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Abstract 

Background 
Radiotherapy is a common treatment modality for many solid state cancers including prostate 

cancer (PCa). Unfortunately, up to 50% of patients that undergo radiotherapy for localised PCa will 

develop biochemical failure. Acute and delayed toxicities and tumour resistance are two key factors 

limiting the effectiveness of many cancer treatments, including radiotherapy. Toxicity rates in PCa 

patients that accompany radiotherapy are high with 80% of men experiencing some degree of 

urinary frequency, 40% bowel frequency and chronic impotence is usual. 

Furthermore, tumour radioresistance is driven by a number factors with tumour hypoxia playing a 

key role. In addition to hypoxia driving tumourigenesis the lack of oxygen reduces the ability of 

ionizing radiation to produce reactive oxygen species (ROS) necessary to produce DNA damage that 

results in tumour death. Hypoxia also increases the expression of a number of genes including 

cyclooxygenase (COX) -2. COX-2 is an inducible enzyme that is upregulated in inflammation and 

carcinomas, making it a suitable target for new cancer treatment options. 

COX-2 expression has been shown to be upregulated in a number of cancers including PCa and found 

to be involved in proliferation, invasion, apoptosis, host immune response and angiogenesis. Past 

research has also demonstrated that the major product of COX-2, prostaglandins (PG), provide 

radioprotection to cancer cells. As well as the ability of COX-2 to directly impact radiosensitivity, it 

has the ability to influence other cellular products that impact survival and apoptosis. One product 

that has been linked to COX-2 is the tumour suppressor p53. The p53 protein protects against 

genomic instability and the development of cancer by inducing cell cycle arrest and apoptosis. COX-2 

expression has been shown to be induced by p53 and in turn results in inhibition of p53 mediated 

apoptosis. 
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To our knowledge no studies have investigated the use of COX-2 inhibitors, at clinically relevant 

doses, as an adjunct to radiotherapy. In addition, while the direct mechanisms of COX-2 mediated 

radiosensitivity have been well investigated, research into the indirect mechanisms and also the 

effect of COX-2 inhibitors as radiosensitising agents in hypoxia is lacking.  

This study aims to demonstrate the ability of COX-2 inhibitors to improve treatment outcomes post-

radiotherapy for PCa in human patients and also to investigate the mechanisms behind COX-2 

inhibitor mediated radiosensitivity in normoxia and hypoxia. 

Method 
The ability of COX-2 to produce radiosensitisation in cancer cells was investigated in two ways in this 

research. Firstly, a retrospective human study investigated if the use of the COX-2 inhibitors 

meloxicam and celecoxib during radiotherapy improves treatment outcomes in PCa patients. 

Secondly, an in vitro model was developed that investigated the mechanisms behind COX-2 

mediated radiosensitivity in human cancer cell lines.  

The retrospective human study examined the patient database at Genesis Cancer Care to identify 

patients that received radiotherapy for primary treatment of localised PCa. Screening of the 

database then identified patients that had used meloxicam or celecoxib during radiotherapy 

treatment. Three treatment outcomes were measured; the percentage of patients that 

demonstrated biochemical relapse at 2 and 5 years post-treatment, the time to biochemical relapse 

and the prostate specific antigen (PSA) velocity of each group post-treatment. 

The in vitro model used HeLa (cervical), PC3 (Prostate), MCF7 (breast) and MeWo (melanoma) cells 

to investigate, mechanistically, how structurally unrelated COX-2 inhibitors impact radiosensitivity in 

normoxia and hypoxia. This model utilised resazurin reduction to measure proliferation, siCOX-2 
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RNA to produce COX-2 knockdown cells and enzyme-linked immunosorbent assays (ELISAs) to 

measure p53 phosphorylation and prostaglandin E2 (PGE2) production. 

Results 

PSA velocity was found to be 0.197ng/mL/year (0.939) for the meloxicam group and 0.828 

ng/mL/year (3.15) for the celecoxib group. The two treatment groups were found to have 

significantly lower (p<0.05) PSA velocities than the control group, 1.12 ng/mL/year (3.05). In 

addition, at the two year time point meloxicam was found to have no patients to have relapsed and 

the celecoxib and control groups had percentage relapse rates of 6.7% (n=4) and 8.6% (n=5). The 

percentage relapse at five years post-treatment was 18.9% (n=10), 18.3% (n=11) and 21.0% (n=31%) 

for the meloxicam, celecoxib and control groups respectively. Mean time to biochemical relapse was 

found to be 54.15 months (16.08) in the meloxicam group and 46.20 months (31.70) in the celecoxib 

group, in contrast the control group demonstrated a mean time to biochemical relapse of 35.53 

months (20.21). 

The in vitro model aimed to provide an insight to the mechanisms behind the results seen in the 

retrospective analysis. NS398 (10µM), a highly specific COX-2 inhibitor, selectively sensitised hypoxic 

HeLa (p<0.01) and MCF7 (p<0.05) cells to ioninsing radiation, however did not affect sensitisation in 

PC3 or MeWo cells. Celecoxib (20µM) and meloxicam (20µM) failed to produce radiosensitisation in 

any cell line in normoxia or hypoxia. Based on these findings further investigations were carried out 

in HeLa cells using NS398. 

Investigations using COX-2 siRNA demonstrated that knockdown of the COX-2 enzyme did not 

produce radiosensitisation but resulted in the loss of radiosensitising ability of NS398. Furthermore, 

PGE2 release was significantly increased in response to hypoxia (p<0.05) and irradiation (p<0.001) 

and treatment with NS398 significantly (p<0.001) attenuated PGE2. Treatment with misoprostol, a 
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prostaglandin analogue, significantly (p<0.01) increased cell survival in normoxic HeLa cells in 

response to ionising radiation, but had no effect on hypoxic HeLa cells. 

 

The interaction between COX-2 and p53 was then explored. It was discovered that COX-2 

knockdown HeLa cells had significantly (p<0.001) higher levels of p53 protein than wild-type HeLa 

cells. Furthermore, hypoxia was able to significantly (p<0.001) attenuate p53 phosphorylation at 

both 30 minutes and 4 hours post-irradiation and treatment of hypoxic HeLa cells with NS398 

(10µM) resulted in a significant (p<0.01) increase in phosphorylated p53. The p53 inhibitor pifithrin-

α did not effect the radiosensitivity of wild-type HeLa cells in either hypoxia or normoxia, however it 

significantly (p<0.01) increased cell survival in response to ionizing radiation in HeLa cells transfected 

with COX-2 siRNA. 

Discussion 
The findings from the retrospective analysis demonstrated that the use of the COX-2 inhibitors 

celecoxib and meloxicam may improve treatment outcomes in patients that receive radiation 

therapy for PCa. Importantly we were able to demonstrate that patients using these agents 

displayed a significantly lower PSA velocity than those who were not. Importantly, the PSA velocity 

was found to fall below the threshold of 0.35ng/mL, with PSA velocities that sit above this threshold 

having been found to have an approximate 5.3 to 10 fold increased risk of PCa. This retrospective 

analysis also found reduced biochemical relapse rates and reduced time to biochemical relapse in 

the celecoxib and meloxicam groups in comparison to the control. 

 

The in vitro model was able to demonstrate the ability of COX-2 inhibitors to increase 

radiosensitivity, however this effect was not demonstrated by all COX-2 inhibitors or all cell lines. 

This finding suggested that this effect may be drug and cell line specific. Furthermore, COX-2 was 

found to be necessary for NS398 induced radiosensitivity but knockdown of COX-2 alone did not 

affect radiosensitivity. Based on these findings it was suggested that COX-2 inhibitor mediated 
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radiosensitivity occurs through both direct and indirect COX-2 mechanisms. We also demonstrated 

the relationship between COX-2 and p53, with COX-2 knockdown cells demonstrating increased p53 

expression. Furthermore, the inhibition of COX-2 by NS398 resulted in increased p53 

phosphorylation. 

 

Results from both the retrospective and in vitro studies provide evidence that further study into the 

role of COX-2 inhibitors as an adjunct treatment option in radiotherapy is warranted. Further 

studies, including large prospective human studies, are needed to confirm these findings. These 

large studies should collect tumour biopsies to allow for histological investigations. The research 

provides further evidence to the potential for COX-2 inhibitors to be used as an adjunct to 

radiotherapy in cancer. 
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Chapter 1: Introduction 

1.1 Solid state cancer 

1.1.1 Epidemiology 

Solid state cancers make up the bulk of all cancer diagnoses worldwide. Lung cancer is the most 

commonly diagnosed cancer followed by breast, colorectal and prostate cancers (Table 1) [1].  In 

Australia, prostate cancer (PCa) is the most commonly diagnosed cancer in men, with the rate 

projected to increase to 25000 new cases by 2020 [2, 3]. In 2017 it was the second highest cancer 

related killer in Australian males behind lung cancer [3]. The 5 year survival rate of PCa is promising 

with 92% of those diagnosed surviving at least 5 years from diagnosis [2].  

For Australian females breast cancer is the mostly commonly diagnosed carcinoma and the second 

leading cause of cancer related mortality [3]. Worldwide the 5 year survival rates are as low as 12% 

in less developed regions such as Africa, in comparison to developed nations where 5 year survival 

rates are around 90% [4].  It is estimated that 1 in 8 Australian women will be diagnosed with breast 

cancer by the age of 85 [3].  
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Table 1. Estimated new cancer cases (thousands), age-standardised rates (per 100,000) and 
cumulative risks to age 75 (%) by sex and cancer site worldwide [1] 

Given the prevalence of PCa in Australia this research will focus particularly on PCa. As with most 

cancers, there is a need to improve PCa treatment efficacy and reduce toxicities that accompany 

these treatments. 

1.1.2 Classification 

Cancer can be classified into two broad groups, localised and metastatic. Localised tumours are 

confined to the organ of origin, whereas with metastatic disease has spread to other organs and 

tissue [5].  

PCa can be further classified into androgen-dependant, where androgens such as testosterone are 

necessary for tumour survival and growth, or androgen-independent/castrate-resistant, which 

Image removed
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develops as the disease progresses and tumour cells no longer respond to androgen deprivation 

therapy (ADT) [6]. The differentiation between these two states of the disease significantly alters the 

treatment options and prognosis. Once PCa becomes androgen-independent it is almost always fatal 

[7, 8]. Reoccurrence after definitive therapy, locally recurrent disease, systemic reoccurrence or 

clinical reoccurrence are indicators of advanced PCa [9]. 

1.1.3 Screening, diagnosis and staging 

With increasing attention towards the treatment and prevention of cancer, many screening methods 

have been developed. These methods aim to detect cancer at an early stage as advanced cancers are 

more difficult to manage and often result in treatment failure [10]. As with cancer treatments, 

research has led to advances in screening methods. Methods vary from diagnostic strategies 

including mammography for breast cancer and faecal samples for colorectal cancer, to the modern 

application of biomarker detection [11]. The type of screening method used will change depending 

on the type of cancer that is being screened. The two most common screening methods for PCa are 

serum prostate specific antigen (PSA) level and digital rectal examination [12].  

If an abnormality is detected during screening further investigations are conducted to confirm the 

presence of cancer. These investigations are often more invasive and costly but provide greater 

accuracy than screening strategies. In PCa, confirmation of a suspected diagnosis is conducted by a 

prostate biopsy, which is used to determine the tumour grade by inspection of the microscopic 

cellular pattern [12].  

Following the confirmation of the diagnosis cancer staging is conducted. Various staging systems are 

used for the classification of tumours including the TNM method for PCa [13] and breast cancer [14], 

Dukes’ staging for colorectal cancer [15] and Ann Arbour staging for lymphoma [16]. Staging systems 

hold two purposes; to provide standard terminology that can be used across different centres to 

compare patients, and to guide treatment by classifying tumours into prognostic groups [17]. For 

PCa, the Gleason scoring system is commonly used and contributes to staging. It involves scoring a 
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primary and secondary tumour biopsy between 1 (well differentiated) and 5 (poorly differentiated) 

[18]. The TNM method is used in the staging of PCa and takes into account tumour size (T), spread to 

lymph nodes (N) and the presence of distant metastasis (M) [13]. The overall stage and risk level of 

PCa combines the PSA level, Gleason score and the TNM stage (Table 2) [12]. 

Table 2. Prostate cancer staging 

Note: Adapted from Dunn and Kazer 2011 [9]. 

1.1.4 Prognosis 

When combining all cancer diagnoses the five year survival rate in Australia is 68% [3]. In 

comparison, five-year survival rates for PCa are 92% [2]. While PCa survival rates are higher than the 

combined cancer survival, if a switch from androgen-dependent to the more aggressive androgen-

independent PCa occurs prognosis becomes poor, with the survival dropping to 12-24 months [2, 

19].  The switch to castrate resistant cancer implies that hormonal therapies are no longer effective 

and disease burden rapidly increases [20]. However, while mortality rates have been decreasing, PCa 

is still the fourth leading cause of death in Australian males [2].  

1.2 Current treatments 

Treatments for localised solid state cancers are varied with multiple factors guiding treatment 

choice, including type and stage of cancer and the biomarkers that are present [21], as well as 

Table Removed
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patient factors including age and patient preferences. The various treatment modalities include 

immunotherapy, conventional chemotherapy, surgery and radiotherapy. 

Localised PCa treatment options include active surveillance/watchful waiting, surgery, radiotherapy 

and ADT, and for metastatic disease chemotherapy, ADT and radiotherapy in a palliative setting [8, 

22]. Currently, there is no consensus on which treatment method is most appropriate and the 

decision relies on factors including cancer stage, physician recommendations, toxicities and patient 

preference [23]. Two treatment methods used in localised disease are surgery (radical 

prostatectomy) and radiation therapy (external beam and brachytherapy) [24]. 

1.2.1 Radiation therapy 

Radiation therapy is utilised in the treatment a wide variety of cancers. Studies have estimated that 

approximately 52% of all cancer patients should receive radiation therapy as the treatment choice 

for their cancer [25]. Use of radiotherapy is relatively high in PCa compared to many other 

carcinomas and is the preferred treatment option for 17% of new PCa diagnoses [26]. Radiotherapy 

is used to induce cell death through the exposure to ionising radiation (IR). This radiation can cause 

DNA damage directly, resulting in cell death, and also indirectly through the production of reactive 

oxygen species (ROS) such as free radicals and hydrogen peroxide. These substances attack 

macromolecule cellular components, such as DNA, and results in cell death (Figure 1) [27].  
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Figure 1. Direct and indirect actions of IR on DNA [28] 

Damage to DNA then leads to the activation of an array of cellular processes that either try to repair 

the damage or kill the effected cell [29]. A prominent pathway activated in response to DNA damage 

is the apoptotic pathway [30]. Apoptosis, also known as programmed cell death, leads to the 

coordinated death of cells that have acquired DNA damage in order to prevent the proliferation of 

cells with incorrect genetic material [31].  

1.2.2.1 External beam radiation 

External beam radiation therapy (EBRT) is used to treat cancer by directing external radiation, 

generated by x-ray tubes or accelerators, at tumours [32]. EBRT is administered in fractions five days 

a week over several weeks in patients with PCa [5, 9]. EBRT therapy is especially useful in patients 

that are unsuitable for surgery and when active surveillance is not an option. ERBT is often used as a 

palliative measure in metastatic cancers, with the aim of alleviating pain associated with distant 

metastases. Currently, two types of EBRT are used in the treatment of cancer, 3D-conformal 

radiation therapy (3D-CRT) and intensity modulated radiation therapy (IMRT). 3D-CRT uses medical 

imaging techniques, such as computed tomography (CT)-scans, to create a three-dimensional model 

of a tumour which is then used to deliver radiation in an array matching the shape of the tumour 

Image removed
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[33]. IMRT was developed as an advancement of 3D-CRT, using modified intensities across an 

irradiated field to allow for more precise delivery of radiation to irregularly shaped tumours [33, 34]. 

IMRT has the ability to reduce the amount of radiation that is experienced by non-cancerous cells 

compared to 3D-CRT, however it is more costly [34, 35]. Further developments in imagery, including 

cone beam computed tomography and implanted fiducial markers, have increased the precision in 

the delivery of radiation [34]. 

1.2.2.2 Brachytherapy 

Brachytherapy (BT) is a type of radiotherapy that involves the placement of radiation sources, known 

as seeds, in or near tumours [36]. These seeds may be implanted into the tumour permanently and 

release radiation slowly (low-dose rate), or temporarily and release radiation at a high rate (high-

dose rate) [36]. In high risk patients (PSA>20ng/mL, Gleason score 8-10 or class T3a or higher [22]) 

high-dose BT can be combined with EBRT [37].  

1.3 Limitations of treatments 

1.3.1 Toxicities 

As with any medical treatment the adaption of a therapy into a clinical setting and its success is 

impacted by the toxicities that accompany it. In severe circumstances these toxicities can be fatal 

but they also commonly have a significant impact on a patient’s quality of life [38]. 

In PCa, toxicities most commonly experienced after radical prostatectomy are erectile dysfunction 

(ED) and urinary incontinence. As many as 80% of men will experience ED and 2 to 22% will 

experience some level of urinary incontinence following prostate removal [9]. In addition, radical 

prostatectomy also presents the possibility of adverse events that are associated with any surgical 

procedure [5]. 

As with radical prostatectomy, men that undergo radiotherapy frequently experience urinary 

symptoms, such as urgency, retention and haematuria, and ED. In addition, radiotherapy commonly 
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results in gastrointestinal toxicities, including increased bowel frequency, rectal bleeding and pain, 

skin reactions and fatigue (Table 3) [5, 39]. Due to the localised nature of BT, surrounding tissue is 

less exposed to radiation leading to potentially less side effects in comparison to EBRT, however BT 

seeds require surgical implantation which presents additional risks [5]. BT has also been more 

commonly associated with haematuria then EBRT [12]. 

Table 3. Complication rates with radiotherapy 

Adapted from Duchesne 2011 [5] 

1.3.2 Resistance 

Another limiting characteristic of cancer therapy is the ability of tumours to develop resistance to 

treatment and ultimately result in cancer relapse.  

Even after radical prostatectomy, approximately 35% of men with PCa will experience a PSA 

reoccurrence within 10 years [40]. Incidence of relapse after radiotherapy is similar to that of radical 

prostatectomy with 20-50% of men developing biochemical failure [41]. The mechanisms behind 

Table removed
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treatment resistance are complicated but two processes that are strongly implicated are hypoxia 

and angiogenesis.  

Multiple methods have been suggested to define biochemical relapse in PCa. Firstly the Phoenix 

Consensus Conference defined biochemical relapse as a PSA rise of ≥2ng/mL above the nadir [42]. 

An alternative definition is three consecutive increases in PSA levels in a patient that has reached 

their PSA nadir [26]. 

1.3.2.1 Hypoxia in cancer 

It is well established that tumours have the ability to develop hypoxia primarily through reduced 

vasculature [43]. The process of cell proliferation utilises oxygen and due to the rapidly dividing 

nature of tumours and hypoxia develops [44]. A variety of factors are activated by the reduced 

oxygen levels including hypoxia inducible factor-1 (HIF-1) which is then involved in a number of 

processes leading to tumorigenesis, most notably angiogenesis [45].  

Angiogenesis is primarily controlled by vascular endothelial growth factor (VEGF), which is 

stimulated by HIF-1 in attempts to elevate oxygen levels. Under normal conditions angiogenesis is a 

finely tuned process, however within tumours, due to the imbalance of growth factors, this is not 

the case [45]. Angiogenesis enhances the delivery of nutrients and oxygen which are essential for 

tumour growth and metastasis, ultimately promoting tumour survival and progression [46].  

In addition to its role in tumorigenesis, hypoxia enables tumours to develop resistance to IR as 

oxygen is essential in the development DNA damage that results in tumour death [47]. Multiple 

studies have identified the reduced ability of IR to create lethal DNA double strand breaks (DSB) in 

hypoxic environments, suggesting that the incidence of DSBs can be 2-3 times higher in normoxia 

than hypoxia (Figure 2) [48].  
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Figure 2. Cell survival curve in response to IR in hypoxic and normoxic (oxic) conditions [49] 

Various techniques have been used to measure oxygen levels within tumours including pO2 

microelectrodes and more recently blood oxygen level-dependent (BOLD) magnetic resonance 

imaging (MRI) [50, 51]. Following on from this the effects of hypoxia in radioresistance were 

explored. In 2012, Milosevic et. al identified a clear link between hypoxia and resistance to 

radiotherapy by demonstrating that hypoxia leads to early biochemical relapse in PCa patients [52]. 

This study used tumour biopsy to measure tumour oxygen levels and found that hypoxia was an 

independent predictor of early biochemical relapse and when analysis was restricted to patients 

with bulk tumour at oxygen measurement the relationship was more pronounced [52]. 

Image Removed
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Figure 3. Genes that are upregulated in hypoxia 
COX-2: Cyclooxygenase-2, HIF-1: Hypoxia inducible factor-1, VEGF: Vascular endothelial growth factor

1.4 Role of COX-2 in cancer and radioresistance 

The hypoxic nature of cancer tumours, as described above, results in the increased expression of 

various genes, including cyclooxygenase (COX) -2 [53]. COX-2 converts arachidonic acid to 

prostanoids. Of these, prostaglandins (PGs) act as pro-inflammatory agents and inflammation is a 

known driver of cancer growth, with chronic inflammation being identified as a risk factor for the 

development of cancer [54].  

In contrast to the constitutively expressed COX-1, which plays a housekeeping role, COX-2 is induced 

in response to inflammation and tumour hypoxia [55, 56]. COX-2 has been found to be over-

expressed in a number of human cancers including PCa [57], due to an imbalance between pro-

inflammatory and anti-inflammatory molecules [58].  COX-2 has been implicated in a number of 

processes that enhance tumorigenesis including proliferation, invasion, apoptosis, host immune 

response and angiogenesis (Table 4) [45]. COX-2 induced angiogenesis has been demonstrated in 

many cancer cell lines including breast, colon, head and neck, cervical and prostate cancers mainly 

Hypoxia

COX-2
- Inflammation
- Angiogenesis

- Treatment 
resistance

VEGF
- Angiogenesis

- Tumour growth 
and proliferation

HIF-1
- Tumour survival

- Treament 
resistance
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through the ability of prostaglandin E2 (PGE2) to upregulate genes involved in angiogenesis, including 

TGF-1, bFGF and most importantly VEGF [59-63].  

As well as the effects that COX-2 plays in the biological mechanism of tumour control, PGs also 

produce a radio-protective effect in cancer cells leading to resistance to radiotherapy.  Within hours 

of exposure to radiation an excess of prostanoids are produced and this can persist for many weeks 

[64]. Studies have investigated the radioprotective effects of PGs.  Zafferoni et al. found that the 

addition of PGE2 to fibroblasts prior to irradiation increased cell survival [65]. Furthermore, Takikawa 

et al. also showed that PGE2 increased cell survival and repair in rat keratinocytes [66].   

Table 4. Effects of COX-2 on gene regulation and their role in cancer 

Gene Effect of COX-2 Role in cancer 

HIF-1 Up-regulation Hypoxia, radioresistance [67] 

VEGF Up-regulation Angiogenesis [59-63, 68] 

p53 Down-regulation Decreased apoptosis [69] 

TGF-1 Up-regulation Angiogenesis [59-63] 

bFGF Up-regulation Angiogenesis [59-63] 

EGFR Up-regulation Proliferation [67] 

Interlukin-10 Down-regulation Immune modulation [68] 

Interlukin-12 Up-regulation Immune modulation [68] 

Bcl-2 Up-regulation Decreased apoptosis [67, 68] 

TGFβ Down-regulation Decreased apoptosis [68] 

MAPK Up-regulation Decreased apoptosis [67, 68] 

NF-κB Up-regulation Survival [67] 

1.5 p53 and cancer 

In healthy human cells many cellular products maintain the balance between growth and 

proliferation and apoptosis and cell death. A vital component of this balance is the tumour 

suppressor protein p53. p53 protects against genomic instability and the development of cancer by 

inducing cell cycle arrest and apoptosis [70]. It does this by acting as a transcriptional activator 

leading to the expression of target genes involved in the apoptotic pathway [71]. This activation 

promotes tumour suppression through involvement in cell-cycle arrest, proliferation, DNA 

replication and repair, angiogenesis inhibition and cellular stress response [71]. 
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In response to stress triggers, including hyper-proliferation and DNA damage, p53 is activated 

through decoupling with its negative regulators MDM2 and MDM4 [72]. In addition, activation leads 

to phosphorylation, acetylation and sumoylation on multiple sites on the p53 protein [73]. A key 

phosphorylation site is on the serine 15 (Ser15) residue and prevention of this phosphorylation 

reduces the ability of p53 to produce cell cycle arrest [72, 74]. Furthermore, p53 is essential in the 

development of radiation induced apoptosis with studies demonstrating that cells lacking p53 are 

resistant to ionising radiation [75].    

Alterations in the expression of p53 can lead to uncontrolled cellular growth resulting in the 

development of various types of carcinomas. It has been found that approximately 50% of all human 

tumours are found to have disrupted p53 expression and/or action [70, 71]. Furthermore, previous 

research has shown that removal of p53 in murine models does not impair development but does 

lead to the spontaneous development of lymphoid tumours [76, 77].  

As with almost all cellular processes the interaction with other proteins can influence the expression 

of p53. One such interaction occurs between p53 and COX-2. Studies have demonstrated that COX-2 

expression is induced by p53 and in turn results in inhibition of p53 mediated apoptosis [69]. The 

selective COX-2 inhibitor NS398 has been shown to significantly enhance genotoxic stress-induced 

apoptosis in several types of p53 +/+ normal human cells [78]. In addition, treatment of colorectal 

cancer cells with celecoxib has been found to induce the phosphorylated sites of p53 leading to 

activation of p53 pathways [79].  

1.6 COX-2 inhibitors as treatment option 

With current evidence implicating COX-2 in tumour development, growth and survival, as well as 

involvement in radioprotection, the use of COX-2 inhibitors is a logical option in the effort to achieve 

more effective and less debilitating cancer therapies.  Studies investigating the radiosensitising 

ability of COX-2 inhibitors have demonstrated increased cell death in lung, breast and colon cancer 

cell lines after exposure to celecoxib, a COX-2 selective non-steroidal anti-inflammatory drug  
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(NSAID), in vitro [80] and also shown the ability of COX-2 inhibitors to act as radiosensitising agents 

in vivo [81, 82]. In addition, the relationship that COX-2 shares with the apoptosis promoter protein 

p53 and the necessity of p53 for the generation of radiation induced apoptosis further strengthens 

the evidence behind the use of COX-2 selective agents in the treatment of cancer. 

Evidence for the use of COX-2 inhibitors in PCa patients being treated with radiotherapy is limited. 

Pruthi et. al (2006) showed that COX-2 selective inhibitors may delay or prevent progression in 

patients that have undergone radical prostatectomy or radiotherapy [83]. Furthermore, Smith et. al 

(2006) showed that celecoxib significantly decreased mean PSA velocity compared to placebo, and 

increased the proportion of men who doubled their PSA doubling time. However this study was 

terminated early due to concerns surrounding the cardiovascular safety of celecoxib which 

prompted review of ongoing clinical trials [84]. 

Furthermore, the ability of COX-2 inhibitors to increase the radiosensitivity of cancer cells may allow 

for a reduction the amount of IR necessary to result in treatment success. This reduction would then 

translate into a reduced incidence and severity of toxicities that are experienced with EBRT and 

brachytherapy, identifying one of the pitfalls with current therapies. A retrospective study by 

Feigenberg  et. al in 2003 identified that the use of celecoxib resulted in reduced urinary retention 

after brachytherapy, supporting that COX-2 selective agents may play a role in reducing toxicities 

associated with radiotherapy [85].  

To our knowledge, no new clinical trials have investigated the use of COX-2 selective inhibitors in 

combination with radiotherapy in PCa since 2006, despite the wide use of COX-2 selective agents in 

the treatment of other conditions.  

1.7 Knowledge gaps 

There are limited human studies that investigate the use of COX-2 inhibitors as radiosensitising 

agents in PCa. Many studies reporting in vivo effects of these agents have been conducted in mice 
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and rat models. Studies in human models are needed to confirm results found in animal models as 

well as in vitro studies. 

A further limitation is the lack of studies examining the radiosensitising effects of COX-2 selective 

inhibitors in hypoxic environments in in vitro models. As mentioned above, hypoxia plays a crucial 

role in tumour survival and progression as well as resistance to various treatments. Therefore, it is 

necessary to demonstrate the radiosensitising effects of COX-2 inhibitors in hypoxic models.  

Finally, whilst evidence has shown the ability to of COX-2 inhibitors to increase the radiosensitivity of 

cancer cells there are still questions surrounding the mechanisms behind this sensitisation. Past 

studies have suggested direct mechanisms, such as reduced PGE2 production [65], however research 

into indirect mechanisms, such as the COX-2/p53 relationship, is lacking. 

In this study, the use of COX-2 selective inhibitors as radiosensitising agents was investigated in two 

ways to address the limitations mentioned above. Firstly, a retrospective study was conducted that 

aimed to investigate if there was any correlation between COX-2 inhibitor use and improved 

treatment outcomes.  This study utilised percentage relapse, time to relapse and PSA velocity in PCa 

patients that had undergone RT whilst taking a COX-2 selective inhibitor. Secondly, an in vitro model 

was developed to investigate the radiosensitising effects of COX-2 selective inhibitors in both 

hypoxia and normoxia. The in vitro study also investigated the mechanisms behind the 

radiosensitisation produced by COX-2 inhibitors, including the relationship between COX-2 and p53. 

1.8 Aims 
There were two aims of this study: 

1. To demonstrate that ability of COX-2 inhibitors to improve radiotherapy outcomes in human

patients

2. To identify potential mechanisms behind COX-2 inhibitor mediated radiosensitivity
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1.9 Objectives 

To meet the aims listed above this research had the following objectives: 

1. To conduct a retrospective human study investigating treatment outcomes in patients that

had used COX-2 inhibitors during radiotherapy for PCa

2. To establish an in vitro model of cancer under normoxic and hypoxic conditions using various

cancer cell lines

3. To determine the relative radiosensitivities of normoxic and hypoxic cancer cells in vitro

4. To measure the impact of COX-2 inhibition on normoxic and hypoxic cancer cell

radiosensitivity in vitro.

5. To investigate the link between p53 and COX-2 in the radiosensitivity of cancer cells in vitro.

6. To determine if the retrospective analysis results correlate with the mechanistic findings in

vivo.
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Chapter 2: Methods 

2.1 Retrospective data collection 

2.1.1 Participants 
Human research ethics was approved by Uniting Care Health Queensland for data collection at their 

facility (2014.20.126) and approval was gained from the Griffith University ethics committee 

(PHM/10/14/HREC). Participants were identified through CAS8 database at Genesis Cancer Care in 

Southport QLD, Australia. An initial screen of the database was conducted and patients diagnosed 

with PCa, received radiotherapy and were taking celecoxib or meloxicam during the time of 

treatment were identified. Patients that had PCa, received radiotherapy but were not taking any 

COX-2 inhibitors were also identified and used as control patients. These patients had histologically 

confirmed adenocarcinoma of the prostate and received radiotherapy between 2004 and 2011. 

Patients that received radiotherapy post 2011 were not included as this did not allow for the 

collection of PSA results at five years post-treatment. Exclusion criteria included unclear use of 

celecoxib or meloxicam, use of other COX inhibitors (apart from low-dose aspirin <300mg daily), 

evidence of or suspected metastatic disease, previous radical treatment of PCa, evidence other 

malignant diseases and insufficient PSA data (absence of PSA data at two or more years post 

treatment). Participants were allocated to one of three groups (celecoxib, meloxicam or control) 

based on the use of COX-2 inhibitors. 

All PSA values that could be obtained from the CAS8 database at Genesis Cancer Care were recorded 

for future analysis. For patients where only limited PSA values were available, pathology records 

were investigated using the online database of pathology organisations. 

A total of 359 patients were screened for inclusion in the study. From this a final sample population 

of 171 patients was obtained. The final study population comprised 60 patients in the celecoxib 

group, 53 in the meloxicam group and 58 in the control group. There were 56 patients excluded due 

to no or unclear use of an NSAID, 61 excluded due to having metastatic disease at the time of 
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treatment, 46 excluded due to receiving previous radical PCa treatment, 12 excluded due to the 

presence of other malignancies and 13 excluded due to insufficient PSA values. The screening 

process can be visualised in Figure 4. 

Figure 4. Screening of potential patients for inclusion into the study 

2.1.2 Data collection 
Demographic data, including age, Gleason score, cancer stage, the use of ADT and the type of 

radiotherapy received, were extracted from the CAS8 database and recorded for analysis. In addition 

to demographic characteristics, PSA levels were extracted and recorded for analysis of the outcomes 

listed below. PSA values were recorded from diagnosis until 120 months post treatment. If there 

Image removed
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were missing PSA values in the CAS8 database, the online reporting databases of pathology 

companies were used to retrieve these missing data points.  

2.1.3 Outcomes 
The primary outcome measured was the percentage of participants that displayed biochemical 

failure/relapse at 5 years post-treatment. Disease recurrence was defined as the PSA nadir post-

treatment plus 2ng/mL. This definition was based upon the Phoenix Consensus Conference 

definition of disease relapse post radiotherapy [42]. Biochemical failure was also evaluated at 2 

years post-treatment. 

In addition, PSA kinetics were analysed and compared between the groups. PSA kinetics can be used 

as a prognostic factor in the determination of risk of cancer relapse post-treatment [86].  PSA 

velocity was used over PSA doubling time as it is known to be a more accurate predictor for risk of 

relapse [87]. PSA velocity was determined using a linear regression method, with the inclusion of all 

PSA values from 3 months post-treatment up to the diagnosis of relapse, if relapse did not occur all 

available PSA values were included for analysis.  

2.1.4 Treatments 
Patients were identified based their use of celecoxib or meloxicam. To be included in the study, 

patients had to have been taking therapeutic doses of either celecoxib (100-200mg daily) or 

meloxicam (7.5-15mg daily) during radiotherapy treatment.  

All participants received either ERBT or BT. Participants that received EBRT did by means of IMRT or 

3D-CRT. The radiation dose ranged from 70Gy to 80Gy given over 35 to 38 fractions. Both low-dose 

and high-dose BT patients were included. For BT a dose of 145Gy was given. 

2.1.5 Statistical analysis 
All statistical analyses were conducted using the IBM SPSS program, apart from the development of 

a Kaplan Meier survival curve which was constructed using GraphPad Prism 7.04. For continuous 

data that was normally distributed a one-way ANOVA (analysis of variance), with relevant post-hoc 
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tests, was used to determine statistical significance and for continuous data that was not normally 

distributed a Kruskal Wallis analysis was used. For discrete data the Fisher Exact Test was used.  

2.2 In vitro model 

2.2.1 Cell culture 
Four cell lines were used for initial investigations of the ability of COX-2 inhibitors to sensitise the cell 

lines to ionising radiation. Following on from the retrospective human study the PC3 cell line (ATCC, 

Manassas) was used as a PCa model. PC3 cells are commonly used in PCa research and were first 

isolated from the bone metastasis of a stage four PCa tumour [88]. This cell line was cultured in 

Kaighn’s Modified Ham’s F12K (ATCC, Manassas) containing 10% foetal bovine serum, L-glutamine 

and 50mg/mL gentamicin.  

HeLa cells (ATCC, Manassas) were also used in the study. HeLa cells are epithelial cells derived from 

cervical carcinoma [89]. This cell line is an immortal cell line and has been used extensively in cancer 

research [90]. These cells were cultured in Minimal Essential Medium with Eagle’s salts (Hepes 

modification) supplemented with 10 % foetal bovine serum, gentamicin, L-glutamine, sodium 

bicarbonate (1.5 g/L) and sodium pyruvate (1 mM).  

Additional cell lines used in the initial investigations included MeWo (ATCC, Manassas) and MCF7 

(ATCC, Manassas) cell lines. MeWo cells are a strain of melanoma that were isolated from a 

metastatic carcinoma in 1974 [91, 92]. These cells were cultured in Minimal Essential Medium with 

Eagle’s salts (Hepes modification) supplemented with 10 % foetal bovine serum, gentamicin, L-

glutamine, sodium bicarbonate (1.5 g/L) and sodium pyruvate (1 mM). 

Finally,  MCF7 cells were used as a model of breast cancer and this cell line was first isolated  from 

the pleural effusion of a 60-year old female with metastatic breast cancer [93]. These cells were 

cultured in Minimal Essential Medium with Eagle’s salts (Hepes modification) supplemented with 10 

% foetal bovine serum, gentamicin, L-glutamine, sodium bicarbonate (1.5 g/L) and sodium pyruvate 

(1 mM). 
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For experiments, cells from passages 10-30 were seeded into Pyrex glass Petri dishes (55 mm2 or 

150 mm2) and cultured under standard conditions (37˚C, 5% CO2 in air). 

2.2.2 Drug treatments 

Five drug treatments were used to investigate the ability of NSAIDs to sensitise cancer cells to 

ionising radiation. These NSAIDs consisted of four COX-2 selective inhibitors, NS398 (Sigma, St Louis, 

MO), celecoxib (Sigma, St Louis, MO), meloxicam (Sigma, St Louis, MO) and SC791 (Sigma, St Louis 

MO), and one COX-1 selective inhibitor, SC560 (Sigma, St Louis, MO). Stock solution of each drug was 

made using dimethyl sulfoxide (DMSO). Cells were treated with NS398 at a concentration of 10µM, 

celecoxib at 20µM, meloxicam at 20µM, SC791 at 5µM, SC560 at 5µM. The PG analogue, 

misoprostol, was used to examine the effects of PGs on radiosensitivity, cells were treated with 

misoprostol at a concentration of 10µM. The role that p53 plays in radiation induced apoptosis was 

examined. Pifithrin-α (10µM), a p53 inhibitor, (A.G Scientific Inc. (San Diego, CA) was used in this 

examination. 

The COX inhibitors were added to the cell cultures prior to generation of hypoxia and remained in 

the culture for 10 minutes post irradiation, this resulted in a total exposure time of 1 hour. For the 

experiments investigating p53 inhibition, pifithrin-α was added to the cell culture four hours prior to 

irradiation. 

2.2.3 Generation of hypoxia 
Hypoxia was defined as < 0.2% dissolved oxygen in the culture medium, which corresponded to the 

lower end of the pO2 range in solid cancers (FOXY Fiber Optic Oxygen Sensor, Ocean Optics, 

Dunedin, FL). Modular incubator chambers (Billups-Rothenberg, California) were used to generate 

hypoxia. Cell cultures were placed in the chambers which were then connected to a pre-analysed gas 

mixture of 5% CO2 and 95% nitrogen and the mixture was vented through at a flow rate of 10mL/min 

for eight minutes. Flowing this the flow rate was reduced to 2mL/min for a further 30 minutes. The 

chambers were then sealed immediately for irradiation. 



39 
 

2.2.4 Irradiation 
Cell cultures were irradiated in the modular incubator chambers using a medical accelerator electron 

beam radiation machine. A 1.5cm platform of solid water was placed underneath the chambers to 

allow for standardisation dose exposure, as at this depth maximum dose exposure occurs with 6MV 

photon energy. The IR had a photon energy of 6MV and a total dose of 5 gray (Gy). To ensure the 

entire chamber was within the irradiation field, a 40 x 40cm field was used.  

CT planning was used to confirm irradiation dose of 5Gy within the hypoxic modular incubator 

chambers. The chamber was imaged on a 1.5cm platform of solid water with petri dishes within the 

chambers. 

2.2.5 Resazurin assay  
Resazurin reduction to resorufin by mitochondrial, cytosolic and microsomal enzymes was used as 

an index of cell proliferation [94]. Cell lines were seeded and plated on petri dishes as outlined 

above in section 2.2.1 and then irradiated as outlined in section 2.2.4. After irradiation, cell cultures 

were washed with phosphate buffered saline (PBS), trypsinised (0.25% w/v) and harvested at 400×g. 

Upon resuspension in fresh culture medium, cells were seeded at 5103 trypan blue-excluding 

cells/ml in 96 well micro-titre plates.  Culture medium over the cells was replaced at day 4 and 7 

(after irradiation) with fresh medium supplemented with resazurin (44M), and resorufin formation 

was measured spectrophotometrically at 570 and 600 nm using a Tecan Sunrise plate reader and X-

read software (Tecan, Austria). 
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Figure 5. Reduction of resazurin to resorufin by viable cells [95] 

2.2.6 Small interfering RNA (siRNA) and transfection 

Small interfering RNA (siRNA) were used in experiments examining the effects of ionising radiation 

on COX-2 knockdown cell survival. Knock-down of COX-2 is important as it allows for the impact of 

COX-2 on radioresistance to be investigated and also to explore whether radiosensitising effects of 

treatment drugs are directly or indirectly associated with COX-2. 

On-target COX-2 plus SMARTpool (COX-2 siRNA) and SiCONTROL non-targeting siRNA#1 control 

(control siRNA) were purchase from Dharmacon GE (Layfayette, CO).  Signal Silence® fluorescein 

conjugate control siRNA was used to determine transfection efficiency in each experiment. 

Lipofectamine 2000 in Opti-MEM (Invitrogen, Victoria, Australia) was used to transfect siRNAs into 

cells. 

Cells were seeded in T-25 flasks at a density of 2.0x105/ 5 mL in antibiotic free culture medium. After 

24 hour incubation, cells were transfected with 100 nM siRNA in Lipofectamine 2000 for 72 hours 

according to the manufacturer’s instructions. After 72 hours knockdown of >83% compared to 

controls by COX-2 enzyme linked immunosorbent assay (ELISA) (IBL-Hamburg, Hamburg). Briefly, 

12.5μL of Lipofectamine 2000 was diluted 50-fold in Opti-MEM and incubated for 15 min at room 

Image Removed



41 
 

temperature. In a separate tube, 62.5μL of siRNA was diluted in 625μL of Opti-MEM. The diluted 

siRNA and diluted transfection reagent were combined and incubated for 15 min at room 

temperature. Medium above the cells was replaced with 5 mL of fresh antibiotic free culture 

medium and the siRNA + Lipofectamine 2000 complex (~1.25mL) was added to the flask for a final 

siRNA concentration of 100 nM.  

2.2.7 PGE2 analysis 
 

The role of that COX-2 plays in cancer is predominately attributed its ability to produce PGE2 [59]. It 

is therefore important to measure the levels of PGE2 in the various cultures. It is also important to 

quantify the levels of PGE2 in cultures to demonstrate that the treatment drugs are inhibiting COX-2 

and block PG production. 

Cells were seeded and plated as previously outlined. PGE2 level was determined using the PGE2 ELISA 

(Cayman Chemical Company, Ann Arbor, MI, USA).  Supernatant was collected at 1 hour post-

irradiation and PGE2 measured. The addition of PGE2 express EIA standard, acetylcholineesterase 

tracer and monoclonal antibody was conducted in a stepwise manner, as outlined in figure 6. The 

96-well plates are then covered in plastic and incubated at room temperature for 60 minutes. 

Following washing, Ellman’s reagent was added and incubated a further 60 minutes. Absorbance 

(415nm) will be measured using a Tecan Infinite 200 Pro microplate reader (Tecan, Vic, Australia).  
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Figure 6. Key steps involved in the development of PGE2 assay [96] 

2.2.8 p53 analysis 

The tumour suppressor protein p53 and COX-2 have been shown to share a relationship within the 

tumour environment [69]. Investigation of this relationship is important to determine if it plays a 

role in the radioresistance of hypoxic cancer cells. 

Cells were plated and irradiated as previously outlined. These cells were then harvested at defined 

times by scraping into ice cold PBS. Whole cell extracts were prepared using lysis buffer (Biosource, 

Camarillo, CA) supplemented with protease inhibitor cocktail (Sigma, St. Louis, MO), then assayed 

for protein (Bio-Rad, Munich, Germany).  Phosphorylated and total p53 was measured by ELISA 

(Biosource, Camarillo, CA) in 50 g samples of cell extracts, as per the manufacturer’s instructions. A 

ratio of phosphorylated to total p53 was then calculated for analysis. 

Image removed
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2.2.9 Data and statistical analysis 
 

Data were analysed with the Tukey-Kramer Multiple Comparisons test, using Graphpad Instat 

software (San Diego, CA).  Significance levels were defined as p < 0.05 (* or #), p < 0.01 (** or ##) 

and p < 0.001 (*** or ###). Results from resazurin reducation assays were presented as percentage 

survival compared to the unirradiated control.  
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Chapter 5: Discussion 

Radiotherapy is a widely used treatment for many solid state malignancies, including PCa, being 

utilised in over 50% of all cancer patients [145]. Despite the many technological advances, its use can 

be impacted by both acute and delayed toxicities [5] as well as hypoxia mediated resistance [45, 46]. 

Therefore, there is a need to look for alternative adjunct treatment options that may improve the 

effectiveness of radiotherapy.  

Given its preferential expression and role in promoting tumour growth, proliferation and invasion 

[45], COX-2 presents itself as a bona-fide target in the treatment of cancer. The COX-2 enzyme is an 

inducible enzyme that is not only upregulated due to inflammation but also in tumour environments, 

unlike the COX-1 enzyme which is constitutively expressed in a number of cell types [55, 58]. 

Furthermore, eicosanoids produced by COX-2 have been demonstrated to protect against radiation-

induced cellular injury. Several in vitro and in vivo studies have demonstrated that inhibition of COX-

2 increases sensitivity of tumour cells to radiosensitivity. However, these studies have used drug 

concentrations that are suprapharmacological and for extended periods [81, 124]. The cytotoxic 

actions of COX-2 inhibitors in these studies may be mediated by effects on gene transcription rather 

than inhibition of COX-2 activity [146]. In addition, the majority of in vitro studies investigate these 

effects in normoxia, rather than hypoxia, resulting in the absence of investigations of radiosensitising 

effects in a hypoxic environment.  

With respect to studies in humans, there has been limited research of COX-2 inhibitors as adjuncts to 

radiotherapy in PCa, with studies investigating their use post-relapse [83] or prior to radical-

prostatectomy [147, 148].  Therefore, this research aimed to demonstrate the ability of COX-2 

inhibitors to improve the outcomes of radiotherapy in a human model and also to investigate 

mechanistically how these agents produce radiosensitisation in vitro. To achieve these aims we used 

a retrospective analysis of patient records to determine the impact of COX-2 selective inhibitors on 
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patient outcomes following radiotherapy and in vitro cancer models to determine mechanisms 

underlying the selective radiosensitisation of these agents. 

Here we show that COX-2 selective inhibitors meloxicam and celecoxib reduce PSA velocity and 

increase time to biochemical relapse in men receiving radiotherapy for PCa at clinically relevant 

doses. In vitro NS398 selectively sensitised two, HeLa (cervical) and MCF7 (breast), out of four cancer 

cell lines and in HeLa cells selective sensitisation under hypoxia potentially involved the inhibition of 

PG protection and modulation of p53 activity, with no effect on PC3 (prostate) or MeWo 

(melanoma) cell lines. 

In the absence of prospective studies, a retrospective study can provide good insight into the 

correlation of an exposure and outcome in a relatively short period of time as it uses pre-existing 

records [149]. The findings of our retrospective study demonstrated that a significant decrease in 

PSA velocity occurred when patients used either celecoxib or meloxicam during radiotherapy, 

compared to those that did not use a COX-2 selective NSAID. In the past PSA monitoring and PSA 

doubling time have been used as a prognostic tool for the diagnosis of PCa and to assess the risk of 

PCa relapse post-treatment. Recent research has suggested that PSA velocity is favoured due to its 

increased specificity in PCa detection despite the more prevalent use of PSA doubling time [107]. In 

addition,  a PSA velocity between 0.35-2ng/mL/year results in an approximate 5.3 to 10 fold 

increased PCa risk [107]. This correlation between PSA velocity and increased risk was also found to 

translate in the risk of PCa recurrence after radiotherapy [108]. Importantly, the meloxicam group 

showed an average PSA velocity of 0.197, meaning it fell below this range, whereas celecoxib and 

the control groups both fit within this range. This translates into a considerably lower risk of PCa 

relapse when a patient is using meloxicam at the same time as receiving radiotherapy.  

Furthermore, PSA velocity can also be used to determine severity of relapse post-treatment with 

higher PSA velocity being attributed to metastatic relapse and lower PSA velocity to localised 

relapse. King et. al (2008) demonstrated that  PSA velocity could be used to distinguish between 
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metastatic relapse (PSA velocity >1ng/mL/year) and local relapse (≤1ng/mL/year) [150]. Importantly, 

the PSA velocities in both the celecoxib and meloxicam groups in our study where both 

<1ng/mL/year and in contrast the control groups was found to have a PSA velocity >1ng/ml/year. 

The ability to differentiate between metastatic and localised relapse is also vital in prognosis with 

metastatic disease being incurable [151]. If relapse is localised post-radical prostatectomy 5-year 

cancer free survival can be achieved in approximately 50% of all patients if treated with salvage 

radiotherapy [152]. 

In addition to PSA velocity, biochemical relapse is a useful outcome to measure as it provides a 

method for detecting relapsed PCa long before the cancer is detected by other methods, including 

medical imaging and the presentation of symptoms [153]. We were able to show that the use 

celecoxib or meloxicam during radiation therapy resulted in a lower percentage of patients that 

displayed biochemical relapse at both two and five years post-treatment. At the two year time point 

meloxicam showed the most favourable results with no patients in this group relapsing. The 

celecoxib group also demonstrated a reduced incidence of PCa relapse compared to the control 

group. The percentage relapse at five years showed similar promise with both the celecoxib and 

meloxicam groups being found to have a lower percentage relapse than the control group. These 

results demonstrated that the percentage relapse of the control group was almost twice that of the 

celecoxib and meloxicam groups at the five year mark. This suggests that the risk of relapse in 

patients taking either celecoxib or meloxicam may be almost half that of those that are not taking 

either of these drugs.  

It was also important to investigate if COX-2 inhibitors were able to not only reduce the percentage 

of patients that demonstrated biochemical relapse, but if they could also slow the rate at which 

relapse occurred. To do this, time biochemical relapse, defined as ≥ 2ng/mL rise in PSA above the 

PSA nadir [42], was determined in patients that used celecoxib, meloxicam or no COX-2 inhibitors 

during radiation therapy. This outcome demonstrated that both celecoxib and meloxicam groups 
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had an extended time to biochemical relapse by approximately 11 and 19 months respectively 

compared to the control group. The change in time to biochemical relapse translates to an average 

of 11 and 19 extra months of diagnosed cancer free life for patients taking celecoxib or meloxicam 

compared to those not taking these drugs.  The diagnosis of biochemical relapse limits treatment 

options and if not treated many patients will progress to incurable metastatic disease. Furthermore, 

a delay in the time to biochemical relapse may also confer an increase life expectancy, through a 

delay in PCa specific mortality as Zumsteg et. al (2015)were able to show that the median time from 

biochemical relapse to the discovery of distant metastasis was 5.4 years and time to PCa specific 

mortality was 10.5 years [154].  

Whilst to our knowledge, no other studies have investigated the ability of COX-2 inhibitors to 

improve treatment outcomes when used during radiotherapy of primary PCa tumours in human 

patients, there have been studies on the ability of celecoxib to slow PSA rise after relapse. Pruthi et. 

al. (2006) demonstrated that celecoxib managed to slow PSA rise in PCa patients [83]. They did this 

by treating patients with celecoxib 400mg twice a day after diagnosis of biochemical relapse and 

measured their PSA doubling time. It was found that 90% of treated patients demonstrated a 

slowing in the PSA rise. These results were consistent with results found in our research. However, 

the significance of the correlation of our results with Pruthi et. al (2006) is questionable as they used 

celecoxib as a secondary treatment post-relapse after definitive treatment, whereas our study 

investigated its use as an adjunct to radiotherapy when used for primary PCa treatment [83]. This 

presents the possibility of celecoxib, and other COX-2 inhibitors, effecting progression of cancer 

through mechanisms other than radiosensitisation and this may be a result of an alteration of the 

regulation of additional mediators implicated in cancer survival and growth, such as p53. 

Whilst the outcomes of the retrospective study provided support to the efficacy of COX-2 inhibitors 

to increase the radiosensitivity of PCa tumours it did not offer any explanation as to how they do 

this. To investigate the mechanisms underlying COX-2 inhibitor mediated radiosensitivity, an in vitro 
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model was developed. This in vitro model included the use of several cancer cells line including HeLa, 

PC3, MCF7 and MeWo cell lines in hypoxia and normoxia and treatment with structurally unrelated 

NSAIDs/COX-2 inhibitors.  

This study first investigated the effects of the COX-2 inhibitor NS398 on the radiosensitivity of a 

variety of cancer cell lines including HeLa, PC3, MCF7 and MeWo. In normoxia, NS398 was shown to 

have no effect on radiosensitivity in all five cell lines. In contrast, NS398 sensitised HeLa and MCF7 

cell lines to ionising radiation in a hypoxic environment, with the greatest effect being in the HeLa 

cells. However, meloxicam and celecoxib did not affect radiosensitivity in any of the cell lines, which 

was not consistent with our retrospective study.  

In addition, the lack of in vitro radiosensitisation in hypoxic PC3 cells does not correlate with the 

findings in the retrospective analysis. The retrospective study demonstrated the ability of the COX-2 

inhibitors meloxicam and celecoxib to improve PCa tumour radioresponse, whereas this was not 

seen in the in vitro model. Past research has suggested that unlike localised PCa tumours, PC3 cells 

lack COX-2 expression [155] which may explain the lack of response with COX-2 inhibitors in PC3 

cells, however this finding conflicts with other studies that have demonstrated COX-2 upregulation 

in hypoxic PC3 cells [54].  

Furthermore, the role of COX-2 in PCa has been well studied and increased COX-2 has been 

implicated in growth, proliferation and survival of PCa carcinomas [156]. Patel et. al (2005) 

demonstrated the ability of celecoxib to inhibit the growth of PC3 cells, however, they also found 

that rofecoxib, another COX-2 selective inhibitor, had no effect on growth [155]. This finding 

suggests that the radiosensitising effects of COX-2 inhibitors may be drug specific rather than a class 

effect. Other studies have demonstrated the ability of celecoxib to enhance the radiosensitivity of 

normoxic PC3 cells but did not investigate radiosensitising effects in hypoxia [157]. To our 

knowledge, no research into the ability of NS398 to enhance hypoxic PC3 cell death in response to IR 

has been conducted, so no comparison to these conditions could be made. The lack of response of 
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the hypoxic PC3 tumour cells in this research may be due to the inability of the specific COX-2 

inhibitor NS398 to generate radiosensitisation in these cells, however celecoxib and meloxicam also 

failed to generate radiosensitivity. It may also indicate that the concentrations of the COX-2 

inhibitors were insufficient to produce radiosensitisation, however this is unlikely as these 

concentrations were above the reported IC50s and consistent with other studies that have 

demonstrated enhanced radiosensitivity in vitro. Further study would be necessary to determine the 

exact cause.    

As with the PC3 cells, no effect on radiosensitivity was found in the hypoxic MeWo cell lines. Little 

research has been conducted into the effects of COX-2 inhibitors in melanoma cell lines, including 

MeWo cells. While it has been demonstrated that there is upregulation of COX-2 in melanoma 

carcinomas [158], research surrounding the effects of COX-2 inhibitors on melanoma cell survival 

and growth is conflicting. Firstly, Denkert et. al demonstrated that COX-2 inhibitors have no effect on 

the proliferation of MeWo cells in vitro, and our results were consistent with these findings [159]. In 

contrast, Bundscherer et. al (2008) found that treatment of melanoma cells with celecoxib resulted 

in increased apoptosis and decreased growth in some melanoma cells lines, however they did not 

use MeWo cells [160]. 

Due to the nature of the expressional differences between COX-1 and COX-2, more specifically that 

COX-2 is upregulated in tumours whereas COX-1 levels remain relatively stable [55, 56], it was 

hypothesised that radiosensitisation would only occur with COX-2 inhibitors and not COX-1 

inhibitors. The in vitro model confirmed this hypothesis with the COX-1 inhibitor SC791 having no 

effect on HeLa cells. In contrast, NS398 and SC791 (both COX-2 inhibitors) were able to sensitise 

hypoxic HeLa cells to radiation. Normoxic HeLa cells were not sensitised by any of the treatments 

and this was consistent with previous results, further suggesting that the mechanism in which these 

drugs produce radiosensitivity is strongly related to hypoxia. The selective radiosensitisation of  

hypoxic cells could be explained by the upregulation of COX-2 in hypoxia in comparison to normoxia 



88 

[55]. As COX-2 is necessary for COX-2 inhibitor mediated radiosensitivity, as demonstrated by a COX-

2 knockdown assay in HeLa cells, the increased expression in hypoxia would potentially result in 

greater radiosensitising effects. 

While it was shown that a COX-2 inhibitor, but not a COX-1 inhibitor, has the ability to sensitise HeLa 

cells to ionising radiation, it cannot be concluded that this is due to direct actions on the COX-2 

enzyme. Previous research has demonstrated that the mechanisms may be both direct and indirect. 

Amirghahari et. al (2003) concluded that NS398 produces radiosensitising effects due to its ability to 

reduce radiation induced COX-2 expression indicating a direct COX-2 mechanism [124].  In contrast, 

other studies have suggested indirect mechanisms such as inhibition of epidermal growth factor 

receptor (EGFR) transport and DNA-repair [125] and blockade of protein kinase B (AKT) activation 

and induction of apoptosis [121]. Furthermore, research by Palayoor et. al  (2005) found that the 

radiosensitivity of cancer cells was minimally dependent on the COX-2 expression status through the 

use of si-RNA COX-2 knockdown [161]. 

The results from our research are consistent with the literature as they suggest both a direct and 

indirect action of COX-2 inhibitors. It was shown that the knockdown of the COX-2 enzyme results in 

the loss of radiosensitisation. If COX-2 inhibitors produced sensitisation purely through a direct COX-

2 mechanism, removal of the COX-2 enzyme should also result in sensitisation. This finding was 

consistent with Palayoor et. al (2005), demonstrating that COX-2 knockdown did not effect 

radiosensitisation in HeLa or PC3 cells [161]. In addition, it was shown that the ability of NS398 to 

produce sensitisation was lost in the COX-2 knockdown cells. This result indicates that COX-2 is 

necessary for NS398 mediated radiosensitisation and that the mechanism behind this 

radiosensitisation is not solely attributable to the non-COX-2 actions of NS398. Therefore, the study 

has identified that NS398 produces radiosensitisation both through direct and indirect COX-2 

mechanisms. 
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Further research was then conducted to determine these possible mechanisms, either directly or 

indirectly, through COX-2.  The logical place to start was to investigate the effects of COX-2 inhibitors 

on PGs, more specifically PGE2, in hypoxic and normoxic cells. In the past, PGE2 has been found to 

stimulate tumour cell proliferation through actions on proteins such as VEGF, Bcl-2, TGF-β and 

CXCL12 [162-166]. Furthermore, multiple studies have demonstrated an elevation of PGE2 in 

response to radiation in a range of cancer cell lines [120, 167]. The findings of this study were 

consistent with the literature [120, 167], where it was shown that PGE2 levels were elevated in 

irradiated HeLa cells. The PGE2 assay showed that hypoxia was another driver of PGE2 production and 

unsurprisingly the combination of irradiation and hypoxia resulted in the highest concentration of 

PGE2.  

It was also demonstrated that the addition of NS398 significantly supressed PGE2 production in 

irradiated hypoxic and normoxic cells. The evidence supporting the role that PGE2 plays in the 

growth and proliferation of human cancers, confirmation that the levels are increased in response to 

IR and that NS398 has the ability to supress its production, identifies PGE2 suppression as a potential 

direct COX-2 mechanism by which COX-2 inhibitors can produce radiosensitisation. 

To expand on these findings we investigated the effects of the PG analogue misoprostol on HeLa 

cells. It was expected that misoprostol would increase survival of HeLa cells in response to IR, based 

on previous findings relating to PGs and radioprotection.  The protection was observed in normoxic 

HeLa cells but not in hypoxic cells. This may be explained by the differences in the spectrum of 

activity of misoprostol compared to PGE2. PGE2 has the ability to activate DP1, DP2 EP1, EP2, EP3, EP4, 

FP and IP receptors whereas misoprostol has a more narrow activity only activating EP2, EP3 and EP4 

receptors [134]. This may suggest that in normoxia the activation of a smaller number of PG 

receptors may be sufficient to invoke radio protection. Alternatively, an increase of PGs may be 

sufficient to improve survival in normoxia, however in hypoxia tumour survival and radio-response is 

more complicated and impacted by multiple factors and requires more than just an elevation in PGs. 
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Further studies are needed to investigate these results. Regardless of the exact reason, it can be 

concluded that PGs are not the sole contributor to the changes in radioresponse. This finding, 

combined with others in this study provide strong evidence that the ability of COX-2 inhibitors to 

alter radiosensitivity occurs through both direct and indirect COX-2 mechanisms. 

Furthermore, the assay demonstrated that in normoxic HeLa cells NS398 did not produce a 

significant reduction in PGE2 production in response to radiotherapy under normoxia. This may be 

explained through the known mechanisms for the upregulation of COX-2, more specifically hypoxia 

and response to ionising radiation. As neither of these stressors are present in the normoxic control 

cells, COX-2 may not have been sufficiently up-regulated to allow for NS398 to significantly block 

PGE2 production.  

Extensive research has investigated the changes that occur within the tumour environment to 

sustain growth and prevent apoptosis including the involvement of COX-2 [45]. This research has 

uncovered an important relationship between COX-2 and the tumour suppressor protein p53 in the 

response to IR [69]. COX-2 expression is induced by p53 and results in the inhibition of p53-induced 

apoptosis [127, 128]. The results from this research were consistent with the literature. Firstly, this 

study showed that COX-2 knockdown cells demonstrated higher p53 levels than normal HeLa cells. 

This finding suggests that COX-2 may act as an inhibitor of p53 expression and consequently removal 

of this inhibition results in increased p53 expression. Due to the important role p53 plays in 

apoptosis, this downregulation could be a mechanism by which COX-2 is able to reduce apoptosis 

and promote cellular growth and survival [71]. Furthermore, it was shown that in hypoxia COX-2 

inhibition with NS398 resulted in higher levels of activated p53 than HeLa cells with uninhibited COX-

2 function. These two findings demonstrate a direct relationship between the COX-2 enzyme and the 

p53 protein. 

Investigation into the effects of COX-2 inhibitors on p53 was needed to determine if these drugs 

would have the same impact as the reduction of COX-2 expression. Previous studies have managed 
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to demonstrate the ability of COX-2 inhibitors to induce phosphorylation of p53, with Liu et. al 

(2008) demonstrating that celecoxib produced increased phosphorylation of the serine-15, -20,-46 

and -392 sites [79]. This phosphorylation is critical in the p53 response and low levels of 

phosphorylation are able to result in the modification of this response [72]. Based on these findings, 

it could be suggested that a potential mechanism utilised by COX-2 inhibitors to increase apoptosis 

of tumour cells could be through increasing the expression and phosphorylation of p53. To confirm 

this HeLa cells were exposed to NS398 and the ratio of phosphorylated p53 to total p53 was 

measured. This experiment demonstrated the ability of NS398 to increase the amount of 

phosphorylated p53, which was consistent with previous literature [79]. As previous research 

investigated the impact of celecoxib not NS398 and our results are consistent, this suggests a 

potential drug class effect and this ability is not limited to a single agent. However, this increase in 

p53 was only demonstrated in hypoxic cells that were exposed to ionising radiation. NS398 did not 

alter p53 phosphorylation in the control cultures and normoxic irradiated cultures. 

As mentioned previously, the difference in response between hypoxic cells and normoxic cells could 

be explained by the upregulation of COX-2 in hypoxia [55], which would downregulate p53 

expression [127]. Furthermore, this upregulation of COX-2 also occurs in response to ionising 

radiation [120], further supressing p53 expression. Therefore, inhibition of COX-2 would potentially 

have the greatest effect in an environment where COX-2 upregulation is at its highest, i.e. hypoxia 

and irradiation. Furthermore, the effect of COX-2 inhibition would not be as significant when COX-2 

upregulation is not as high, i.e. normoxia and the absence of irradiation. 

We demonstrated that at both 30 minutes and four hours post-irradiation hypoxic cells 

demonstrated lower levels of p53 phosphorylation. Past research has identified the ability of hypoxia 

to significantly reduce the phosphorylation of p53, with Achison and Hupp (2003) showing that 

hypoxia results in the silencing of the p53 transactivation pathway through the exposure of p53+/+ 

and p53-null cell lines to hypoxia and measuring p53 phosphorylation [168].  The results from our 
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study were consistent with the Achison and Hupp study. As phosphorylation at serine 15 is a key 

step in the activation of p53 function [72] this reduction in response to hypoxia would therefore lead 

to reduced p53 induced apoptosis. Consequently, a key mechanism in the control of cell 

proliferation would be lost and lead to a greater ability for uncontrolled growth. Interestingly, 

treatment of pifithrin-α, a p53 inhibitor, did not result in increased cell survival. This result is 

consistent with previous research conducted by Gudkov and Komarova (2003) that found that the 

use of pifithrin-α did not effect tumour radiosensitivity [169].  

These results combined with those in the literature provide strong support for the COX-2/p53 

relationship being one mechanism by which COX-2 inhibitors produce radiosensitivity in hypoxic 

tumour cells. On the other hand, it may also suggest that increasing expression and phosphorylation 

of p53 alone, without the need for COX-2, may produce radiosensitivity and conversely inhibition of 

p53 would result in radioprotection. However, this study demonstrated that addition of pifithrin-α 

had no effect on the survival of wild-type HeLa cells after exposure to ionising radiation. This result 

was true for both normoxic and hypoxic wild-type HeLa cells, suggesting that the role that p53 plays 

in radiosensitisation involves a complex interaction between multiple pathways and proteins, 

including COX-2. 

As no change in cell survival was observed with treatment of pifithrin-α alone, it was then 

investigated whether combining pifithrin-α with knockdown of COX-2 would result in any protection. 

It was found that this combination conferred radioprotection to normoxic HeLa but not hypoxic cells. 

This finding supports the previous suggestion that the impact on radiosensitivity and radioprotection 

is more complex in hypoxia than normoxia, with hypoxia requiring the interaction of a variety of 

modulators of growth and survival whereas the alteration of one modulator may be sufficient to 

drive protection or sensitisation in normoxia. In addition, the actions of pifithrin-α may be 

independent of p53. Sohn et. al (2009) showed pifithrin-α was able to protect different cell lines 

from DNA-induced apoptosis regardless of the presence or absence of p53 [144]. They 
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demonstrated that apoptosome-mediated capase-9 and -3 activation was blocked through the 

downregulation of cyclin-D1 by pifithrin-α. In addition, Wen et. al (2010) have shown that hypoxia 

negatively regulates cyclin-D1 production [170]. Combing these two findings may suggest that 

pifithrin-α may not produce radiosensitivity due to insufficient cyclin-D1 in hypoxia. 

As previously suggested, COX-2 can have a direct impact on p53 resulting down regulation of the 

apoptosis promoter [127]. However, in this study we have shown that the greatest effects on 

radiosensitisation were generated in hypoxia. It was demonstrated that hypoxia resulted in 

increased cell survival and decreased p53 phosphorylation. Contrastingly, treatment with NS398 

resulted the reversal of these findings with a decrease cell survival and increase p53 phosphorylation 

in hypoxic HeLa cells, however these results were not replicated in normoxic cells. The results may 

suggest an interaction with the key driver of hypoxia in tumours, HIF-1.  

Schmid et. al (2005) demonstrated the ability of p53 to induce degradation of HIF-1 resulting in 

reduced VEGF mediated angiogenesis, which leads to reduced tumour growth and proliferation 

[171]. In addition, Ravi et. al (2000) showed that the loss of p53 function increases HIF-1 dependent 

responses in hypoxia [172]. In hypoxia, accumulation of p53 has been observed and competition 

with HIF-1 binding sites occur and further accumulation of p53 results in HIF-1 degradation [171]. 

Therefore, by increasing p53 expression and activity the growth, proliferation and survival of hypoxic 

cells would be halted and this may be a mechanism through which COX-2 inhibitors produce 

radiosensitisation. By inhibiting the actions of COX-2, which negatively regulates the actions of p53, 

COX-2 inhibitors indirectly increase p53 activity and ultimately reduce the activity of HIF-1. 

In conclusion, this research provides some of the first evidence into the ability of COX-2 inhibitors to 

potentially improve treatment outcomes as an adjunct therapy in patients undergoing radiotherapy 

for PCa. The improvement of these outcomes may allow for better disease management. In addition, 

we have identified novel mechanisms that provide increased understanding into potential targets in 

the treatment of cancer. Results from both the retrospective and in vitro studies provide evidence 
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that further study into the role of COX-2 inhibitors as an adjunct treatment option in radiotherapy is 

warranted.  

Future directions/limitations 
While the findings of our retrospective study have provided good evidence on the potential use of 

COX-2 inhibitors as an adjunct treatment option in radiotherapy, a larger sample size would allow for 

more meaningful conclusions to be reached. For this research we utilised the patient database of 

Genesis Cancer Care and while this provided data from the Genesis Cancer Care clinics across 

Australia, expanding the data retrieval to other sites would improve the sample size and also 

potentially provide comparisons to other treatment sites. In addition, the affect that the COX-2 

inhibitor dose has on treatment outcomes could be studied to investigate if higher COX-2 inhibitor 

doses lead to improved outcomes. 

The retrospective analysis and cytotoxicity data from in vitro studies has also provided sufficient 

evidence to support a prospective human trial. As a prospective study would allow for control of 

variables and as a result would allow for more definitive conclusions to be made as to how COX-2 

inhibitors affect tumour response to radiotherapy and treatment outcomes in humans. This 

prospective study could also assess tumour response by measurement of tumour volume changes 

and tumour shrinkage, as well as the outcomes we investigated in our retrospective analysis. 

Measurement of tumour volume and shrinkage would allow for better comparison between in vitro 

and human results as it would allow for direct measurement of tumour response human patients. In 

addition to these measurements, tissue biopsies would allow for investigations into how COX-2 

inhibitors affect the histology of PCa tumours post-radiotherapy. The development of an animal 

model would allow for further histological investigations, which may not be possible with patient 

PCa biopsies.  

Further directions for in vitro model would include comparisons of tumour models to normal cells to 

determine selectivity of actions and also include models of other tumours treated by radiotherapy.  
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The use of further genetic manipulations may also help increase understanding into the interplay 

between inhibition of COX-2 and downstream p53 signalling. In addition, investigations into the 

timing of COX-2 inhibitor treatment could be conducted. Varying when the COX-2 inhibitor is added 

in relation to exposure to IR would allow for optimisation of cell response. 
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