001) 

48 hours post-treatment. 

In SJSA-1 cells, foci per cell increased from background levels of 2.04 +/- 0.09 foci to 

3.03 +/- 0.23 foci with Enzalutamide (***p ≤ 0.001) and 3.31 +/- 0.14 foci with 

Abiraterone (****p ≤ 0.0001) 24 hours post-treatment. Increasing to 2.8 +/- 0.21 foci 

with Enzalutamide (****p ≤ 0.0001) and 3.44 +/- 0.12 foci with Abiraterone (****p ≤ 

0.0001) 48 hours post-treatment.  

 
Figure 3.7- Average number of 53BP1 foci per cell following treatment with Abiraterone, Enzalutamide and DMSO 
(vehicle control) in PC3 LNCaP and SJSA-1 cells. All models were treated with 10 μM Abiraterone, Enzalutamide 
or DMSO and harvested 1, 24 and 48 hours post-treatment before being fixed and stained with 53BP1 (n=3). 
Unpaired students t-test was used for comparisons between two groups. ns=non-significant, *p ≤ 0.05, **p ≤ 0.01, 
***p ≤ 0.001, ****p ≤ 0.0001 and error bars represent SEM. 
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For X-ray combinations, all cell lines were pre-treated with 10 μM Abiraterone, 

Enzalutamide or DMSO (vehicle control) 24 hours before irradiation with 2 Gy X-rays 

and harvested one, 24 and 48 hours post-radiation. The addition of 2 Gy X-rays led to 

significant increases in foci per cell across all cell lines, which decreased in a time-

dependent manner. In PC3 cells, background levels increased from 4.66 +/- 0.07 foci 

per cell to 30.37 +/- 0.64 foci (****p ≤ 0.0001) one hour post-radiation, 11.71 +/- 0.34 

foci (****p ≤ 0.0001) 24 hours post-radiation and 7.43 foci +/- 0.30 (*p ≤ 0.05) 48 hours 

post-radiation. In LNCaP cells, background levels increased from 4.0 +/- 0.08 foci per 

cell to 22.26 +/- 0.46 foci (****p ≤ 0.0001) one hour post radiation, 6.17 +/- 0.31 foci 

(**p ≤ 0.01) 24 hours post-radiation and 3.9 +/- 0.14 foci (ns) 48 hours post-radiation, 

In SJSA-1 cells, background levels increased from 2.04 +/- 0.09 foci per cell to 23.61 

+/- 0.43 foci (****p ≤ 0.0001) one hour post-radiation, 4.38 +/- 0.37 foci (**p ≤ 0.01) 24 

hours post-radiation and 4.17 +/- 0.35 foci (**p ≤ 0.01) 48 hours post-radiation.  

Combining 2 Gy X-rays with Enzalutamide and Abiraterone (Figure 3.8) showed 

significant increases in DNA damage over radiation alone. PC3 foci per cell increased 

from 30.37 +/- 0.65 foci in X-ray controls to 36.1 +/- 0.70 foci with Enzalutamide (****p 

≤ 0.0001) and 37.51 +/- 0.57 foci with Abiraterone (****p ≤ 0.0001) one hour post 

radiation. From 11.71 +/- 0.35 foci in X-ray controls to 16.36 +/- 0.53 foci with 

Enzalutamide (**p ≤ 0.01) and 17.51 +/- 0.46 foci with Abiraterone (**p ≤ 0.01) 24 

hours post radiation. From 7.43 +/- 0.30 foci in X-ray controls to 13.23 +/- 0.42 foci 

with Enzalutamide (***p ≤ 0.001) and 15.97 +/- 0.45 foci with Abiraterone (***p ≤ 0.001) 

48 hours post radiation.  

LNCaP foci per cell increased from 22.26 +/- 0.46 foci in X-ray controls to 33.01 +/- 

0.41 foci with Enzalutamide (****p ≤ 0.0001) and 39.95 +/- 0.49 foci with Abiraterone 

(****p ≤ 0.0001) one hour post-radiation. From 6.17 +/- 0.31 foci in X-ray controls to 
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9.47 +/- 0.43 foci with Enzalutamide (****p ≤ 0.0001) and 11.48 +/- 0.28 foci with 

Abiraterone (****p ≤ 0.0001) 24 hours post-radiation. From 3.9 +/- 0.14 foci in X-ray 

controls to 9.86 +/- 0.34 foci with Enzalutamide (****p ≤ 0.0001) and 10.49 +/- 0.27 foci 

with Abiraterone (****p ≤ 0.0001) 48 hours post-radiation. 

SJSA-1 foci per cell increased from 23.61 +/- 0.43 foci in X-ray controls to 28.19 +/- 

0.54 foci with Enzalutamide (****p ≤ 0.0001) and 28.89 +/- 0.50 foci with Abiraterone 

(****p ≤ 0.0001) one hour post-radiation. From 4.38 +/- 0.37 foci in X-ray controls to 

6.32 +/- 0.48 foci with Enzalutamide (*p ≤ 0.05) and 7.07 +/- 0.45 foci with Abiraterone 

(**p ≤ 0.01) 24 hours post-radiation. From 4.17 +/- 0.37 foci in X-ray controls to 6.57 

+/- 0.54 foci with Enzalutamide (**p ≤ 0.01) and 6.70 +/- 0.49 foci with Abiraterone (**p 

≤ 0.01) 48 hours post-radiation.  
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Figure 3.8- Average number of 53BP1 foci per cell following Abiraterone, Enzalutamide and DMSO (vehicle 
control) treatment combined with 2 Gy X-rays in PC3, LNCaP and SJSA-1 cells corrected for drug controls. All 
models were treated with 10 μM Abiraterone, Enzalutamide or DMSO for 24 hours before irradiation with 2 Gy X-
rays. Samples were then harvested 1, 24 and 48 hours post-radiation before being fixed and stained with 53BP1 
(n=3). Unpaired students t-test was used for comparisons between two groups. ns=non-significant, *p ≤ 0.05, **p 

≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001, and error bars represent SEM. 

The influence of Enzalutamide and Abiraterone on the % of DNA damage repair was 

investigated through comparisons of the % of foci at 24 and 48 hours relative to one 

hour post-radiation (Figure 3.9).  

In PC3 cells, the % of repair decreased from 61.44% +/- 0.07 in X-ray controls to 

54.68% +/- 0.19 with Enzalutamide (****p ≤ 0.0001) and 53.32% +/- 0.22 with 

Abiraterone (****p ≤ 0.0001) 24 hours post-radiation and from 75.54% +/- 0.06 in X-

ray controls to 63.35% +/- 0.21 with Enzalutamide (****p ≤ 0.0001) and 57.42% +/- 

0.26 with Abiraterone (****p ≤ 0.0001) 48 hours post-radiation.  

In LNCaP cells, repair % decreased from 72.28% +/- 0.08 in X-ray controls to 61.31% 

+/- 0.19 with Enzalutamide (****p ≤ 0.0001) and 61.26% +/- 0.22 with Abiraterone 
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(****p ≤ 0.0001) 24 hours post-radiation and from 82.48% +/- 0.06 in X-ray controls to 

70.13% +/- 0.21 with Enzalutamide (****p ≤ 0.0001) and 73.74% +/- 0.26 with 

Abiraterone (****p ≤ 0.0001) 48 hours post radiation. 

In SJSA-1 cells, repair % decreased from 81.45% +/- 0.07 in X-ray controls to 77.58% 

+/- 0.19 with Enzalutamide (****p ≤ 0.0001) and 75.53% +/- 0.20 with Abiraterone 

(****p ≤ 0.0001) 24 hours post-radiation and from 82.34% +/- 0.09 in X-ray controls to 

76.69% +/- 0.21 with Enzalutamide (****p ≤ 0.0001) and 76.81% +/- 0.26 with 

Abiraterone (****p ≤ 0.0001) 48 hours post radiation.  

 

 

Figure 3.9- The % of DNA damage repaired at 24 and 48 hours relative to one hour post-radiation following 
Abiraterone, Enzalutamide and DMSO (vehicle control) treatment and radiation with 2 Gy X-rays in PC3, LNCaP 
and SJSA-1 cells. All models were treated with 10 μM Abiraterone, Enzalutamide or DMSO for 24 hours before 
irradiation with 2 Gy X-rays. Samples were then harvested 1, 24 and 48 hours post-radiation before being fixed 
and stained with 53BP1 (n=3). Unpaired students t-test was used to compare two groups. ns=non-significant, ****p 
≤ 0.0001 and error bars representing SEM. 
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3.2.5 Abiraterone and Enzalutamide downregulate HR repair in 
AR-sensitive prostate settings. 

 

As discussed in Chapter 1.9, one of the key aims of this thesis is to determine the role 

of AR suppression on DNA repair. These links were investigated using western blot 

analysis to probe for the key HR component RAD51 at one, 24 and 48 hours post-

treatment to determine how long Abiraterone and Enzalutamide took to exert their 

effects (Figure 3.10). All cell lines and conditions were analysed for PSA to establish 

both Abiraterone and Enzalutamide were on target. PSA was only expressed in the 

AR-sensitive cell line LNCaP, with Abiraterone and Enzalutamide causing a total 

reduction in PSA levels 24 hours post-treatment.  

RAD51 levels correlated with PSA expression, with significant decreases of RAD51 

levels from 95.6% +/- 9.03 with DMSO to 24.3% +/- 6.02 with Enzalutamide (****p ≤ 

0.0001) and 13.7% +/- 4.12 with Abiraterone (****p ≤ 0.0001) 24 hours post-treatment 

and from 96.9% +/- 4.32 with DMSO to 15.8% +/- 5.21 with Enzalutamide (****p ≤ 

0.0001) and 13.2% +/- 3.11 with Abiraterone (****p ≤ 0.0001) 48 hours post-treatment. 

PSA levels were non-detectable in both PC3 and SJSA-1 cells with no observable 

changes in RAD51 expression (ns). Abiraterone appeared to lead to total reductions 

of RAD51 at earlier timepoints than Enzalutamide. 
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Figure 3.10- RAD51 and PSA expression following Abiraterone, Enzalutamide and DMSO (vehicle control) 
treatment in LNCaP, PC3 and SJSA-1 cells. All models were treated with 10 μM Abiraterone, Enzalutamide or 
DMSO. Samples were then harvested 1, 24 and 48 hours post-treatment and expression levels were measured 
via western blot (A) and densitometric analysis (B). Unpaired students t-test was used to compare two groups. 
ns=non-significant, ****p ≤ 0.0001 and error bars represent SEM. β -Actin was used as a loading control. (n=3). 
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All cell lines were pre-treated either one or 24 hours with Abiraterone, Enzalutamide 

or DMSO before irradiation with 2 Gy X-rays and harvested one, 24 and 48 hours post-

radiation to establish if HR downregulation was conserved with the additional 

damaging effects of radiation (Figure 3.11). Different treatment timepoints of radiating 

one and 24 hours post-treatment with Abiraterone or Enzalutamide were tested to see 

if observed effects were time-dependent. 

In AR-sensitive settings, combinations of Abiraterone and Enzalutamide with 2 Gy X-

rays led to significant reductions in RAD51 levels from 93.48% +/- 7.12 with DMSO to 

30.12% +/- 6.41 with Enzalutamide (****p ≤ 0.0001) and 11.69% +/- 2.76 with 

Abiraterone (****p ≤ 0.0001) 24 hours post-radiation and from 97.04% +/- 1.43 with 

DMSO to 8.62% +/- 2.12 with Enzalutamide (****p ≤ 0.0001) and 15.8% +/- 1.78 with 

Abiraterone (****p ≤ 0.0001) 48 hours post-radiation when pre-treated one hour before 

irradiation. 

When pre-treated 24 hours before irradiation, Abiraterone significantly reduced 

RAD51 expression from 94.87% +/- 8.6 with DMSO controls to 46.08% +/- 2.71 with 

Abiraterone (****p ≤ 0.0001) one hour post-radiation when DNA damage levels are at 

their highest. RAD51 levels also decreased from 96.06% +/- 4.76 with DMSO controls 

to 10% +/- 1.65 with Enzalutamide (****p ≤ 0.0001) and 12.11% +/- 2.32 with 

Abiraterone (****p ≤ 0.0001) 24 hours post-treatment and from 96.62% +/- 4.32 with 

DMSO to 19.75% +/- 3.42 with Enzalutamide (****p ≤ 0.0001) and 20.99% +/- 3.00 

with Abiraterone (****p ≤ 0.0001) 48 hours post-treatment. Abiraterone was again 

shown to be more effective than Enzalutamide. No reductions were seen in the AR-

insensitive PC3 model (ns) or the osteoblastic bone model SJSA-1 (ns) irrespective of 

treatment timepoint or the addition of radiation. 
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Figure 3.11- RAD51 and PSA expression following Abiraterone, Enzalutamide and DMSO (vehicle control) 
treatment combined with 2 Gy X-rays in LNCaP, PC3 and SJSA-1 cells. All models were treated with 10 μM 
Abiraterone, Enzalutamide or DMSO 1 or 24 hours before irradiation. Samples were then harvested 1, 24 and 48 
hours post-radiation and expression levels were measured via Western blot (A) and densitometric analysis (B). 
Unpaired students t-test was used to compare two groups. ns=non-significant, ****p ≤ 0.0001 and error bars 
represent SEM. β-Actin was used as a loading control. (n=3). 
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3.2.6 Abiraterone and Enzalutamide downregulate multiple DNA 

repair pathways in AR-sensitive settings. 
 

With the observations that Abiraterone and Enzalutamide can downregulate HR repair, 

NHEJ, the other major DSB repair pathway, was also investigated at one, 24 and 48 

hours post-treatment to determine if radiosensitivity was limited to one pathway or 

impacted all of DSB repair (Figure 3.12).  

Both Abiraterone and Enzalutamide caused significant reductions in DNA-PK 

expression in LNCaP cells, with DNA-PK levels decreasing from 105.58% +/- 7.42 with 

DMSO to 79.62% +/- 6.30 with Enzalutamide (**p ≤ 0.01) and 83.53% +/- 4.4 with 

Abiraterone (**p ≤ 0.01) 24 hours post-treatment and from 85.28% +/- 1.11 with DMSO 

to 67.02% +/- 5.22 with Enzalutamide (*p ≤ 0.05) and 56.08% +/- 3.27 with Abiraterone 

(**p ≤ 0.01) 48 hours post-treatment. There were no significant changes in DNA-PK 

levels in PC3 or SJSA-1 cells. 

To test if DNA-PK reductions were conserved with the additional damaging effects of 

radiation, all cell lines were pre-treated with 10 μM Abiraterone, Enzalutamide or 

DMSO (vehicle control) one or 24 hours before irradiation with 2 Gy X-rays and 

harvested one, 24 and 48 hours post-radiation. Combinations of 2 Gy X-rays with 

Abiraterone or Enzalutamide (Figure 3.13) also showed significant reductions in DNA-

PK levels over X-rays alone only in LNCaP cells and not PC3 or SJSA-1 cells. 

Abiraterone caused significant reductions in DNA-PK levels 24 hours post-radiation, 

with DNA-PK levels decreasing from 202.54% +/- 5.27 with DMSO to 158.34% +/- 

4.32 with Abiraterone (****p ≤ 0.0001) at one hour pre-treatment and from 59.40% +/- 

6.0 with DMSO to 16.37% +/- 5.09 with Abiraterone (****p ≤ 0.0001) at 24 hours pre-

treatment. 
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Abiraterone and Enzalutamide both caused significant reductions in DNA-PK levels at 

48 hours post-radiation, decreasing from 162.59% +/- 8.32 with DMSO to 139.45% +/- 

9.55 with Enzalutamide (**p ≤ 0.01) and 83.01% +/- 4.43 with Abiraterone (****p ≤ 

0.0001) at one hour pre-treatment and from 65.76% +/- 6.21 with DMSO to 27.88% 

+/- 5.55 with Enzalutamide (****p ≤ 0.0001) and 7.56% +/- 1.20 with Abiraterone (****p 

≤ 0.0001) at 24 hours pre-treatment.  
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Figure 3.12- DNA-PK and PSA expression following Abiraterone, Enzalutamide and DMSO (vehicle control) 
treatment in LNCaP, PC3 and SJSA-1 cells. All models were treated with 10 μM Abiraterone, Enzalutamide or 
DMSO. Samples were then harvested 1, 24 and 48 hours post-treatment and expression levels were measured 
via Western blot (A) and densitometric analysis (B). β -Actin was used as a loading control. (n=3). Unpaired 
students t-test was used to compare two groups. ns=non-significant, *p ≤ 0.05, **p ≤ 0.01 and error bars represent 

SEM. 

 



   
 

118 
 

 

Figure 3.13- DNA-PK and PSA expression following Abiraterone, Enzalutamide and DMSO (vehicle control) 
treatment combined with 2 Gy X-rays in LNCaP, PC3 and SJSA-1 cells. All models were treated with 10 μM 
Abiraterone, Enzalutamide or DMSO for 1 or 24 hours before administering 2 Gy radiation. Samples were then 
harvested 1, 24 and 48 hours post-radiation and expression levels were measured via Western blot (A) and 
densitometric analysis (B). β -Actin was used as a loading control. (n=3). Unpaired students t-test was used to 
compare two groups. ns=non-significant, **p ≤ 0.01, ****p ≤ 0.0001 and error bars represent SEM. 
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3.2.7 Abiraterone and Enzalutamide cause cell cycle distribution 
changes and increased cell death. 

 

Abiraterone and Enzalutamide significantly impacted both HR and NHEJ, the two 

major repair pathways associated with DSB repair. However, the choice of repair 

pathway depends on many factors, including the phase of the cell cycle the cells arrest 

in, meaning downregulation of these pathways could be indirectly influenced by cell 

cycle distribution changes. To test this, cell cycle distribution changes were assessed 

one, 24 and 48 hours post treatment with Abiraterone and Enzalutamide. 

Treatment with Abiraterone and Enzalutamide (Figure 3.14 and Table 7.4) led to 

significantly increased levels of sub-G1 in LNCaP cells, with this effect more prominent 

with Abiraterone over Enzalutamide. Sub-G1 levels increased from 7.17% +/- 3.13 

with DMSO to 16.22% +/- 0.68 with Abiraterone (****p ≤ 0.0001) 24 hours post-

treatment and 15.84% +/- 3.61 with Enzalutamide (****p ≤ 0.0001) and 31.6% +/- 2.85 

with Abiraterone (****p ≤ 0.0001) 48 hours post-treatment. Other significant changes 

observed were decreases in the G2 phase of the cell cycle. G2 decreased from 

22.52% +/- 0.95 with DMSO to 16.37% +/-1.65 (****p ≤ 0.0001) with Enzalutamide and 

12.29% +/- 1.68 with Abiraterone (****p ≤ 0.0001) 48 hours post-treatment. No 

significant changes were seen with PC3 and SJSA-1 cells. 
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Figure 3.14- Cell-cycle distribution changes following Abiraterone, Enzalutamide and DMSO (vehicle control) 
treatment in PC3, LNCaP and SJSA-1 cells. Cells were treated with 10 uM Abiraterone, Enzalutamide or DMSO, 
fixed in ice-cold ethanol 1h, 24h and 48h post-treatment and stained with PI/RNaseA for 30 minutes before the 
cell-cycle profile was determined by flow cytometry (n=3). Unpaired students t-test was used to compare two 

groups. ns=non-significant, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001 and error bars represent SEM. 

Increased levels of sub-G1 are indicative of increased cell death and were investigated 

through investigating PARP-cleavage expression by western blot analysis at one, 24 

and 48 hours post-treatment (Figure 3.15). PARP-cleavage expression correlated with 

high sub-G1 levels observed in the cell cycle data. 

In LNCaP cells, PARP- cleavage levels increased in a time-dependent manner, 

increasing from 248.14% +/- 30.74 with DMSO to 952.82% +/- 40.63 with 

Enzalutamide (****p ≤ 0.0001) and 1025.22% +/- 40.44 with Abiraterone (****p ≤ 

0.0001) 24 hour post-treatment and from 491.69% +/- 70.10 with DMSO to 1207.44% 

+/- 70.50 with Enzalutamide (****p ≤ 0.0001) and 1422.54% +/- 65.23 with Abiraterone 
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(****p ≤ 0.0001) 48 hours post-treatment. Treatment with Abiraterone or Enzalutamide 

showed no detectable levels of PARP cleavage in PC3 and SJSA-1 cells. 

 

Figure 3.15- PARP-cleavage and PSA expression following Abiraterone, Enzalutamide and DMSO (vehicle 
control) treatment in LNCaP, PC3 and SJSA-1 cells. All models were treated with 10 μM Abiraterone, Enzalutamide 
or DMSO. Samples were then harvested 1, 24 and 48 hours post-treatment and expression levels were measured 
via Western blot (A) and densitometric analysis (B). β -Actin was used as a loading control. (n=3). Unpaired 

students t-test was used to compare two groups. ns=non-significant, ****p ≤ 0.0001 and error bars represent SEM. 
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Combinations of Abiraterone and Enzalutamide with 2 Gy X-rays were also assessed 

to determine if the impact of Abiraterone and Enzalutamide on cell cycle distribution 

was conserved with the additional damaging effects of radiation. All models were 

treated with Abiraterone, Enzalutamide or DMSO either one or 24 hours before 

irradiation with 2 Gy X-rays and harvested one, 24 and 48 hours post-radiation. 

Combinations of Abiraterone or Enzalutamide with 2 Gy X-rays (Figure 3.16 and Table 

7.5) showed increased sub-G1 levels and decreased levels of S/G2 in LNCaP cells. 

At one hour pre-treatment, sub-G1 levels increased from 1.67% +/- 0.55 with DMSO 

to 8.39% +/- 1.27 with Abiraterone (***p ≤ 0.001) 48 hours post-radiation. S phase 

decreased from 7.18% +/- 1.71 with DMSO to 3.68% +/- 0.45 with Enzalutamide (*p ≤ 

0.05) and 5.46% +/- 1.03 with Abiraterone (*p ≤ 0.05) 24 hours post-radiation and from 

13.85% +/- 1.26 with DMSO to 7.29% +/- 0.49 with Enzalutamide (****p ≤ 0.0001) and 

9.06% +/- 1.24 with Abiraterone (****p ≤ 0.0001) 48 hours post-radiation. G2 levels 

decreased from 30.04% +/- 1.49 with DMSO to 23.79% +/- 2.80 with Enzalutamide 

(****p ≤ 0.0001) and 22.68% +/- 1.01 with Abiraterone (****p ≤ 0.0001) 48 hours post-

radiation. 

At 24 hours pre-treatment, sub-G1 levels increased from 3.1% +/- 0.57 with DMSO to 

7.25% +/- 1.75 with Abiraterone 48 hours post-radiation (**p ≤ 0.01). S phase 

decreased from 12.51% +/- 0.85 with DMSO to 7.91% +/- 0.56 with Enzalutamide (**p 

≤ 0.01) and 6.2% +/- 0.39 with Abiraterone (****p ≤ 0.0001) one hour post-radiation, 

from 4.62% +/- 1.14 with DMSO to 1.19% +/- 0.27 with Enzalutamide (*p ≤ 0.05) and 

1.93% +/- 0.13 with Abiraterone (*p ≤ 0.05) 24 hours post-radiation and from 9.97% 

+/- 1.12 with DMSO to 2.82% +/- 0.34 with Enzalutamide (****p ≤ 0.0001) and 2.92% 

+/- 0.27 with Abiraterone (****p ≤ 0.0001) 48 hours post-radiation. G2 levels decreased 
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from 31.71% +/- 2.26 with DMSO to 27.49% +/- 0.69 with Abiraterone (**p ≤ 0.01) one 

hour post-radiation and from 27.3% +/- 0.6 with DMSO to 22.76% +/- 1.67 with 

Enzalutamide (**p ≤ 0.01) and 18.26% +/- 0.85 with Abiraterone (****p ≤ 0.0001) 48 

hours post-radiation. 

Increased PARP cleavage was also observed in combinations of Abiraterone with 

radiation (Figure 3.17). As with the cell cycle analysis, all models were pre-treated with 

Abiraterone, Enzalutamide or DMSO either one or 24 hours before irradiation with 2 

Gy X-rays. Abiraterone continued to show increased levels of PARP-cleavage over 

Enzalutamide when combined with radiation, with pre-treatment 24 hours before 

irradiation continuing to be the optimal timepoint. The addition of radiation had no 

impact on PC3 and SJSA-1 cells with Abiraterone or Enzalutamide. 

In LNCaP cells at one hour pre-treatment with Abiraterone, PARP-cleavage levels 

increased from 104.07% +/- 10.37 with DMSO to 571.90% +/- 64.98 with Abiraterone 

(****p ≤ 0.0001) 24 hours post-radiation and from 66.18% +/- 9.83 with DMSO to 

2131.24% +/- 93.04 with Abiraterone (****p ≤ 0.0001) 48 hours post-radiation. In 

LNCaP cells at 24 hours pre-treatment with Abiraterone, PARP-cleavage levels 

increased from 88.16% +/- 10.37 with DMSO to 1375.71% +/- 127.01 with Abiraterone 

(****p ≤ 0.0001) 24 hours post-radiation and from 54.11% +/ 5.76 with DMSO to 

1092.21% +/- 139.30 with Abiraterone (****p ≤ 0.0001) 48 hours post-radiation. 
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Figure 3.16- Cell-cycle distribution changes following Abiraterone, Enzalutamide and DMSO (vehicle control) 
treatment combined with 2 Gy X-rays in LNCaP, PC3 and SJSA-1 cells. Cells were treated with 10uM Abiraterone, 
Enzalutamide or DMSO 1 or 24 hours before irradiation with 2 Gy X-rays. Post-radiation cells were fixed in ice-cold 
ethanol for 1h, 24h and 48 hours and stained with PI/RNaseA for 30 minutes before the cell-cycle profile was 
determined by flow cytometry. Error bars are standard errors of the mean (SEM) (n=3). 
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Figure 3.17- PARP-cleavage expression following Abiraterone, Enzalutamide and DMSO (vehicle control) 
treatment combined with 2 Gy X-rays in LNCaP, PC3 and SJSA-1 cells. Models were treated with 10 μM 
Abiraterone, Enzalutamide or DMSO 1 or 24 hours before irradiation with 2 Gy. Samples were harvested at 1, 24 
and 48 hours post-radiation and expression levels were measured via Western blot (A) and densitometric analysis 
(B). β -Actin was used as a loading control. (n=3). Unpaired students t-test was used to compare two groups. 
ns=non-significant, ****p ≤ 0.0001 and error bars represent SEM. 
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3.3 DISCUSSION 
 

Abiraterone acetate and Enzalutamide are two androgen receptor inhibitors that have 

seen significant clinical success in treating mCRPC [174, 397]. Despite the combined 

success of these agents with radiation in a clinical setting, whether this is due to an 

additive effect (when the effect of Abiraterone/Enzalutamide given in combination with 

radiation equals the mathematical summation of their effects when given alone) or a 

synergistic effect (when the combined effect of Abiraterone/Enzalutamide with 

radiation is greater than the sum of their effects when given separately) with radiation 

is currently unclear, with several studies suggesting an additive effect [390, 391] while 

others a synergistic effect [392–395].  

This chapter addressed these contradictions by examining the impact of Abiraterone 

and Enzalutamide with radiation across a range of biological endpoints, including 

survival, DNA damage, DNA repair, cell cycle and cell death across AR-sensitive 

(LNCaP), AR-insensitive (PC3) and osteosarcoma bone models (SJSA-1). 

We report that both Abiraterone and Enzalutamide exert significant additive and 

cytotoxic effects regardless of AR status (Figures 3.3-3.5). A significant increase in 

DNA damage and reduced repair efficiency supports this cytotoxic effect (Figures 3.7-

3.9). This observation raises interesting questions, relating to if the observed impact 

on the AR-insensitive model PC3, may be due to other off-target effects of Abiraterone 

and Enzalutamide not reliant on AR-signalling [395] or, perhaps a result of the AR of 

these models having some function not related to their signalling. Another important 

observation was that while a radiosensitising effect with Enzalutamide was limited only 

to an AR-sensitive setting, Abiraterone rasiosensitised all cell lines to radiation 

regardless of AR status or cell line (Figure 3.6), suggesting that Abiraterone may 

possess alternative mechanisms of action that are not solely dependent on AR 
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inhibition [398]. An observation supported by recent studies suggesting Abiraterone 

can disrupt mitosis independent of androgen signalling [399]. These results not only 

have potentially promising implications for PCa but suggests other malignancies may 

also benefit from treatment with Abiraterone, such as lung cancer, with initial studies 

showing Abiraterone's ability to suppress irradiated lung cancer cells-induced 

angiogenic capacities of endothelial cells [400]. 

The exact mechanisms governing this observed synergy remain unclear. However, 

the AR's expanding role and the growing understanding of its involvement in DNA 

repair have suggested that the AR upregulates essential DNA repair genes leading to 

radioresistance [392, 396]. Therefore, AR suppression through Abiraterone and 

Enzalutamide should inhibit the AR ability to upregulate these genes, leading to 

radiosensitisation.  

Our data supports this theory, providing novel evidence that Abiraterone and 

Enzalutamide downregulate HR and NHEJ leading to enhanced cell death in AR-

sensitive settings (Figures 3.10 and 3.12). These changes directly correlate with levels 

of AR suppression observed through PSA reduction. The ability of Abiraterone and 

Enzalutamide to radiosensitise can also be partly explained by directly impacting cell 

cycle distribution, leading to decreased fractions of cells in the S and G2 phases of the 

cell cycle (Figure 3.14) [394]. This leads to reduced levels of HR repair as HR can only 

occur in the S and G2 phases when the sister chromatids are present. NHEJ is 

considered intrinsically mutagenic and error-prone, making this method less 

preferable than HR. How much AR-mediated HR suppression directly affects HR 

repair genes or indirectly through cell cycle distribution changes warrants further study. 

Still, this suppression leads to increased levels of cell death through apoptosis (Figure 
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3.15) as observed through increased sub-G1 cells, PARP-cleavage and DNA damage, 

supporting the role of these agents as monotherapies clinically. 

Downregulation of HR and NHEJ was conserved with the addition of 2 Gy X-ray (a 

standard clinical fractionated dose) co-treatment with Abiraterone or Enzalutamide 

(Figures 3.11 and 3.13). Continuing to support our hypothesis that the downregulation 

of these key DSB DNA repair pathways is responsible for observed radiosensitising 

effects. Comparisons between one hour and 24 hour pre-treatment showed that, for 

both Abiraterone and Enzalutamide, optimal results were obtained with 24 hour pre-

treatment where complete AR suppression was achieved before the addition of 

radiation. This allowed for HR and NHEJ reductions to be observed one hour post-

radiation when, damage is at its maximum, thus allowing for even greater levels of cell 

death. 

While Abiraterone and Enzalutamide are both key clinical agents in treating mCRPC, 

due to a lack of comparative studies, the selection of either Abiraterone or 

Enzalutamide is primarily based on side effect profiles, clinician experience, cost and 

local/international policies. This chapter provided the first direct in vitro comparison of 

Abiraterone and Enzalutamide, comparing these inhibitors across a range of biological 

endpoints and cell models. Our results highlight that Abiraterone exerts a more 

significant cytotoxic effect then Enzalutamide (Figures 3.3-3.6). This was also backed 

up mechanistically, with Abiraterone leading to more significant reductions of both 

RAD51 and DNA-PK and at earlier timepoints than Enzalutamide (Figures 3.10-3.13). 

This, in turn, led to Abiraterone exerting more significant levels of cell death over 

Enzalutamide, as shown through greater sub-G1 levels and increased PARP-

cleavage (Figures 3.14-3.17). Also, Abiraterone’s ability to radiosensitise AR-

insensitive prostate and bone cell lines highlight potential off-target effects that, as 
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discussed previously, could be exploited in other malignancies. However, although 

these results strongly support the selection of Abiraterone over Enzalutamide should 

side effect profiles not pose an issue, it is essential to note that these results were 

obtained in an in vitro setting in cell culture models, not representative of the complete 

tumour microenvironment that underpins patient response. Further replication of these 

experiments would be required in an in vivo setting to provide a more relevant 

preclinical stage. 

Recent suggestions have recently emerged that a combined sequencing approach of 

Abiraterone followed by Enzalutamide may have increased clinical benefit [401], 

although many centres adopt an either/or approach concerning the selection of these 

two agents. However, it is essential to consider resistance, increased side effects and 

the inability to receive either Enzalutamide or Abiraterone when considering a 

sequencing approach. 

There has been an increase in the use of both agents in the frontline setting which in 

turn will lead to an increased number of patients receiving high-dose radiotherapy to 

the prostate in combination with these agents. This has been amplified to negate any 

immunosuppressive impact of the previous standard of care, docetaxel. This 

increased utilisation highlights the importance of this research, necessitating the need 

to understand how these AR inhibitors function and their combined effects with 

radiation, to enable patients to receive the best care and outcome possible. 

The ability of AR suppression to synergistically enhance radiation treatment shows 

promise in this setting. It raises the potential enhancement of these approaches by 

adding other therapies targeting similar or different pathways to achieve synthetic 

lethality. This is supported by mounting evidence of the potential benefits of combining 
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AR suppression with PARP inhibition [402–406]. The possible combinations of AR 

suppression are not only limited to PARP, with several studies showing increased 

cellular toxicity with other key DNA repair inhibitors such as ATR [407] and Chk1/2 

[408]. However, although promising and offering manageable safety profiles [409], 

further studies are essential, with clinical studies currently giving conflicting reports 

regarding the clinical efficacy of both PARP and ATR combination [409]. 

3.4 CONCLUSION 
 

In this chapter, we have provided novel insights into the interplay between AR 

suppression and DNA repair and the first direct in vitro comparison of Abiraterone and 

Enzalutamide with and without radiation. Both Abiraterone and Enzalutamide 

demonstrated significant additive cytotoxic and DNA damaging effects regardless of 

cell line or cell type, with both being able to radiosensitise in an AR-insensitive setting. 

Abiraterone was also shown to radiosensitise in an AR-insensitive setting, displaying 

potential alternative mechanisms unrelated to AR signalling. Mechanistically, these 

AR-mediated radiosensitising effects resulted from reductions in key DNA repair 

pathways such as HR and NHEJ and changes in cell cycle distribution also mediated 

changes in HR. These changes lead to increased levels of DNA damage and 

eventually cell death. Comparisons of Abiraterone against Enzalutamide showed 

Abiraterone to be the more effective agent at inhibiting DNA repair and cell death than 

Enzalutamide, providing a rationale for selecting Abiraterone over Enzalutamide 

should other considerations not be an issue. 
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4 RADIOBIOLOGICAL RESPONSE OF AR

 SUPPRESSION IN COMBINATION WITH RADIUM-223 

 

4.1 INTRODUCTION 
 

Abiraterone and Enzalutamide are two of seven new treatments since 2010 that have 

gained approval for the treatment of MCRPC, with the others including cabazitaxel, 

olaparib, rucaparib, sipuleucel-T and radium-223. Radium-223, like both Abiraterone 

and Enzalutamide, has been shown to prolong overall survival in patients with mCRPC 

and symptomatic bone metastasis without evidence of visceral metastasis [113]. 

A hallmark of mCRPC is metastasis to the bone, with over 90% of mCRPC patients 

developing osseous metastases. These bone metastases are linked to skeletal-

related events, morbidity and mortality [410]. Radium-223 is an alpha-emitting 

radionuclide, theorised to act as a calcium mimetic, binding to hydroxyapatite, allowing 

the formation of complexes with bone metastases and delivering high doses of 

radiation over a short wavelength to nearby cancer cells [113]. The ability of radium-

223 to deposit into areas of active bone remodelling where malignant tumour cells are 

located allows radium-223 to impact tumour cells, osteoblasts and osteoclasts [411]. 

With an mCRPC 5-year survival rate of only 29% [412], recent efforts have turned to 

improving clinical outcomes by delivering combinations of radium-223 with AR 

targeting agents despite, the lack of randomised controlled trials. However, results so 

far, particularly with combinations of Abiraterone and radium-223, have proved 

conflicting [115, 413–415]. Several studies, such as a single-arm phase lll trial, showed 

patients treated with radium-223 in combination with either Abiraterone or 

Enzalutamide showed increased median overall survival, compared to those that did 
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not [413]. At the same time, others have found combinations of Abiraterone or 

Enzalutamide with radium-223 to be well tolerated and no newly identified safety 

concerns or significant increases in treatment-emergent adverse effects [115, 414–

416]. However, the ERA 223 trial found no improvements to SSE in combinations of 

Abiraterone and radium-223 compared to Abiraterone plus placebo and had to be 

halted due to significantly increased bone fracture incidences in the Abiraterone and 

radium-223 treatment group [115]. Recently, it has been suggested that the incidence 

rates of SSEs are reduced if bone health agents (BHA) such as bisphosphonates are 

used [417]. 

While combinations of AR-suppressing agents with radium-223 represent an area of 

great potential, the conflicting nature of current clinical trials and outcomes 

necessitates the need to return to a preclinical approach to enable a fundamental 

understanding of how these AR inhibitors interact with radium-223. Currently, there 

are no studies investigating combinations of AR inhibitors with radium-223 in an in 

vitro setting, representing a significant gap in the literature. This chapter aims to 

address this by providing the first in vitro study of the effects of Abiraterone and 

Enzalutamide in combination with radium-223 on a range of biological endpoints, 

including survival, DNA damage, DNA repair, cell cycle and cell death across prostate 

and bone models. 

This chapter also aims to replicate the results of chapter 3 in a high LET alpha particle 

setting. Classically, it has been believed that due to the highly complex and damaging 

complex nature of high LET alpha particles that there existed little scope to enhance 

the therapeutic potential even further, an observation recently brought into question 

[418]. Therefore it is important to determine if the observed radiosenitising effects 
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resultant of the downregulation of key DSB repair pathway proteins translates into a 

high LET radium-223 setting. 
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4.2 RESULTS 
 

4.2.1 X-ray vs radium-223 impact on survival fraction. 
 

Initial studies focused on the cytotoxic comparison of X-rays against radium-223 

through clonogenic survival assays (Figure 4.1 and Table 4.1). PC3, LNCaP and 

SJSA-1 cells were treated across a dose range of 0-2 Gy X-rays and 0-0.5 Gy radium-

223 and left to form sufficient colonies. Across all models, radium-223 was shown to 

be significantly more cytotoxic than X-rays, with PC3 (RBE=15.69 +/- 0.06), LNCaP 

(RBE=7.44 +/- 0.07) and SJSA-1 cells (RBE=6.72 +/- 0.02) showing large RBE values. 

RBE is a ratio of biological effectiveness of radium-223 relative to X-rays at 10% 

survival and is important in comparing the impact of both radiation types on survival. 

Comparisons of cell lines showed that LNCaP and SJSA-1 cells had similar RBE 

values (LNCaP=7.44 +/- 0.07 and SJSA-1=6.72 +/- 0.02), while PC3 cells had the 

most significant sensitivity to radium-223, leading to an RBE value over double that of 

the other cell lines (RBE=15.69 +/- 0.06). 
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Figure 4.1- Clonogenic survival curves comparing the impact of X-rays and radium-223 on survival fraction in PC3, 
LNCaP and SJSA-1 cells by colony formation assay. All cell lines were irradiated with a dose range of 0-2 Gy X-
rays or 0-0.5 Gy radium-223 over 24 hours. Cells were then left to form appropriately sized colonies and the survival 
fraction was calculated using SF = (colonies counted)/ (cells seeded x (PE /100.) colonies counted). Error bars are 
standard errors of the mean (+/- SEM) and for some points, the error bars are shorter than the height of the symbol 

(n=3). Data was fit to a linear-quadratic model. 

  

Table 4.1- RBE values of radium-223 vs X-ray at 10% with +/- SEM. RBE was calculated as the radiation dose 
needed for a survival fraction of 10%. 

 

 

 

PC3 LNCaP SJSA-1

15.69 7.44 6.72

0.06 0.07 0.02
RBE10% (X-ray/

223
Ra)

223Ra

1.10 ± 0.17 3.70 ± 0.22 3.88 ± 0.15

∼0 ∼0 ∼0

0.39 ± 0.20 0.28 ± 0.41 0.54 ± 0.17

0.05 ± 0.02 0.09 ± 0.05 0.02 ± 0.02

Parameters

X-rays
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Given the significant scale of the cytotoxic difference between X-rays and radium-223, 

it was essential to select an equivalent dose to allow an accurate comparison of the 

impact of AR suppression on DNA repair, cell cycle and cell death. A dose of 2 Gy X-

rays and 0.25 Gy of radium-223 was selected due to their similar cytotoxic profiles with 

no significant differences (Figure 4.2). With PC3 cells having survival fractions of 

38.80% +/- 3.88 at 2 Gy X-rays vs 30.41% +/- 1.13 at 0.25 Gy radium-223 (ns), LNCaP 

cells having survival fractions of 40.66% +/- 6.40 at 2 Gy X-rays vs 40% +/- 6.00 at 

0.25 Gy radium-223 (ns) and SJSA-1 cells having survival fractions of 29.86% +/- 3.88 

at 2 Gy X-rays vs 37.29% +/- 4.23 at 0.25 Gy radium-223 (ns). 

 

Figure 4.2- Bar chart comparing the impact of 2 Gy X-rays and 0.25 Gy radium-223 on survival fraction in PC3, 
LNCaP and SJSA-1 cells. All cell lines were irradiated with 2 Gy X-rays or 0.25 Gy radium-223 over 24 hours. Cells 
were then incubated to form sufficient colonies and any colonies of 50 cells or more were counted. Each value is 
the mean of three independent experiments performed in triplicate (+/- SEM). Unpaired students t-test was used 
for comparisons between two groups ns=non-significant, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. 
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4.2.2 X-ray vs radium-223 impact on DNA damage 
 

Comparisons of the impact of 2 Gy X-rays vs 0.25 Gy radium-223 on DNA damage 

were assessed through immunofluorescence by quantifying changes in 53BP1 foci at 

one, 24 and 48 hours post-radiation (Figure 4.3). All cell lines followed a similar trend, 

with no significant difference between X-rays and radium-223 in the average number 

of foci per cell one hour post-radiation but significant increases in foci number with 

radium-223 relative to X-rays at 24 and 48 hours post-radiation. 

In PC3 cells, both X-rays and radium-223 induced significant increases in foci number 

relative to untreated controls one hour post-radiation, increasing from 4.66 +/- 0.71 

foci in controls to 30.37 +/- 0.65 foci with X-rays (****p ≤ 0.0001) and 29.32 +/- 0.73 

foci with radium-223 (****p ≤ 0.0001), with both X-rays and radium-223 having similar 

foci number (ns). At 24 hours post-radiation, both X-rays and radium-223 still displayed 

significantly increased foci number relative to controls at 11.71 +/- 0.35 foci with X-

rays (****p ≤ 0.0001) and 15.96 +/- 0.89 foci with radium-223 (****p ≤ 0.0001), with 

radium-223 also displaying significant foci number increases relative to X-rays (***p ≤ 

0.001). At 48 hours post-radiation, both X-rays and radium-223 still had significantly 

increased foci number relative to controls at 7.43 +/- 0.30 foci with X-rays (*p ≤ 0.05) 

and 10.52 +/- 0.46 foci with radium-223 (****p ≤ 0.0001), with radium-223 treated cells 

having significant foci number increases relative to X-rays (**p ≤ 0.01). 

In LNCaP cells, both X-rays and radium-223 induced significant increases in foci 

number relative to untreated controls one hour post-radiation, increasing from 4 +/- 

0.08 foci in controls to 22.26 +/- 0.46 foci with X-rays (****p ≤ 0.0001) and 22.48 +/- 

0.83 foci with radium-223 (****p ≤ 0.0001), with no significant difference in foci number 

between X-rays and radium-223 (ns). At 24 hours post-radiation, both X-rays and 

radium-223 showed significantly increased foci number relative to controls at 6.17 +/- 
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0.31 foci (**p ≤ 0.01) with X-rays and 9.88 +/- 0.48 foci with radium-223 (****p ≤ 

0.0001), with radium-223 displaying significant increases in foci number relative to X-

rays (****p ≤ 0.0001). At 48 hours post-radiation, only radium-223 showed significantly 

increased foci number relative to controls at 4.9 +/- 0.14 foci with X-rays (ns) and 7.44 

+/- 0.29 foci with radium-223 (****p ≤ 0.0001), with radium-223 showing significantly 

increased foci number over X-rays (****p ≤ 0.0001). 

In SJSA-1 cells, both X-rays and radium-223 induced significant increases in foci 

number relative to untreated control one hour post-radiation, increasing from 2.08 +/- 

0.09 foci in controls to 23.48 +/- 0.43 foci with X-rays (****p ≤ 0.0001) and 23.84 +/- 

0.78 foci with radium-223 (****p ≤ 0.0001), with no significant difference between X-

rays and radium-223 foci number (ns). At 24 hours post-radiation, there was still a 

significant increase in foci number with X-rays and radium-223 relative to controls at 

4.59 +/- 0.37 foci with X-rays (**p ≤ 0.01) and 8.44 +/- 0.42 foci with radium-223 (****p 

≤ 0.0001), with radium-223 showing significant increases in foci number over X-rays 

(****p ≤ 0.0001). At 48 hours post-radiation, both X-rays and radium-223 still showed 

significantly increased foci number relative to controls at 4.27 +/- 0.3 foci with X-rays 

(**p ≤ 0.01) and 6.16 +/- 0.51 foci with radium-223 (****p ≤ 0.0001), with radium-223 

showing significant increases in foci number compared to X-rays (**p ≤ 0.01). 
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Figure 4.3- Average number of 53BP1 foci per cell following treatment with 2 Gy X-rays and 0.25 Gy radium-223 
in PC3, LNCaP and SJSA-1 cells. All models were treated and harvested 1, 24 and 48 hours post-radiation before 
being fixed and stained with 53BP1 (n=3). Unpaired students t-test was used for comparisons between two groups. 
ns=non-significant, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001 and error bars represent SEM. 

The % of DNA damage repaired after radiation with 2 Gy X-rays and 0.25 Gy radium-

223 was also quantified by comparing the % of foci at 24 and 48 hours relative to one 

hour post-radiation (Figure 4.4). In PC3 cells, radium-223 displayed significantly lower 

levels of repair than X-rays at both 24 (****p ≤ 0.0001) and 48 hours (****p ≤ 0.0001) 

post-radiation, with the % of repair being 61.44% +/- 2.0 with X-rays and 45.57% +/- 

0.89 with radium-223 24 hours post-radiation, increasing to 75.54% +/- 1.2 with X-rays 

and 64.12% +/- 1.46 with radium-223 48 hours post-radiation. LNCaP cells also 

showed significantly lower levels of DNA repair at both 24 (****p ≤ 0.0001) and 48 

hours (****p ≤ 0.0001) post-radiation with radium-223 compared to X-rays, with the % 

of repair being 72.28% +/- 1.33 with X-rays and 51.76% +/- 2.34 with radium-223 24 
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hours post-radiation, increasing to 82.48% +/- 2.79 with X-rays and 63.67% +/- 1.56 

with radium-223 48 hours post-radiation. Finally, SJSA-1 cells continued this trend, 

with radium-223 showing significantly lower levels of DNA repair than X-rays at both 

24 (****p ≤ 0.0001) and 48 hours (****p ≤ 0.0001) post-radiation, with the % of repair 

being 81.45% +/- 2.98 with X-rays and 64.60% +/- 2.44 with radium-223 24 hours post-

radiation, increasing to 82.34% +/- 1.71 with X-rays and 74.16% +/- 1.22 with radium-

223 48 hours post-radiation. 

 

 

Figure 4.4- The % of DNA damage repaired at 24 and 48 hours relative to one hour post-radiation with 2Gy X-rays 
or 0.25 Gy radium-223 in PC3, LNCaP and SJSA-1 cells. All models were irradiated with 2 Gy X-rays or 0.25 Gy 
radium-223. Samples were then harvested 1, 24 and 48 hours post-radiation before being fixed and stained with 
53BP1 (n=3). Unpaired students t-test was used to compare two groups. ****p ≤ 0.0001 and error bars represent 
SEM. 
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4.2.3 X-Ray vs radium-223 Impact on cell cycle and cell death. 
 

Cell cycle analysis was conducted to compare cell cycle distribution changes and cell 

death caused by both radiation types (Figure 4.5 and Table 7.6). All cell lines were 

treated with 2 Gy X-rays and 0.25 Gy radium-223 and harvested one, 24 and 48 hours 

post-radiation.  

General trends showed sub-G1 levels increased with X-rays and radium-223, with a 

larger increase observed with radium-223. PC3 sub-G1 levels increased with X-rays 

from 1.43% +/- 0.18 in X-ray controls to 2.58% +/- 0.22 with X-rays 48 hours post-

radiation (ns) and increased with radium-223 from 1.13% +/- 0.59 in radium-223 

controls to 4.63% +/- 0.12 with radium-223 24 hours post radiation (ns) and 9.93% +/- 

0.32 48 hours post-radiation (****p ≤ 0.0001). LNCaP sub-G1 levels increased with X-

rays from 2.35% +/- 0.34 in X-ray controls to 3.10% +/- 0.37 48 hours post-radiation 

(ns) and increased with radium-223 from 0.87% +/- 0.18 in radium-223 controls to 

1.8% +/- 0.12 24 hours post-radiation (ns) and 2.41% +/- 0.32 48 hours post-radiation 

(ns). SJSA-1 sub-G1 levels increased with X-rays from 1.03% +/- 0.27 in X-ray controls 

to 3.18% +/- 0.52 48 hours post-radiation (ns) and increased with radium-223 from 

1.03% +/- 0.26 in radium-223 controls to 5.15% +/- 0.39 one hour post-radiation (ns), 

6.50% +/- 0.22 24 hours post-radiation (*p ≤ 0.05) and 5.95% +/- 0.29 48 hours post-

radiation (*p ≤ 0.05). 

Also noticeable were distribution changes in the S and G2 phases of the cell cycle, 

which peaked before returning to around control levels, with less recovery observed 

with radium-223 than X-rays. In PC3 cells, S phase levels increased with X-rays from 

22.32% +/- 0.44 in X-ray controls to 27.36% +/- 1.63 24 hours post-radiation (ns), 

before falling to 19.28% +/- 1.99 48 hours post-radiation (ns) and increasing with 

radium-223 from 12.5% +/- 0.76 in radium-223 controls to 15.39% +/- 0.87 one hour 
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post-radiation (ns), 16.53% +/- 1.63 24 hours post-radiation (ns) and 16.43% +/- 2.00 

48 hours post-radiation (ns). G2 phase levels increased with X-rays from 24.75% +/- 

0.18 in X-ray controls to 31.02% +/- 1.11 24 hours post-radiation (ns), before falling to 

22.53% +/- 1.34 48 hours post-radiation (ns) and increased with radium-223 from 

15.43% +/- 1.75 in radium-223 controls to 29.03% +/- 1.89 one hour post-radiation (*p 

≤ 0.05) before falling to 21.5% +/- 2.1 24 hours post radiation (ns) and 17.59% +/- 1.34 

48 hours post-radiation (ns). 

In LNCaP cells, S phase levels decreased with X-rays from 16.43% +/- 0.19 in X-ray 

controls to 12.51% +/- 0.82 one hour post-radiation (ns), 4.62% +/- 1.14 24 hours post-

radiation (***p ≤ 0.001) and increasing to 9.97% +/- 0.12 48 hours post-radiation (ns) 

and decreasing with radium-223 from 11.58% +/- 0.44 in radium-223 controls to 5.84% 

+/- 0.53 one hour post-radiation (ns), before increasing to 8.27% +/- 2.63 24 hours 

post-radiation (ns) and 11.76% +/- 2.99 48 hours post-radiation (ns). G2 phase levels 

increased with X-rays from 27.89% +/- 0.18 in X-ray controls to 31.71% +/- 1.26 one 

hour post-radiation (ns) before falling to 27.37% +/- 1.68 24 hours post-radiation (ns) 

and 27.30% +/- 0.68 48 hours post-radiation (ns) and increased with radium-223 from 

20.23% +/- 0.75 in radium-223 controls to 29.83% +/- 1.89 one hour post-radiation 

(***p ≤ 0.001), before falling to 23.45% +/- 0.73 24 hours post-radiation (ns) and 

22.56% +/- 0.57 48 hours post-radiation (ns).  

In SJSA-1 cells, S phase levels increased with X-rays from 18.05% +/- 0.99 in X-ray 

controls to 23.26% +/- 1.52 one hour post-radiation (ns) before falling to 15.37% +/ 

0.81 24 hours post-radiation (ns) and 10.09% +/- 1.23 48 hours post-radiation (**p ≤ 

0.01) and increasing with radium-223 from 18.05% +/- 0.99 in radium-223 controls to 

34.94% +/- 0.63 one hour post-radiation (****p ≤ 0.0001) before falling to 24.39% +/- 

1.37 24 hours post-radiation (ns) and increasing again to 44.27% +/- 2.22 48 hours 
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post-radiation (****p ≤ 0.0001). G2 phase levels increased with X-rays from 20.48% 

+/- 0.42 in X-ray controls to 23.38% +/- 0.62 one hour post-radiation (ns) before falling 

to 17.01% +/- 1.24 24 hours post-radiation (ns) and 11.98% +/- 1.69 48 hours post-

radiation (**p ≤ 0.01) and increasing with radium-223 from 20.48% +/- 0.44 in radium-

223 controls to 36.02% +/- 1.49 one hour post-radiation (****p ≤ 0.0001), 45.43% +/- 

2.31 24 hours post-radiation (****p ≤ 0.0001) and decreasing to 29.17% +/- 1.88 48 

hours post-radiation (**p ≤ 0.01). 

 

 

Figure 4.5- Cell-cycle distribution changes following radiation with 2 Gy X-rays and 0.25 Gy radium-223 in PC3, 
LNCaP and SJSA-1 cells. Cells were treated with 2 Gy X-rays or 0.25 Gy radium-223, fixed in ice-cold ethanol 1h, 
24h and 48h post-radiation and stained with PI/RNaseA for 30 minutes before the cell-cycle profile was determined 
by flow cytometry. Error bars are standard errors of the mean (SEM) (n=3). 
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Cell cycle analysis showed increased levels of sub-G1 with radium-223 over X-rays 

and these results were validated by western blot analysis to investigate levels of 

PARP-cleavage one, 24 and 48 hours post-radiation with 2 Gy X-rays and 0.25 Gy 

radium-223.  

One hour post-radiation showed significantly higher levels of PARP-cleavage with 2 

Gy X-rays (236.40% +/- 25.40) than 0.25 Gy (117.14% +/- 13 ) (*p ≤ 0.05) and 0.5 Gy 

(94.46% +/- 33) (**p ≤ 0.01) radium-223. However, 24 hours post-radiation, radium-

223 showed significantly increased levels of PARP-cleavage relative to X-Rays 

(394.22% +/- 34.4) at an equivalent dose of 0.25 Gy (735.17% +/- 62) (****p ≤ 0.0001), 

coinciding with the above cell cycle data. Radium-223 also demonstrated similar levels 

of PARP-cleavage regardless of increasing dose. 
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Figure 4.6- PARP-cleavage expression following radiation with 2 Gy X-rays and 0.25, 0.5 and 1 Gy radium-223 in 
PC3 cells. Cells were exposed to 2 Gy X-rays and 0.25, 0.5 and 1 Gy radium-223 and fixed at one hour and 24 
hours post-irradiation. Expression levels were measured via Western blot (A) and densitometric analysis (B) β-

Actin was used as a loading control. (n=3) ns=non-significant, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. 

 

4.2.4 The impact of prostate and bone model co-culture on 
sensitivity to X-rays and radium-223. 

 

Previously (4.2.3), the increased sensitivity of radium-223 over X-rays was showcased 

in monoculture settings through clonogenic survival assays. To test if these effects 

were conserved in more complex systems, more reflective of a cancer environment, 

both PC3 and SJSA-1 cells were co-cultured together before being irradiated with 

either 2 Gy X-rays or 0.25 Gy radium-223. Survival was monitored through clonogenic 
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survival assays (Figure 4.7). PC3 and SJSA-1 co-culture systems showed resistance 

to X-rays compared to their monocultures. At the same time, treatment with radium-

223 showed no difference between co-culture and monoculture systems. 

 

 

Figure 4.7- Clonogenic survival curves comparing the impact of co-culture and monoculture on survival fraction in 
(A) PC3 cells co-cultured with SJSA-1 and (B) SJSA-1 cells co-cultured with PC3 cells irradiated with X-rays at a 
dose range of 0-8 Gy and 0-0.5 Gy radium-223. Cells were then left to form appropriately sized colonies and the 
survival fraction was calculated using SF = (colonies counted)/ (cells seeded x (PE /100) colonies counted). Error 
bars are standard errors of the mean (+/- SEM) and for some points, the error bars are shorter than the height of 
the symbol (n=3). Data was fit to a linear-quadratic model. 

 

4.2.5 The impact of radium-223 exposure time on survival 
fraction. 

 

As described in section 2.8.2, when administrating radium-223 to cells, the amount of 

radium-223 to be added is calculated based on volume, dose rate and decay to deliver 

the required dose over a given period [377]. In this thesis, this is usually calculated to 
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produce the desired dose over 24 hours. In theory, regardless of radium-223 exposure 

time, the total dose delivered should be the same resulting in similar cytotoxic and 

DNA damage profiles. To test this, clonogenic survival assays (Figure 4.8 and Table 

4.3) were carried out over a dose range of 0-0.5 Gy radium-223 comparing six and 24 

hour exposure times with radium-223. 

Despite being administered the same dose range, six hour exposure proved to be 

significantly more cytotoxic than 24 hour exposure across all models with PC3 

(RBE=1.46 +/- 0.07), LNCaP (RBE=2.47 +/- 0.04) and SJSA-1 (RBE=2.54 +/- 0.06) 

cells having large RBE values. A comparison of cell lines showed similar RBE values 

for LNCaP (RBE=2.47 +/- 0.04) and SJSA-1 cells (RBE=2.54 +/- 0.06), with a much 

smaller RBE value for PC3 cells (RBE=1.46 +/- 0.07). 

Comparisons at 0.25 Gy (Figure 4.9) showed PC3 cells had a survival fraction of 

30.41% +/- 1.77 at 24 hour exposure and 10.20% +/- 1.13 at six hour exposure (**p ≤ 

0.01), LNCaP cells had a survival fraction of 40% +/- 6.00 at 24 hour exposure and 

5.22% +/- 1.03 at six hour exposure (*p ≤ 0.05) and SJSA-1 cells had a survival fraction 

of 37.29% +/- 2.23 at 24 hour exposure and 5.98% +/- 0.98 at six hour exposure (**p 

≤ 0.01).  
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Figure 4.8- Clonogenic survival curves comparing the impact of six hour radium-223 exposure against 24 hour 
radium-223 exposure on survival fraction in PC3, LNCaP and SJSA-1 cells. All cell lines were irradiated with a 
dose range of 0-0.5 Gy radium-223 over 6 or 24 hours. Cells were then left to form appropriately sized colonies 
and the survival fraction was calculated using SF = (colonies counted)/ (cells seeded x (PE /100). Data was fit to a 
linear-quadratic model. 

 

 

Table 4.2- RBE values of 6h vs 24h radium-223 exposure at 10% with +/- SEM. RBE was calculated as the radiation 
dose needed for a survival fraction of 10%. 

 

 

 

PC3 LNCaP SJSA-1

1.46 2.47 2.54

0.07 0.04 0.06

223Ra 6h

1.092 ± 0.17 8.513 ± 0.23 1.303 ± 0.27

32.16 + 0.76 13.37 ± 0.71 39.82 + 0.94

3.70 ± 0.22 3.88 ± 0.15

∼0 ∼0 ∼0

Parameters

223
Ra

 24h

1.10 ± 0.17

RBE10% (X-ray/
223

Ra)
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Figure 4.9- Bar chart comparing the impact of 0.25 Gy radium-223 at six hour and 24 hours exposure on survival 
fraction in in PC3, LNCaP and SJSA-1 cells. All cell lines were irradiated with 0.25 Gy radium-223 over 6 or 24 
hours and incubated to form sufficient colonies. Any colonies of 50 cells or more were counted. Each value is the 
mean of three independent experiments performed in triplicate (+/- SEM) and normalised to control. Unpaired 
students t-test was used for comparisons between two groups. **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. 

 

4.2.6 Comparison of 6h vs 24h radium-223 exposure on DNA 
repair. 

 

Having shown cytotoxic differences between six hour and 24 hour radium-223 

exposure over the same dose range, it was also tested whether this directly impacted 

DNA repair by quantifying RAD51 levels by western blot analysis (Figure 4.10). RAD51 

levels were compared at one and 24 hours post-radiation with 2 Gy X-rays, 0.25 Gy 

radium-223 at six hour exposure and 0.25 Gy radium-223 24 hour exposure at a high 

vial activity (a vial activity measurement of over 2 MBq/ml) and a low vial activity (a 

vial activity measurement of fewer than 0.3 MBq/ml). 

Comparisons of RAD51 levels showed differences between cell lines but a similar 

trend of lower levels of RAD51 recovery with radium-223 relative to X-rays, with PC3 
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cells showing the highest RAD51 levels at 24 hour low activity radium-223 exposure 

(98.95% +/- 2.21), followed by X-rays (95.48% +/- 2), 24 hour high activity radium-223 

exposure (94.67% +/- 3.35) and six hour radium-223 exposure one hour post-

radiation. While 24 hours post-radiation, both low activity (93.98% +/- 2.67) and high 

activity (88.82% +/- 1.72) at 24 hour radium-223 exposure showed the highest RAD51 

levels compared to both X-rays (51.84% +/- 1.54) and six hour radium-223 exposure 

(62.74% +/- 2.7). 

LNCaP cells showed a different trend, with 24 hour high activity radium-223 exposure 

showing the highest RAD51 levels (149.52% +/- 1.72), followed by X-rays (70.24% +/- 

2.11), 24 hour low activity radium-223 exposure (48.67% +/- 4.23) and six hour radium-

223 exposure (39.86% +/- 4.39) at one hour post-radiation. While 24 hours post-

radiation, 24 hour high activity radium-223 exposure (101.15% +/- 3.21) maintained 

the highest RAD51 levels, followed by six hour radium-223 exposure (61.40% +/- 

3.55), 24 hour low activity radium-223 exposure (58.68% +/- 4.02) and X-rays (36.52% 

+/- 4.54). 

SJSA-1 cells displayed the highest RAD51 levels with X-rays (107.01% +/- 2.85), 

followed by 24 hour high activity radium-223 exposure (93.10% +/- 3.71), 24 hour low 

activity radium-223 exposure (82.73% +/- 2.88) and six hour radium-223 exposure 

(49.26% +/- 3.59) at one hour post-radiation. While 24 hours post-radiation, all 

treatments displayed similar RAD51 levels. 
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Figure 4.10- RAD51 expression following radiation with 2 Gy X-rays, 0.25 Gy six hour radium-223 exposure and 
0.25 Gy 24 hour radium-223 exposure at both high activity (>2MBq/ml) and low activity (≤0.3 MBq/ml) in LNCaP, 
PC3 and SJSA-1 cells. Samples were then harvested one and 24 hours post-treatment and expression levels were 
measured via Western blot (A) and densitometric analysis (B). β -Actin was used as a loading control. (n=3). 
Unpaired students t-test was used to compare two groups. ns=non-significant, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, 
****p ≤ 0.0001 and error bars represent SEM. 
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4.2.7 6h vs 24h radium-223 exposure on apoptosis and cell cycle 
distribution changes  

 

Cell cycle analysis (Figure 4.11 and Table 7.7) was also carried out to determine if 

radium-223 exposure time or volume affected cell cycle distribution changes, as 

radium-223 treatment had previously been shown to lead to increased sub-G1 and 

changes to the S and G2 phases of the cell cycle. Utilising PC3 cells, cell cycle 

distribution was compared at one, 24 hours and 48 hours post-radiation with 2 Gy X-

rays, 0.25 Gy radium-223 at six hour exposure and 0.25 Gy radium-223 24 hour 

exposure at a high vial activity and a low vial activity. There was no clear significant 

difference in sub-G1, S or G2 phase levels when comparing six hour radium-223 

exposure to both high activity and low activity 24 hour radium-223 exposure (Table 

4.4).  

This difference in sub-G1 levels was also investigated by measuring levels of PARP-

cleavage one and 24 hours post-radiation with 2 Gy X-rays, 0.25 Gy six hour radium-

223 exposure and 0.25 Gy 24 hour radium-223 exposure at both high and low activity 

(Figure 4.12). PC3 cells showed higher levels of PARP-cleavage with both high activity 

and low activity 24 hour radium-223 exposure over six hour radium-223 exposure with 

the highest PARP-cleavage levels one hour post-radiation with X-rays (154.51% +/- 

12.15), followed by high activity (77.81% +/- 6.21), low activity (62.33% +/- 5.98) and 

six hour exposure (32.97% +/- 3.99). Twenty-four hours post-radiation PARP-cleavage 

was highest with low activity (455.74% +/- 12.67) followed by high activity (409.95% 

+/- 11.72), X-rays (394.39% +/- 11.11) and six hour exposure (155.75% +/- 12.87).  

LNCaP cells showed higher PARP-cleavage levels with high activity than low activity 

or six-hour exposures, with one-hour post-radiation X-rays having the highest levels 

of PARP-cleavage (176.65% +/- 13.32), followed by high activity (160.55% +/- 7), six 
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hour exposure (104.60% +/-14.27) and low activity (104.44% +/- 13.81). Twenty-four 

hours post-radiation PARP-cleavage levels were highest with X-rays (251.47% +/-

13.79), followed by high activity (222.61% +/-11.48), six hour exposure (177.66% +/-

10.91) and low activity (157.23% +/- 9.42). 

Like LNCaP cells, SJSA-1 cells also showed the highest PARP-cleavage expression 

with high activity over low activity and six hour exposure. One hour post-radiation, 

PARP-cleavage expression was highest with X-rays (502.61% +/- 41.28), followed by 

high activity (209.89% +/- 21.29), low activity (185.40% +/- 11.92) and six hour 

exposure (158.73% +/- 11.64). Twenty-four hours post-radiation, PARP-cleavage 

expression was highest with X-rays (1913.45% +/-113.33), followed by high activity 

(624.35% +/- 53.13), six hour exposure (408.19% +/- 42.14) and low activity (313.68% 

+/- 31.28). 

 

Figure 4.11- Cell cycle distribution changes following radiation with 2 Gy X-ray, 0.25 Gy six hour radium-223 
exposure and 0.25 Gy 24 hour radium-223 exposure at both high activity (>2MBq/ml) and low activity (≤0.3 MBq/ml) 
in PC3 cells. Cells were fixed in ice-cold ethanol 1h and 24h post-radiation and stained with PI/RNaseA for 30 
minutes before the cell-cycle profile was determined by flow cytometry. Error bars are standard errors of the mean 
(SEM) (n=3). 
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Figure 4.12- PARP-cleavage expression following radiation with 2 Gy X-rays, 0.25 Gy six hour radium-223 
exposure and 0.25 Gy 24 hour radium-223 exposure at both high activity (>2MBq) and low activity (≤0.3 MBq) in 
LNCaP, PC3 and SJSA-1 cells. Models were irradiated, samples were harvested 1 and 24 hours post-radiation 
and expression levels were measured via Western blot (A) and densitometric analysis (B). β-Actin was used as a 
loading control (n=3). ns=non-significant, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. 
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4.2.8 Additive effects of AR suppression with radium-223 co-
treatment. 

 

Chapter 3 showed that combinations of Abiraterone or Enzalutamide could induce 

significant additive cytotoxic effects as single agents and in combination with X-rays. 

It was, therefore, essential to see if this additivity was conserved with radium-223 and 

was investigated through clonogenic survival assays utilising the same methods as 

3.2.3 (Figure 4.13). 

All cell lines showed significant additive effects in combinations of radium-223 with 

Abiraterone or Enzalutamide over radium-223 alone. PC3 survival fraction decreased 

from 30.07% +/- 1.77 with DMSO to 21.73% +/- 1.02 with Enzalutamide (*p ≤ 0.05) 

and 13.21% +/- 2.13 with Abiraterone (**p ≤ 0.01). LNCaP survival fraction decreased 

from 46% +/- 2.76 with DMSO to 10.32% +/- 1.15 with Enzalutamide (**p ≤ 0.01) and 

9.02% +/- 0.94 with Abiraterone (**p ≤ 0.01). SJSA-1 survival fraction decreased from 

34.75% +/- 3.29 with DMSO to 21.67% +/- 0.15 with Enzalutamide (*p ≤ 0.05) and 

20.42% +/- 4.52 with Abiraterone (*p ≤ 0.05). 
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Figure 4.13- The cytotoxic effect of Abiraterone, Enzalutamide and DMSO (vehicle control) as single agents or 
combined with 0.25 Gy radium-223 in PC3, LNCaP and SJSA-1 cells. Cells were treated with 10 μM Abiraterone, 
Enzalutamide or DMSO (vehicle control) 24 hours before irradiation, while LNCaP cells were treated with 200 nM. 
Cells were then incubated to form sufficient colonies and any colonies of 50 cells or more were counted. Each 
value is the mean of three independent experiments performed in triplicate (+/- SEM) and normalised to control. 
Unpaired students t-test was used for comparisons between two groups. ns=non-significant, *p ≤ 0.05, **p ≤ 0.01, 
***p ≤ 0.001. 

 

4.2.9 Synergistic effects of AR suppression with radium-223 co-
treatment. 

 

Synergistic effects with radium-223 were determined by correcting for drug-mediated 

cytotoxicity, allowing only radium-223 response to be quantified (Figure 4.14 and 

Table 4.5). Both Abiraterone (SER=2.04 +/- 0.02) and Enzalutamide (SER=2.00 +/- 

0.03) displayed radiosensitive effects in the AR-sensitive LNCaP cells, while neither 

SJSA-1 nor PC3 cells showed additional radiosensitivity with either Abiraterone 

(PC3:SER=1.10 +/- 0.03, SJSA-1:SER=1.15 +/- 0.02) or Enzalutamide 

(PC3:SER=1.07 +/- 0.02, SJSA-1:SER=1.16 +/- 0.02). 



   
 

157 
 

 

Figure 4.14- Radiosensitisation effects of Abiraterone, Enzalutamide and DMSO on radium-223 in PC3, LNCaP 
and SJSA-1 cells. LNCaP cells were treated with 200 nM, while PC3 and SJSA-1 cells were treated with 10 μM 
Abiraterone, Enzalutamide or DMSO (vehicle control) 24 hours before radium-223 treatment across a dose range 
of 0-0.5 Gy radium-223. Cells were then left to form appropriately sized colonies and the survival fraction was 
calculated using SF = (colonies counted)/ (cells seeded x (PE /100) colonies counted). Error bars are standard 
errors of the mean (+/- SEM) and for some points, the error bars are shorter than the height of the symbol (n=3). 
Data was fit to a linear-quadratic model. 

  

Table 4.3- SER values of inhibitors plus radium-223 vs radium-223 at 10% with +/- SEM. SER was calculated as 

the drug dose needed to reduce the survival fraction to 10%. 

 

 

Con DMSO
SER10% 

(Con/DMSO)
Enz

SER10% 

(Con/Enz)
Abi

SER10% 

(Con/Abi)

4.52 ± 0.11 1.15

∼0 ∼0 0.02 ∼0 0.02 ∼0 0.02

SJSA-1
3.88 ± 0.19 4.15 ± 0.14 1.07

2.07 ± 0.24 2.00 3.08 ± 0.17 2.04

∼0 ∼0 0.01 27.96 ± 0.64 0.03 25.06 ± 0.59 0.02

LNCaP
3.70 ± 0.11 3.70 ± 0.1 1.02

4.52 ± 0.20 1.16

0.02 ∼0 0.02 ∼0 0.03

0.99 2.11 + 0.05 1.07 1.45 0.12 1.10

Parameters

PC3
1.49 ± 0.07 2.67 ± 0.1

∼0 ∼0



   
 

158 
 

4.2.10 Androgen suppression and radium-223 co-treatment 
increase DNA damage. 

 

The impact of Abiraterone and Enzalutamide combinations with radium-223 on DNA 

damage was assessed via immunofluorescence and monitoring changes in 53BP1 

foci at the same timepoints as chapter 3 i.e. one, 24 and 48 hours post-radiation, to 

determine both the short and long term effects of Abiraterone and Enzalutamide 

combinations with radium-223 over radium-223 alone (Figure 4.15). All models were 

pre-treated with 10 µM (consistent with chapter 3) Abiraterone, Enzalutamide or 

DMSO (vehicle control) 24 hours before irradiation with 0.25 Gy radium-223. 

In all cell lines, combinations of Abiraterone and Enzalutamide with radium-223 led to 

larger increases in DNA damage relative to radium-223 alone. One hour post radium-

223 treatment, PC3 foci per cell increased from 29.32 +/- 0.72 foci in radium-223 

controls to 35.8 +/- 1.23 foci with Enzalutamide (***p ≤ 0.001) and 37.48 +/- 1.48 foci 

with Abiraterone (****p ≤ 0.0001). LNCaP foci per cell increased from 22.48 +/-0.83 

foci in radium-223 controls to 31.3 +/- 0.74 foci with Enzalutamide (****p ≤ 0.0001) and 

43.4 +/- 0.80 foci with Abiraterone (****p ≤ 0.0001). SJSA-1 foci per cell increased from 

23.84 +/- 0.91 foci in radium-223 controls to 28.76 +/- 1.01 foci (****p ≤ 0.0001) with 

Enzalutamide and 28.6 +/- 0.57 foci with Abiraterone (****p ≤ 0.0001).  

Twenty-four hours post-radium-223 treatment, PC3 foci per cell increased from 15.96 

+/- 0.89 foci in radium-223 controls to 21.12 +/- 0.99 foci with Enzalutamide (**p ≤ 

0.01) and 22.16 +/- 1.02 foci with Abiraterone (***p ≤ 0.001). LNCaP foci per cell 

increased from 9.88 +/- 0.48 foci in radium-223 controls to 21.6 +/- 0.83 foci with 

Enzalutamide (****p ≤ 0.0001) and 22.4 +/- 1.11 foci with Abiraterone (****p ≤ 0.0001). 

SJSA-1 foci per cell increased from 8.44 +/- 0.42 foci in radium-223 controls to 12.44 
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+/- 0.7 foci with Enzalutamide (***p ≤ 0.001) and 12.76 +/- 0.61 foci with Abiraterone 

(***p ≤ 0.001). 

Forty-Eight hours post-radium-223 treatment, PC3 foci per cell increased from 10.52 

+/- 0.46 foci in radium-223 controls to 16.2 +/- 0.79 foci with Enzalutamide (**p ≤ 0.01) 

and 16.44 +/- 0.80 foci with Abiraterone (***p ≤ 0.001). LNCaP foci per cell increased 

from 7.44 +/- 0.29 foci in radium-223 controls to 15.15 +/- 1.02 foci with Enzalutamide 

(****p ≤ 0.0001) and 16.88 +/- 1.09 foci with Abiraterone (****p ≤ 0.0001). SJSA-1 foci 

per cell increased from 6.16 +/- 0.5 foci in radium-223 controls to 10.48 +/- 0.74 foci 

with Enzalutamide (***p ≤ 0.001) and 10.80 +/- 0.63 foci with Abiraterone (***p ≤ 

0.001). 
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Figure 4.15- Average number of 53BP1 foci per cell following Abiraterone, Enzalutamide and DMSO (vehicle 
control) treatment combined with 0.25 Gy radium-223 in PC3, LNCaP and SJSA-1 cells corrected for drug controls. 
All models were treated with 10 μM Abiraterone, Enzalutamide or DMSO (vehicle control) for 24 hours before 
irradiation with 0.25 Gy radium-223. Samples were then harvested 1, 24 and 48 hours post-radiation before being 
fixed and stained with 53BP1 (n=3). Unpaired students t-test was used for comparisons between two groups. 

ns=non-significant **p ≤ 0.01, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001, and error bars represent SEM. 

The % of DNA damage repair following 0.25 Gy radium-223 and Abiraterone or 

Enzalutamide co-treatment was also quantified by comparing the % of foci at 24 and 

48 hours relative to one hour post-radiation (Figure 4.16). Twenty-four hours post-

radium-223 treatment, repair in PC3 cells decreased from 45.57% +/- 0.89 in radium-

223 controls to 40.8% +/- 0.98 with Enzalutamide (**p ≤ 0.01) and 40.88% +/- 1.02 

with Abiraterone (**p ≤ 0.01). In LNCaP cells repair decreased from 51.76% +/- 0.48 

in radium-223 controls to 30.99% +/- 0.83 with Enzalutamide (****p ≤ 0.0001) and 

30.39% +/- 1.11 with Abiraterone (****p ≤ 0.0001). In SJSA-1 cells repair decreased 
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from 64.6% +/- 0.42 in radium-223 controls to 56.75% +/- 0.7 with Enzalutamide (****p 

≤ 0.0001) and 55.38% +/- 0.61 with Abiraterone (****p ≤ 0.0001).  

Forty-Eight hours post radium-223 treatment, repair in PC3 cells decreased from 

64.12% +/- 0.46 in radium-223 controls to 52.75% +/- 0.79 with Enzalutamide (****p ≤ 

0.0001) and 52.14% +/- 0.8 with Abiraterone (****p ≤ 0.0001). In LNCaP cells repair 

decreased from 63.67% +/- 0.29 in radium-223 controls to 51.59% +/- 1.02 with 

Enzalutamide (****p ≤ 0.0001) and 50.11% +/- 1.08 with Abiraterone (****p ≤ 0.0001). 

In SJSA-1 cells repair decreased from 74.16% +/- 0.41 in radium-223 controls to 

63.56% +/- 0.74 with Enzalutamide (****p ≤ 0.0001) and 62.24% +/- 0.63 with 

Abiraterone (****p ≤ 0.0001). 
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Figure 4.16- The % of DNA damage repaired at 24 and 48 hours relative to one hour post-radiation following 
Airaterone, Enzalutamide and DMSO (vehicle control) treatment and radiation with 0.25 Gy radium-223 in PC3, 
LNCaP and SJSA-1 cells. All models were treated with 10 μM Abiraterone, Enzalutamide or DMSO (vehicle control) 
for 24 hours before irradiation with 0.25 Gy radium-223. Samples were then harvested 1, 24 and 48 hours post-
radiation before being fixed and stained with 53BP1 (n=3). Unpaired students t-test was used to compare two 
groups ns=non-significant, **p ≤ 0.01, ****p ≤ 0.0001 and error bars representing SEM. 

 

4.2.11 The impact of AR suppression and radium-223 co-
treatment on HR. 

 

Having shown through western blot analysis that Abiraterone and Enzalutamide 

mediated AR suppression leads to downregulation of HR repair as single agents and 

in combination with X-rays, these experiments were repeated with 0.25 Gy radium-

223 to see if these effects were conserved with highly damaging alpha particles 

(Figure 4.17). All cell lines were pre-treated 24 hours with 10 μm Abiraterone, 

Enzalutamide or DMSO (vehicle control) before irradiation with 0.25 Gy radium-223 

and harvested one, 24 and 48 hours post radiation. As with X-rays, there were no 
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significant changes in RAD51 levels in PC3 and SJSA-1 cells treated with Abiraterone 

or Enzalutamide compared to DMSO controls. 

In LNCaP cells, RAD51 levels correlated with PSA expression falling from 89.30% +/- 

5.6 with DMSO to 24.35% +/- 3.33 with Enzalutamide (****p ≤ 0.0001) and 8.78% +/- 

1.1 with Abiraterone (****p ≤ 0.0001) one hour post-radiation, from 86.34% +/- 4 with 

DMSO to 8.54% +/- 2.4 with Enzalutamide (****p ≤ 0.0001) and 8.97% +/- 1.01 with 

Abiraterone (****p ≤ 0.0001) 24 hours post-radiation and from 94.52% +/- 7.23 with 

DMSO to 8.85% +/- 0.005 with Enzalutamide (****p ≤ 0.0001) and 8.76% +/- 0.002 

with Abiraterone (****p ≤ 0.0001) 48 hours post-radiation. 

Comparisons of 2 Gy X-rays against 0.25 Gy radium-223 (Figure 4.18) showed no 

significant difference in RAD51 expression between X-rays and radium-223 at any 

timepoint when co-treated with Abiraterone or Enzalutamide, with RAD51 levels 

almost undetectable for both radiation types. 
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Figure 4.17- RAD51 and PSA expression following Abiraterone, Enzalutamide and DMSO (vehicle control) 
treatment combined with 0.25 Gy radium-223 in LNCaP, PC3 and SJSA-1 cells. All models were treated with 10 
μM Abiraterone, Enzalutamide or DMSO 24 hours before irradiation with 0.25 Gy radium-223. Samples were then 
harvested 1, 24 and 48 hours post-radiation and expression levels were measured via Western blot (A) and 
densitometric analysis (B). Unpaired students t-test was used to compare two groups ns=non-significant, ****p ≤ 
0.0001 and error bars represent SEM. β-Actin was used as a loading control. (n=3). 
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Figure 4.18- Comparison of the impact of Abiraterone and Enzalutamide in combination with either 2 Gy X-rays or 
0.25 Gy radium-223 on RAD51 and PSA expression in LNCaP cells. LNCaP cells were treated with 10 μM 
Abiraterone or Enzalutamide 24 hours before irradiation with either 2 Gy X-rays or 0.25 Gy radium-223. Samples 
were then harvested 1, 24 and 48 hours post-radiation and expression levels were measured via Western blot (A) 
and densitometric analysis (B). Unpaired students t-test was used to compare two groups, ns= non-significant and 
error bars represent SEM. β-Actin was used as a loading control. (n=3). 

 

4.2.12 AR suppression and radium-223 co-treatment impact on 
NHEJ 

 

The impact of Abiraterone and Enzalutamide combinations with radium-223 on NHEJ 

was also measured by quantifying DNA-PK levels by western blot analysis. All models 

were pre-treated with 10 μm Abiraterone, Enzalutamide or DMSO (vehicle control) 24 

hours before irradiation with 0.25 Gy radium-223 and harvested one, 24 and 48 hours 

post-radiation (Figure 4.19). 
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LNCaP cells showed no significant differences in DNA-PK levels with either 

Abiraterone or Enzalutamide one hour post-radiation, but DNA-PK levels significantly 

decreased from 96.22% +/- 4.42 with DMSO to 35.43% +/- 4.12 with Abiraterone (****p 

≤ 0.0001) 24 hours post-radiation and from 87% +/- 3.87 with DMSO to 47.11% +/- 

5.61 with Enzalutamide (****p ≤ 0.0001) and 7.12% +/- 0.94 with Abiraterone (****p ≤ 

0.0001) 48 hours post-radiation. As observed with X-rays, PC3 and SJSA-1 cells 

showed no significant changes in DNA-PK levels with Abiraterone or Enzalutamide 

compared to DMSO controls. 
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Figure 4.19- DNA-PK and PSA expression following Abiraterone, Enzalutamide and DMSO (vehicle control) 
treatment combined with 0.25 Gy radium-223 in LNCaP, PC3 and SJSA-1 cells. All models were treated with 10 
μM Abiraterone, Enzalutamide or DMSO for 24 hours before irradiation with 0.25 Gy radium-223. Samples were 
then harvested 1, 24 and 48 hours post-radiation and expression levels were measured via Western blot (A) and 
densitometric analysis (B). β -Actin was used as a loading control. (n=3). Unpaired students t-test was used to 
compare two groups, ns=non-significant, ****p ≤ 0.0001 and error bars represent SEM. 
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4.2.13 AR suppression and radium-223 co-treatment impact on 

cell cycle and cell death. 
 

As with the investigations into DNA repair, cell cycle experiments previously conducted 

with X-rays were also repeated with radium-223, combining 10 μm Abiraterone and 

Enzalutamide 24 hour pre-treatment with 0.25 Gy radium-223 and harvesting one, 24 

and 48 hours post-radiation (Figure 4.20 and Table 7.8). All cell lines showed the same 

general characteristic changes in S/G2 and sub-G1 observed by the addition of 

radium-223 in section 4.3.2. 

Abiraterone and Enzalutamide had no observable effects on cell cycle distribution in 

PC3 and SJSA-1 cells. In LNCaP cells, Enzalutamide was shown to impact sub-G1 

48 hours post-radiation, with sub-G1 levels increasing from 2.41% +/- 0.32 with DMSO 

to 4.36% +/- 0.64 with Enzalutamide (ns). In comparison, Abiraterone showed sub-G1 

increases at 24 and 48 hours, rising from 1.8% +/- 0.36 with DMSO to 4.31% +/- 0.53 

with Abiraterone (ns) at 24 hours post-radiation and from 2.41% +/- 0.3 with DMSO to 

6.61% +/- 0.38 with Abiraterone (**p ≤ 0.01) 48 hours post-radiation. 

Also evident with LNCaP cells were decreases in the S and G2 phases of the cell 

cycle. S phase decreased from 5.84% +/- 0.23 with DMSO to 2.86% +/- 0.33 with 

Enzalutamide (ns) and 4.51% +/- 0.02 with Abiraterone (ns) one hour post-radiation 

and from 8.27% +/- 0.96 with DMSO to 4.32% +/- 0.88 with Enzalutamide (**p ≤ 0.01) 

and 6.06% +/- 0.9 with Abiraterone (ns) 24 hours post-radiation. G2 decreased from 

29.83% +/- 0.59 with DMSO to 27.13% +/- 1.27 with Enzalutamide (ns) and 26.88% 

+/- 0.48 with Abiraterone (ns) one hour post-radiation and from 22.56% +/- 0.57 with 

DMSO to 19.42% +/- 0.13 with Enzalutamide (ns) and 16.84% +/- 0.21 with 

Abiraterone (****p ≤ 0.0001) 48 hours post-radiation. 
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PARP-cleavage was also investigated through western blot analysis utilising the same 

timepoints and set up as the cell cycle analysis (Figure 4.21). PARP-cleavage levels 

followed a similar trend to those observed with sub-G1 levels, with no observable 

differences in PARP-cleavage between DMSO controls and Abiraterone or 

Enzalutamide at any timepoint in PC3 or SJSA-1 cells. LNCaP cells showed significant 

increases in PARP-cleavage with Abiraterone and Enzalutamide compared to DMSO 

controls increasing from 32.98% +/- 5.6 with DMSO to 55.42% +/- 3.32 (****p ≤ 0.0001) 

with Enzalutamide and 134.81% +/- 1.15 with Abiraterone (****p ≤ 0.0001) one hour 

post-radiation, from 32.12% +/- 4.21 with DMSO to 63.04% +/- 1.11 with Abiraterone 

24 hours post-radiation (****p ≤ 0.0001) and from 29.59% +/- 6.98 with DMSO to 

58.57% +/- 5.45 with Abiraterone 48 hours post-radiation (****p ≤ 0.0001).  

PARP-Cleavage expression with 2 Gy X-rays or 0.25 Gy radium-223 combined with 

10 μm Abiraterone or Enzalutamide was compared at one, 24 and 48 hours through 

western blot analysis (Figure 4.22). Enzalutamide showed significantly increased 

levels of PARP-cleavage combined with radium-223 relative to X-rays, increasing from 

129.26% +/- 3.44 with X-rays to 230.85% +/- 3.17 with radium-223 (****p ≤ 0.0001) 24 

hours post-radiation and rising from 222.09% +/- 3.59 with X-rays to 262.41% +/- 2.99 

with radium-223 (****p ≤ 0.0001) 48 hours post-radiation. Abiraterone also showed 

increased PARP-cleavage with radium-223 over X-rays but only at 24 hours post-

radiation, with PARP-cleavage increasing from 212.72% +/- 2.27 with X-Rays to 

314.27% +/- 2.55 with radium-223 (****p ≤ 0.0001). There was no significant difference 

between combinations of Abiraterone with X-rays or radium-223 one or 48 hours post-

radiation. 
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Figure 4.20- Cell-cycle distribution changes following Abiraterone, Enzalutamide and DMSO (vehicle control) 
treatment combined with 0.25 Gy radium-223 in PC3, LNCaP and SJSA-1 cells. Cells were treated with 10uM 
Abiraterone, Enzalutamide or DMSO 24 hours before irradiation with 0.25 Gy radium-223. Cells were fixed in ice-
cold ethanol at 1h, 24h and 48h post-radiation and stained with PI/RNaseA for 30 minutes before the cell-cycle 

profile was determined by flow cytometry. Error bars are standard errors of the mean (SEM) (n=3). 
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Figure 4.21- PARP-cleavage expression following Abiraterone, Enzalutamide and DMSO (vehicle control) 
treatment combined with 0.25 Gy radium-223 in LNCaP, PC3 and SJSA-1 cells. All models were treated with 10 
μM Abiraterone, Enzalutamide or DMSO 24 hours before irradiation with 0.25 Gy radium-223. Samples were 
harvested at 1, 24 and 48 hours post-radiation and expression levels were measured via Western blot (A) and 
densitometric analysis (B). β -Actin was used as a loading control. (n=3). Unpaired students t-test was used to 
compare two groups, ns=non-significant, ****p ≤ 0.0001 and error bars represent SEM. 
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Figure 4.22- Comparison of the impact of Abiraterone and Enzalutamide in combination with either 2 Gy X-rays or 
0.25 Gy radium-223 on PARP-cleavage and PSA expression in LNCaP cells. All models were treated with 10 μM 
Abiraterone, Enzalutamide or DMSO 24 hours before irradiation with either 2 Gy X-rays or 0.25 Gy radium-223. 
Samples were harvested 1, 24 and 48 hours post-radiation and expression levels were measured via Western blot 
(A) and densitometric analysis (B). Unpaired students t-test was used to compare two groups ns= non-significant, 
****p ≤ 0.0001 and error bars represent SEM. β-Actin was used as a loading control. (n=3). 
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4.3 DISCUSSION 
 

One of the key aims of this chapter was to compare and evaluate the biological effects 

of low LET X-rays against high LET radium-223 and to help elucidate the underlying 

mechanisms of radium-223 in an in vitro setting across a range of AR-sensitive 

(LNCaP), AR-insensitive (PC3) and osteoblastic bone models (SJSA-1). This was 

achieved by evaluating biological endpoints such as cell survival, DNA damage 

kinetics and repair, cell death and cell cycle distribution. 

As expected, treatment with radium-223, which decays via high LET alpha particles 

(130 keV/μm) was significantly more cytotoxic than conventional low LET X-rays (∼0.2 

keV/μm) (Figure 4.1), with RBE values ranging from 6.72 to 15.69. Also apparent from 

the RBE values was the significant diversity in sensitivity and cellular response, which 

has also been previously reported [419]. 

Investigations into DNA damage highlighted significant differences in damage levels 

and time to repair (Figures 4.3 and 4.4). Across all cell lines, there was no difference 

between DNA damage levels at one hour post-radiation. At both 24 and 48 hours post-

radiation, the levels of DNA damage significantly exceeded that seen with X-rays and 

this damage had lower levels of repair. This results from the high LET of radium-223, 

which leads to the induction of more complex breaks, that take longer to repair. 

There are several issues to consider when evaluating the impact of radium-223 on 

DNA damage that relates to how radium-223 is administered. A volume of radium-223 

is added to the well at a calculated amount to achieve the desired dose over 24 hours, 

unlike X-rays, where the dose is administered externally over a short period, radium-

223 is dosed over a much longer time frame meaning that there will be variability in 

when and how often alpha particles hit cells. This could effectively give cells treated 
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with radium-223 time to repair, lowering the amount of DNA damage. However, the 

complex damage produced is more difficult to repair with high LET exposures. There 

are also geometrical considerations as alpha particles are randomly distributed with 

varying angles, resulting in overlapping alpha tracks, making it difficult to distinguish 

individual foci [420]. 

Following damage, cells arrest to allow repair before either continuing to division or 

initiating cell death. Ionising radiation exposure has previously been shown to lead to 

G2/M cell cycle arrest in tumour cells [421–423]. There were differences in cell cycle 

profiles between X-rays and radium-223 (Figure 4.5), with radium-223 inducing greater 

G2/M one hour post-radiation, regardless of the cell line tested. However, this could 

be attributed to radium-223’s long 24 hour exposure time. Previous reports have also 

shown increased G2/M 24 hours post-radiation [421, 423]. However, this was only 

observed in the osteoblastic bone model SJSA-1 and may be due to the lower radium-

223 dose utilised and the lower dose rate with a 24 hour exposure. Comparisons of 

sub-G1 levels showed increases in sub-G1, indicative of increased cell death by 

apoptosis. Validation of this increased cell death through testing for PARP-cleavage 

showed the increased complexity of DNA damage induced through high LET alpha 

particles leads to increased levels of cell death compared to X-rays 24 hours following 

radiation. 

Several variable factors exist when administrating radium-223, one being the vial 

activity. The lower the activity, the higher the volume of radium-223 necessary to 

achieve the desired dose rate and exposure time over which the dose is administered, 

resulting in different dose rates. In theory, this should have little impact as the same 

dose will be applied to the cells and result in the same cytotoxic profile. However, 

investigations into exposure time showed six hour exposure to be significantly more 
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cytotoxic than 24 hour exposure (Figure 4.8 and Table 4.2) across all cell lines with 

RBE values of 1.46 for PC3, 2.47 for LNCaP and 2.54 for SJSA-1 cells. Whether this 

is due to different dose rates or a possible toxic volumetric effect of radium-223 is 

unclear.  

This was investigated further by looking at HR repair through RAD51 levels and 

apoptosis through PARP-cleavage while investigating dose rate by comparing six hour 

and 24 hour exposure with a high vial activity of > 2MBq and volume with a 24 hour 

exposure with a low vial activity of ≤ 0.3 MBq. In contrast to survival data, there were 

clear cell line dependent differences in DNA repair and apoptosis (Figure 4.10 and 

4.12), with PC3 cells showing higher RAD51 and PARP-cleavage expression with 24 

hour exposure with no difference between high and low vial activity, LNCaP cells 

favouring a 24 hour exposure with high activity and SJSA-1 cells initially leaning 

towards a high activity 24 exposure, before no difference at 24 hours post-radiation. It 

could also be possible that the efficacy of radium-223 could, in part, be linked to either 

radium-223 decay products or other constituents of the radium-223 solution, such as, 

heavy metal accumulation. However, these amounts should only be in the picogram 

range and in theory have no significant impact. Given the variability dependent on vial 

activity and volume added to wells observed, several steps were taken to ensure as 

consistent biological outcomes as possible during experiments, such as not exceeding 

a well volume of 50 µM and using vials of a consistent activity. In summary, it’s clear 

that volume and dose rate significantly impact radium-223 efficacy and further 

investigation is necessary.. 

Most in vitro studies have been carried out in monoculture systems not reflective of an 

in vivo and clinical tumour microenvironment. This study aimed to investigate a more 

clinically relevant setting using bone and prostate co-culture systems to mimic the 
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prostate and bone interplay found in an MCRPC setting (Figure 4.7). Prostate and 

bone co-cultures were significantly more resistant to X-rays than monoculture controls, 

suggesting prostate and bone cross-signalling may trigger survival mechanisms 

inducing radioresistance. This was not observed with radium-223, with no survival 

difference between co-cultures and monoculture, likely due to the increased 

complexity of damage caused by high LET alpha particles overcoming the cross-

signalling radioresistance in the co-culture systems. This highlights another advantage 

of alpha therapy over conventional X-rays in the treatment of mCRPC. 

Another critical aspect of this chapter was to build on chapter 3 and test if the benefits 

of combined Abiraterone or Enzalutamide treatment with X-rays would translate into a 

radium-223 setting. Given the increased cytotoxic and DNA damaging potential of 

radium-223 over X-rays as demonstrated in this chapter, the ability to enhance this 

with the combined effects observed with Abiraterone or Enzalutamide is an attractive 

therapeutic option. To this end, the impact of Abiraterone and Enzalutamide co-

treatment with radium-223 was assessed by quantifying cell survival, DNA damage, 

DNA repair, cell cycle and cell death in the AR-sensitive LNCaP and AR-insensitive 

PC3 prostate models and the osteoblastic bone model SJSA-1. 

An important consideration when translating from X-rays into a radium-223 setting is 

the scheduling of Abiraterone and Enzalutamide during the radium-223 exposure 

process. With X-rays, Abiraterone and Enzalutamide were added 24 hours before 

irradiation and remained in the solution throughout the experiment. This was 

impossible with radium-223 due to the long exposure time and multiple wash steps 

post-exposure required to remove all traces of radium-223 from wells. Abiraterone and 

Enzalutamide were added 24 hours before radium-223 exposure, being in solution 

with radium-223 during the 24 hour exposure and then washed out with radium-223 
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removal before being readded with fresh media. Several different treatment regimens 

were tested, such as not readding Abiraterone/Enzalutamide following washing out of 

radium-223 and only adding Abiraterone/Enzalutamide following radium-223 

treatment, with only adding Abiraterone/Enzalutamide following radium-223 treatment 

having a reduced effect and no difference between not readding and readding 

Abiraterone/Enzalutamide after radium-223 washout. 

Combinations of Abiraterone and Enzalutamide with radium-223 led to significant 

additive cytotoxic effects (Figure 4.13) and increases in DNA damage and repair time 

over radium-223 alone (Figures 4.15 and 4.16), regardless of cell type or AR status. 

Only in AR-sensitive settings (LNCaP cells) did Abiraterone and Enzalutamide have 

radiosensitising effects with radium-223, with SER values twice that of radium-223 

only (Figure 4.14). In AR-sensitive settings, combinations of Abiraterone or 

Enzalutamide with radium-223 also significantly suppressed multiple DNA repair 

pathways, including HR and NHEJ, leading to near-total depletion of RAD51 levels 

(Figure 4.17) and significantly reduced DNA-PK levels (Figure 4.19). Changes in HR 

repair could partially be explained by differences in cell cycle distribution with 

decreased S and G2 phases, the only stages of the cell cycle where HR can occur 

(Figure 4.20). Also apparent were increased levels of cell death with Abiraterone or 

Enzalutamide with radium-223 through increased levels of sub-G1 (Figure 4.21), 

which was also supported by increased levels of PARP-cleavage (Figure 4.22). 

The highly damaging nature of high LET alpha particles had raised initial concern that 

the additive (the effect of Abiraterone/Enzalutamide and radium-223 given in 

combination equals the mathematical summation of their effects when given alone) 

and synergistic effects (the combined effect of Abiraterone/Enzalutamide and radium-

223 is greater than the sum of their effects when given separately) observed in 
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combinations of Abiraterone or Enzalutamide with X-rays would not translate into a 

radium-223 setting. Overall comparisons of the impact of Abiraterone and 

Enzalutamide with X-rays or radium-223 showed similar trends in additive effects, 

DNA damage, HR and NHEJ repair, cell cycle and cell death. However, these similar 

trends highlight the increased benefit of utilising Abiraterone and Enzalutamide 

combinations with radium-223 over X-rays. Radium-223 is more cytotoxic than X-rays, 

leading to Abiraterone and Enzalutamide combinations causing decreased 

survivability and increased DNA damage and cell death (Figure 4.22) compared to the 

equivalent X-rays exposures. Similar trends were also seen when comparing 

Abiraterone against Enzalutamide in X-ray and radium-223 treated cells. Abiraterone 

showed decreased levels of RAD51 (Figure 4.17) and DNA-PK (Figure 4.18) at earlier 

timepoints than Enzalutamide, while also showing increased levels of cell death 

through greater sub-G1 (Figure 4.20) levels and PARP-cleavage (Figure 4.21). 

Although showing similar trends, there was one significant notable difference between 

X-rays and radium-223 combinations with Abiraterone, with Abiraterone only causing 

radiosensitivity with radium-223 in AR-sensitive settings. In contrast, Abiraterone 

caused radiosensitivity with X-rays regardless of AR status or cell type. 

Though these results show promise for combining Abiraterone and Enzalutamide with 

radium-223 to enhance clinical outcomes, the ERA 223 trial serves as a reminder of 

caution due to the emergence of bone fractures and a lack of improvements in SREs 

or OS [115]. However, other studies, such as the open-label phase 2 eRADicAte and 

enzaRADiCate trials utilising Abiraterone/prednisolone or Enzalutamide combinations 

with radium-223 showed clinical benefit without increased toxicity, likely due, to the 

presence of the bone health agent [424, 425]. 
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Several SoC analysis studies have shown that patients with mCRPC who received 

radium-223 combination therapy with either Abiraterone/prednisolone or 

Enzalutamide were given a layered approach (i.e. one followed by the addition of 

another) (73%) more often than concurrently (23%), as seen with the ERA-223 trial 

[426, 427]. Although direct comparisons between the real world and clinical trial data 

can't be made, pathological fractures appear lower in real-world settings than in clinical 

trials. Differences in real-world and clinical data such as the ERA-223 study may relate 

to differences in patient follow-up time and less-frequent imaging in non-trial settings, 

leading to lower fracture rates, or some not being deemed clinically relevant. Overall, 

suggesting that the sequencing of Abiraterone and Enzalutamide with radium-223 is 

a crucial consideration that warrants further study. 

Another important consideration is the usage of BHAs in combinations of radium-223 

with Abiraterone and Enzalutamide. The EORTC-1333-GUCG/PEACE III trial 

(NCT02194842) investigated combinations of Enzalutamide with radium-223 in 

asymptomatic or mildly symptomatic chemotherapy-naive mCRPC with bone 

metastasis showed, that although risks of fractures were higher in combinations of 

Enzalutamide and radium-223, these risks were almost eliminated with the continuous 

use of BHAs [428]. The incidence rates of fractures in patients taking BHAs were also 

lower in the Abiraterone/prednisolone arm [115]. The REASSURE study also reported 

that BHAs are underutilised in mCRPC settings [429], highlighting that investigations 

into the increased addition of BHAs may help eliminate some of these combinations' 

adverse effects. 

It is clear, that although the results of this chapter prove promising in promoting the 

benefit of Abiraterone and Enzalutamide combinations with radium-223, interactions 
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in a clinical setting are complex and cannot be wholly represented in an in vitro based 

study. 

4.4 CONCLUSION  
 
In conclusion, radium-223 proved to be significantly more cytotoxic than conventional 

X-rays, resulting from increased levels of DNA damage that took longer to repair, 

leading to increased levels of cell death. Highlighting the appeal of utilising high LET 

alpha particles in clinical setting. However, important considerations also need to be 

made regarding the radium-223 treatment conditions, as there was an evident dose 

rate or volumetric effect of radium-223, leading to different levels of cytotoxicity over 

the same dose range. The addition of Abiraterone or Enzalutamide to radium-223 

exposure led to additive effects regardless of the cell model tested and in AR-sensitive 

settings, led to radiosensitisation through decreased NHEJ, HR and cell cycle 

distribution changes, resulting in enhanced cell death. 
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5 INVESTIGATING THE RADIOBIOLOGICAL RESPONSE OF 

COMBINATIONS OF DNA REPAIR INHIBITORS WITH AR 

SUPPRESSION. 

5.1 INTRODUCTION 
 

For decades, AR-signaling has been a critical contributor to the progression and 

maintenance of PCa [157]. However, increasing understanding of the genomic 

landscape has highlighted the potential roles of the DDR in the progression and 

prognosis of PCa [430–432]. 

In situations where alterations in DSB repair genes highlight repair through PARP-1, 

inhibiting PARP leads to increased cell death through synthetic lethality, providing a 

rationale for using PARP inhibitors in these settings. PARP inhibition has seen 

significant survival benefits as maintenance therapy in pancreatic and ovarian cancer 

settings and front-line use in breast cancers [433–435]. Olaparib has improved overall 

survival in mCRPC patients with HR repair deficiencies [436].  

Combinations with other drugs to enhance efficacy and overcome resistance to 

olaparib are underway to build on these promising results. So far, combinations of 

olaparib and immunotherapy have proved mixed, with variable toxicities and additive 

and synergistic effects [437–441]. However, these studies are preliminary with one-

year follow-up times and more extensive phase III studies are currently underway with 

longer follow-ups. Chemotherapies have also been tested in combination with PARP 

inhibition, with the most common being DNA damaging agents, alkylating agents or 

topoisomerase inhibitors. Although early promise has been shown in ovarian cancers 

[442], in mCRPC, only combinations of veliparib and temozolomide have been tested, 
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showing only modest activity [443]. Combinations of PARP inhibitors with other DDR 

inhibitors, such as ATR inhibitors, have sensitised PARP-resistant cells [444, 445]. 

PARP inhibitors have also been shown to radiosensitise cell lines, with the breast 

cancer cell lines MDA-MB-231 and MDA-MB-436 radiosensitised through the use of 

the PARP inhibitor 3-aminobenzamide, one with and one without BRCA mutations 

respectively [446]. Radiosensitisation has also been observed in the glioblastoma 

model T98G [447] and HeLa cells [448], with observations, also supporting a cell 

cycle-dependent effect [449]. In a clinical setting, while current data suggest that such 

combinations are usually safe and feasible, the heterogeneity of data results in the 

efficacy and optimal sequencing being unable to be determined [450]. 

Current treatment options for mCRPC are primarily based around AR suppression and 

taxane-based chemotherapy, however, primary or acquired treatment resistance is an 

inevitability. This has created an urgent need for the development of novel therapies 

targeting alternative molecular targets apart from the AR and microtubule, which can 

not only be utilised as single agents but are effective as combination therapies with 

current AR targeting agents such as Abiraterone and Enzalutamide. 

In mCRPC settings, only Olaparib has been approved based on the basis randomised 

phase lll PROfound trial [126], which showed increased OS and PFS in men 

harbouring DDR defects treated with Olaparib over alternative ADT. However, how 

PARP inhibitors interact with AR inhibitors is currently unknown and under 

investigation in various clinical trials, such as the PROpel trial, investigating the 

combination of Abiraterone with Olaparib [451]. 

In an in vitro setting, while as discussed above, the impact of PARP inhibitors has 

been well categorised, including PCa settings [452], there are no studies investigating 
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the biological response of combinations of Olaparib with Abiraterone and 

Enzalutamide or their radiobiological response with combined with the additional 

effects of radiation. Such studies are important for informing future clinical study 

designs and eventually patient treatment. 

Therefore, this chapter aimed to continue to build on the results of chapters 3 and 4 

by providing the first investigation and comparison of the effects of Abiraterone and 

Enzalutamide in combination with the PARP inhibitor Olaparib with and without 

radiation. Having shown in chapter 3 that AR suppression in an AR-sensitive setting 

leads to significant reductions in HR and NHEJ repair, this chapter also aimed to 

investigate whether AR suppression could be enhanced through combinations with 

PARP inhibition to achieve synthetic lethality and improve efficacy. 
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5.2 RESULTS  
 

5.2.1 Cytotoxicity of Olaparib 
 

Before investigating combinations of Abiraterone or Enzalutamide with Olaparib, 

baseline toxicity studies with Olaparib were undertaken. MTT assays were conducted 

using a dose range of 10 nM to 100 μM Olaparib over 72 hours (standard MTT assay 

timepoint) across all previously used models, including LNCaP cells, PC3 cells and 

SJSA-1 cells (Figure 5.1 and Table 5.1).  

Over 72 hours, Olaparib showed little impact on cell viability with any cell lines, with 

viability decreasing to 89% +/- 0.2 in PC3 cells, 90.34% +/- 0.29 in LNCaP cells and 

88.3% +/- 0.26 in SJSA-1 cells at the highest Olaparib dose of 100 μM. LD90 values 

were also similar in all cell lines, with PC3 cells having an LD90 of 90.22 μM +/- 0.05, 

LNCaP cells having an LD90 of 98.61 μM +/- 0.07 and SJSA-1 cells having an LD90 

value of 89.95 μM +/- 0.07. 

The effect of Olaparib on proliferation was also measured through clonogenic assays 

over a dose range of 0-5 μM Olaparib (Figure 5.2), which showed Olaparib reduced 

survival fraction in a dose-dependent manner across all cell lines. LNCaP cells had an 

LD50 of 3.56 μM +/- 0.07, SJSA-1 cells had an LD50 of 3.51 μM +/- 0.07 and PC3 

cells were shown to be the most sensitive, with an LD50 value of 0.34 μM +/- 0.05 

(Table 5.2). 
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Figure 5.1- Effect of Olaparib treatment on cell viability in PC3, LNCaP and SJSA-1 cells. PC3, LNCaP and SJSA-
1 cells were treated with a dose range of 10 nM to 100 μM of Olaparib. Cell viability was evaluated 72 hours post-
treatment by MTT assay. Each value is the mean of three independent experiments performed in triplicate and 
error bars represent SEM. 

  

Table 5.1- LD90 of MTT values across cell lines ± SEM. LD90 values were determined from MTT curves, indicating 
the drug concentration at which cell viability was reduced by 10%. 

 

 

 

Cell Line LD90s (μM) SEM

PC3 90.22 0.05

LNCaP 98.61 0.07

SJSA-1 89.95 0.07
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Figure 5.2- Clonogenic survival curves showing the impact of Olaparib on survival fraction in PC3, LNCaP and 
SJSA-1 cells. All models were treated with a dose range of 0-5 μM Olaparib and left to form appropriately sized 
colonies. Survival fraction was calculated using SF = (colonies counted)/ (cells seeded x (PE /100) colonies 
counted). Error bars are standard errors of the mean (+/- SEM) and for some points, the error bars are smaller than 

the height of the symbol (n=3). Data was fit to a linear-quadratic model. 

 

Table 5.2- LD50 values of clonogenic survival values across cell lines ± SEM. LD50 values were determined from 
clonogenic survival curves and indicate the drug concentration at which the survival fraction was reduced by 50%. 

 

 

 

 

 

 

Cell Line LD50 (μM) SEM

PC3 0.34 0.02

LNCaP 3.56 0.06

SJSA-1 3.51 0.05
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5.2.2 Additive/Synergistic effects of Olaparib in combination 
with radiation. 

 

Having established the dose-response for Olaparib and that Olaparib was on target, 

through complete reduction of poly(ADP‐ribose) (PAR) expression levels 24 hours 

post-treatment with 100 nM of Olaparib and above (Figure 7.1), the additive (the effect 

of Olaparib and radiation in combination equals the mathematical summation of their 

effects when given alone) and synergistic (the combined effect of Olaparib and 

radiation is greater than the sum of their effects when given separately) potential of 

Olaparib with radiation were investigated by clonogenic assays. All models were 

exposed to 500 nM Olaparib 24 hours before irradiation with 0-8 Gy X-rays (Figure 

5.3).  

Olaparib showed no significant impact on survival fraction relative to controls in any 

cell line (PC3=89% +/-3.26, LNCaP=100% +/-3.12, SJSA-1=98% +/- 2.46). 

Comparisons of 2 Gy X-rays against combinations of 2 Gy X-rays plus Olaparib 

showed significantly reduced survival fraction in all cell lines, with PC3 survival fraction 

decreasing from 38.77% +/- 3.93 with X-rays to 27.58% +/- 3.12 with X-rays and 

Olaparib (*p ≤ 0.05), LNCaP survival fraction decreasing from 40.66% +/- 4.22 with X-

rays to 26% +/- 2.01 with X-rays and Olaparib (*p ≤ 0.05) and SJSA-1 survival fraction 

decreasing from 29.86% +/- 1.1 with X-rays to 22% +/- 2.55 with X-rays and Olaparib 

(*p ≤ 0.05).  

After accounting for drug-mediated cytotoxicity, Olaparib showed significant 

synergistic effects with radiation across all cell lines (Figure 5.4 and Table 5.3). With 

PC3 cells (SER=1.5 +/- 0.05), LNCaP cells (SER=1.25 +/- 0.07) and SJSA-1 cells 

(SER=1.45 +/- 0.03) all showing high SER values. Comparisons of cell lines showed 
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similar sensitivities between PC3 and SJSA-1 cells (SER=1.5 +/- 0.05 and 1.45 +/- 

0.03) and slightly lower sensitivity with LNCaP cells (SER=1.25 +/- 0.07). 

 

Figure 5.3- The cytotoxic effects of Olaparib as a single agent or combined with 2 Gy X-rays in PC3, LNCaP and 
SJSA-1 cells. All models were treated with 500 nM 24 hours before irradiation. Cells were then incubated to form 
appropriately sized colonies and any colonies of 50 cells or more were counted. Each value is the mean of three 
independent experiments performed in triplicate (+/- SEM) and normalised to control. Unpaired students t-test was 
used to compare two groups, ns=non-significant, *p ≤ 0.05. 
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Figure 5.4- Radiosensitisation effects of Olaparib on X-rays in PC3, LNCaP and SJSA-1 cells. All models were 
treated with 500 nM 24 hours before irradiation with X-rays across a dose range of 0-8 Gy. Cells were then left to 
form appropriately sized colonies and the survival fraction was calculated using SF = (colonies counted)/ (cells 
seeded x (PE /100) colonies counted). Error bars are standard errors of the mean (+/- SEM) and for some points, 
the error bars are smaller than the height of the symbol (n=3). 

  

Table 5.3- SER values of X-rays vs X-rays plus Olaparib at 10% +/- SEM. SER was calculated as the dose needed 

to reduce the survival fraction to 10% as described in section 2.3.2 

 

 

Con Olap
SER10% 

(Con/Olap)

0.02 ± 0.06 ± 0.003 0.03

SJSA-1
0.45 ± 0.62 ± 0.04 1.45

0.01 ± 0.10 ± 0.001 0.07

LNCaP
0.28 ± 0.46 ± 0.03 1.25

0.05

1.50

Parameters

PC3
0.38 ± 0.60 ± 0.02

0.05 ± 0.10 ± 0.001
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5.2.3 Olaparib impact on DNA damage 
 

The impact of Olaparib on DNA damage was accessed through immunofluorescence 

and observing changes in 53BP1 foci at one, 24 and 48 hours post-treatment with 

Olaparib to determine the short and longer term effects of Olaparib on DNA damage 

with and without radiation (Figure 5.5). When used as a single agent, Olaparib showed 

no significant increase in DNA damage at any timepoint or in any cell line compared 

to untreated controls (ns). 

Due to the observed synergy of Olaparib with X-rays, combinations of Olaparib with 2 

Gy X-rays (clinically relevant does) were also assessed by immunofluorescence 

(Figure 5.6). In all cell lines, combinations of Olaparib with X-rays displayed 

significantly higher levels of DNA damage than radiation alone. PC3 foci per cell 

increased from 30.37 +/- 0.65 foci with X-ray controls to 36.6 +/- 1.42 foci with Olaparib 

(***p ≤ 0.001) one hour post-radiation, from 12.71 +/- 0.35 foci with X-ray controls to 

17.6 +/- 0.87 foci with Olaparib (**p ≤ 0.001) 24 hours post-radiation and from 10.43 

+/- 0.3 foci with X-ray controls to 13.8 +/- 0.44 foci with Olaparib (*p ≤ 0.05) 48 hours 

post radiation. LNCaP foci per cell increased from 22.26 +/- 0.46 foci with X-ray 

controls to 30.36 +/-1.32 foci with Olaparib (****p ≤ 0.0001) one hour post-radiation, 

from 5.17 +/- 0.31 foci with X-ray controls to 9.84 +/- 0.64 foci with Olaparib (**p ≤ 

0.001) 24 hours post-radiation and from 3.9 +/- 0.14 foci with X-ray controls to 8.38 +/- 

0.55 foci with Olaparib (**p ≤ 0.001) 48 hours post radiation. SJSA-1 foci per cell 

increased from 23.61 +/- 0.52 foci with X-ray controls to 29.04 +/- 0.64 foci with 

Olaparib (****p ≤ 0.0001) one hour post-radiation, from 4.38 +/- 0.32 foci with X-ray 

controls to 7.48 +/- 0.68 foci with Olaparib (**p ≤ 0.001) 24 hours post-radiation and 

from 4.17 +/- 0.39 foci with X-ray controls to 8.52 +/- 0.64 foci with Olaparib (***p ≤ 

0.001) 48 hours post-radiation. 
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The % of DNA damage repaired following combinations of 2 Gy X-rays with Olaparib 

and radiation alone was investigated by comparing the % of foci at 24 and 48 hours 

relative to one hour post-radiation (Figure 5.7). PC3 repair % decreased from 61.44% 

+/- 1.13 with X-rays controls to 53.37% +/- 0.86 with Olaparib (****p ≤ 0.0001) 24 hours 

post-radiation and from 75.53% +/- 0.73 with X-ray controls to 64.04% +/- 0.44 with 

Olaparib (****p ≤ 0.0001) 48 hours post-radiation. LNCaP repair % decreased from 

72.28% +/- 0.71 with X-ray controls to 64.3% +/- 0.64 with Olaparib (****p ≤ 0.0001) 

24 hours post-radiation and from 82.48% +/- 0.73 with X-ray controls to 69.1% +/- 0.55 

with Olaparib (****p ≤ 0.0001) 48 hours post-radiation. SJSA-1 repair % decreased 

from 81.45% +/- 0.71 with X-ray controls to 76.89% +/- 0.81 with Olaparib (****p ≤ 

0.0001) 24 hours post-radiation and from 82.34% +/- 0.83 with X-ray controls to 

76.75% +/- 1.21 with Olaparib (****p ≤ 0.0001) 48 hours post-radiation. 
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Figure 5.5- Average number of 53BP1 foci per cell following treatment with Olaparib in PC3, LNCaP and SJSA-1 
cells. All models were treated with 500 nM of Olaparib and harvested 1, 24 and 48 hours post-treatment before 
being fixed and stained with 53BP1 (n=3). Unpaired students t-test was used to compare two groups, ns=non-
significant and error bars represent SEM. 
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Figure 5.6- Average number of 53BP1 foci per cell following Olaparib treatment combined with 2 Gy X-rays in PC3, 
LNCaP and SJSA-1 cells corrected for drug controls. All models were treated with 500 nM of Olaparib 24 hours 
before irradiation with 2 Gy X-rays and harvested 1, 24 and 48 hours post-radiation before being fixed and stained 
with 53BP1 (n=3). Unpaired students t-test was used to compare two groups *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, 
****p ≤ 0.0001 and error bars represent SEM. 

 



   
 

194 
 

 

Figure 5.7- The % of DNA damage repaired at 24 and 48 hours relative to one hour post-radiation following 
Olaparib treatment and radiation with 2 Gy X-rays in PC3, LNCaP and SJSA-1 cells. All models were treated with 
500 nM Olaparib 24 hours before irradiation with 2 Gy X-rays. Samples were then harvested 1, 24 and 48 hours 
post-radiation before being fixed and stained with 53BP1 (n=3). Unpaired students t-test was used to compare two 
groups ns=non-significant, ****p ≤ 0.0001 and error bars representing SEM. 

 

5.2.4 Impact of Olaparib on Cell Cycle Distribution 
 

The impact of Olaparib on cell cycle distribution changes was investigated by treating 

all cell lines with 100 nM, 300 nM and 500 nM Olaparib for one, 24 and 48 hours and 

carrying out flow cytometry to determine if there was a dose dependent impact on cell 

cycle distribution (Figure 5.8 and Table 7.9). In all cell lines, treatment with Olaparib 

led to decreased levels of G2, while S phase levels decreased in SJSA-1 cells and 

sub-G1 levels increased with PC3 and LNCaP cells. 

PC3 cells showed decreased levels of G2, with G2 falling from 26.73% +/- 0.86 in the 

untreated controls to 10.09% +/- 0.04 at 100 nM (****p ≤ 0.0001), 13.42% +/- 0.71 at 

300 nM (****p ≤ 0.0001) and 10.01% +/- 0.54 at 500 nM (****p ≤ 0.0001) of Olaparib 



   
 

195 
 

48 hours post-treatment. Sub-G1 levels increased from 0.67% +/- 0.02 in the untreated 

controls to 5.28% +/- 0.47 at 100 nM (****p ≤ 0.0001), 3.19% +/- 0.91 at 300 nM (****p 

≤ 0.0001) and 7.51% +/- 0.33 (****p ≤ 0.0001) at 500 nM of Olaparib 48 hours post-

treatment. 

In LNCaP cells, G2 levels fell from 28.09% +/- 0.04 in the untreated controls to 20.25% 

+/- 0.37 at 100 nM (****p ≤ 0.0001), 23.83% +/- 1.42 at 300 nM (****p ≤ 0.0001) and 

22.48% +/- 0.74 at 500 nM (****p ≤ 0.0001) of Olaparib 48 hours post-treatment. Sub-

G1 levels increased from 1.47% +/- 0.09 in the untreated controls to 4.32% +/- 0.08 at 

100 nM (***p ≤ 0.001), 3.27% +/- 0.11 at 300 nM (***p ≤ 0.001) and 3.74% +/- 0.25 at 

500 nM (***p ≤ 0.001) of Olaparib 48 hours post-treatment.  

In SJSA-1 cells levels of G2 decreased from 39.95% +/- 0.33 in the untreated controls 

to 26.58% +/- 0.21 at 100 nM (****p ≤ 0.0001), 27.69% +/- 0.34 at 300 nM (****p ≤ 

0.0001) and 26% +/- 0.5 at 500 nM (****p ≤ 0.0001) of Olaparib 24 hours post-

treatment and 15.27% +/- 0.14 at 100 nM (****p ≤ 0.0001), 14.7% +/- 0.15 at 300 nM 

(****p ≤ 0.0001) and 15.88% +/- 0.44 at 500 nM (****p ≤ 0.0001) of Olaparib 48 hours 

post-treatment. S phase levels also decreased in SJSA-1 cells from 23.95% +/- 0.03 

in the untreated controls to 15.96% +/- 0.48 at 100 nM (****p ≤ 0.0001), 15.71% +/- 

0.36 at 300 nM (****p ≤ 0.0001) and 16.31% +/- 0.66 at 500 nM of Olaparib (****p ≤ 

0.0001) 24 hours post-treatment and 13.8% +/- 0.1 at 100 nM (****p ≤ 0.0001), 14.70% 

+/- 0.35 at 300 nM (****p ≤ 0.0001) and 13.59% +/- 0.21 at 500 nM (****p ≤ 0.0001) of 

Olaparib 48 hours post-treatment. 

Combinations of Olaparib with 2 Gy radiation also showed similar trends, with 

observable decreases in either the S or G2 phases of the cell cycle (Figure 5.9 and 

Table 7.10). PC3 cells showed decreased levels of G2, decreasing from 28.51% +/- 1 
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with X-ray controls to 17.25% +/- 0.4 at 100 nM (****p ≤ 0.0001), 19.21% +/- 0.55 at 

300 nM (****p ≤ 0.0001) and 20.16% +/- 0.43 at 500 nM (****p ≤ 0.0001) of Olaparib 

one hour post-radiation and decreasing from 31.42% +/- 0.46 with X-ray controls to 

22.13% +/- 1.21 at 100 nM (****p ≤ 0.0001), 21.97% +/- 1.06 at 300 nM (****p ≤ 0.0001) 

and 21.56% +/-1.34 at 500 nM (****p ≤ 0.0001) of Olaparib 24 hours post-radiation. 

LNCaP cells showed decreased levels of S phase, falling from 8.08% +/- 0.54 with X-

ray controls to 4.78% +/- 0.35 at 100 nM (**p ≤ 0.01), 4.09% +/- 0.22 at 300 nM (**p ≤ 

0.01) and 4.43% +/- 0.47 at 500 nM (**p ≤ 0.01) of Olaparib 24 hours post-radiation. 

SJSA-1 cells showed decreased levels of G2, falling from 24.96% +/- 0.92 with X-ray 

controls to 18.04% +/- 0.52 at 100 nM (****p ≤ 0.0001), 16.63% +/- 0.19 at 300 nM 

(****p ≤ 0.0001) and 16.02% +/- 0.49 at 500 nM (****p ≤ 0.0001) of Olaparib one hour 

post-radiation and further decreasing from 23.2% +/- 0.6 with X-ray controls to 17.7% 

+/- 0.35 at 100 nM (****p ≤ 0.0001), 18% +/- 0.56 at 300 nM (****p ≤ 0.0001) and 

17.16% +/- 0.89 at 500 nM (****p ≤ 0.0001) of Olaparib 24 hours post-radiation. 
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Figure 5.8- Cell-cycle distribution changes following Olaparib treatment in PC3, LNCaP and SJSA-1 cells. Cells 
were treated with 100 nM, 300 nM and 500 nM Olaparib before being fixed in ice-cold ethanol at 1, 24 and 48 hours 
post-treatment and stained with PI/RNaseA for 30 minutes before the cell-cycle profile was determined by flow 
cytometry. Error bars are standard errors of the mean (SEM) (n=3). 
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Figure 5.9- Cell-cycle distribution changes following Olaparib treatment combined with 2 Gy X-rays in PC3, LNCaP 
and SJSA-1 cells. Cells were treated with 100 nM, 300 nM and 500 nM Olaparib 24 hours before irradiation. Cells 
were then fixed in ice-cold ethanol at 1, 24 and 48 hours post-radiation and stained with PI/RNaseA for 30 minutes 
before the cell-cycle profile was determined by flow cytometry. Error bars are standard errors of the mean (SEM) 
(n=3). 
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5.2.5 Additive/Synergistic effects of Olaparib in combination 
with radium-223. 

 

Clonogenic survival assays evaluated the additive and synergistic impacts of Olaparib 

with radium-223. All cell models were pre-treated with 500 nM Olaparib 24 hours 

before radium-223 treatment across a range of 0-0.25 Gy. 

Olaparib showed no significant impact on survival relative to controls across any cell 

line (PC3=97% +/- 3.1, LNCaP=96% +/- 2.7, SJSA-1=95% +/- 2.2) (Figure 5.10). 

Comparisons of 0.25 Gy radium-223 against radium-223 and Olaparib showed 

combinations of Olaparib and radium-223 were significantly more cytotoxic than 

radium-223 alone, with survival fraction decreasing from 10.2% +/-1.13 with radium-

223 to 3.02% +/- 0.61 with radium-223 and Olaparib (**p ≤ 0.01) in PC3 cells, from 

40% +/- 3 with radium-223 to 25.97% +/- 2.97 with radium-223 and Olaparib (**p ≤ 

0.01) in LNCaP cells and from 37.29% +/- 2.23 with radium-223 to 20% +/- 1.94 with 

radium-223 and Olaparib (***p ≤ 0.001) in SJSA-1 cells.  

Olaparib also displayed synergistic effects with radium-223 across all cell lines (Figure 

5.11 and Table 5.6). SJSA-1 cells caused the largest radiosensitising effect 

(SER=1.73 +/- 0.04), followed by LNCaP cells (SER=1.56 +/- 0.02) and PC3 cells 

(SER=1.39 +/- 0.04).  
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Figure 5.10- The cytotoxic effect of Olaparib as a single agent or combined with 0.25 Gy radium-223 in PC3, 
LNCaP and SJSA-1 cells. All models were treated with 500 nM Olaparib 24 hours before 0.25 Gy radium-223 
treatment. Cells were then incubated to form sufficient colonies and any colonies of 50 cells or more were counted. 
Each value is the mean of three independent experiments performed in triplicate (+/- SEM) and normalised to 
control. Unpaired students t-test was used to compare two groups, ns=non-significant, **p ≤ 0.01, ***p ≤ 0.01. 
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Figure 5.11- Radiosensitisation effects of Olaparib on radium-223 in PC3, LNCaP and SJSA-1 cells. All models 
were treated with 500 nM of Olaparib 24 hours before radium-223 treatment across a dose range of 0-0.25 Gy. 
Cells were then left to form appropriately sized colonies and the survival fraction was calculated using SF = 
(colonies counted)/ (cells seeded x (PE /100) colonies counted). Error bars are standard errors of the mean (+/- 
SEM) and for some points, the error bars are smaller than the height of the symbol (n=3). Data was fit to a linear-
quadratic model. 

 

Table 5.4- SER values of radium-223 vs radium-223 plus Olaparib at 10% with +/- SEM. SER was calculated as 
the treatment needed to reduce the survival fraction to 10%. 

 

 

 

 

PC3 LNCaP SJSA-1

1.39 1.56 1.73

0.04 0.02 0.04

223Ra+ Olap

9.44 ± 0.17 4.38 ± 0.31 4.32 ± 0.27

19.19 + 0.61 3.654 ± 0.13 8.33 + 0.70

SER10% (X-ray/
223

Ra)

Parameters

223
Ra

8.44 ± 0.23 3.55 ± 0.20 3.80 ± 0.19

∼0 ∼0 ∼0
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5.2.6 Additive and synergistic effects of combinations of 
Abiraterone and Enzalutamide with Olaparib and X-rays. 

Having established the baseline effects of Olaparib with and without X-rays, the next 

step was to determine if these effects could be enhanced through combinations with 

Abiraterone and Enzalutamide. Initial studies investigated whether Abiraterone or 

Enzalutamide synergised with Olaparib through clonogenic survival assays. All 

models were treated with a dose range of 0-500 nM Olaparib and 10 μM Abiraterone 

or Enzalutamide in PC3 and SJSA-1 cells and 200 nm in LNCaP cells (due to their 

increased sensitivity) concurrently and left to form appropriate colony sizes (Figure 

5.12 and Table 5.7). All models were controlled for Abiraterone and Enzalutamide 

mediated cytotoxicity, so only synergistic effects could be monitored. 

Across all cell lines, combinations of Abiraterone and Olaparib proved more cytotoxic 

than combinations of Enzalutamide and Olaparib (PC3:SER=5.15 +/- 0.03, LNCaP: 

SER=1.63 +/- 0.03, SJSA-1:SER=14.01 +/- 0.02). SJSA-1 cells showed the largest 

difference (SER=14.01 +/- 0.02), followed by PC3 cells (SER=5.15 +/- 0.03) and 

LNCaP cells (SER=1.63 +/- 0.03). 
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Figure 5.12- Synergistic effect of Abiraterone and Enzalutamide combinations with Olaparib in PC3, LNCaP and 
SJSA-1 cells. All models were treated with a dose range of 0-500 nM of Olaparib and 10 μM Abiraterone or 
Enzalutamide in PC3 and SJSA-1 cells and 200 nM in LNCaP cells. Cells were then left to form appropriately sized 
colonies and the survival fraction was calculated using SF = (colonies counted)/ (cells seeded x (PE /100) colonies 
counted) and normalised to account for Abiraterone and Enzalutamide mediated cytotoxicity. Error bars are 
standard errors of the mean (+/- SEM) and for some points, the error bars are smaller than the height of the symbol 
(n=3). 

  

Table 5.5- SER values of Olaparib + Enzalutamide vs Olaparib + Abiraterone at 10% with +/- SEM. SER was 
calculated as the drug dose needed for a survival fraction of 10%. 

Cell line SER +/- SEM 

PC3 

 
 5.15 ± 0.03  

LNCaP 

  
1.63 ± 0.03 

SJSA-1 

 
14.01 ± 0.02 

 

 

The additive (the effect of Olaparib and Abiraterone/Enzalutamide in combination with 

radiation equals the mathematical summation of their effects when given alone) and 

synergistic (the combined effect of Olaparib and Abiraterone/Enzalutamide in 

combination with radiation is greater than the sum of their effects when given 
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separately) impact of Olaparib combinations with Abiraterone or Enzalutamide with 

radiation were investigated using clonogenic survival assays (Figure 5.13). PC3 and 

SJSA-1 cells were treated with either 500 nM Olaparib, 10 μM Abiraterone, 10 μM 

Enzalutamide or combinations of 500 nM Olaparib and 10 μM Abiraterone or 

Enzalutamide, while LNCaP cells were treated with either 500 nM Olaparib, 200 nM 

Abiraterone, 200 nM Enzalutamide or combinations of 500 nM Olaparib and 200 nM 

Abiraterone or Enzalutamide (due to their increased sensitivity) 24 hours before 

irradiation across a dose range of 0-8 Gy X-rays.  

Combinations of Olaparib with either Enzalutamide or Abiraterone proved to be more 

cytotoxic than as solo agents across all cell lines. PC3 survival decreased from 100% 

+/- 1.79 in controls to 89.91% +/- 3.78 with Olaparib (ns), 73.69% +/- 3.27 with 

Enzalutamide (**p ≤ 0.01), 55.56% +/- 2.09 with Abiraterone (****p ≤ 0.0001), 38.60% 

+/- 3.97 with Enzalutamide and Olaparib (***p ≤ 0.001) and 5.70% +/- 0.34 with 

Abiraterone and Olaparib (****p ≤ 0.0001). LNCaP survival decreased from 100% +/- 

0.36 in controls to 99.77% +/- 3.1 with Olaparib (ns), 79.10% +/- 3.58 with 

Enzalutamide (**p ≤ 0.001), 78,65% +/- 1.39 with Abiraterone (***p ≤ 0.001), 29.66% 

+/- 2.2 with Enzalutamide and Olaparib (***p ≤ 0.001) and 0.0007% +/- 0.0000006 with 

Abiraterone and Olaparib (****p ≤ 0.0001). SJSA-1 survival decreased from 100% +/- 

1.05 in controls to 98.44% +/- 2.41 with Olaparib (ns), 74.88% +/- 5.48 with 

Enzalutamide (*p ≤ 0.05), 50.71% +/- 4.23 with Abiraterone (**p ≤ 0.01), 27.40% +/- 

4.32 with Enzalutamide and Olaparib (***p ≤ 0.001) and 1.88% +/- 2.24 with 

Abiraterone and Olaparib (****p ≤ 0.0001). 

Combinations with 2 Gy X-rays showed a similar trend with significant additive effects 

with all agents, but the largest significant effects were in combinations of Olaparib with 

Abiraterone or Enzalutamide. PC3 survival decreased from 38.80% +/- 3.93 with X-
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rays to 27.58% +/- 3.65 with Olaparib (*p ≤ 0.05), 29.84% +/- 2.83 with Enzalutamide 

(*p ≤ 0.05), 22.01% +/- 2.12 with Abiraterone (**p ≤ 0.01), 22.22% +/- 2.02 with 

Enzalutamide and Olaparib (**p ≤ 0.01) and 0.00022% +/- 0.00004 with Abiraterone 

and Olaparib (**p ≤ 0.001). LNCaP survival decreased from 40.66% +/- 4.31 with X-

rays to 26% +/- 3.22 with Olaparib (*p ≤ 0.05), 26% +/- 4.04 with Enzalutamide (*p ≤ 

0.05), 20.47% +/- 2.92 with Abiraterone (**p ≤ 0.01), 7.59% +/- 0.42 with Enzalutamide 

and Olaparib (**p ≤ 0.01) and 0.0005% +/- 5.55e-009 with Abiraterone and Olaparib 

(**p ≤ 0.001). SJSA-1 survival decreased from 29.86% +/- 1.1 with X-rays to 22% +/- 

2.55 with Olaparib (*p ≤ 0.05), 22.99% +/- 1.8 with Enzalutamide (**p ≤ 0.01), 15.88% 

+/- 1.56 with Abiraterone (***p ≤ 0.001), 14.88% +/- 2.21 with Enzalutamide and 

Olaparib (**p ≤ 0.01) and 0.0002% +/- 0.000001 with Abiraterone and Olaparib (***p ≤ 

0.001). 
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Figure 5.13- Cytotoxic effect of Olaparib, Enzalutamide, Abiraterone, Olaparib + Enzalutamide and Olaparib + 
Abiraterone as single agents or combined with 2 Gy X-rays in PC3, LNCaP and SJSA-1 cells. All models were 
treated with 500 nM of Olaparib, 10 μM Abiraterone or Enzalutamide or both Olaparib + Abiraterone/Enzalutamide 
in PC3 and SJSA-1 cells and 200 nM Abiraterone/Enzalutamide in LNCaP cells 24 hours before irradiation with 2 
Gy X-rays. Cells were then incubated to form sufficient colonies and any colonies of 50 cells or more were counted. 
Each value is the mean of three independent experiments performed in triplicate (+/- SEM) and normalised to 
control. Unpaired students t-test was used to compare two groups, ns=non-significant, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 

0.001, ****p ≤ 0.0001. 

The synergistic effects of combinations of Abiraterone or Enzalutamide and Olaparib 

with X-rays were established by correcting for drug-mediated cytotoxicity, allowing for 

only radiation-induced impacts to be monitored (Figure 5.14 and Table 5.8). While, as 

observed previously, Olaparib induced radiosensitivity across all cell lines 

(PC3:SER=1.50 +/-0.05, LNCaP:SER=1.25 +/- 0.07, SJSA-1:SER=1.45 +/- 0.03), 

combinations of Abiraterone and Olaparib showed increased radiosensitivity over 

Olaparib alone across all models regardless of cell line or AR status (PC3:SER=2.45 

+/- 0.03, LNCaP: SER=1.97 +/- 0.01, SJSA-1:SER=1.93 0.05). Combinations of 



   
 

207 
 

Enzalutamide and Olaparib only showed increased radiosensitivity over Olaparib in 

LNCaP cells (PC3:SER=1.69 +/- 0.04, LNCaP:SER=1.89 +/- 0.02, SJSA-1:SER=1.66 

+/- 0.02). 

 

Figure 5.14- Radiosensitisation effects of Olaparib as a single agent or combined with Abiraterone or Enzalutamide 
on X-rays in PC3, LNCaP and SJSA-1 cells. All models were treated with 500 nM of Olaparib, 10 μM Abiraterone 
or Enzalutamide or both Olaparib + Abiraterone/Enzalutamide in PC3 and SJS1-1 cells and 200 nM in LNCaP cells 
24 hours before X-ray across a dose range of 0-8 Gy. Cells were then left to form appropriately sized colonies and 
the survival fraction was calculated using SF = (colonies counted)/ (cells seeded x (PE /100) colonies counted). 
Error bars are standard errors of the mean (+/- SEM) and for some points, the error bars are smaller than the height 
of the symbol (n=3). 
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Table 5.6- SER values of Olaparib, Olaparib + Enzalutamide and Olaparib + Abiraterone in combination with X-
rays at 10% survival with +/- SEM. SER was calculated as the drug dose needed for a survival fraction of 10% as 
described in section 2.3.2. 

 

 

5.2.7 Impact of Olaparib and Abiraterone or Enzalutamide 
combinations on DNA damage.  

 

The impact of Abiraterone, Enzalutamide, Olaparib and combinations of Olaparib with 

Abiraterone or Enzalutamide on DNA damage was accessed one, 24 and 48 hours 

post-treatment through counting 53BP1 foci using immunofluorescence (Figure 5.15). 

Across all models, combinations of Abiraterone or Enzalutamide with Olaparib led to 

increased levels of DNA damage over their use as single agents. 

In PC3 cells, foci per cell increased from 4.66 +/- 0.21 foci in untreated controls to 6.18 

+/- 0.19 foci with Enzalutamide (**p ≤ 0.01), 6.3 +/- 0.22 foci with Abiraterone (**p ≤ 

0.01), 6.85 +/- 0.29 foci with Enzalutamide and Olaparib (****p ≤ 0.0001) and 7.55 +/- 

0.32 foci with Abiraterone and Olaparib (****p ≤ 0.0001) 24 hours post-treatment. 

Increasing to 6.88 +/- 0.21 foci with Enzalutamide (****p ≤ 0.0001), 7.28 +/- 0.26 foci 

with Abiraterone (****p ≤ 0.0001), 7.43 +/- 0.25 foci with Enzalutamide and Olaparib 

(****p ≤ 0.0001) and 8.94 +/- 0.36 foci with Abiraterone and Olaparib (****p ≤ 0.0001) 

48 hours post-treatment.  

Con Olap
SER10% 

(Con/Olap)
Olap+Enz

SER10% 

(Con/Olap+Enz)
Olap+Abi

SER10% 

(Con/Olap+Abi)

0.76 ± 0.02 1.66 0.73 ± 0.03 1.93

0.02 ± 0.06 ± 0.003 0.03 0.06 ± 0.001 0.02 0.16 ± 0.002 0.05

SJSA-1
0.45 ± 0.62 ± 0.04 1.45

0.67 ± 0.02 1.89 0.60 ± 0.02 1.97

0.01 ± 0.10 ± 0.001 0.07 0.25 ± 0.001 0.02 0.32 ± 0.002 0.01

LNCaP
0.28 ± 0.46 ± 0.03 1.25

0.05 0.09 ± 0.003 0.04 0.10 ± 0.001 0.03

1.50 0.77 ± 0.04 1.69 1.26 ± 0.05 2.45

Parameters

PC3
0.38 ± 0.60 ± 0.02

0.05 ± 0.10 ± 0.001
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In LNCaP cells, foci per cell increased from 4 foci in the untreated controls to 6.98 +/- 

0.08 foci with Enzalutamide (****p ≤ 0.0001), 9.84 +/- 0.42 foci with Abiraterone (****p 

≤ 0.0001), 10.84 +/- 0.28 foci with Enzalutamide and Olaparib (****p ≤ 0.0001) and 

12.92 +/- 0.42 foci with Abiraterone and Olaparib (****p ≤ 0.0001) 24 hours post-

treatment. Increasing to 9.82 +/- 0.32 foci with Enzalutamide (****p ≤ 0.0001), 12.16 

foci +/- 0.37 with Abiraterone (****p ≤ 0.0001), 14.16 +/- 0.33 foci with Enzalutamide 

and Olaparib (****p ≤ 0.0001) and 16.42 +/- 0.34 foci with Abiraterone and Olaparib 

(****p ≤ 0.0001) 48 hours post-treatment.  

In SJSA-1 cells, foci per cell increased from 2.08 +/- 0.1 foci in the untreated controls 

to 3.03 +/- 0.26 foci with Enzalutamide (***p ≤ 0.001), 3.31 +/-0.14 foci with Abiraterone 

(****p ≤ 0.0001), 3.21 +/- 0.19 foci with Enzalutamide and Olaparib (****p ≤ 0.0001) 

and 4.54 +/- 0.13 foci with Abiraterone and Olaparib (****p ≤ 0.0001) 24 hours post-

treatment. Increasing to 3.4 +/- 0.21 foci with Enzalutamide (****p ≤ 0.0001), 3.44 +/- 

0.14 foci with Abiraterone (****p ≤ 0.0001), 3.33 +/- 0.19 foci with Enzalutamide and 

Olaparib (****p ≤ 0.0001) and 5.88 +/- 0.13 foci with Abiraterone and Olaparib (****p ≤ 

0.0001) at 48 hours post-treatment. 
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Figure 5.15- Average number of 53BP1 foci per cell following Olaparib, Enzalutamide, Abiraterone, Olaparib + 
Enzalutamide and Olaparib + Abiraterone treatment in PC3, LNCaP and SJSA-1 cells. All models were treated 
with 500 nM of Olaparib, 10 μM Abiraterone or Enzalutamide or both Olaparib + Abiraterone/Enzalutamide and 
harvested 1, 24 and 48 hours post-radiation before being fixed and stained with 53BP1 (n=3). Unpaired students 
t-test was used to compare two groups. ns=non-significant, *p ≤ 0.05, **p ≤ 0.01 ***p ≤ 0.001, ****p ≤ 0.0001 and 
error bars represent SEM. 

The impact of combinations of Olaparib with Abiraterone or Enzalutamide with 2 Gy 

X-rays on DNA damage was also assessed through 24 hour pre-treatment with 500 

nM Olaparib and 10 μM Abiraterone or Enzalutamide and harvested one,24 and 48 

hours post-radiation with 2 Gy X-rays (Figure 5.16). Results showed findings 

consistent to those observed without radiation, with combinations of Abiraterone or 

Enzalutamide with Olaparib leading to increased levels of DNA damage over their use 

as single agents. 

In PC3 cells, foci per cell increased from 30.37 +/- 0.64 foci in X-ray controls to 35.6 

+/- 1.41 foci with Olaparib (***p ≤ 0.001), 35.1 +/- 0.7 foci with Enzalutamide (***p ≤ 

0.001), 37.51 +/- 0.57 foci with Abiraterone (****p ≤ 0.0001), 40 +/- 1.31 foci with 
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Enzalutamide and Olaparib (****p ≤ 0.0001) and 45.24 +/- 1.07 foci with Abiraterone 

and Olaparib (****p ≤ 0.0001) one hour post-radiation. From 12.71 +/- 0.35 foci in X-

ray controls to 16.6 +/- 0.87 foci with Olaparib (**p ≤ 0.01), 16.96 +/- 0.53 foci with 

Enzalutamide (**p ≤ 0.01), 16.91 +/- 0.46 foci with Abiraterone (**p ≤ 0.01), 20.16 +/- 

0.64 foci with Enzalutamide and Olaparib (****p ≤ 0.0001) and 22.16 +/- 0.92 foci with 

Abiraterone and Olaparib (****p ≤ 0.0001) 24 hours post-radiation. From 10.43 +/- 0.3 

foci in X-ray controls to 13.8 +/- 0.44 foci with Olaparib (*p ≤ 0.05), 14.63 +/- 0.42 foci 

with Enzalutamide (**p ≤ 0.01), 14.67 +/- 0.45 foci with Abiraterone (**p ≤ 0.01), 17.24 

+/- 0.85 foci with Enzalutamide and Olaparib (****p ≤ 0.0001) and 18.94 +/- 1.15 foci 

with Abiraterone and Olaparib (****p ≤ 0.0001) 48 hours post-radiation. 

In LNCaP cells, foci per cell increased from 22.26 +/- 0.46 foci in X-ray controls to 

30.36 +/- 1.32 foci with Olaparib (****p ≤ 0.0001), 33.01 +/- 0.41 foci with Enzalutamide 

(****p ≤ 0.0001), 39.95 +/- 0.49 foci with Abiraterone (****p ≤ 0.0001), 39.3 +/- 1.78 

foci with Enzalutamide and Olaparib (****p ≤ 0.0001) and 47.4 +/- 0.69 foci with 

Abiraterone and Olaparib (****p ≤ 0.0001) one hour post-radiation. From 5.17 +/- 0.31 

foci in X-ray controls to 9.84 +/- 0.64 foci with Olaparib (**p ≤ 0.01), 12.97 +/- 0.43 foci 

with Enzalutamide (****p ≤ 0.0001), 13.48 +/- 0.28 foci with Abiraterone (****p ≤ 

0.0001), 20.32 +/- 1.17 foci with Enzalutamide and Olaparib (****p ≤ 0.0001) and 24.96 

+/- 0.86 foci with Abiraterone and Olaparib (****p ≤ 0.0001) 24 hours post-radiation. 

From 3.9 +/-0.14 foci in X-ray controls to 8.38 +/- 0.55 foci with Olaparib (**p ≤ 0.01), 

10.86 +/- 0.34 foci with Enzalutamide (****p ≤ 0.0001), 11.49 +/- 0.27 foci with 

Abiraterone (****p ≤ 0.0001), 18.61 +/- 0.54 foci with Enzalutamide and Olaparib (****p 

≤ 0.0001) and 23.27 +/- 0.76 foci with Abiraterone and Olaparib (****p ≤ 0.0001) 48 

hours post-radiation. 
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In SJSA-1 cells, foci per cell increased from 23.61 +/- 0.52 foci in X-ray controls to 

28.04 +/- 0.64 foci with Olaparib (****p ≤ 0.0001), 28.19 +/- 0.54 foci with Enzalutamide 

(****p ≤ 0.0001), 28.89 +/- 0.5 foci with Abiraterone (****p ≤ 0.0001), 32.04 +/- 0.55 

foci with Enzalutamide and Olaparib (****p ≤ 0.0001) and 34.88 +/- 0.4 foci with 

Abiraterone and Olaparib (****p ≤ 0.0001) one hour post-radiation. From 4.38 +/- 0.32 

foci in X-ray controls to 7.48 +/- 0.68 foci with Olaparib (**p ≤ 0.01), 7.32 +/- 0.48 foci 

with Enzalutamide (**p ≤ 0.01), 8.07 +/- 0.45 foci with Abiraterone (***p ≤ 0.001), 11.92 

+/- 0.4 foci with Enzalutamide and Olaparib (****p ≤ 0.0001) and 13 +/- 0.54 foci with 

Abiraterone and Olaparib (****p ≤ 0.0001) 24 hours post-radiation. From 4.17 +/- 0.39 

foci in X-ray controls to 7.52 +/- 0.64 foci with Olaparib (***p ≤ 0.001), 7.57 +/- 0.53 

foci with Enzalutamide (***p ≤ 0.001), 7.7 +/- 0.49 foci with Abiraterone (***p ≤ 0.001), 

11.32 +/- 0.41 foci with Enzalutamide and Olaparib (****p ≤ 0.0001) and 13 +/- 0.59 

foci with Abiraterone and Olaparib (****p ≤ 0.0001) 48 hours post-radiation. 

The % of DNA repair of combinations of Olaparib with Enzalutamide or Abiraterone 

was also accessed by comparing the number of foci at 24 and 48 hours relative to one 

hour post-radiation (Figure 5.17). Across all models, combinations of Olaparib with 

Enzalutamide or Abiraterone led to decreased levels of repair compared to their use 

as single agents.  

PC3 repair decreased from 61.44% +/- 0.07 in X-ray controls to 53.37% +/- 0.87 with 

Olaparib (****p ≤ 0.0001), 54.68% +/- 0.19 with Enzalutamide (****p ≤ 0.0001), 53.32% 

+/- 0.22 with Abiraterone (****p ≤ 0.0001), 45.60% +/- 0.64 with Enzalutamide and 

Olaparib (****p ≤ 0.0001) and 41.02% +/- 0.92 with Abiraterone and Olaparib (****p ≤ 

0.0001) 24 hours post-radiation. While decreasing from 75.54% +/- 0.1 in X-ray 

controls to 64.04% +/- 0.44 with Olaparib (****p ≤ 0.0001), 63.35% +/- 0.21 with 

Enzalutamide (****p ≤ 0.0001), 57.42% +/- 0.26 with Abiraterone (****p ≤ 0.0001), 
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50.90% +/- 0.85 with Enzalutamide and Olaparib (****p ≤ 0.0001) and 46.80% +/- 1.15 

with Abiraterone and Olaparib (****p ≤ 0.0001) 48 hours post-radiation. 

LNCaP repair decreased from 72.28% +/- 0.07 in X-ray controls to 64.3% +/- 0.64 with 

Olaparib (****p ≤ 0.0001), 55.31% +/- 0.19 with Enzalutamide (****p ≤ 0.0001), 55.26% 

+/- 0.22 with Abiraterone (****p ≤ 0.0001), 45.30% +/- 1.2 with Enzalutamide and 

Olaparib (****p ≤ 0.0001) and 40.40% +/- 1.17 with Abiraterone and Olaparib (****p ≤ 

0.0001) 24 hours post-radiation. While decreasing from 82.48% +/- 0.12 in X-ray 

controls to 69.1% +/- 0.55 with Olaparib (****p ≤ 0.0001), 60.13% +/- 0.21 with 

Enzalutamide (****p ≤ 0.0001), 60.74% +/- 0.33 with Abiraterone (****p ≤ 0.0001), 

52.64% +/- 0.55 with Enzalutamide and Olaparib (****p ≤ 0.0001) and 46.9% +/- 0.87 

with Abiraterone and Olaparib (****p ≤ 0.0001) 48 hours post-radiation. 

SJSA-1 repair decreased from 81.45% +/- 1.01 in X-ray controls to 76.89% +/- 0.08 

with Olaparib (****p ≤ 0.0001), 77.58% +/- 0.19 with Enzalutamide (****p ≤ 0.0001), 

75.53% +/- 0.22 with Abiraterone (****p ≤ 0.0001), 65.92% +/- 0.32 with Enzalutamide 

and Olaparib (****p ≤ 0.0001) and 62.60% +/- 0.47 with Abiraterone and Olaparib (****p 

≤ 0.0001) 24 hours post-radiation. While decreasing from 82.34% +/- 0.99 in X-ray 

controls to 76.75% +/- 0.28 with Olaparib (****p ≤ 0.0001), 76.69% +/- 0.21 with 

Enzalutamide (****p ≤ 0.0001), 76.81% +/- 0.38 with Abiraterone (****p ≤ 0.0001), 

67.79% +/- 0.34 with Enzalutamide and Olaparib (****p ≤ 0.0001) and 65.60% +/- 0.55 

with Abiraterone and Olaparib (****p ≤ 0.0001) 48 hours post-radiation. 
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Figure 5.16- Average number of 53BP1 foci per cell following Olaparib, Enzalutamide, Abiraterone, Olaparib + 
Enzalutamide and Olaparib + Abiraterone treatment and combined with 2 Gy X-rays in PC3, LNCaP and SJSA-1 
cells. All models were treated with 500 μM of Olaparib, 10 μM Abiraterone or Enzalutamide or both Olaparib + 
Abiraterone/Enzalutamide 24 hours before irradiation with 2 Gy X-rays and harvested 1, 24 and 48 hours post-
radiation before being fixed and stained with 53BP1 (n=3). Unpaired students t-test was used to compare two 

groups *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001 and error bars represent SEM. 
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Figure 5.17- The % of DNA damage repaired at 24 and 48 hours relative to one hour post-radiation following 
treatment with Olaparib, Enzalutamide, Abiraterone, Olaparib + Enzalutamide and Olaparib + Abiraterone and 
radiation with 2 Gy X-rays in PC3, LNCaP and SJSA-1 cells. All models were treated with 500 μM of Olaparib, 10 
μM Abiraterone or Enzalutamide or both Olaparib + Abiraterone/Enzalutamide 24 hours before irradiation with 2 
Gy X-rays and harvested 1, 24 and 48 hours post-radiation before being fixed and stained with 53BP1 (n=3). 
Unpaired students t-test was used to compare two groups ****p ≤ 0.0001 and error bars represent SEM. 

 

5.2.8 Impact of Olaparib and Abiraterone/Enzalutamide 
combinations on cell cycle and cell death.  

 

The impact of combinations of Olaparib with Abiraterone and Enzalutamide on cell 

cycle distribution changes was assessed through flow cytometry by treating all models 

with 500 nM Olaparib or both 500 nM Olaparib and 10 μM Abiraterone or Enzalutamide 

and harvesting one, 24 and 48 hours post-treatment before being fixed and stained 

(Figure 5.18 and Table 7.11). Results showed only changes in LNCaP cell cycle 

distribution in combinations of Abiraterone or Enzalutamide with Olaparib over 

Olaparib alone, with decreased levels of S and G2 and increased levels of sub-G1. No 
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changes were observed with combinations of Abiraterone or Enzalutamide with 

Olaparib relative to Olaparib alone in PC3 and SJSA-1 cells. 

In LNCaP cells, S phase levels decreased from 22.69% +/- 1.35 with Olaparib to 

15.07% +/- 1.03 with Enzalutamide and Olaparib (****p ≤ 0.0001) and 13.94% +/- 1.45 

with Abiraterone and Olaparib (****p ≤ 0.0001) 24 hours post-treatment and from 

21.11% +/- 0.56 with Olaparib to 13.17% +/- 0.97 with Enzalutamide and Olaparib 

(****p ≤ 0.0001) and 9.83% +/- 0.44 with Abiraterone and Olaparib (****p ≤ 0.0001) 48 

hours post-treatment. G2 phase levels decreased from 31.68% +/- 1.31 with Olaparib 

to 26.77% +/- 1.54 with Enzalutamide and Olaparib (****p ≤ 0.0001) and 25.34% +/- 1 

with Abiraterone and Olaparib (****p ≤ 0.0001) 24 hours post-treatment and from 

26.48% +/- 0.97 with Olaparib to 22.2% +/- 0.77 with Enzalutamide and Olaparib and 

21.90% +/- 0.62 with Abiraterone and Olaparib 48 hours post-treatment (****p ≤ 

0.0001). Sub-G1 levels increased from 1.22% +/- 0.21 with Olaparib to 1.91% +/- 0.11 

with Enzalutamide and Olaparib (ns) and 4.62% +/- 0.99 with Abiraterone and Olaparib 

24 hours post-treatment (****p ≤ 0.0001) and from 1.74% +/- 0.26 with Olaparib to 

4.95% +/- 0.43 with Enzalutamide and Olaparib (***p ≤ 0.001) and 10.72% +/- 0.37 

with Abiraterone and Olaparib (****p ≤ 0.0001) 48 hours post-treatment. 

Observations of increased sub-G1 were confirmed through investigating PARP-

cleavage expression utilising the same timepoints and set up as the cell cycle analysis 

(Figure 5.19). In LNCaP cells, only Abiraterone and combinations of Abiraterone and 

Olaparib showed increased levels of PARP-cleavage, with PARP-cleavage increasing 

from 100% +/- 0.32 in untreated controls to 717.18% +/- 2.42 with Abiraterone (****p 

≤ 0.0001) and 721.31% +/- 4.74 with Abiraterone and Olaparib (****p ≤ 0.0001) 24 

hours post-treatment. With no significant difference between Abiraterone alone and 

combinations of Abiraterone and Olaparib (ns). There were no significant increases in 
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PARP-cleavage expression relative to control in PC3 and SJSA-1 cells regardless of 

treatment type. 

 

Figure 5.18- Cell-cycle distribution changes following Olaparib, Enzalutamide, Abiraterone, Olaparib + 
Enzalutamide and Olaparib + Abiraterone treatment in PC3, LNCaP and SJSA-1 cells. All models were treated 
with 500 nM of Olaparib or both Olaparib + 10 μM Abiraterone/Enzalutamide and fixed in ice-cold ethanol at one 
and 24 hours post-radiation and stained with PI/RNaseA for 30 minutes before the cell-cycle profile was determined 
by flow cytometry. Error bars are standard errors of the mean (SEM) (n=3). 
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Figure 5.19- PARP-cleavage expression following Olaparib, Enzalutamide, Abiraterone, Olaparib + Enzalutamide 
and Olaparib + Abiraterone treatment in LNCaP, PC3 and SJSA-1 cells. All models were treated with 500 nM of 
Olaparib, 10 μM Enzalutamide or Abiraterone or both Olaparib + Abiraterone/Enzalutamide and harvested 1, 24 
and 48 hours post-treatment. Expression levels were measured via Western blot (A) and densitometric analysis 
(B). Unpaired students t-test was used to compare two groups. ns=non-significant, ****p ≤ 0.0001 and error bars 
represent SEM. β-Actin was used as a loading control. (n=3). 
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The effect of combinations of Olaparib plus Abiraterone or Enzalutamide with 2 Gy X-

rays on cell cycle distribution was also assessed by flow cytometry. All models were 

treated with 500 nM of Olaparib or both 500 nM Olaparib and 10 μM 

Abiraterone/Enzalutamide 24 hours before irradiation and harvesting one, 24 and 48 

hours post-radiation before being fixed and stained (Figure 5.20 and Table 7.12). The 

addition of 2 Gy X-rays showed consistent trends to those observed without radiation, 

with combinations of Olaparib with Abiraterone or Enzalutamide leading to decreased 

levels of the S and G2 phases of the cell cycle and increased levels of sub-G1 over 

Olaparib alone in LNCaP cells. PC3 and SJSA-1 cells showed no observable cell cycle 

distribution changes with Abiraterone and Olaparib or Enzalutamide and Olaparib over 

Olaparib alone. 

In LNCaP cells, S phase levels decreased from 18.14% +/- 1.60 with Olaparib to 

8.05% +/- 1.39 with Enzalutamide and Olaparib (****p ≤ 0.0001) and 4.47% +/- 0.8 

with Abiraterone and Olaparib (****p ≤ 0.0001) one hour post-radiation and from 4.43% 

+/- 0.2 with Olaparib to 1.33% +/- 0.32 with Enzalutamide and Olaparib (****p ≤ 0.0001) 

and 1.67% +/- 0.55 with Abiraterone and Olaparib (****p ≤ 0.0001) 24 hours post-

radiation. G2 levels decreased from 26.94% +/- 1.42 with Olaparib to 21.81% +/- 1.01 

with Enzalutamide and Olaparib (***p ≤ 0.001) and 17.98% +/- 1.39 with Abiraterone 

and Olaparib (****p ≤ 0.0001) 24 hours post-radiation. Sub-G1 levels increased from 

2.83% +/- 0.43 with Olaparib to 4.5% +/- 0.21 with Enzalutamide and Olaparib (***p ≤ 

0.001) and 8.38% +/- 0.37 with Abiraterone and Olaparib (****p ≤ 0.0001) 24 hours 

post-radiation. 
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Increased levels of sub-G1 were again confirmed through quantifying PARP-cleavage 

expression with the same timepoints and experimental set-up as conducted with the 

cell cycle analysis (Figure 5.21). As observed with inhibitors alone, only in LNCaP cells 

were there significantly increased levels of PARP-cleavage with Abiraterone and 

combinations of Abiraterone and Olaparib with 2 Gy X-rays. Combinations of 

Abiraterone and Olaparib showed increased PARP-cleavage levels over Abiraterone 

alone (****p ≤ 0.0001). With PARP-cleavage levels increasing to 412.08% +/- 6.72 with 

Abiraterone (****p ≤ 0.0001) and 749.43% +/- 8.7 with Abiraterone and Olaparib (****p 

≤ 0.0001) compared to X-ray controls 24 hours post-radiation. No changes in PARP-

cleavage were observed in PC3 and SJSA-1 cells compared to X-ray controls with any 

treatments at any timepoint. 
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Figure 5.20- Cell-cycle distribution changes following Olaparib, Enzalutamide, Abiraterone, Olaparib + 
Enzalutamide and Olaparib + Abiraterone treatment combined with 2 Gy X-rays in PC3, LNCaP and SJSA-1 cells. 
All models were treated with 500 nM of Olaparib or Olaparib + 10 μM Abiraterone/Enzalutamide 24 hours before 
irradiation with 2 Gy X-rays. Cells were then fixed in ice-cold ethanol at one and 24 hours post-radiation and stained 
with PI/RNaseA for 30 minutes before the cell-cycle profile was determined by flow cytometry. Error bars are 
standard errors of the mean (SEM) (n=3). 
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Figure 5.21- PARP-cleavage expression following Olaparib, Enzalutamide, Abiraterone, Olaparib + Enzalutamide 
and Olaparib + Abiraterone treatment combined with 2 Gy X-rays in LNCaP, PC3 and SJSA-1 cells. All models 
were treated with 500 nM of Olaparib, 10 μM Abiraterone or Enzalutamide or both Olaparib + 
Abiraterone/Enzalutamide 24 hours before irradiation with 2 Gy X-rays and harvested 1, 24 and 48 hours post-
radiation. Expression levels were measured via Western blot (A) and densitometric analysis (B). Unpaired students 
t-test was used to compare two groups. ns=non-significant, ****p ≤ 0.0001 and error bars represent SEM. β-Actin 
was used as a loading control. (n=3). 
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5.3 DISCUSSION 
 
Combining ADT and radiotherapy has long proved superior to radiotherapy alone, 

forming the standard of care in local and locally advanced PCa cases for decades 

[388, 453, 454].  

The increasing understanding of the AR as a critical regulator of a network of DNA 

repair genes [396] and the outcomes of chapter 3 of this thesis that showed the 

increased efficacy of AR suppression and radiation combinations is a result of the 

downregulation of key DSB repair pathways such as NHEJ and HR, highlighting the 

potential of combining AR suppression with PARP inhibition given PARP’s role in 

ssDNA repair pathways, which has also been supported by previous reports showing 

PARP-1 promotes AR function [455].  

Also, Enzalutamide treatment has been shown to result in a BRCAless state leading 

to increased sensitivity to PARP inhibition in prostate cells [456, 457]. This chapter 

aimed to evaluate the potential of AR suppression and PARP inhibition combinations 

with radiation across AR-sensitive and AR-insensitive prostate models and 

osteoblastic bone models by investigating endpoints such as cell survival, DNA 

damage, cell cycle and cell death. 

Initial studies with Olaparib showed Olaparib had limited cytotoxic effects on cell 

viability and survival across all models (Figures 5.1 and 5.2) but induced significant 

additive and radiosensitising effects in combination with X-rays (Figures 5.3 and 5.4). 

This was supported through no significant impact with Olaparib alone on DNA damage 

(Figure 5.5), but significantly increased levels of DNA damage in combinations of 

Olaparib with radiation over radiation alone (Figure 5.6), which also had reduced levels 

of repair (Figure 5.7). Also evident, was the ability of Olaparib to cause reductions in 
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the S and G2 phases of the cell cycle both with (Figure 5.8) and without radiation 

(Figure 5.9). Doses of 100 nM Olaparib and above led to near-total reductions of PAR 

24 hours post-treatment (Figure 7.1). At the same time, there was no significant 

difference in cell death or cell cycle between a range of 100-500 nM Olaparib (Figure 

5.8).  

Combinations of Olaparib with radium-223 were also investigated, with combinations 

of Olaparib and radium-223 shown to induce both additive (Figure 5.10) and 

radiosensitising effects (Figure 5.11) across all prostate and bone models tested. 

Several early-phase trials for unselected mCRPC patients combining PARP inhibitors 

and radium-223 are currently underway to test these combinations. One such trial is 

the single-arm NiraRad trial (NCT03076203) [458], assessing the safety of 14 mCRPC 

patients with bone metastasis being treated with niraparib and radium-223. Another is 

the phase l/ll COMRADE trial (NCT03317392) [459], a randomised parallel alignment 

trial evaluating radium-223 with and without Olaparib in 112 patients with bone 

metastasis. 

Combinations of Olaparib with Abiraterone or Enzalutamide led to increased 

cytotoxicity over their use as single agents (Figure 5.12) while, also showing increased 

additive and synergistic effects with radiation (Figures 5.13 and 5.14). This was also 

reflected in increased levels of DNA damage (Figures 5.15 and 5.16), which had lower 

levels of repair (Figure 5.17). Cell cycle analysis showed combinations of Abiraterone 

or Enzalutamide with Olaparib led to even lower levels of the S and G2 phases of the 

cell cycle over Olaparib alone and showed increased levels of sub-G1 (Figures 5.18 

and 5.20). These increased levels of sub-G1 were verified through observations in 

increased levels of PARP-cleavage which, showed Abiraterone and combinations of 

Abiraterone and Olaparib led to similar PARP-cleavage expression and thus cell death 
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without radiation (Figure 5.19). In contrast, the addition of radiation led to significantly 

higher levels of PARP-cleavage with Abiraterone and Olaparib over Abiraterone alone 

(Figure 5.21). 

Comparisons of combinations of Olaparib with Abiraterone or Enzalutamide showed 

combinations of Abiraterone with Olaparib were vastly more cytotoxic than 

combinations of Enzalutamide with Olaparib across all prostate and bone models both 

with and without radiation (Figures 5.12 and 5.13). This was reflected in increased 

levels of DNA damage (Figures 5.15 and 5.16) and increased levels of cell death 

through increased sub-G1 levels (Figures 5.18 and 5.20) and PARP-cleavage 

expression (Figures 5.19 and 5.21). While the reasoning for increased efficacy of 

combinations of Abiraterone with Olaparib over Enzalutamide with Olaparib is unclear, 

the answers may lie in the potentially alluded to alternative mechanisms of actions of 

Abiraterone in chapter 3, which may allow for increased synergy of Abiraterone with 

Olaparib over Enzalutamide. 

Combining ADT and PARP inhibitors has shown some encouraging success in a 

clinical trial setting, with a randomised placebo-controlled phase ll trial where 142 men 

previously treated with docetaxel but not ADT received Abiraterone with Olaparib vs 

Abiraterone plus placebo. The trial showed combinations of Abiraterone with Olaparib 

having a 35% improvement in the risk of radiographic progression or death [460]. 

While assessment of HR mutation status showed no significant difference between 

those patients who were HR mutant or wild-type, thus showing synergy independent 

of a deleterious HR alteration. It should be noted, however, that combinations of 

Abiraterone and Olaparib led to higher rates of adverse effects (93% vs 80%) while 

also showing higher levels of grade 3 or worse (54% vs 28%) and in some cases, an 

increased rate of myocardial infarction (6% vs 0%). Meanwhile, in the RAMP lb trial, 
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mCRPC patients with prior ADT and chemotherapy usage were administered 

Rucaparib plus Enzalutamide. Combinations showed acceptable safety profiles, with 

40% of the eight trial patients showing a PSA response (≥ reduction of 50% from 

baseline) and one patient with a complete radiographic response [461, 462]. 

Several other clinical trials are currently underway, such as the double-blind, placebo-

controlled randomised phase 3 PROpel trial, seeking to serve as a confirmatory trial 

of combinations of Abiraterone with Olaparib in 720 first-line mCRPC patients with the 

primary endpoint of rPFS and the secondary endpoint being OS [451]. The CASPAR 

trial is a placebo-controlled randomised phase 3 trial of 1002 first-line mCRPC 

patients, testing combinations of Enzalutamide with Rucaparib with the primary 

endpoints of OS and rPFS and aiming to compare concurrent versus sequential PARP 

inhibitor therapy [463, 464]. The MAGNITUDE trial is a randomised phase lll trial in 

patients with first-line mCRPC, investigating combinations of Abiraterone plus 

Niraparib or placebo and utilising two cohorts comprising 400 patients with DDR 

mutations in the first cohort and the second cohort comprising 600 patients without 

DDR mutations. The primary endpoint of this study is rPFS. The TALAPRO-2 study is 

an ongoing randomised phase 3 trial enrolling 1037 Abiraterone/Enzalutamide naive 

mCRPC patients combining Enzalutamide with Talazoparib or placebo. 

Combining a solid mechanistic rationale, strong underlying biology as demonstrated 

in this chapter and promising trials to date, it is in all likelihood that combinations of 

Abiraterone/Enzalutamide with PARP inhibition will promote breakthroughs in the 

treatment of PCa. However, several issues warrant consideration, such as whether 

rPFS benefit alone is enough justification for combination therapy or whether some 

patients may derive similar benefits from sequencing of Abiraterone/Enzalutamide 

followed by PARP inhibition following progression. There are also concerns over the 
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relevancy and validity of these results in an increasingly changing treatment landscape 

with increasing Abiraterone/Enzalutamide use in a pre-mCRPC setting. Another 

important consideration is the increase in adverse effects, resulting from different 

combinations and whether these could potentially be mitigated through less intensive 

approaches, only utilising combinations, should disease progression occur or pulsing 

combinations to help alleviate effects. At the same time, biomarker of response 

selection is also a topic of much debate.  

5.4 CONCLUSION 
 
The induction of synthetic lethality through the co-inhibition of AR and PARP proves 

an attractive treatment option for PCa. The results of this chapter have demonstrated 

that in an in vitro setting, combinations of Olaparib with Abiraterone or Enzalutamide 

showed increased efficacy over their use as single agents both with and without 

radiation, supported by increased levels of DNA damage and cell death. Combinations 

of Abiraterone and Olaparib proved to be more cytotoxic than combinations of 

Enzalutamide and Olaparib, highlighting the continuing evidence of increased benefit 

with Abiraterone over Enzalutamide. There is a clear need for treatment intensification 

in advanced PCa settings and co-inhibition with combinations of AR and PARP 

suppression may help overcome resistance and may be beneficial in subsets of 

patients harbouring DNA repair mutations. Several promising clinical trials are 

currently underway to evaluate the potential of Abiraterone/Enzalutamide 

combinations and may help overhaul treatment options for mCRPC patients in the 

near future. 
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6  FINAL DISCUSSION 

 

6.1 DISCUSSION AND FUTURE WORK 
 

PCa remains one of the leading causes of cancer-related death worldwide [5]. A 

significant driver in the development and progression of PCa is AR signalling and 

androgens, making AR-targeting agents a key component in the PCa treatment 

landscape. However, although initially effective, progression to castration-resistant 

settings occurs in many PCa cases [141]. 

In these CRPC settings, particularly mCRPC settings, the most lethal form of the 

disease, survival-benefiting interventions, are lacking. However, the emergence of 

novel hormonal therapies such as Abiraterone and Enzalutamide has significantly 

increased overall and progression-free survival and helped transform the 

management and maintenance of mCRPC [173, 179]. The mechanisms of these 

inhibitors have been described in section 1.4.2. Radiation also remains a key 

therapeutic option in the treatment and management of PCa. However, 

radioresistance remains a significant hurdle [387], making understanding the 

underlying mechanisms of radioresistance and ways to enhance radiotherapy an 

attractive target for improving clinical outcomes. 

Combinations of ADT with radiotherapy for high-risk PCa have been the standard of 

care for decades, with multiple clinical trials showing significant improvement in overall 

and progression-free survival of ADT plus radiation over radiation alone [388, 453, 

454] in high-risk and intermediate-risk PCa. However, the mechanisms of how ADT 

therapy potentiates ionising radiation remain unknown. 
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Several mechanisms have been previously investigated to explain the increased levels 

of PCa cell death, including additive effects [465], decreased DNA repair [466] and 

reduced tumour cell hypoxia [467]. However, recent studies have shed light on the 

interrelationships between the AR and DNA repair including, the AR helping mediate 

PCa-specific translocations following radiation [468] and PARP1 being an essential 

cofactor for AR transcriptional activity [455]. 

This thesis provides key and novel insights into the relationship between the AR and 

DNA repair, building on previous links to DNA repair [466] to showcase that AR 

suppression, as mediated through Abiraterone and Enzalutamide, causes 

radiosensitisation in AR-sensitive settings through the reduction of critical proteins 

involved in NHEJ and HR, two essential methods of DSB repair, resulting in increased 

levels of cytotoxicity, DNA damage and ultimately cell death. 

We theorise that this results from DNA repair genes being part of a complex AR-

regulated transcriptome, with increased AR-signalling, a key driver in PCa, leading to 

overexpression of DNA repair genes causing increased levels of DNA repair and 

promoting radioresistance through accelerating radiation-induced DNA damage. AR 

suppression, through means such as Abiraterone and Enzalutamide, prevents this 

overexpression, lowering levels of NHEJ and HR DSB repair causing 

radiosensitisation and as a consequence, increased cell death. This process can be 

seen summarised in Figure 6.1. 
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Figure 6.1- The interplay between the AR and DNA repair in prostate cancer. (A) Increased AR-signalling results 
in transcriptional upregulation of key DNA repair genes involved in HR and NHEJ leading to increased DNA repair 
and radioresistance. (B) AR suppression prevents transcriptional upregulation DNA repair genes leading to 
radiosensitisation. 

These results raise important clinical questions, such as whether subsets of patients 

with high AR transcriptional output and as a result, high DNA repair gene 

overexpression, would benefit more substantially from combinations of AR 

suppression and radiotherapy than the general patient population. This raises the 

possibility of patient selection based on AR tumour output, in a similar manner to 
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breast cancer patients being selected for antiestrogen therapy by molecular 

determinants of response (estrogen/progesterone receptor status) [469]. 

There also exist several questions beyond the scope of AR-mediated 

radiosensitisation. The inhibition of DSB pathways through inhibition of a nuclear 

hormone/transcription factor raises exciting possibilities, potentially, providing a new 

mechanism through which these key pathways may be targeted. While the impact of 

AR suppression on other linked DNA repair genes such as base excision repair, 

mismatch repair and the Fanconi pathway [396] also warrants further investigation. 

Finally, the impact of AR suppression in castration-sensitive settings on the 

development of genomic instability, classically seen in castration-resistant settings, is 

another critical area of research. 

The impact of Abiraterone and Enzalutamide on NHEJ and HR in conjunction with the 

regulatory approval of the PARP inhibitors rucaparib and olaparib in patients 

harbouring defects in DDR pathways, provides a promising method of enhancing 

radiation response even further, without, the need for specific DDR alterations, through 

synthetic lethality.  

While the impact of Olaparib in in vitro settings is well characterised, including in PCa 

cells [452], information about combinations of Olaparib with Abiraterone or 

Enzalutamide is severely lacking, particularly in an in vitro setting. This thesis shows 

for the first time that combinations of Abiraterone or Enzalutamide with Olaparib 

significantly enhance levels of cytotoxicity, DNA damage and cell death with and 

without radiation over single-agent use, supporting their combination. However, while 

several promising clinical trials are currently underway [451], questions about 
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increased adverse effects and optimal drug sequencing remain critical points of 

contention.  

The enhanced cytotoxicity of PARP and Abiraterone/Enzalutamide in combination with 

radiation also raises questions over the potential efficacy of other DNA repair inhibitors 

in combination with Abiraterone and Enzalutamide. While combinations with inhibitors 

targeting CHK1 [408] and ATR [407] have shown increased toxicity levels, they were 

not evaluated in this thesis due to time constraints. Had time been available, 

comparing and contrasting the combined cytotoxic potential with a range of different 

DDR inhibitors such as ATR/ATM would have provided interesting insights and should 

be considered for future work. 

The approval of radium-223 represented a significant milestone in radionuclide alpha 

therapy and shifted focus from palliation to survival. However, many questions remain 

regarding the underlying biological mechanisms of radium-223. This thesis 

investigated these mechanisms through comparison to X-rays across a series of 

different biological endpoints. However, a direct comparison between high-LET 

radiation and external low-LET radiation is not straightforward due to significant 

biological differences, such as heterogeneous vs homogenous irradiation, prolonged 

vs short exposure and low vs high dose rate. These fundamental differences could 

result in different cellular and tissue reactions making comparison difficult. 

Radium-223 proved more cytotoxic than X-ray exposures, with an RBE of 6-16 

depending on the cell line and irradiation conditions and also inducing more DNA 

damage and cell death than X-rays. This confirmed alpha particles to be an ideal 

therapeutic strategy in tumours resistant to low-LET radiation from examples such as 

hypoxia or mutations.  
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Another critical observation with radium-223 was the appearance of a volumetric or 

dose rate effect, with shorter radium-223 exposures of the same overall dose being 

more cytotoxic than longer exposures, with further investigations finding no 

discernable reason for the difference. This represents the first time such an effect has 

been reported and could have important clinical applications. Currently, radium-223 

dosage is calculated based on a patient's height and weight and not tumour burden 

[470], these observations of a potential dose rate effect could potentially influence 

patient response and should be an important consideration going forward.  

Targeted alpha therapy is a constantly evolving field, progressing from the use of 

simple radionuclides such as radium-223 to conjugated carrier molecules (i.e. 225Ac-

PSMA-617), enabling a wider range of clinical applications. However, as observed in 

this study, the dosimetry of alpha particles presents several key challenges, and 

studies such as this are imperative in gaining a greater insight into how these alpha 

particles exert their cytotoxic effect, which will ultimately help inform patient response.  

Having shown and provided a rationale for the observed radiosensitisation between 

AR suppression and radiotherapy, this thesis also evaluated whether this could 

translate into high-LET alpha particles through combinations of Abiraterone and 

Enzalutamide with radium-223. There were initial concerns that due to the highly 

damaging nature of alpha particles and the complexity of DNA damage they produce, 

there would be little scope to enhance radiation response with Abiraterone and 

Enzalutamide mediated DNA repair suppression with such complex DNA damage less 

likely to repair in the first place. 

However, this thesis demonstrated key novel findings that similar to results seen with 

X-rays, combinations of Abiraterone or Enzalutamide with radium-223 resulted in 
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increased radiosensitivity supported by increased cytotoxicity, DNA damage and cell 

death and functioned as a result of reduction of essential DSB repair proteins involved 

in HR (RAD51) and NHEJ (DNA-PK). 

These results showcase the potential promise of combining AR suppression with 

radium-223 to enhance cytotoxicity and highlight the potential for using other DDR 

inhibitors for radiosensitising radium-223 treatment. An observation supported in this 

thesis by other novel findings, as the use of Olaparib also caused radiosensitisation 

with radium-223. 

Prostate and bone co-culture systems were designed to create a more accurate 

preclinical model representative of mCRPC settings and study the interplay and 

radiobiological response between prostate and bone cells when treated with X-rays 

and radium-223. While previous groups have utilised 3D bone models to study cell-

cell and cell microenvironment interactions [471], this represented the first co-culture 

investigation to utilise radium-223. The use of co-culture systems showed that when 

co-cultured, prostate and bone models displayed radioresistance to X-rays but not to 

radium-223 compared to either model individually. This effect can be attributed to the 

highly damaging nature of alpha particles overcoming any radioresistance gained from 

cross-signalling. This highlights the potential impact of radium-223 treatment in 

overcoming resistance of the tumour microenvironment. Due to time constraints, this 

work was incomplete and if time had been available, additional outputs would have 

been monitored, such as DNA damage etc. and the impact of adding Abiraterone and 

Enzalutamide. There were also initial plans to add in immune components and 3D 

scaffolds to mimic bone, these would be helpful considerations for future work to 

evaluate the potential of these co-culture systems and obtain as close to the bone 

metastatic environment and clinical conditions as possible. 
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A significant aspect of this thesis was the comparison of Abiraterone and 

Enzalutamide. The selection of either Abiraterone or Enzalutamide is primarily based 

on side effect profiles, clinician experience, cost and local/international policies, with 

no biological rationale for the selection of one over the other should these not pose an 

issue. To rectify this, this thesis provides the first direct in vitro comparison of the two, 

providing a biological rationale for selecting Abiraterone over Enzalutamide should 

other factors such as side effect profiles not be an issue. Abiraterone proved more 

cytotoxic than Enzalutamide, causing more significant levels of DNA damage and 

inducing more cell death as a single agent or in combination with X-rays, radium-223 

or Olaparib. While in combination with X-rays, Abiraterone also caused 

radiosensitisation with all cell lines regardless of AR status. The exact reasoning for 

the superiority of Abiraterone is unclear but may relate to it being an indirect AR 

inhibitor and functioning upwards in the AR pathway. The results of this thesis also 

hint toward a potential mechanism of action not dependent on AR-signalling, such as 

the potential impact of Abiraterone on mitosis independent of AR signalling [399] and 

would be an area of interest in the future as elucidating this mechanism may allow 

Abiraterone to prove beneficial in other cancers. 

The superiority of Abiraterone over Enzalutamide highlighted in this thesis may not 

have only clinical applications, but also monetary ones, classically, the cost of 

Abiraterone and Enzalutamide treatment has been the same, but the recent expiry of 

the patent of Abiraterone will lead to alternatives and will vastly drive down the price. 

Providing Abiraterone with not only a clinical benefit but also a monetary one. 

It is also important to note some limitations of this study. This study was only 

conducted in three cell lines, an AR-sensitive model (LNCaP), an AR-insensitive 

model (PC3) and an osteoblastic bone model (SJSA-1). Ideally, had more time been 
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available, an additional model of each as well as models expressing AR-splice variants 

would have been incorporated to help validate results were not specific to these cell 

lines. The addition of a normal prostate and bone model may have also proved helpful 

for comparison. 

Additionally, it would have been helpful to compare and contrast the impact of 

knockout of HR and NHEJ proteins versus suppression with Abiraterone and 

Enzalutamide. This would have allowed observations to see if there was increased 

scope for further suppression of these proteins and if any additional effects were 

observed. While the generation of Abiraterone and Enzalutamide resistant cell lines 

could have been utilised to determine if Abiraterone could impact Enzalutamide 

resistant cells and vice versa. 

Before the completion of this thesis, RNA sequencing was carried out comparing 2 Gy 

X-rays and 0.25 Gy radium-223 at 4, 24 and 48 hours post-radiation. While in LNCaP 

cells, RNA sequencing was also carried out following combinations of 10 μm 

Abiraterone or Enzalutamide pre-treated 24 hours before irradiation with 2 Gy X-rays 

or 0.25 Gy radium-223 and harvested 24 hours post-radiation. Unfortunately, there 

was not enough time to analyse and interpret this data before completion, however, 

this data will provide key and novel insights, providing molecular targets that upon 

validation will prove vital in dissecting the differences between X-rays and radium-223 

treatment and their combinations with Abiraterone and Enzalutamide. 

Finally, utilising repeated X-ray or radium-223 exposures or X-ray exposures followed 

by radium-223 would have allowed long-term impacts to be monitored and be more 

reflective of clinical conditions. 
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6.2 CONCLUSION 
 
This thesis originally set out to test the hypothesis that AR suppression leads to 

radiosensitisation to both low and high LET irradiation through the downregulation of 

key DDR proteins, and can be further enhanced in combination with other DNA repair 

inhibitors.  

This thesis supports this hypothesis, by providing novel and potentially clinically 

significant insights into the understanding of the impact of Abiraterone and 

Enzauamide on the downregulation of key DSB DNA repair genes in AR-sensitive 

settings, leading to increased radiosensitivity in combination with both low and high-

LET radiation. Synthetic lethality approaches, through combinations of Olaparib with 

Abiraterone or Enzalutamide, were shown to enhance radiation response even further, 

highlighting the potential clinical application of these combinations. 

In conclusion, this thesis provides the first direct in vitro comparison of Abiraterone 

and Enzalutamide and the impacts of these inhibitors on DNA repair with X-rays and 

particularly radium-223, demonstrating the superiority of Abiraterone over 

Enzalutamide. This thesis also showcases the first in vitro study assessing the impact 

of Abiraterone and Enzalutamide with the PARP inhibitor Olaparib with and without 

radiation. 

The results of this thesis showcase fundamental and novel observations into the 

understanding of how AR suppression interacts with radiation and provide key insights 

into how treatment outcomes could be enhanced in mCRPC settings. The continued 

investigation into AR inhibition in combination with radium-223 and DNA repair 

inhibitors will only improve efficacy and benefit patients in the long term. 
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7 APPENDIX 

 
Table 7.1- Cell densities seeded for clonogenic X-ray experiments 

Cell line Cells seeded         

  0 Gy 0.5 Gy 1 Gy 2 Gy 4 Gy 8 Gy 

PC3 500 500 500 1000 1000 2000 

LNCaP 2000 2000 2000 4000 8000 16000 

SJSA-1 500 500 500 1000 1000 2000 
 

Table 7.2- Cell densities seeded for clonogenic radium-223 experiments. 

Cell line Cells seeded       

  0 Gy 0.05 Gy 0.1 Gy 0.25 Gy 0.5 Gy 

PC3 500 500 500 1000 4000 

LNCaP 2000 2000 2000 4000 16000 

SJSA-1 500 500 500 1000 4000 
 

Table 7.3- Fold sensitivity increase of inhibitors relative to DMSO of MTT values across cell lines. 

Fold increase Treatment PC3 LNCaP SJSA-1 

 DMSO 1.0 1.0 1.0 

 Enz 3.5 7.6 3.1 

 Abi 6.6 15.8 6.6 
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Table 7.4- Statistical testing of Figure 3.14, measuring the statistical significance of Abiraterone, Enzalutamide or 
DMSO treatment on cell cycle distribution. Unpaired students t-test was used to compare two groups ns=non-
significant, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. 
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Table 7.5- Statistical testing of Figure 3.16, measuring the statistical significance of Abiraterone, Enzalutamide or 
DMSO combinations with X-rays on cell cycle distribution. Unpaired students t-test was used to compare two 
groups ns=non-significant, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. 
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Table 7.6- Statistical testing of Figure 4.5, measuring the statistical significance of X-rays and radium-223 treatment 
on cell cycle distribution. Unpaired students t-test was used to compare two groups ns=non-significant, *p ≤ 0.05, 
**p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. 
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Table 7.7- Statistical testing of Figure 4.11, measuring the statistical significance of 6 hour radium-223 exposure 
and 0.25 Gy 24 hour radium-223 exposure at both high activity (>2MBq/ml) and low activity (≤0.3 MBq/ml) on cell 
cycle distribution. Unpaired students t-test was used to compare two groups ns=non-significant, *p ≤ 0.05, **p ≤ 

0.01, ***p ≤ 0.001, ****p ≤ 0.0001. 
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Table 7.8- Statistical testing of Figure 4.20, measuring the statistical significance of Abiraterone, Enzalutamide or 
DMSO combinations with radium-223 on cell cycle distribution. Unpaired students t-test was used to compare two 
groups ns=non-significant, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001 
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Figure 7.1- PAR expression following Olaparib treatment in LNCaP, PC3 and SJSA-1 cells. All models were treated 
with 100 nM, 300 nM and 500 nM Olaparib and harvested 1, 24 and 48 hours post-treatment. Expression levels 
were measured via Western blot (A) and densitometric analysis (B). Unpaired students t-test was used to compare 
two groups ns=non-significant and error bars represent SEM. β-Actin was used as a loading control. (n=3). ns=non-
significant. 
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Table 7.9- Statistical testing of Figure 5.8, measuring the statistical significance of Olaparib on cell cycle 
distribution. Unpaired students t-test was used to compare two groups ns=non-significant, *p ≤ 0.05, **p ≤ 0.01, 
***p ≤ 0.001, ****p ≤ 0.0001. 
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Table 7.10- - Statistical testing of Figure 5.9, measuring the statistical significance of Olaparib combinations with 
X-rays on cell cycle distribution. Unpaired students t-test was used to compare two groups ns=non-significant, *p 
≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. 
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Table 7.11- Statistical testing of Figure 5.18, measuring the statistical significance of combinations of Olaparib with 
Abiraterone and Enzalutamide on cell cycle distribution. Unpaired students t-test was used to compare two groups 
ns=non-significant, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. 

 



   
 

248 
 

Table 7.12- Statistical testing of Figure 5.20, measuring the statistical significance of combinations of Olaparib with 
Abiraterone and Enzalutamide and X-rays on cell cycle distribution. Unpaired students t-test was used to compare 
two groups ns=non-significant, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. 
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7.1 BUFFERS AND SOLUTIONS 
 

7.1.1 Cell culture 
 

PBS 

• Tablets purchased from Oxoid (UK). 

• One tablet per 100 ml deionised water (dH20). 

• PBS autoclaved before use and stored at room temperature. 

FBS 

• Purchased from ThermoFisher Scientific (UK). 

• 500 ml alloquots divided into 50 ml falcons. 

• Stored at -20°C. 

Freezing media 

• 5 ml DMSO (Sigma, UK). 

• 45 ml FBS. 

Trypsin 

• 5 ml trypsin (Sigma, UK). 

• 45 ml PBS. 

• Stored at -20°C. 

 

 

Penicillin-streptomycin 

Purchased from ThermoFisher Scientific (UK). 

Stored at -20°C. 
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7.1.2 Clonogenics 
 

Crystal violet solution 

• 4 g crystal violet (Sigma, UK). 

• 950 ml IMS (Sigma, UK). 

• 50 ml dH20. 

7.1.3 Western blots 
 

1M Tris 

• Tris purchased from Sigma (UK). 

• 60.6 g. 

• 500 ml dH20. 

• pH adjusted to 6.8. 

1.5M Tris 

• 90.9 g. 

• 500 ml dH20. 

• pH adjusted to 8.8. 

 

Gel recipes 

Table 7.13- Gel recipes for western blot experiments.  

 

Reagent 6% gel (ml) 10% gel (ml) Stacking gel (ml)

dH20 5.3 4 3.4

30% Acrylamide solution (Bio-Rad, UK) 2 3.3 0.83

1.5M TRIS (pH 8.8) 2.5 2.5 -

1M TRIS (pH 6.8) - - 0.63

10% SDS (Sodium dodecyl sulfate) (Sigma, UK) 0.1 0.1 0.05

10% APS (Ammonium persulfate) (Sigma, UK) 0.1 0.1 0.05

TEMED (N,N,N',N'-Tetramethylethylenediamine) (Sigma, UK) 0.008 0.004 0.005

Final volume = 10 ml = 10 ml = 5 ml
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RIPA lysis buffer for protein extraction 

• 0.606 g TRIS. 

• 50 ml dH20. 

• pH adjusted to 7.4. 

• 0.876 g NaCl (Sigma, UK). 

• 0.186 g EDTA (Invitrogen, UK). 

• 1 ml TritonX-100 (Sigma, UK). 

• 1 ml 10% SDS. 

• Made up to 100 ml with dH20. 

• Aliquoted into 10 ml per 15 ml falcon. 

• One tablet of protease inhibitor cocktail (Roche, UK) per 10 ml RIPA buffer. 

• Aliquots stored at -20°C. 

RIPA lysis buffer for phosphorylated protein extraction. 

• Per 10 ml RIPA buffer. 

• One tablet of protease inhibitor cocktail (Roche, UK). 

• 100 μl 1M NaF (Sigma, UK) (4.199 g in 100 ml dH20. 

• 100 μl 1M Na Orthovanadate (Sigma, UK) (1.839 g in 100 ml dH20, pH 10). 

• Aliquots stored at -20°C. 

Loading buffer (x4) 

• 10 ml 1M TRIS (pH 6.8). 

• 20 ml 20% SDS. 

• 10 ml glycerol (ThermoFisher Scientific, UK). 

• Made up to 10 ml dH20. 
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• Drop of bromophenol blue (Sigma,UK). 

Running buffer (x10) 

• 10 g SDS. 

• 144 g glycine (ThermoFisher Scientific, UK). 

• 39.3 g TRIS. 

• Made up to 1 L in dH20. 

• 50 ml of x10 was diluted in 450 ml dH20 before use. 

Transfer buffer (x10) 

• 144 g glycine. 

• 30.3 g TRIS. 

• Made up to 1 L in dH20. 

• 50 ml of x10 transfer buffer was diluted in 450 ml dH20 before use. 

PBS-T 

• 10 nm sodium phosphate. 

• 0.15 M NaCl. 

• 0.05% Tween-20 (Sigma, UK). 

7.1.4 Immunofluorescence 
 

Fixative 

• 25 ml methanol (Sigma, UK). 

• 25 ml acetone (Sigma, UK). 

• Stored at -20°C. 

Permeabilisation buffer 

• 250 μl TritonX-100. 

• 50 ml PBS. 
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Blocking buffer 

• 50 μl TritonX-100. 

• 0.1 g milk (Marvel). 

• 2.5 ml FBS. 

• Made up to 50 ml in PBS. 

Washing buffer 

• 500 μl TritonX-100. 

• 50 ml PBS. 

7.1.5 Flow cytometry 
 

PI/RNase 

150 μl PI (Sigma, UK). 

37.5 μl (Qiagen, UK). 

Made up to 10 ml in 1% FBS. 

7.2 DRUGS 
 

Table 7.14- Details of drugs used in experimental protocols. 

 

 

 

 

Drug name Provider Catalogue numberStorage Dilutent Stock concentration (μM) Stock storage

Abiraterone acetate MedChemExpress (USA) HY-75054 -20°C DMSO 10 μM -80°C

Enzalutamide MedChemExpress (USA) HY-70002  -20°C DMSO 10 μM -80°C



   
 

254 
 

7.3 ANTIBODIES  
 

7.3.1 Western blots 
 

Primary antibodies 

Table 7.15- Primary antibodies used in western blots. 

 

Secondary antibodies 

Table 7.16- Secondary antibodies used in western blots. 

 

 

7.3.2 Immunofluorescence  
 

Primary antibodies  

Table 7.17- Primary antibodies used in immunofluorescence. 

 

Secondary antibodies  

Table 7.18- Secondary antibodies used in immunofluorescence. 

 

 

 

 

 

 

 

Antibody Animal raised in Manufacturer Catalogue number Storage Dilution Dilutent Molecular Weight (kDa)

DNA-PK Mouse Merck NA57 -20°C 1:500 5% milk in PBS-T 469

PAR Mouse Merck MABC547 -20°C 1:1000 5% milk in PBS-T 160

Androgen receptor Rabbit Cell Signalling 3202 -20°C 1:1000 5% milk in PBS-T 110

PARP Rabbit Cell Signalling 9542 -20°C 1:1000 5% milk in PBS-T Full=116, Cleaved=89

β-actin Mouse Cell Signalling 3700 -20°C 1:2000 5% milk in PBS-T 45

RAD51 Rabbit Cell Signalling 8875 -20°C 1:1000 5% milk in PBS-T 37

PSA/KLK3 Rabbit Cell Signalling 5365 -20°C 1:1000 5% milk in PBS-T 29

Antibody Animal raised in Manufacturer Catalogue number Storage Dilution Dilutent

HRP linked, anti-mouse Horse Cell Signalling 7076S -20°C 1:2000 5% milk in PBS-T

HRP linked, anti-rabbit Goat Cell Signalling 70745 -20°C 1:2000 5% milk in PBS-T

Antibody Animal raised in Manufacturer Catalogue number Storage Dilution Dilutent

53BP1 Rabbit Abcam ab21083 -20°C 1:1000 Blocking buffer

Antibody Animal raised in Manufacturer Catalogue number Storage Dilution Dilutent

AlexaFluor-568. anti-rabbit Goat Invitrogen A-11036 5°C 1:5000 Blocking buffer
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