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Abstract 

Prostate cancer is the second most commonly diagnosed cancer, and ranked third in 

the causes of death from cancer in Irish men. Inflammation has been implicated in 

prostate carcinogenesis, with the overexpression of NOS2 and concomitant nitric 

oxide (NO) release associated with cancer initiation and progression. The aim of this 

study was to characterise the effects of NO on normal prostate epithelial cells, and to 

determine whether prolonged exposure to NO could result in their malignant 

transformation. Results showed that NO induced the anchorage independent growth 

of normal prostate cells and the acquisition of several cancer-like characteristics. 

Short-term effects of NO included cellular growth inhibition involving a p53/p21 

mediated cell cycle arrest, accompanied by the secretion of cytokines and growth 

factors. In addition, NO was shown to induce DNA damage in these cells, thereby 

fostering an environment of genomic instability. Prolonged exposure to NO resulted 

in the transformation of prostate epithelial cells, with alteration of their morphology 

from epithelial to mesenchymal-like, in conjunction with an increased migratory and 

invasive capacity. Moreover, long term exposure to NO led to decreased PTEN 

expression and increased phosphorylation of Akt, enabling sustained proliferation of 

the cells, and the ability to bypass p53/p21 arrest in serum free conditions. Prostate 

epithelial cells exposed to NO for prolonged periods displayed increased resistance 

to apoptosis, coupled with a dampened p53/p21 response to the DNA damaging 

agent etoposide. In addition, long term NO exposed cells secreted increased levels of 

IL-6 and IL-8 pro-tumourigenic cytokines. In summary, we have shown that long 

term exposure to NO selects for a population of cells with an impaired p53/p21 

response, increased genomic instability and migratory/invasiveness, that are able to 

withstand nutrient deprivation and display increased survival in the face of 

chemotherapeutics.  
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1.1 Prostate Cancer 

Annually, 3267 cases of prostate cancer are diagnosed in Ireland placing it as the 

second most commonly diagnosed cancer in men after non-melanoma skin cancer. In 

2011, there were 563 deaths from prostate cancer, ranking it third in the causes of 

death from cancer in Irish men (NCRI, 2014). Prostate cancer mainly affects older 

men, with 70% of prostate cancer specific deaths occurring in men aged 75 or older 

(Droz et al., 2014). Diagnosis of prostate cancer typically originates with elevated 

prostate specific antigen (PSA) levels detected in the blood of patients and/or 

detection of a palpable mass upon digital rectal examination. Diagnosis is confirmed 

by biopsy and subsequent histopathological grading of the biopsy by Gleason 

scoring, classifying tumours from 1 to 5 based on the most prevalent architecture 

tissue (Epstein, 2010). Subsequently, tumour, node, metastasis (TNM) staging is 

performed to further characterise the cancer, from localised to fully invasive and on 

to distant metastasis at diagnosis (Cheng et al., 2012). Once diagnosed, treatment 

options include radical prostatectomy, radiation therapy and/or androgen deprivation 

therapies (ADT) (Shtivelman et al., 2014), however a mean survival time of only 12-

18 months is expected if castrate resistant prostate cancer develops (Cereda et al., 

2014). While 58% of prostate cancer may be explained by heritable risk, other risk 

factors include age, race, genetic factors, having a history of urinary tract infections, 

and lifestyle factors such as smoking and diet (Mitchell and Neal, 2015, Cuzick et 

al., 2014). Inflammation, oxidative damage, epigenetic alterations, telomere 

shortening and genomic alterations have all been implicated in prostate 

carcinogenesis (Shen and Abate-Shen, 2010). A number of key molecular events that 

occur in prostate initiation and/or progression are alterations in the PI3K pathway 

(including loss of PTEN), the androgen receptor pathway, TMPRSS2-ERG 

translocations, NKX3.1 inactivation and c-Myc up-regulation (Shtivelman et al., 

2014).  

1.2 Prostate cancer and inflammation 

From Rudolf Virchow’s assertion in 1863 that cancer cells arise from inflammatory 

sites (“lymphoreticular infiltration”), to Hanahan and Weinberg (2011) labelling 

inflammation as an enabling characteristic in carcinogenesis, there is no doubt that 

inflammation plays a key role in the initiation and progression of cancer (Balkwill 
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and Mantovani, 2001). Chronic inflammation can induce malignant cell 

transformation in the surrounding tissue, and several pro-inflammatory cytokines 

such as IL-6, IL-8, TNF-α and TGF-β have been shown to be pro-tumourigenic 

(Landskron et al., 2014). Several cellular processes are shared between inflammation 

and cancer, such as an increased proliferation rate, the generation of reactive 

oxygen/nitrogen species (ROS/RNS), migration, invasion and angiogenesis (De 

Marzo et al., 2007). Inflammatory conditions of the prostate include benign prostatic 

hyperplasia (BPH), proliferative inflammatory atrophy (PIA) and prostatic 

intraepithelial neoplasia (PIN) and have all been linked to the development of 

prostate cancer (De Nunzio et al., 2011, Miah and Catto, 2014). Inflammation in the 

prostate was shown to accelerate prostate cancer progression by alteration of the 

prostatic microenvironment in a chronic prostatitis Hi-Myc mouse model (Simons et 

al., 2015). Another study showed that bacterial prostatitis accelerated 2-amino-1-

methyl-6-phenylimidazo [4, 5-b] pyridine (PhIP)-induced preinvasive lesions in the 

rat prostate (Sfanos et al., 2015). These studies and others highlight the important 

role played by inflammation in prostate cancer. 

1.3 Nitric oxide  

1.3.1 Mechanism of action 

Nitric oxide (NO) is highly unstable and has a half-life of 1-5 seconds in vivo 

(Gladwin et al., 2003). NO’s actions are typically mediated through cGMP-

dependent or -independent pathways. In the presence of cGMP, NO targets the 

haeme component of soluble guanylyl-cyclase (sGC), and couples with cGMP-

dependent protein kinase-G (PKG), phosphodiesterases and cyclic nucleotide-gated 

channels (Mocellin et al., 2007). Alternatively it can function independently of 

cGMP at low concentrations by interacting with transition metal containing proteins 

(Mocellin et al., 2007), interacting with proteins without attachment of the NO group 

(Muntane and la Mata, 2010). NO can modulate cell signalling through post-

translational protein modification, typically through formation of S-nitrosothiol 

(SNO) by coupling of a nitroso moiety to a reactive thiol group in specific cysteine 

residues, namely S-nitrosylation (Aranda et al., 2012).  
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1.3.2 Synthesis 

NO is generated by three isoforms of the enzyme NO-Synthase (NOS) – neuronal 

(nNOS/NOS1), inducible (iNOS/NOS2) and endothelial (eNOS/NOS3). NOS 

catalyses NO synthesis from L-arginine using NADPH and molecular oxygen as co-

substrates (Alderton et al., 2001, Förstermann and Sessa, 2012). NO synthesis takes 

place in two steps. Firstly, NOS hydroxylates L-arginine to Nω-hydroxy-L-arginine 

and secondly, Nω-hydroxy-L-arginine is oxidized to L-citrulline and NO (Noble et 

al., 1999, Stuehr et al., 2001). NOs unpaired electron enables reaction with inorganic 

molecules (i.e. oxygen, superoxide or transition metals), structures in 

deoxyribonucleic acid (DNA), prosthetic groups (i.e. haeme) or proteins, thus 

explaining its extensive biological activity (Singh and Gupta, 2011). NOS1 and 

NOS3 generate nanomolar concentrations of NO for very short time periods 

(seconds/minutes), whereas NOS2 produces micromolar concentrations of NO over 

longer time periods (hours/days) (Michel and Feron, 1997).  

1.3.3 Physiological roles 

At low concentrations, NO acts as a signal transducer and affects many physiological 

processes including blood flow regulation, iron homeostasis and neurotransmission, 

while it exerts a cytotoxic protective effect at high concentrations, e.g. against 

pathogens and perhaps tumours (Ignarro, 2000). In addition to its direct biological 

effects, NO can interact with reactive oxygen species such as superoxide radicals, to 

generate reactive nitrogen species (RNS), nitrogen dioxide (NO2) and peroxynitrite 

(ONOO
--
) (Mocellin et al., 2007). Peroxynitrite promotes cellular transformation by 

functioning as a powerful antioxidant and interacting with or oxidizing kinases and 

transcription factors, perturbing the cellular signalling network (Kundu and Surh, 

2012). Nitrites, nitrates, s-nitrosothiols and nitrosamines are metabolites of NO and 

mediators of its cytotoxic/cytoprotective effects, namely inhibition of mitochondrial 

respiration, protein and DNA damage leading to gene mutation, loss of protein 

function, necrosis and apoptosis (Fukumura et al., 2006b).  

1.3.4 Influencing factors 

It is well established that NO operates in a bimodal fashion. The dichotomous effects 

of NO on cancer arise from its ability to regulate various cancer related events 
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including tumour growth, migration, invasion, survival, angiogenesis, and 

metastasis, depending on the concentration involved (Figure 1). The outcome of the 

aforementioned processes is determined by several additional factors including, but 

not limited to, NO flux, duration of NO exposure, cell cycle status and the tumour 

microenvironment (Ridnour et al., 2006, Villalobo, 2007, Jarry, 2004, Ridnour et al., 

2008). Additionally, studies investigating the effect of NO donation and deprivation 

on malignant cells show that redox status is crucial. RNS and S-nitrosogluthione 

(GSNO) formation are affected by the relative abundance of oxidizing (ROS) and 

reducing (glutathione, GSH) agents. This in turn can significantly influence the 

cytotoxic/cytoprotective effects of NO (Mocellin et al., 2007). In general, low levels 

of NO (< 100 nM) are considered to be pro-oncogenic, medium NO levels pro-

metastatic, and high NO levels (> 500 nM) tumouricidal. (Ambs and Glynn, 2011). 

1.4 NO, inflammation and cancer 

NO and NOS2 are associated with numerous tumour types including lung (Okayama 

et al., 2013, Ambs et al., 1998), colon (Ambs et al., 1999, Ambs et al., 1998), breast 

(Glynn et al., 2010, Thomsen et al., 1995, Bulut et al., 2005), melanoma (Grimm et 

al., 2008) and pancreatic cancers (Xiong et al., 2001). Mechanisms by which NO and 

its derivative peroxynitrite induce inflammation-associated carcinogenesis include 

induction of DNA damage, suppression of DNA repair enzymes, posttranslational 

modification of proteins, enhancement of cell proliferation, angiogenesis, metastasis, 

inhibition of apoptosis and anti-tumour immunity (Kundu and Surh, 2012, Hussain et 

al., 2008). NO, produced along with other chemical intermediates during chronic 

inflammation can lead to DNA damage (Wink et al., 1998b). Peroxynitrite can form 

DNA damaging 8-nitroguanine, a biomarker of inflammation-associated cancers 

(Kundu and Surh, 2012). During inflammation, RNS and ROS are released by 

activated inflammatory cells, attacking neighbouring epithelial and stromal cells, 

altering function and initiating carcinogenesis (Ying and Hofseth, 2007). NOS, with 

NADPH oxidase (NOX) and cyclooxygenase (COX) mediate hormone-induced 

oxidative/nitrosative stress in the rat, which leads to transformation of prostate 

epithelia into dysplasia (Tam et al., 2007). Another postulated mechanism is NO-

mediated activation of COX2 and the induction of CXCR4 (Ambs and Glynn, 2011). 

Inflammation derived nitric oxide also plays a role in tumour progression, for 

example through facilitating vascular permeability, thereby supporting rapid tumor 
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growth (Maeda and Akaike, 1998).  Clinical data shows NOS2 expression is an 

independent predictor of poor survival in women with oestrogen receptor (ER)-

negative breast tumours and correlated with tumour vascularisation, accumulations 

of p53 mutations, and activated epidermal growth factor receptor (EGFR) (Glynn et 

al., 2010). Prostate cancer PC3 cells were shown to acquire increased survival, 

proliferation, migration and invasion upon receiving photo-dynamic therapy, through 

the up-regulation of NOS2, and subsequent release of NO (Bhowmick and Girotti, 

2014, Fahey and Girotti, 2015). In addition, increased expression of NOS2 has 

regularly been reported in prostate cancer tissue compared to normal tissue, and its 

expression is intensified in high grade PIN compared to low-grade PIN or benign 

lesions, indicating that up-regulation is associated with cancer progression 

(Janakiram and Rao, 2012). In summary, NO plays an important role in prostate 

cancer development and progression. 

1.5 NO and proliferation 

1.5.1 Concentration-dependent effect 

The effect of NO on cellular proliferation clearly demonstrates NOs innate 

bimodality. In some cases NO inhibits cellular proliferation, and induces senescence, 

but it can also stimulate cell growth, with similar effects seen on tumour growth and 

inhibition (Sohn et al., 2012, Fukumura et al., 2006b). Whether a cell is stimulated or 

inhibited to proliferate appears to be dictated by the concentration of NO involved 

with a number of studies demonstrating this bimodal effect. Low concentrations of 

NO-donors (0.01-0.25mM) increased proliferation of keratinocytes, whereas 

elevated concentrations  (≥0.5mM) induced cytostasis (Krischel et al., 1998). Others 

assessed the cytotoxic effects of a series of novel furoxan-based NO-releasing 

derivatives of glycyrrhetinic acid at different concentrations on human hepatocellular 

carcinoma (HCC) and liver cells, demonstrating a cytotoxic effect on HCC cells 

(BCL-7402) at concentrations of 0.25-6.78 µM, whereas they had no cytotoxic effect 

on non-tumour liver cells (LO2). Further investigation using the Greiss assay 

showed that the compounds generated 3–5-fold higher concentrations of NO in HCC 

cells compared to LO2 cells. Use of haemoglobin, a NO scavenger reduced NO 

concentrations and inhibited cytotoxic effects (Lai et al., 2010). Concentration 

dependent effects of NO on human leukaemia line HL-60 were observed using the 
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NO-donor diethylenetriamine nitric oxide adduct (DETA/NO), whereby 1-100 µM 

DETA/NO significantly stimulated proliferation and 250–1000 µM DETA/NO 

inhibited cell growth. This stimulation of growth was modulated by cyclin-

dependent kinase 2 (Cdk2) activity and nitrosylation (Kumar et al., 2010). 

Pheochromocytoma PC12 cells treated with DETA/NO for 24h at low 

concentrations (25–50μM) significantly stimulated proliferation, while 

concentrations of 150–250μM produced between 200 and 600nM NO and inhibited 

proliferation. It should be noted that the actual physiological concentration of NO in 

the cells was much lower, between 20 and 100 nM (Bal-Price et al., 2006). Upon 

iNOS transfection into various tumour cell lines, in vitro cell proliferation was 

decreased, however in vivo, tumour growth was observed to be both increased 

(Jenkins et al., 1995) and decreased (Xie et al., 1995), therefore the effect was 

tumour specific. 

1.5.2 NO inhibits cell proliferation 

NO has been shown to inhibit the growth of gastric cancer cells (Sang et al., 2011), 

human endothelial cells at concentrations of ≥100 µM (Heller et al., 1999), breast 

cancer cells (MDA-MB-231) (Pervin et al., 2001), neural precursor cells (Pena-

Altamira et al., 2010), human prostatic epithelial cell lines (Huguenin et al., 2004), 

and human bladder carcinoma cell lines (Huguenin et al., 2004). GIT-27NO, a novel 

NO-donor, inhibited the growth of PC3 and LnCap prostate cancer cells xenografted 

into nude mice, in a concentration-dependent manner (Donia et al., 2009). Also, 

saquinavir (Saq-NO), a NO-derivative of the HIV protease inhibitor, induced 

apoptosis and production of pro-apoptotic BCL-2-interacting mediator of cell death 

(Bim), in PC3, while in vivo studies showed that Saq-NO inhibited PC-3 

xenotransplants to a greater extent than the parental compound (Donia et al., 2011). 

One mechanism described for the inhibition of cell proliferation by NO is the up-

regulation of the BRCA1/Chk1/p53/p21 pathway in human neuroblastoma cells, 

implicated in negative control of the cell cycle (Wouwer et al., 2012). In another 

study, high concentrations of NO resulted in p53 activation and a G2/M cell cycle 

checkpoint in HCT-116 colon cancer cells (Hofseth et al., 2003).  
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1.5.3 NO promotes cell proliferation 

In contrast there are numerous of examples of NO stimulating cell proliferation. 

Nanomolar concentrations of NO increased cellular proliferation in breast cancer 

cells MDA-MB-231 and MCF-7  (Pervin et al., 2007), choriocarcinoma JEG-3 cells 

(Sanyal et al., 2000), and ovarian carcinoma HOC-7 cells (Keith Bechtel and 

Bonavida, 2001). Glioma stem cell (GSC) proliferation and tumour growth are 

promoted by NOS2, depending on NOS2 activity for growth and tumourigenicity, 

distinguishing them from non-GSCs and normal neural progenitors (Eyler et al., 

2011). Mechanisms of NO stimulation of cellular proliferation include increased 

endogenous basic fibroblast growth factor (bFGF) (Ziche et al., 1997), mitogen 

activated protein kinase (MAPK) pathway (Zheng et al., 2006), NOS3 activation by 

the phosphatidylinositol-3-kinase(PI3K)/Akt pathway and/or recruitment of heat-

shock protein 90 (Ridnour et al., 2006, Villalobo, 2007) and protein modification 

(Aranda et al., 2012). Low to intermediate concentrations found to stimulate cellular 

proliferation align with doses associated with chronic inflammatory disease, which 

might explain its role in carcinogenesis and tumour progression. In an animal model 

that allowed for the regulation of NOS2 levels, low levels were associated with 

tumour progression and high levels with tumour regression (Wang et al., 2003). 

1.6 NO and senescence 

Senescence, a cellular state of irreversible cell cycle arrest, is characterised by an 

enlarged, flattened morphology, an altered gene expression pattern and chromatin 

structure, in addition to an activated DNA damage response (Saretzki, 2010). It is 

traditionally considered to be a defence mechanism of the cell in response to certain 

stresses, thereby preventing the proliferation of critically damaged cells. Senescence 

is governed either by the p53/p21 pathway or the RB/p16 pathway, or a combination 

of both (Campisi and d'Adda di Fagagna, 2007). Senescence-associated secretory 

phenotype (SASP) is described as the secretion of growth factors and cytokines by 

senescent cells into the surrounding microenvironment (Fumagalli and d'Adda di 

Fagagna, 2009). Two of the main SASP factors are IL-6 and IL-8, and these factors 

can then alter the surrounding microenvironment in a tumour-promoting manner, by 

inducing epithelial-mesenchymal transition (EMT), invasiveness, angiogenesis and 

the renewal of stem and progenitor cells (Acosta and Gil, 2009, Evan and d’Adda di 
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Fagagna, 2009). Recent research, however, has demonstrated that SASP factors are 

induced by a persistent DNA damage response, as opposed to senescence (Rodier et 

al., 2009).  Macrophage derived NO has been shown to contribute to the induction of 

senescence and DDR in normal human fibroblasts (WI38 and MRC5)  (Sohn et al., 

2012). Up-regulation of NOS2 was observed in the initiation and maintenance 

phases of senescence in methotrexate-treated human colon cancer C85 (Dabrowska 

et al., 2011). In summary, NO has been shown to play a role in inducing cellular 

senescence.  

1.7 NO and angiogenesis 

Angiogenesis is vital for tumour progression and NO is a key mediator of this 

process. Without the means to supply a tumour with nutrients and remove its waste 

products, tumour expansion and metastasis would not be possible. NO can promote 

or inhibit angiogenesis, depending on concentration and duration of exposure, 

intrinsic sensitivity of cells to NO and the activity and distribution of NO (Fukumura 

et al., 2006b). NO acts as downstream mediator of multiple angiogenic effectors but 

its mechanisms are complex and involve multiple pathways (Cooke, 2003).  

 

1.7.1 NO promotes angiogenesis 

Inhibition of NOS prevented prostaglandin E1 (PGE-1)-induced angiogenesis in the 

rabbit cornea in vivo, while angiogenesis was stimulated by NO-donor sodium 

nitroprusside (SNP) in these models (Ziche et al., 1994). L-NAME blocked 

formation of capillary tubes induced by bFGF and TGFβ on human umbilical venous 

endothelial cells in a 3-D gel, by terminating proliferative actions of growth factors 

and promoting differentiation of quiescent endothelial cells into vascular tubes 

(Babaei et al., 1998). NO also exerts pro-angiogenic effects through inhibition of 

endogenous anti-angiogenic factors. Thrombospondin 1 (TSP1) was reduced in 

vascular endothelial cells by addition of an NO-donor in a triphasic manner, with 

reduction of expression at 0.1 µM, increase at 100 µM, and decrease at 1 mM in an 

extracellular signal-regulated kinase-1 (ERK) phosphorylation-dependent fashion 

(Ridnour et al., 2005). L-NAME was found to increase angiostatin in vascular 

endothelial cells, thereby inhibiting angiogenesis. (Matsunaga et al., 2002). Sikora, 

Gelbard et al. (2010) demonstrated in vivo that the NOS2 inhibitor, L-nil, decreased 
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the density of CD31+ microvessels in immunodeficient mice injected with human 

melanoma or colon cancer cell lines. The NOS inhibitor NG-nitro-L-arginine (L-

NNA) induced acute and sustained reduction in human tumour blood volume, 

providing clinical evidence that inhibition of NOS has tumour anti-vascular effects 

(Ng et al., 2007). NO also promotes tumour vessel maturation and vessel dilation 

(Fukumura et al., 2006b), in addition to recruitment of bone-marrow-derived-cells 

and perivascular cells which enhance angiogenesis. 

1.7.2 NO inhibits angiogenesis 

Similar to its inhibitory effects on cellular proliferation and EMT, NO also exerts 

inhibitory effects on angiogenesis. The NO-producing sodium nitroprusside (NaNP) 

and NOS substrate L-arginine, inhibited angiogenesis in an in vivo model of the 

chick embryo chorioallantoic membrane (Pipili-Synetos et al., 1995), as did 

isosorbide mononitrate (ISMN) (Pipili-Synetos et al., 1993). Low SNAP 

concentrations (0.1-0.3 mM) caused an increase in angiogenesis in microvascular 

endothelial cells, whereas a SNAP concentration of 0.5-4 mM, inhibited 

angiogenesis, in a dose-dependent manner, both mediated by PKC and ERK, acting 

on AP-1 (Jones et al., 2004). RKO and SW480 colon cancer cells treated with a 

novel NO-NSAID, GT-094, had down-regulation of vascular endothelial growth 

factor (VEGF) and its receptors, coinciding with inhibition of cellular proliferation 

and induction of apoptosis (Pathi et al., 2011). Another NO releasing drug, JS-K, 

inhibited human umbilical vein endothelial cell (HUVEC) proliferation and 

migration, decreased cord junction number and cord length and vessel growth was 

wholly blocked in a chick aortic ring assay, at IC50 values of less than 0.7µM, while 

also inhibiting tumour angiogenesis in vivo (Kiziltepe et al., 2010).  
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Figure 1: Concentration-dependent effects of NO in cancer. Low levels of NO (<100nM) promote 

increased proliferation and angiogenesis. Medium levels of NO (100–500nM) promote increased 

invasiveness, metastasis, cytoprotection and repress apoptosis. High levels of NO (>500nM) promote 

DNA damage, oxidative/nitrosative stress, cytotoxicity and apoptosis. 

1.8 NO and EMT  

Epithelial-mesenchymal transition (EMT) encompasses a series of events during 

which epithelial cells lose their epithelial characteristics and assume properties 

typical of cells of mesenchymal lineage. This requires complex changes in cell 

architecture and behaviour (Thiery and Sleeman, 2006). During early carcinogenesis, 

the tumour remains encapsulated by the basement membrane (BM). EMT enables 

transformed cells to disseminate through fragmented BM and intravasate into lymph 

or blood vessels and be transported to other organs (Thiery, 2002). Lone carcinoma 

cells can then extravasate at secondary sites and either remain solitary 

(micrometastasis) or form a new tumour through mesenchymal-epithelial transition 

(MET) (Thiery, 2002). EMT has been shown to contribute to prostate cancer 

progression and metastasis, contributing to therapy resistance, stemness, and tumour 

recurrence (Khan et al., 2015). The role of NO in EMT is unclear and, akin to 
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cellular proliferation, contradictory. NO can both promote (by direct induction of 

tumour-cell migration and invasion, and indirectly through expression of angiogenic 

and lymphangiogenic factors in tumour cells) and inhibit (through DNA damage, 

gene mutation and apoptosis) tumour metastasis (Fukumura et al., 2006b), depending 

on the concentration involved. 

1.8.1 NO promotes EMT 

Up-regulation of NOS2 and accompanying NO release induced by photodynamic 

therapy was shown to increase the migration and invasion of PC3 and DU145 

prostate cancer cells, with an increase in matrix metalloproteinase-9 (MMP-9) 

activity in the PC3 treated cells. These effects were reduced when an NOS2 inhibitor 

or NO scavenger was introduced in the system (Fahey and Girotti, 2015).  Cell 

invasion is a critical event in metastasis. A study performed using mammary 

adenocarcinoma cell lines C3L5 (highly metastatic) and C10 (weakly metastatic) 

showed that C3L5 cells expressed higher levels of NOS3 and produced more NO 

than the C10 cells. The C3L5 cells had a higher efficiency of spontaneous metastasis 

and were more invasive. L-NAME inhibited invasion of both cell lines (Jadeski et 

al., 2000b). MMPs are a family of pro-metastatic enzymes involved in the 

degradation of BM proteins (Ray and Stetler-Stevenson, 1994). A significant 

association was found between MMP-9 and NOS2 expression in hepatocellular 

carcinoma by immunohistochemistry, with MMP-9 and NOS2 strongly correlating 

with risk of recurrence (Sun et al., 2005). MMP-1, -3, -10, and -13 were 

transcriptionally enhanced by NO in the human melanoma cell line C32TG. Further 

investigation showed that NO-mediated MMP-1 was activated through ERK and p38 

MAPK pathways, which are highly activated during tumour inflammation, resulting 

in tumour progression (Ishii et al., 2003). Additionally DETA/NO treatment led to 

decreased cell adhesion, decreased E-cadherin, and concomitant increased 

expression of vimentin and β-catenin, implicating NO-mediated signalling in ER-

negative breast cancer EMT (Switzer et al., 2012b). The above studies demonstrate 

NOs ability to enhance tumour metastasis.  

1.8.2 NO inhibits EMT 

NO can also have anti-EMT effects. Constitutively activated Snail, downstream of 

nuclear factor-kappaB (NF-κB), induces metastasis, while Raf-1 kinase inhibitor 
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protein (RKIP) and E-cadherin repress metastasis. NO can inhibit Snail, thereby 

inducing RKIP, thereby inhibiting metastasis (Baritaki et al., 2010). In resistant 

tumour cells there appears to be a dysregulated NF-κB/Snail/YinYang1 (YY1)/RKIP 

circuitry. Inhibition of NF-κB, Snail, and YY1 was shown to be induced by S-

nitrosylation, following treatment with NO donors in prostate cancer cells, 

consequently inhibiting EMT (Bonavida and Baritaki, 2011). Baritaki et al. (2010) 

treated prostate metastatic cell lines with high levels of DETA/NO and showed 

decreased Snail, increased RKIP and E-cadherin, thereby inhibiting EMT. In another 

study, NOS2 null tumour cells injected into NOS2(-/-) mice showed a higher 

proliferation rates and incidence of lung metastases than when transplanted into 

NOS2(+/+) mice (Wei et al., 2003). TGFβ1-induced EMT in alveolar cells was 

reduced by treatment with NO-donors (Vyas-Read et al., 2007) while topical 

treatment of NO-exisulind UVB-induced skin tumours in a murine model reduced 

EMT with decreased fibronectin, N-cadherin, SNAIL, Slug and Twist and increased 

E-cadherin (Singh et al., 2012). NO inhibited MMP-9 expression and activity in an 

orthotopic model of renal cell carcinoma (Weiss et al., 2010) while 12-O-

tetradecanoylphorbol 13-acetate (TPA)-induced MMP-9 is inhibited in an NO-

dependent manner in MCF7 breast cancer cells (Jespersen et al., 2009). Also, NO 

can destabilize MMP-9 mRNA (Akool et al., 2003). The above mentioned studies 

demonstrate that NO can inhibit EMT through a variety of mechanisms. 

1.9 NO and DNA damage 

Genomic instability, through its ability to generate random mutations including 

chromosomal rearrangements, and the subsequent conferral of selective advantage 

on subclones of mutated cells, has been described as an enabling characteristic of 

cancer (Hanahan and Weinberg, 2011). A wide range of genomic alterations, such as 

somatic mutations, copy number alterations (CNAs), gene fusions, complex 

chromosomal rearrangements and aneuploidy characterise prostate cancer, 

demonstrating that genomic instability is fundamental to the progression of this 

disease (Tapia-Laliena et al., 2014). DNA double strand breaks (DSBs) are 

considered the most harmful type of DNA lesion as a single DSB can result in cell 

death, and in addition can induce gross chromosomal rearrangements resulting in 

oncogene activation and/or loss of tumour suppressors, thereby driving malignant 

transformation (Panier and Boulton, 2014). DNA DSBs elicit a complex DNA 
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damage response (DDR) consisting of a signalling network made up of sensor 

proteins that recognise DNA damage and transducer proteins that recruit subsequent 

effector proteins that dictate the ultimate outcome, be that cell cycle arrest, apoptosis 

or DNA repair (Tian et al., 2015). Non-homologous end-joining (NHEJ) and 

homologous recombination (HR) are the two main pathways that become activated 

upon DSBs. NHEJ re-joins the broken ends of a severed DNA molecule and is 

considered to be an error-prone DNA repair method, while HR requires a 

homologous template and is considered to be error-free (Valerie and Povirk, 2003). 

Rad51 is a DNA repair protein, whose presence is indicative of DNA double strand 

break repair via the HRR pathway (Ceccaldi et al., 2015), while 53BP1 is a DNA 

repair protein, and is commonly used as a surrogate marker for NHEJ DNA double 

strand break repair (Panier and Boulton, 2014). NO/RNS can cause both DNA base 

modifications and strand breaks (Sawa and Ohshima, 2006). RNS can induce the 

deamination of guanine, cytosine, and adenine in vivo, which can lead to DNA 

lesions (Wink et al., 1998b, Liu and Hotchkiss, 1995). Prolonged exposure of cells to 

NO, for example during chronic inflammation, can induce DNA damage in addition 

to altering DNA repair and apoptosis, resulting in a tumour promoting environment 

(Hussain et al., 2008). Treatment with NO resulted in DDR activation of multiple 

myeloma cells (Fionda et al., 2015) and MCF-7 breast cancer cells, where an 

accumulation, and various post-translational modifications of p53 were observed 

(Hofseth et al., 2003). NO can also effect the enzymatic activity of many DNA repair 

proteins, including the inhibition of DNA alkyl transferase, formamidopyrimidine-

DNA glycosylase and DNA ligase (Wink et al., 1998b). Use of a specific NOS2 

inhibitor in a diethylnitrosamine (DEN) induced HCC mouse model, blocked DNA 

repair protein O6-alkylguanine-DNA-alkyltransferase (AGT) depletion, resulting in 

reduced HCC multiplicity, size and burden, suggesting that nitrosative stress induced 

defective DNA damage repair promotes HCC initiation and progression (Tang et al., 

2013). 

1.10 NO and cellular transformation 

Transformation of a normal cell into a cancer cell requires specific genetic mutations 

in only a limited number of cellular regulatory pathways to occur during the multi-

step transitional process (Hahn and Weinberg, 2002). The disruption, loss or 

decreased expression of tumour suppressor genes phosphatase and tensin homologue 
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deleted on chromosome 10 (PTEN) and p53 are two of the main genetic alterations 

that occur in the pathogenesis of prostate cancer, along with sustained activation of 

Akt and c-Myc (Mimeault and Batra, 2011). Up to 50% of prostate tumours display 

loss of PTEN (Facher and Law, 1998), whose main tumour suppressive activity is 

through its phosphatidylinositol phosphate phosphatase activity on 

phosphatidylinositol 3,4,5-trisphosphate (PIP3) and its interaction with p53. 

Inactivation of PTEN leads to an accumulation of PIP3 which mimics PI3K 

activation, resulting in Akt activation (Blanco-Aparicio et al., 2007). Activation of 

Akt promotes cell proliferation through inhibition of glycogen synthase kinase 3β 

(GSk3β) and activation of c-Myc (Assinder et al., 2009). PTEN’s interaction with 

p53 involves the blocking of MDM2 mediated p53 inactivation, thereby promoting 

both p53 activity and a feed-forward loop, as p53 stimulates PTEN expression 

(Mayo et al., 2002). Concurrent loss of PTEN and p53 contributes to the self-renewal 

and differentiation of prostate progenitors/tumour initiating cells (Martin et al., 

2011). Kim et al. (2009) demonstrated that c-Myc overexpression cooperates with 

PTEN deficiency to promote prostate tumourigenesis (Kim et al., 2009). Continuous 

exposure to moderate-to-high concentrations of NO, produced by NOS2, promotes 

neoplastic transformation with NO-induced DNA damage leading to cellular 

transformation, mutations in p53 and S-nitrosylation of caspases generating 

apoptosis-resistant cells which can result in clonal selection (Fukumura et al., 

2006a). Genetic ablation of NOS2 produced an 80% reduction in urethane-induced 

lung tumour formation (Kisley et al., 2002). Colon cancer stem cells with high levels 

of endogenous NO showed higher tumourigenic characteristics, including increased 

proliferation, clonogenic ability and migration/invasion, as well as in vivo tumour 

initiation properties compared to colon cancer stem cells with low endogenous NO 

levels (Puglisi et al., 2015). 

1.11 NO and p53 

P53 is a stress response tumour suppressor gene, whose activation invariably results 

in cell cycle arrest, senescence or apoptosis (Levine et al., 2006). It plays a major 

role in cell cycle checkpoints activated in response to DNA damage, exogenous 

stress signals, defects during the replication of DNA, or failure of chromosomes to 

attach to the mitotic spindle, and consequently mutation or inactivation of the p53 

pathway is found over 50% of human tumours (Giono and Manfredi, 2006). The 
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tumour suppressive function of p53 is mostly attributed to its ability to function as 

transcription factor, enabling it to induce the expression of a vast array of genes 

involved in several cellular processes (Hao and Cho, 2014). p53 plays a key role in 

the G1/S cell cycle checkpoint, which is initiated in response to DNA damage by 

inducing the expression of CDK inhibitor p21 which is essential for cell cycle arrest 

in G1 (Giono and Manfredi, 2006). Induction of apoptosis by p53 involves 

regulation of bax, noxa and puma resulting in release of cytochrome c from the 

mitochondria, leading to caspase activation, and ultimately apoptosis (Harris and 

Levine, 2005). Cells with mutated p53 have diminished regulation of cell cycle 

checkpoints, DNA repair and apoptosis and therefore can contribute to cellular 

clonal expansion (Wahl and Carr, 2001). As mentioned previously, NO-mediated 

DNA damage can induce p53 accumulation and activation. A negative feedback loop 

exists here where the accumulation of p53 results in the down-regulation of NOS2, 

which can lead to selective clonal expansion of cells with mutant p53 (Xu et al., 

2002). NO has also been associated with p53 mutations. A positive correlation 

between NOS2 activity and G:C to A:T mutations in p53 was shown in colon 

tumours (Ambs et al., 1999). In addition, a significant association between 

nitrotyrosine (a marker of chronic NO-inducing cellular protein damage) and 

endogenous p53 mutations was demonstrated in oesophageal adenocarcinoma 

(Vaninetti et al., 2008), as well as a significant correlation between high NOS 

activity in lung adenocarcinoma and p53 mutations (Fujimoto et al., 1998).  

1.12 NO and apoptosis 

Apoptosis involves DNA damage induced programmed cell death mediated through 

activation of caspases and is a safeguard against cellular transformation 

(Malaguarnera, 2004). NO can regulate many of molecules and organelles involved 

in apoptotic pathways, including p53, Bcl-2, caspases, mitochondria, and heat shock 

proteins (Tarr et al., 2006). 

1.12.1 NO promotes apoptosis 

High levels of extracellular NO can induce apoptosis by direct membrane damage, 

inhibition of ribonucleotide reductase and inhibition of cellular ATP generation by 

mitochondrial electron transport enzymes aconitase and mitochondrial 

glyceraldehydes-3-phosphate dehydrogenase (GAPDH) (Brown, 1999). NO can 
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induce apoptosis through S-nitrosylation of NF-κB, GAPDH, Fas receptor, and B-

cell lymphoma 2 (Bcl-2) (Aranda et al., 2012). p53 accumulates post NO-mediated 

DNA damage and can lead to apoptosis. Other NO-mediated pro-apoptotic 

mechanisms includes induction of MAPK-phosphatase-1 (MKP-1) and survivin 

down-regulation (Mocellin et al., 2007). NOS2 activation was essential for the 

sanguinarine-mediated apoptosis of LNcaP prostate cancer cells, as was 

demonstrated by use of the NOS inhibitor L-NMMA, which effectively inhibited 

apoptosis in these cells (Huh et al., 2006). DETA/NO treatment of TRAIL-resistant 

prostate cancer cells sensitised the cells to TRAIL-induced apoptosis via the 

inhibition of YY1 (Huerta-Yepez et al., 2009). Endogenous NO catalysed by NOS1 

induced S-nitrosylation of GLuR6 in ischaemia-reperfusion, activating 

GluR6/PSD95/MLK3 and JNK apoptotic signalling (Di et al., 2012). Treatment of 

A375 human melanoma cells with capsaicin and resveratrol inhibited cell growth 

and promoted apoptosis by increasing NO production leading to p53 activation 

(Kim, 2012). In summary, NO can induce apoptosis through a number of different 

mechanisms. 

1.12.2 NO inhibits apoptosis 

NO can also inhibit apoptosis via cell-death protective protein expression, radical–

radical interferences (Brüne, 2003), and S-nitrosylation of caspases at their active 

site cysteines, and cGMP (Kim and Tannenbaum, 2004). Inhibition of apoptosis by 

NO has been observed in endothelial cells, lymphoma cells, ovarian follicles, cardiac 

myocytes, vascular smooth cells and hepatocytes (Olson and Garbán, 2008). NOS2 

inhibitors and NO scavengers demonstrated the role of NO in preventing caspase-3/7 

activation and apoptosis in photosensitised PC3 prostate cancer cells receiving 

irradiation treatment (Bhowmick and Girotti, 2014). Both exogenous (NO-donor and 

NOS transfection) and endogenous (stimulation by pro-inflammatory cytokines) NO 

inhibited transforming growth factor-β1 (TGF-β1)-induced EMT and apoptosis in 

mouse hepatocytes (Pan et al., 2009). In primary B cell cultures isolated from B-cell 

chronic lymphocytic leukaemia (B-CLL) patients, the introduction of L-NAME 

substantially increased apoptotic DNA fragmentation in B-CLL cells (Liu and 

Stamler, 1999). Endothelial cells (ECs) pre-treated with pro-inflammatory cytokines 

or NO-donor, showed an increase in Bcl-2 and inhibition of Bax expression, and 

consequently protected cells from UVA induced apoptosis, an effect which was 
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abrogated by addition of a NOS2 inhibitor (Suschek et al., 1999). Tumour necrosis 

factor-α (TNFα) and actinomycin-D treated MCF-7 cells treated with NO-donors 

showed an inhibition of Bcl-2 cleavage and cytochrome c release, leading to 

blockage of apoptosis and caspase-3-like activation (Kim et al., 1998). Apoptosis is 

induced and preneoplastic colonic lesions are prevented through the inhibition of 

NOS2 and NF-κB when dolastatin-15, a mollusk linear peptide, and celecoxib, a 

selective COX2 inhibitor are used (Piplani et al., 2012). The use of NO-donors 

demonstrated NO’s dual role in apoptosis – low concentrations (0.1 mM SNAP/0.15 

mM SNP) reduced apoptosis while high concentrations (0.8 mM SNAP/1.2 mM 

SNP) increased it. In this instance, NO induced apoptosis through the p38MAPK /C-

EBP homologous protein (CHOP) pathway (Wang et al., 2011). The above 

mentioned studies demonstrate that NO effects in tumourigenesis are highly 

concentration dependent. 

1.13 NO as an anti-cancer agent 

It comes as no surprise that NO has been exploited as an anti-cancer target for some 

time. Various approaches have been investigated, including NO as radiotherapy and 

chemotherapy sensitizers, and NOS inhibitors and novel NO donating drugs (Aranda 

et al., 2012). In a phase II study, low-doses of NO releasing glyceryl trinitrate (GTN) 

were administered to prostate cancer patients following primary treatment failure. 

NO significantly reduced hypoxia-induced cancer progression, as measured by 

prostate-specific antigen (PSA) doubling time (Siemens et al., 2009). Various forms 

of NO-donor drugs have been investigated on a range of cancer cell lines, including 

NONOates DEA/NO and PAPA/NO, S-nitrosothiols (i.e. SNAP and GSNO) which 

are effective anti-proliferative agents against many cancer cell lines (Aranda et al., 

2012, Wink et al., 1998a, Chinje and Stratford, 1997). Investigation of the inhibitory 

effect of JS-K on androgen receptor (AR) signalling in castration resistant 22Rv1 

prostate cancer cells, showed attenuation of intracellular functional AR, due to 

generation of high NO levels, coupled with significant growth inhibition (Laschak et 

al., 2012). NO-NSAID donor drugs are potential anticancer drugs derived from 

traditional NSAIDs, modified to include NO-releasing moiety via a linking spacer 

(Kozoni et al., 2007). NO-NSAIDs were originally developed to overcome side-

effects of NSAIDs, such as gastrointestinal complications, while maintaining the 

positive effects of the parental NSAID in addition to the anti-cancer properties of 
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NO (Rigas and Kashfi, 2004). NO-NSAIDs exert their anti-cancer function through 

inhibition of proliferation and cell cycle, induction of apoptosis, and modulation of 

Wnt and NFκB signalling pathways (Rigas and Kashfi, 2004). IPA/NO-aspirin and 

DEA/NO-aspirin induced growth inhibition in several breast cancer cell lines, as 

well as in xenografts of MDA-MB-231 cells (Basudhar et al., 2015). NO-Sulindac 

compounds were shown to exert cytotoxic, pro-apoptotic and anti-invasive effects on 

PC3 prostate cancer cells, in addition to inhibiting their response to hypoxia 

(Nortcliffe et al., 2014, Stewart et al., 2009). NO-NSAIDs inhibited HT-29 colon 

adenocarcinoma cells substantially more so than the parental NSAID alone 

(Williams et al., 2001). F344 rats with azoxymethane-induced colon cancer 

subjected to NO-ASA at 40% and 80% of the maximum tolerated dose as for two 

weeks, demonstrated significantly reduced tumour incidence, multiplicity and 

reduced tumour NOS2 activity (Rao et al., 2006). It remains unclear however, 

whether it is in fact the NO moiety that infers its biological effects, as opposed to the 

spacer (Rigas, 2007). NOS inhibitors have also been studied extensively. In a KC 

mouse model of pre-invasive pancreatic cancer, treatment with L-NAME, and use of 

NOS3-/- mice, attenuated development of pancreatic lesions (Lampson et al., 2012). 

The NOS2 inhibitor 1400W inhibited tumour growth by 54% in a xenograft mouse 

model of human adenoid cystic carcinoma. Significant reduction in lung metastasis, 

correlating with a reduction in microvessel density and an increase in tumour stroma 

and parenchyma was also noted (Takaoka et al., 2011). The weakly tumourigenic 

and non-metastatic fibrosarcoma (QR-32) assume a highly malignant tumour 

phenotype once transplanted in vivo. Mice were treated with and without the NOS2 

inhibitor amino guanidine (AG), and AG-treated tumour cells re-transplanted into 

healthy mice showed a significantly reduced incidence of metastases compared to 

controls (Okada et al., 2006). L-NAME treated C57BL/6 mice transplanted with 

C26GM colon carcinoma and RMA T lymphoma had a significantly reduced tumour 

volume compared to controls (Capuano et al., 2009). Another study investigating the 

effect of NO scavengers, non-isoform-selective NOS inhibitors and NOS2 selective 

inhibitors, on the growth and vascularisation of rat carcinomasarcoma showed that 

the NO scavengers and the L-NAME caused a 60-75% reduction in tumour growth, 

while the NOS2 specific inhibitors had no effect. This would suggest that a complete 

inhibition of NO is required for anti-tumour effects, rather than NOS2 alone (Flitney 

et al., 2011). The use of NOS inhibitors in combination with more conventional 
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treatments such as radiation has also been investigated. Tumour growth delay was 

observed when L-NAME was administered following radiation treatment in a 

syngeneic squamous cell carcinoma mouse model, with this effect being attributed to 

Th1 polarisation within the tumour microenvironment (Ridnour et al., 2015). 

Overexpression of NO by human osteocalcin (hOC) in PC3 xenografts yielded 

tumour growth delays of up to 52.2 days along with the upregulation of NOS2 and 

cleaved poly (ADP-ribose) polymerase protein expression (Coulter et al., 2010). ZR-

75-1 breast cancer cells transfected with the NOS2 gene delivered by the novel 

designer biomimetic vector (DBV), underwent 62% cytotoxicity and less than 20% 

clonogencity (McCarthy et al., 2011). In summary, NO has significant 

pharmacological potential for use as an anti-cancer therapy 

1.14 Experimental model 

The aim of this study was to investigate the capacity of NO produced by chronic 

inflammation to transform normal prostate epithelial cells. To this end, the RWPE-1 

cell line, an immortalised non-malignant prostate epithelial cell line routinely used in 

the field of prostate cancer research, was used to represent ‘normal’ prostate 

epithelial cells (Bello-DeOcampo et al., 2001). NO donors are routinely used in NO 

research as they can maintain a sustained level of NO. DETA/NO 

(diethylenetriamine NONOate) was chosen for this study as it possesses a long half-

life (~20 hours), light/metals/thiols/cells do not impact its spontaneous breakdown, 

and its only other breakdown component (DETA) is non-toxic (Thompson et al., 

2009). DETA/NO upon spontaneous dissociation, releases 2 moles of NO per mole 

of parent compound, in a pH-dependent, first-order process. One hundred, 300- and 

500- µM DETA/NO release approximately 80, 120 and 170 nm NO into pH 7.4 

DPBS at 6 hours, after which the level recedes entirely by 24 hours (Heinecke et al., 

2014). Several groups have measured NO in various cellular systems and correlated 

low, intermediate and high concentrations with biological effects (Ridnour et al., 

2007, Bove et al., 2007). In this study, DETA/NO concentrations yielding an NO 

release considered to be physiologically relevant in inflammation were used, i.e. 

intermediate steady state NO concentrations (100-500 nM) (Thomas et al., 2015), 

which 100-, 300- and 500- µM DETA/NO treatment mimicked. Acute inflammation-

derived NO effects were examined initially, induced by a single treatment of 
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DETA/NO at these concentrations. To investigate the effect of NO released during 

chronic inflammation, prostate epithelial cells were repeatedly exposed to NO over a 

prolonged period of time.   
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2.1 Cell culture 

2.1.1 Cell lines 

Non-malignant, immortalised human prostate epithelial RWPE-1 cells, prostate 

cancer cell lines 22Rv1, CWR22, PC3 and DU145 and human normal primary 

prostate epithelial cells were obtained from American tissue culture collection 

(ATCC; VA, USA)..Human umbilical vein endothelial cells (HUVEC) were a kind 

gift from Professor Tim O’Brien, REMEDI, NUI, Galway.  

2.1.2 Culture conditions 

RWPE-1 cells were maintained in complete keratinocyte serum-free medium (K-

SFM), supplemented with 50 μg/mL bovine pituitary extract and 5 ng/mL epidermal 

growth factor (Gibco). 22Rv1 and CWR22 prostate cancer cell lines were maintained 

in RPMI medium (Sigma) supplemented with 10% foetal bovine serum (FBS) 

(Sigma). DU145 prostate cancer cell line was maintained in MEMalpha medium 

(Gibco) and PC3 prostate cancer cell line was maintained in Ham’s F-12 nutrient 

mix (Gibco), both media were supplemented with 10% FBS. Primary prostate 

epithelial cells were maintained in prostate epithelial cell basal medium, 

supplemented with 6 mM L-Glutamine, 0.4% Extract P, 1 µM Epinephrine, 0.5 

ng/mL rh TGF-α, 100 ng/mL Hydrocortisone, 5 µg/mL rh Insulin and 5 µg/mL Apo-

transferrin (ATCC). All the media listed above contained 100 units/mL of penicillin, 

100 µg/mL of streptomycin, and 0.25 µg/mL of Fungizone® Antimycotic (Gibco). 

HUVEC cells were maintained in Endothelial Basal Medium-2 (EBM™-2; Lonza) 

supplemented with EGM™-2 BulletKit™ (Lonza) which contained the following 

components at undisclosed concentrations: hEGF, Hydrocortisone, GA-1000 

(Gentamicin, Amphotericin-B), FBS (10 ml, VEGF, hFGF-B, R3 -IGF-1, Ascorbic 

Acid, Heparin. Culture medium was changed every 2-3 days, and cells were 

passaged using 0.05% trypsin-Ethylenediaminetetraacetic acid (EDTA) (Sigma), 

upon reaching 70–80% confluency. Passaging of cells entailed washing the cells 

with Dulbecco's phosphate-buffered saline (D-PBS) (Sigma), followed by 

trypsinisation at 37
o
C for 5-15 minutes. An equal volume of complete media was 

added to the detached cells, the resultant suspension was centrifuged at 100–200g for 
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5 mins at room temperature, and the pellet was resuspended in the appropriate 

complete media. Cultures were grown in a humidified 5% CO2 environment at 37 C.  

2.1.3 Long term exposure of NO to RWPE-1 cells 

RWPE-1 cells were seeded in cell+ tissue culture vessels (Sarstedt, Germany) at a 

concentration of 1.3 x 10
4
 cells/cm

2
 and cultured at 37

o
C in 5% CO2. Forty-eight 

hours later cells were treated with either vehicle (10 mM NaOH) or 500 µM 

DETA/NO (Sigma) for 24 hours followed by replacement with fresh complete 

media. This procedure was performed twice-weekly, over the course of 8 to 11 

treatments (4-6 weeks). RWPE-1 cells exposed to 2 treatments/pulses of DETA/NO 

were named RW/NO_ST (short-term) cells. RWPE-1 cells exposed to 8-11 pulses 

were named RW/NO_LT (long-term). RW/NO_LT cells which were then cultured in 

media without DETA/NO and passaged for a further 2-10 passages were termed 

RW/NOw cells (i.e. long term NO treated post NO withdrawal). This culturing 

condition assessed the effect of NO withdrawal on LT cell phenotype. Cells were 

passaged upon reaching 70-80% confluency and treatments continued on the 

passaged cells. This procedure was carried out on 3 separate occasions, thereby 

yielding 3 entirely independent or individual selections or clones, namely 

RW/NO_ST/LT#1, RW/NO_ST/LT#2 and RW/NO_ST/LT#3. Therefore each 

RW/NO_ST/LT had a matched vehicle control.  

2.1.4 Freezing and thawing of cells 

All cell lines were cryopreserved in a freezing media composed of 90% FBS and 

10% dimethyl sulfoxide (DMSO) (Sigma). Cells were harvested and resuspended in 

1 mL of freezing media at a concentration of 1-3 x 10
6 

cells/mL and pipetted into 

cryovials (Nunc). The cryovials were then stored at -20
o
C for 2 hours, and then 

transferred to a -80
o
C freezer. Liquid nitrogen was used for the long-term storage of 

cells. Cell lines were restored by rapidly thawing a cryovials in a 37
o
C water-bath 

and transferring the contents to 10 mL complete media in a drop-wise manner within 

a 15 mL centrifuge tube (Sarstedt, Germany). The cell suspension was then 

centrifuged and the cell pellet resuspended in 5 mL of complete media, transferred to 

an appropriate tissue culture flask (Sarstedt) and the cells were allowed to attach and 

grow at 37
o
C and 5% CO2.  
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2.2 DAF-FM-DA assay 

2.2.1 Flow cytometry method 

NO production was determined by flow cytometry using DAF-FM/DA (4-amino-5-

methylamino- 2′, 7′-difluorofluorescein diacetate) (Sigma). DAF-FM diacetate is 

cell-permeant, passively diffusing across cellular membranes. Once inside cells, it is 

deacetylated by intracellular esterases to become DAF-FM which, upon reaction 

with NO, generates an increase in fluorescence that can be detected at 495/515 nm. 

Three hundred thousand RWPE-1 cells were seeded in 6-well cell+ plates (Sarstedt, 

Germany) for 48 hours and treated with vehicle (10 mM NaOH), 100-, 300-, and 

500-µM DETA/NO. At selected time-points, 1 µM DAF-FM-DA was added to the 

cells for 1 hour at 37
o
C. One sample was left unstained. Cells were then washed and 

harvested, resuspended in 1ml complete media with 3 µL/mL ToPro-3 viability stain 

(Molecular Probes, Oregon) on ice, followed by flow cytometry analysis using a BD 

Accuri flow cytometer. Cells were initially gated on morphology (FSC vs SSC), and 

then on DAF (FL1/FITC channel) versus ToPro-3 (FL4/APC channel). At least 

10000 events were collected for each sample. Exposure to light was avoided as much 

as possible due to the light sensitivity of the probes. Collected data were analysed 

with FlowJo v10.0.6 (Treestar) software. Signals were analysed on a frequency 

histogram.  

2.2.2 Plate reader method 

Five to six thousand cells per well were seeded into a 96 well black-walled clear-

bottom plate (Corning). Forty eight hours later the cells were loaded with 10 µM 

DAF-FM-DA for 75 minutes, the probe was washed out with D-PBS and replaced 

with phenol-free media (Gibco) containing the treatment indicated in the Results 

section. The fluorescence was read at excitation 485 nm, emission 535 nm, using a 

CytoFluor fluorescence multi-well platereader set at 37
o
C, and measurements were 

taken every 5 minutes for 7 hours, or every 15 minutes for 24 hours, depending on 

the assay. 
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2.3 Proliferation Assays 

2.3.1 xCELLigence method 

Ten thousand cells were seeded per well in E-plates (Cambridge Bioscience) in 

complete media and allowed to settle for 30 minutes at room temperature before 

plates were inserted into the xCELLigence system (ACEA Biosciences, San Diego). 

In experiments in which cells were undergoing specific treatments, this was 

performed 24 hours later. Proliferation was monitored in real time using the 

xCELLigence Real-Time Cell Analyzer (RTCA). Measurements were taken every 

15 minutes over 72 hours. Data were processed using the xCELLigence RTCA 

software and growth curves generated using Graphpad software. The xCELLigence 

system comprises of a measurement unit with 3 stations that each house one E-plate, 

and is situated within a standard tissue culture incubator (1 E-plate has 16 

wells). The E-plates contain gold plated sensor electrodes in the well bottoms which 

generate electronic impedance values to measure cellular proliferation. As cells 

attach or detach from the wells electronic readings change producing a change in the 

impedance which is calculated using algorithms and plotted as cell index, yielding a 

direct correlation with the cell index readout. Consequently the cell index increases 

as cells attach and proliferate and decreases upon the addition of a cytotoxic agent as 

cells die.  

2.3.2 Counting assay 

RWPE-1 cells were seeded in triplicate into 6-well plates at a concentration of 1 x 

10
5
 cells per well and treated with vehicle (10 mM sodium hydroxide (NaOH)), 100-

, 300- and 500-µM DETA/NO 48 hours later. At the time points indicated in the 

results section, samples were harvested, and cells were counted in a haemocytometer 

using trypan blue (Sigma) exclusion. Total cell numbers were calculated and plotted. 

The dead cells were calculated as a percentage of the total cell number in each 

sample. The doubling times were calculated using the following formula: 

DT=T ln2/ln(Xe/Xb) where T is the incubation time in hours, Xb is the number of 

cells seeded and Xe is the number of cells harvested. 
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2.4 Cell cycle analysis 

One million RWPE-1 cells were seeded in petri dishes followed by treatment 48 

hours later. At the time points outlined in the results section, the cells were harvested 

and filtered at the indicated time points post treatment, and 1 x 10
6
 cells per sample 

were fixed in ice-cold 70% ethanol (Sigma) for at least 2 hours. Next, the ethanol 

was decanted and the cells were washed in PBS, followed by staining with 0.5 ml 

propidium iodide (PI)/RNase staining buffer (BD Biosciences) for 15 minutes 

protected from light and kept on ice protected from light until analysis on the BD 

FACS Canto flow cytometer. At least 10000 events were recorded per sample. The 

gating strategy was as follows: 1) cell morphology based on forward scatter (FSC) 

versus side scatter (SSC), 2) large event discrimination based on FSC versus SSC 

and 3) large event discrimination based on fluorescence. The percentage of cells in 

G1, S, and G2/M of the cell cycle was analysed at the time points indicated in the 

results section, using Flowjo v10.0.6 software using the Dean Jett Fox model. 

2.5 Senescence-associated-β-galactosidase Assay 

RWPE-1 cells were seeded in triplicate in 6-well plates at a concentration of 5 x 10
4
 

cells per well. The cells were treated with vehicle (10 mM NaOH), 100-, 300- and 

500-µM DETA/NO 48 hours later. The Senescence Detection Kit (Biovision, CA) 

was utilised according to manufacturer’s instructions. Briefly, cells were then 

washed and fixed (fixative solution contained < 2% formaldehyde and < 0.2% 

glutaraldehyde), for 10– 5 minutes at room temperature. After washing the cells, 

staining solution containing 20 mg/mL X-gal was added to the cells and the plate 

was incubated overnight at 37
o
C. Cells were then observed using an Olympus 

CKX41 inverted microscope (Olympus, Germany) for positive (i.e. blue) staining 

and images were recorded.  

2.6 Protein detection 

2.6.1 Sample preparation 

Cells pellets were obtained as described in section 2.1.2, washed with PBS, followed 

by lysis on ice for 15 minutes with an appropriate volume of RIPA buffer (Sigma) 

containing protease inhibitors (Fisher). Samples were then centrifuged at 12,000 rpm 

for 15 minutes at 4
o
C. Supernatants were transferred to fresh tubes and stored at -
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20
o
C. Protein concentration was determined using the BCA assay (ThermoFisher, 

MA). 

Note: For analysis of apoptosis-related proteins such as PARP or Caspase-3, culture 

supernatants were collected, centrifuged at 100 g for 5 minutes and the resulting 

pellet combined with the cell pellet prior to cell lysis. 

2.6.2 Sample preparation for histone proteins 

Cells were harvested as per section 2.1.2 and counted using a haemocytometer. The 

cell pellets were washed with D-PBS and lysed in a minimum of 100 µL 1X 

Laemmli buffer (5X Laemmli buffer: 1 M Tris-HCl, sodium dodecyl sulphate (SDS), 

100% glycerol, 0.5% (w/v) bromophenol blue, dH2O, 100% 2-Mercaptoethanol) (all 

from Sigma). The amount of Laemmli buffer added was based on the cell number, 

e.g. 7.5 x 10
5
 cells per 100 µL buffer, to ensure equal protein concentrations across 

the samples. The samples were then sonicated (open-faced) using a Branson Digital 

Sonifier® (Branson, Connecticut) at amplitude 10%, for 10 seconds (1 second on/1 

second off), and stored at -20
o
C.  

2.6.3 Immunoblotting 

NuPAGE® LDS Sample Buffer with NuPAGE® Sample Reducing Agent (Life 

Technologies) was added to the protein sample at a ratio of 1:3 (with the exception 

of samples for detection of histone proteins), and the samples were boiled at 95
o
C for 

5 minutes. Equal concentrations of protein from each sample were resolved using 8-

12% SDS-polyacrylamide gels or pre-cast NuPAGE® Bis-Tris gels (Life 

Technologies) in NuPAGE® MES SDS Running Buffer (Life Technologies) or 

running buffer prepared in-house (10X tris-glycine, 10% SDS, dH2O). The 

percentage gel selected was dependent on the molecular weight of the protein of 

interest. Proteins were transferred to nitrocellulose membranes using the iBlot® dry 

blotting system (Life Technologies). Membranes were then stained with Ponceau S 

(Sigma) stain to assess equal protein loading. Ponceau S was washed off using 1X 

tris buffered saline tween (0.1%), (TBS-T), (25 mM Tris; 3 mM potassium chloride 

(KCl); 68.5 mM sodium chloride (NaCl) (pH8) (all from Sigma), and membranes 

were blocked in 5% milk (Sigma) in TBS-T for 1 hour at room temperature. 

Membranes were then incubated in primary antibody in 5% milk or 5% bovine 
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serum albumin (BSA) for phospho-protein detection) in TBS-T, overnight at 4
o
C. 

See Table 2.1 below for antibody details. Membranes were then washed 3 times for 5 

minutes each with TBS-T, followed by incubation with either IRDye 800CW goat 

anti-rabbit or IRDye 680LT goat anti-mouse secondary antibodies (LI-COR 

Biosciences) in 5% milk in TBS-T for 45 minutes at room temperature, protected 

from light. See Table 2.2 below for secondary antibody details. Three 5 minute 

washes with TBS-T and one 5 minute wash with TBS were then performed, 

followed by imaging of the blot using the ODYSSEY
®
 CLx Imager (LI-COR 

Biotechnology, Nebraska).  

Antibody Application Dilution Company Product # 

Anti-α-tubulin WB 1:1000 Cell Signalling 

Technology (CST) 

2125 

Anti-Akt WB 1:1000 CST 9272 

Anti-p-Akt WB 1:1000 CST 4058 

Anti-β-actin WB 1:20000 Sigma A5441 

Anti-Caspase-3 (cleaved) WB 1:1000 CST 9665 

Anti-Chk-1 WB 1:1000 Santa Cruz 8408 

Anti-p-Chk-1 WB 1:1000 CST 2341 

Anti-GSKα/β WB 1:1000 CST 5676 

Anti-p-GSKα/β (ser 21/9) WB 1:1000 CST 9331 

Anti-E-cadherin WB 1:1000 CST 3195 

 Anti-PARP (cleaved) WB 1:1000 CST 9542 

Anti-PTEN WB 1:1000 CST 9559 

Anti-phospho-Rb (ser 608) WB 1:1000 CST 2181 

Anti-p16 WB 1:1000 BD Pharmingen 550834 

Anti-p21Waf1/Cip1 WB 1:1000 CST 2947 

Anti-p27 Kip1 WB 1:1000 CST 3688 

Anti-p53 (DO-1) WB 1:1000 Santa Cruz F1113 

Anti-p-p53 (ser 15) WB 1:1000 CST 9284 

Anti-Rad51 IHC 1:100 Millipore PC130 

Anti-Vimentin WB 1:1000 CST 5741 

Anti-Vimentin IHC 1:250 CST 5741 

Anti-γH2AX WB 1:1000 Upstate 07164 

Anti-γH2AX (ser 139) IHC 1:1000 Millipore 05-636 

Anti-Total H2AX WB 1:1000 Upstate 07476 

Anti-53BP1 IHC 1:200 Biotechne NB100-904 

Table 2.1: Primary antibody details 
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Antibody Application Dilution Company Product # 

IRDye 680LT 

Anti-Mouse IgG 

WB 

 

1:20000 LI-COR 926-68020 

IRDye 800CW 

Anti-Rabbit IgG 

WB 1:15000 LI-COR 926-32211 

AlexaFluor 488 goat anti-

mouse 

IHC 1:500 Invitrogen A-11001 

 

Alexa Fluor® 594 goat anti-

rabbit IgG 

IHC 1:500  Invitrogen A11012 

Table 2.2: Secondary antibody details 

2.7 Gene expression 

2.7.1 RNA extraction  

Cells were harvested as described in section 2.1.2 and resuspended in 1 mL of ice-

cold Tri-reagent (Sigma) per sample. The cells were homogenised multiple times by 

pipetting and then transferred to a sterile eppendorf on ice for 15 minutes. Samples 

were then kept at -80
o
C until further processing. Samples were thawed at room 

temperature for 5 minutes, followed by the addition of 200 µL chloroform (Sigma) 

and vigorous shaking for 15 seconds. Samples were then centrifuged at 12,000 g for 

15 minutes at 2-8
o
C and the upper aqueous phase was transferred to a fresh 

eppendorf and mixed with 500 µL isopropanol (Sigma). The samples were then kept 

at room temperature for 10 minutes and placed at -20
o
C overnight. Centrifugation of 

the samples at 12,000 g for 10 minutes at 2-8
o
C was then performed, followed by 

washing of the RNA pellet with 70% ethanol (Sigma). The samples were then 

vortexed briefly and centrifuged at 7,500 g for 5 minutes at 2-8
o
C. The pellets were 

left to air dry for 15 minutes, resuspended in an appropriate volume of DEPC-treated 

water (Sigma) and quantified using the NanoDrop 2000c spectrophotometer 

(Thermo Scientific, Delware).  

2.7.2 cDNA synthesis 

cDNA was synthesised using the Tetro cDNA Synthesis Kit (Bioline). Briefly, 1 µg 

total RNA was added to 1µL oligo (dT)18 primers, 1 µL 10 mM dNTP mix, 4µL 5X 

RT buffer, 1 µL Tetro reverse transcriptase (200 u/µL), and the volume adjusted to 

20 µL with DEPC-treated water in sterile 0.2 mL tubes (Eppendorf). Samples were 

then incubated at 45
o
C for 30 minutes, followed by 85

o
C for 5 minutes using the 
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Veriti Gradient Thermal Cycler (Applied Biosystems). Samples were stored at -

20
o
C. 

2.7.3 Real-time PCR 

Real-time PCR was performed using the SensiFAST
TM

 SYBR Hi-ROX Kit 

(Bioline). Briefly, a master mix was prepared by adding 5 µL 2X SensiFAST SYBR 

Hi-ROX Mix, 0.4 µL 10 µM forward primer, 0.4 µL 10 µM reverse primer, 2 µL 

template cDNA and the final volume was adjusted to 10 µL with nuclease-free 

water. Samples were added to a 96-well PCR micro-plate (Thermo Scientific 

ABgene) and all reactions were performed in triplicate. The cycle conditions for 

real-time PCR were 95
o
C for 2 minutes followed by 40 cycles of 95

o
C for 5 seconds, 

and 60
o
C for 20 seconds, and were performed using the StepOne Plus Real Time 

PCR System (Applied Biosystems). Either β-Actin or PGK1 was used as a house-

keeping gene to analyse the relative expression of genes of interest. See table 2.3 for 

details of primers used. 

2.7.4 Primers 

Primers (Sigma) were reconstituted in molecular grade dH2O (Sigma) to a stock 

concentration of 100 μM and stored at -20 ˚C. Ten micro molar working stocks were 

made and stored at -20 ˚C. The sequences for each of the primers used can be found 

in Table 2.3. Where possible, primers were designed to span exon-intron boundaries 

so as to reduce genomic DNA amplification.  
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Gene name Forward sequence Reverse sequence 

ALDH GACAATGGAGTCAATGAATGG ATCAATTGGTATTGTACGGC 

BCL-XL ATCTCTTTCTCTCCCTTCAG CTTTCTGGGAAAGCTTGTAG 

BCL-2 GATTGTGGCCTTCTTTGAG GTTCCACAAAGGCATCC 

Caveolin-1 CAGGGACATCTCTACACC TCAAAGTCAATCTTGACCAC 

CD24 CAGTAGTCTTGATGACCAAAG ACAGCATTCTGGAATAAAGC 

CD44 TTATCAGGAGACCAAGACAC ATCAGCCATTCTGGAATTTG 

CD133 AAGCATTGGCATCTTCTATG TTTGCTCTGGAGTTTCATTC 

c-Myc TGAGGAGGAACAAGAAGATG ATCCAGACTCTGACCTTTTG 

IL-6 GCAGAAAAAGGCAAAGAATC CTACATTTGCCGAAGAGC 

IL-8 GTTTTTGAAGAGGGCTGAG TTTGCTTGAAGTTTCACTGG 

MMP-2 GTGATCTTGACCAGAATACC GCCAATGATCCTGTATGTG 

MMP-9 AAGGATGGGAAGTACTGG GCCCAGAGAAGAAGAAAAG 

SNAI1 CTCTAATCCAGAGTTTACCTTC GACAGAGTCCCAGATGAG 

SNAI2 CAGTGATTATTTCCCCGTATC CCCCAAAGATGAGGAGTATC 

Survivin CATCTCTACATTCAAGAACTGG CCTTGAAGCAGAAGAAACAC 

TGF- AACCCACAACGAAATCTATG CTTTTAACTTGAGCCTCAGC 

TNF- AGGCAGTCAGATCATCTTC TTATCTCTCAGCTCCACG 

Twist1 CTAGATGTCATTGTTTCCAGAG CCCTGTTTCTTTGAATTTGG 

VEGF AATGTGAATGCAGACCAAAG GACTTATACCGGGATTTCTTG 

Vimentin GGAAACTAATCTGGATTCACTC CATCTCTAGTTTCAACCGTC 

xIAP AGTGTCTGGTAAGAACTACTG CCCATTCGTATAGCTTCTTG 

Table 2.3: Primer sequences 

2.8 Cytokine quantification; MesoScale Discovery Platform (MSD) 

Cytokine analysis was performed using MSD technology, which is an electro-

chemiluminescent based immunoassay, as per manufacturer’s guidelines. MSD 

(Maryland, US) provides 96-well carbon electrode plates which are pre-coated with 

capture antibodies against different targets. The analytes bound by these capture 

antibodies are then detected with antibodies conjugated with an electro-

chemiluminescent compound when voltage is applied to the plate electrodes. This 

allows highly sensitive detection of labels close to the surface of the electrode 

without influence by any labelled but unbound antibody in the solution above. A 

Human Pro-Inflammatory Panel II (4-Plex) Tissue Culture Kit (for IL-1β, IL-6, IL-8, 

TNF-α) (MSD) was used to quantify cytokines. Standards were reconstituted in the 

assay diluent provided. Twenty-five microliters each of samples, standards and 

controls were added to the wells and the plate was sealed and incubated for 2 hours 
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at room temperature on an orbital shaker (600 rpm). Detection antibody was added at 

25 µL per well, and the plate sealed and incubated for 2 hours at room temperature 

on an orbital shaker (600 rpm). At the end of the incubation the plate was washed 

three times using 200 µL D-PBS + 0.05%Tween 20, soaking for 30 seconds and then 

discarding. One hundred and fifty microlitres of MSD Read Buffer was added to 

each well and plates were measured on the MSD Sector Imager 2400 plate reader 

(MSD, Maryland). The raw data was measured as electro-chemiluminescence signal, 

detected by photodetectors and analysed using the Discovery Workbench 3.0 

software (MSD, Maryland). A 4-parameter logistic fit curve was generated for each 

analyte using the standards and the concentration of each sample calculated. For 

experiments where treatments would induce cell death in some samples and not 

others, the amount of protein was calculated in pg/ml/2x10
5
 cells to normalise the 

secretion to the cell number. 

2.9 Reactive Oxygen Species 

DCF-DA (Molecular Probes, Oregon) is commonly used to detect oxidative stress. 

DCF-DA (2′,7′-dichlorofluorescein-diacetate) is a cell permeable non-fluorescent 

dye which after diffusion in to the cell, is deacetylated by cellular esterases to a non-

fluorescent compound, which is later oxidized by ROS into 2’, 7’ –

dichlorofluorescein (DCF). DCF is a highly fluorescent compound which can be 

detected by fluorescence spectroscopy with maximum excitation and emission 

spectra of 495nm and 529nm respectively. RWPE-1 cells were seeded in 6-well 

plates at a concentration of 3 x 10
5
 cells per well and treated with vehicle (10 mM 

NaOH), 100-, 300-, and 500-µM DETA/NO 24 hours later. At the time points 

indicated in the results section, samples were harvested as described in section 2.1.2 

and 2 x 10
5
 cells were resuspended in 1 mL of 50 µM DCF-DA in complete media 

and incubated at 37
o
C for 30 minutes. Two microlitres of ToPro-3 (viability stain) 

was added per mL and samples were kept on ice until analysed using the BD Accuri 

flow cytometer (FL4 channel for ToPro-3 to gate the viable cells and FL1 channel to 

assess DCF fluorescence). At least 10000 events were collected for each sample. 

Exposure to light was avoided as much as possible due to the light sensitivity of the 

probes. Collected data were analysed with FlowJo v10.0.6 software. Signals were 

analysed on a frequency histogram. 
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2.10 Angiogenesis 

2.10.1 Human Angiogenesis Proteome Profiler 

A human angiogenesis antibody array (R&D Systems, Minneapolis) is a multiplex 

membrane-based antibody array that was used to detect and analyse angiogenesis-

related proteins in supernatants of treated RWPE-1 cells. RWPE-1 cells were seeded 

in 6-well plates at a concentration of 1 x 10
5
 cells per well followed by treatment 

with (10 mM NaOH), 100-, 300- and 500-µM DETA/NO 48 hours later. After 48 

hours in culture supernatants were collected and centrifuged at 1500 g for 10 minutes 

to remove cell debris. Proteome profiler membranes were blocked for 1 hour, 

followed by incubation with the samples plus a detection antibody cocktail overnight 

at 2-8
o
C. Membranes were washed 3 times for 10 minutes with wash buffer, 

followed by incubation with horseradish peroxidase-linked secondary antibody for 

30 minutes at room temperature on a rocking platform shaker. Membranes were then 

washed 3 times for 10 minutes with wash buffer and the expression of pro-

angiogenic factors was visualised chemiluminescence detection using the 

AlphaImager FluorChem Chemiluminescent Imaging System (Alpha Innotech, 

California). Histogram profiles for these analytes were generated by quantifying the 

mean spot pixel densities from the array membrane using image software, and 

calculating the fold increase as compared to vehicle treated cells. 

2.10.2 Angiogenesis/Tubule formation assay 

RWPE-1 cells were seeded in 6-well plates at a concentration of 1 x 10
5
 cells per 

well and treated with vehicle (10 mM NaOH), 100-, 300-, and 500-µM DETA/NO in 

complete media 48 hours later. The media was replaced with serum/supplement free 

media 48 hours post treatment, and supernatants were collected after 24 hours and 

centrifuged at 1500g for 10 minutes to remove cell debris. 

Forty eight-well plates were coated with 55 µL 1mg/ml growth factor reduced 

Matrigel ™ Basement membrane matrix (BD Biosciences, Belgium) per well and 

allowed to polymerise at 37
o
C for 30 minutes. The plates and tips were pre-chilled 

by placing them at -20
o
C overnight prior to coating. HUVECs were trypsinised with 

0.05% trypsin-EDTA for 3 minutes at 37
o
C, and neutralised using EBM2 media plus 

10% FBS as described in section 2.1.2. After centrifugation, the cells were washed 3 
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times with D-PBS and then 2.4 x 10
5
 cells were resuspended in 4 mL of conditioned 

media per sample. Five hundred microlitres of cell suspension was seeded per well in 

triplicate i.e. 3 x 10
4
 cells per well. Complete EGM2 media was used as a positive 

control. The wells were assessed for tubule formation 16 hours later and images were 

recorded using an Olympus CKX41 inverted microscope (Olympus, Germany) with 

a camera attached. 

2.11 Viability assay 

The following assay was performed in order to assess cell viability. A robotic 

method (JANUS) and a manual counting method were employed, as described 

below.  

2.11.1 Z-factor determination 

The Z factor is a statistical method that was used to determine the robustness of the 

alamar blue assay. A Z-factor of 0.5 – 1 demonstrates a highly robust assay, while a 

Z-factor of 0 – 0.5 indicates a below par robustness (Zhang et al., 1999). The Z-

factor of the alamar blue assay was determined for each cell line (22Rv1, CWR22, 

DU145 and PC3). The cells were harvested as described in section 2.1.2, counted 

and resuspended in the appropriate media in 50 mL centrifuge tubes (Sarstedt, 

Germany) at a final concentration of 3 x 10
4
, 5 x 10

4
, 1 x 10

5
 and 3 x 10

5
 cells/mL. 

Final concentrations of DU145 cells were 1.18 x 10
4
, 1.94 x 10

4
, 3.92 x 10

4
, and 1.17 

x 10
5
 cells/mL. The JANUS liquid handling robot (PerkinElmer, OH) seeded 100 µL 

cell suspension per well into 96-well plates and cells were allowed to attach 

overnight at 37
o
C in 5% CO2. The following day 1 mM paclitaxel was prepared in 

DMSO and added to every second column in a v-bottomed 96-well plate (Sterilin, 

UK). One hundred percent DMSO was added to every other column, leaving the first 

column for media alone. A series of dilutions in subsequent 96-well plates was 

performed in order to yield the final drug concentration of 10 µM. Media was 

replaced with media containing 10 µM paclitaxel or 1% DMSO. Following 

incubation of the cells with the drug treatments for 72 hours at 37
o
C in 5% CO2, the 

media was replaced with resazurin/alamar blue (Sigma) at a final concentration of 

93.33 µM in Hank’s balanced salt solution (HBSS) (Sigma). All liquid handling 

steps were performed using the JANUS robot. The fluorescence was read at 560 nm 

using the Wallac Victor 3 1420 Multilabel counter (PerkinElmer, OH) after 2, 4, 6 
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and 8 hours incubation with alamar blue at 37
o
C in 5% CO2. The Z-factor was 

calculated by the following formula: Z = 1 – [3(σp + σn)/|µp - µn|], where σp, σn, 

μp and μn represent the sample means and standard deviations for positive/paclitaxel 

(p) and negative/DMSO (n) controls, respectively. 

2.11.2 Alamar blue assay (Robotics) 

The assay was carried out as described in section 2.11.1 above with the following 

modifications: Final seeding density was at a final concentration of 1 x 10
4
 

cells/well. IPA/NO-aspirin, DEA/NO-aspirin, IPA/NO, DEA/NO, Aspirin and 

Paclitaxel were prepared in a 96-well plate in either DMSO or 10 mM NaOH at a 

100X  concentration, followed by 2 serial 1 in 10 dilutions, to yield the final drug 

concentration as indicated. Alamar blue incubation was for 8 hours. A percentage 

viability curve was calculated based on these values, normalising treated samples to 

vehicle treated controls and the IC50 was determined. Each viability assay was 

repeated at least 3 times and data represent the mean ± SD.  

2.11.3 Alamar blue assay (manual method) 

Cells were harvested as described in section 2.1.2 and re-suspended in fresh medium 

at 5 x 10
4 

cells/mL.  One hundred microlitres of cell suspension was seeded into each 

well of a cell+ 96-well plate and cultured overnight in 5% CO2 at 37°C. Media was 

replaced with 100 µL of the indicated concentrations of DMSO diluted etoposide 

(Sigma) and water soluble doxorubicin hydrochloride (Sigma) and controls of water 

only and DMSO only, and incubated at 37 °C in 5% CO2 for a further 72 hours. 

Following this, media was replaced with 200 μL media plus 40 μL of 560 μM 

resazurin and cells were incubated for 8 hours at 37
o
C. Plates were read using the 

dual-beam Cytofluor 4000 fluorimeter (Applied Biosystems, Massachusetts) at 

excitation 530/25 and emission 620/40. A percentage (%) survival curve was 

calculated based on these values and the IC50 was determined using the untreated 

control cultures as reference comparison for uninhibited (100%) growth. Viability 

assays were performed 3 times and error was presented as ± SD. 

2.12 Immunocytochemistry/Immunofluorescence staining 

Cells were seeded in triplicate in 96 well cell+ plates at a final concentration of 5 x 

10
3
 cells per well and cultured for 48 hours at 37

o
C in 5% CO2. Cells were treated as 
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indicated in the results section, washed with D-PBS, and 2% paraformaldehyde (Agar 

Scientific) was added for 15 minutes at room temperature to fix the cells. Cells were 

washed 3 times for 5 minutes with D-PBS and permeabilised twice for 3 minutes with 

D-PBS-Triton X-100 (0.1%) on a shaker. The cells were then blocked for 30 minutes 

with 1% BSA in D-PBS at room temperature and incubated with the indicated 

primary antibody (Table 2.1) in 1% BSA in D-PBS in a humidity chamber for 1 hour, 

followed by three 5 minute washes with D-PBS. The appropriate secondary antibody 

(Table 2.2) was prepared in D-PBS and incubated with the cells for 30 minutes at 

room temperature in a humidity chamber, protected from light. Three 5 minute 

washes in D-PBS were performed and the cells were then counterstained with DAPI 

(1 µg/mL) (Sigma) in D-PBS for 5 minutes at room temperature, followed by 3 

further 5 minute washes. The plates were scanned and images collected with an 

Operetta HTS imaging system (PerkinElmer, OH) at 40 times magnification. Each 

experiment was performed 3 times.  

2.13 Migration assays 

Migration assays were performed by 2 separate methods; the xCELLigence based 

assay measures the migration of cells in real time, whereas the transwell method 

allows for visualisation of the migrated cells.  

2.13.1 xCELLigence method 

The CIM-plate16 contains 16 wells, each a modified Boyden chamber, which can be 

used independently to measure cell migration/invasion in real time through 8 μm 

pores of a polyethylene terephthalate membrane onto gold electrodes on the 

underside of the membrane using the xCELLigence analyser system (ACEA 

Biosciences, San Diego). One hundred and sixty microliters of either complete 

RWPE-1 media with 10% FBS (stimulus) or serum/supplement free media (SFM) 

(negative control) was added to each well in the lower chamber (LC) of a CIM-plate 

16. The upper chamber (UC) was connected, 30 µL of SFM was added to each well 

in the UC and the plate was allowed to equilibrate at 37
o
C for 1 hour. A background 

measurement was taken at this point in the real time cells analyser (RTCA). 

Meanwhile cells from cultures of 70-80% confluency were harvested as per section 

2.1.2, counted using a haemocytometer, and washed with SFM. Cell suspensions 

were adjusted to a concentration of 6 x 10
5
 cells/ml in SFM and 100 µL was added 
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per well in triplicate. The plate was incubated at room temperature for 30 minutes to 

allow the cells to settle in the wells, following which the plate was placed in the 

RTCA analyser at 37
o
C in 5% CO2. Measurements of cell impedance were taken 

every 15 minutes over 48 hours.  

2.13.2 Transwell method 

Cells from cultures of 70-80% confluency were harvested and resuspended in SFM 

at a concentration of 1 x 10
6
/mL. Inserts (8.0 µM pore size, 24 well format; BD 

Biosciences, Belgium) were placed in a 24 well plate and 100 µL of cell suspension 

was added to each insert in triplicate, with 500 µL of complete media plus 10% FBS 

added to the well underneath the insert. Cells were incubated at 37
o
C in 5% CO2 for 

30 hours, following which the inserts were removed and the inner side swabbed with 

a D-PBS soaked cotton bud, and the outer side was stained with 0.25% crystal violet 

for 10 minutes. The inserts were then washed with D-PBS, allowed to air dry and 

then images were recorded using an Olympus CKX41 inverted microscope 

(Olympus, Germany) with attached camera. 

2.14 Invasion assay 

Invasion assays were performed by 2 separate methods; the xCELLigence based 

assay measures the invasion of cells in real time, whereas the transwell method 

allows for visualisation of cells that have invaded.  

2.14.1 xCELLigence based assay 

Invasion assays using the RTCA technology were carried out in an identical manner 

to migration assays in section 2.13.1, with the exception that prior to the assay, the 

UCs were coated with matrigel
TM

 (BD Biosciences, Belgium) at 1 mg/mL diluted in 

SFM. Fifty microliters of matrigel was pipetted into each well, followed by the 

removal of 30 µL, in order to ensure an even coating of matrigel in the wells. The 

UC was then placed at 37
o
C for 4 hours to allow for polymerisation of the matrigel.  

2.14.2 Transwell method 

Invasion assays using the transwell method were carried out as described in section 

2.13.2, with the exception that inserts were pre-coated with 100 µL of 1 mg/mL 
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matrigel
TM 

(diluted in SFM). The coated inserts in the 24 well plate were then 

incubated at 37
o
C in 5% CO2 overnight before proceeding with the assay. 

2.15 Zymography 

2.15.1 Collection of sample 

Cells were seeded in a 6-well cell+ plate at a concentration of 2 x 10
5
 cells per well. 

Following 48 hours in culture, the media was replaced with SFM, and 24 hours later 

supernatants were collected and centrifuged at 1500 rpm for 10 minutes to remove 

debris. The samples were then concentrated using centrifugal filter unit (0.5ML, 30K 

unit) (Amicon, Massachusetts) and centrifuged at 14,000 g for 30 minutes to 

eliminate proteins heavier than 30 kDa. The concentrated proteins were then 

transferred to fresh eppendorfs and centrifuged for 1 minute at 1000 g. Five 

microliters of loading buffer was added to 15 µL sample and allowed to stand at 

room temperature for 10 minutes. 

2.15.2 Gel electrophoresis 

Twenty microliters of sample was loaded into the lanes of a 0.2% gelatin gel. The 

gel was run at a 100 V with constant current and then placed in 100 mL 1X 

renaturing solution (2.5% (v/v) Triton-x-100) for 15 minutes at RT on a shaker. 

Following 2 washes in H2O to remove any remaining Triton, the gel was incubated 

in 100 mL developing buffer (1 M Tris pH 7.4, 250 mM calcium chloride (CaCL2) 

(Sigma), dH2O) for 30 minutes at room temperature with gentle agitation. The 

developing buffer was decanted and replaced with fresh developing buffer and 

incubated at 37
o
C overnight in a closed container to prevent evaporation. The gel 

was placed in Coomassie blue solution (0.25% Comassie, 45% methanol, 10% acetic 

acid (all from Sigma)), for 1-2 hours at room temperature, placed in destaining 

solution (7.5% acetic acid, 10% methanol), until the areas of gelatinolytic activity 

appear as clear bands above the blue background. The gel was then scanned using 

the ODYSSEY
®
 CLx Imager (LI-COR Biotechnology, Nebraska). 

2.16 Soft agar assay 

One millilitre of 0.5% agarose (Sea Plaque, low gelling temperature, Lonza) in 

complete media with 10% FBS was added per well in a 6-well plate and allowed to 
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solidify at 4
o
C for 20 minutes. Aliquots of cells (2.5 x 10

3
) were resuspended in 

0.33% agarose in complete media with 10% FBS, added on top of the base layer and 

allowed to solidify at 4
o
C for 5 minutes followed by 30 minutes at room temperature. 

Five hundred microlitres of media was added per well twice-weekly. Cells were 

incubated for 4 weeks at 37
o
C in 5% CO2, following which colonies were stained 

with 200 µL of 1 mg/mL p-iodonitrotetrazolium violet for 24 hours at 37
o
C. Images 

were recorded using an Olympus CKX41 inverted microscope (Olympus, Germany) 

and ImageJ software (National Institutes of Health) was used to analyse the number 

of colonies in 5 images per sample. Samples were seeded in triplicate and 

experiments were performed at least 3 times. 

2.17 Annexin V Staining 

Cells were seeded in triplicate in a 6-well plate at a concentration of 2 x 10
5
 cells per 

well at 37
o
C in 5% CO2, and treated with 3 µM etoposide 24 hours later. Following 

72 hours incubation, the supernatants were transferred into tubes and the cells were 

harvested as described in section 2.1.2 using 0.05% trypsin-EDTA plus 5 mM 

EDTA. The cell suspensions were added to the supernatants and centrifuged at 400g 

for 5 minutes.  Samples were resuspended in 0.5 mL annexin staining buffer (0.5 µL 

annexin V stain plus 0.5 mL of 10 mM Hepes/NaOH (pH 7,4) 140 mM NaCl, 2,5 

mM CaCl2) and incubated for 15 minutes at 4
o
C. Propidium iodide (PI) (Molecular 

Probes, Oregon) was added to the samples at 1 µL/sample and samples were kept on 

ice until analysis using the BD Accuri flow cytometer. Cells were initially gated on 

morphology (FSC vs SSC), and then on annexin V (FL1) versus PI (FL3). Data was 

processed by Flowjo v10.0.6 software.   

2.18 Caspase 3 activity assay 

Caspase-3 activity was determined using the NucView™ 488 Caspase-3 Assay Kit 

for Live Cells (Biotium, California) as per manufacturer’s instructions. Briefly, cells 

were seeded in triplicate into 96-well black-walled, clear-bottom plate at a 

concentration of 2 x 10
4
 cells per well. The cells were pre-loaded with 5 µM 

NucView488 substrate in fresh medium for 30 minutes at room temperature, 

protected from light. A 2X concentration of etoposide or DMSO control was added 

on top of the substrate and mixed gently resulting in a final concentration of 3 µM 

etoposide and cells were kept at 37
o
C, 5% CO2. The fluorescence was read at the 
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indicated time points using a Wallac platereader set at 488 nm excitation and 520 nm 

emission. Fluorescence in treated samples was normalised to that of the vehicle 

treated control samples at each time point. Images were taken using a Zeiss AX10 

fluorescent microscope (Carl Zeiss Microscopy GmbH, Germany) at 96 hours post 

treatment.  

 

  



 
 

 

 

 

 

 

 

 

 

 

 

Chapter 3 

Characterisation of the short-term effects of NO on prostate 

epithelial cells 
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3.1 Introduction 

NO has been shown to have biphasic effects in many cancer related processes, such 

as cellular proliferation, apoptosis, angiogenesis, migration and invasion The effects 

elicited by NO are concentration, source and cellular context dependent and can both 

promote and inhibit carcinogenesis (Wink et al., 2008). In general, low levels of NO 

(< 100 nM) are considered to be pro-oncogenic, medium NO levels pro-metastatic, 

and high NO levels (> 500 nM) tumoricidal. (Ambs and Glynn, 2011). The RWPE-1 

cell line is an immortalised non-malignant prostate epithelial cell line and is 

routinely used in the field of prostate cancer research to represent ‘normal’ prostate 

epithelial cells (Bello-DeOcampo et al., 2001). Human primary prostate epithelial 

cells (HPrECs) were used in only a small number of experiments to validate results 

observed in RWPE-1 cells. This was due to the limited lifespan of primary cells, and 

the high cost associated with their use. Due to the short half-life of NO, an NO donor 

is typically used to supply a continuous quantity of NO in experimental models. 

DETA/NO is a nitric oxide (NO) donor with a half-life of 20 hours at 37 °C. One 

hundred, 300- and 500- µM DETA/NO release approximately 80, 120 and 170 nm 

NO, respectively, by 6 hours, after which the concentration dissipates completely by 

24 hours. (Heinecke et al., 2014).  

In the first part of this study, a range of concentrations of DETA/NO were used in 

order to compare their effects on RWPE-1 prostate epithelial cells. DETA/NO 

concentrations that correlate with low to medium physiological concentrations of NO 

were investigated, i.e. 100-, 300- and 500- µM DETA/NO as these were 

concentrations deemed as pro-oncogenic in the literature (Ambs and Glynn, 2011). 

Firstly, we confirmed that treating RWPE-1 cells with DETA/NO resulted in the 

intracellular release of NO. Next, we assessed whether these selected concentrations 

of DETA/NO promoted or inhibited cell growth. The anti-proliferative effects of NO 

have been shown in many cell types, via various mechanisms including cell cycle 

arrest, generation of reactive oxygen/ nitrogen species and direct reaction of NO with 

transition metals. Therefore we proceeded by investigating the effect of NO on the 

cell cycle and the possible generation of reactive oxygen species (ROS) in RWPE-1 

cells.  



44 
 

NO produced by NOS2 in inflammatory conditions is also associated with the 

production of various pro-inflammatory cytokines and mediators, all contributing to 

the micro-environment. Factors released by cells exposed to NO can impact on their 

neighbouring cells, again, in with a pro- or –anti-tumorigenic manner. We used RT-

PCR and the mesoscale platform to evaluate whether pro-inflammatory/tumorigenic 

cytokines were induced by DETA/NO treatment. In addition, we performed 

senescence assays and explored the possible stimulation of angiogenesis induced by 

factors secreted by the treated cells using tubule formation assays.  

A relatively novel anti-cancer therapy currently under investigation is the use of NO-

nonsteroidal anti-inflammatory drugs (NSAIDs). They comprise of an NSAID linked 

to an NO moiety via a spacer molecule, thereby utilizing the beneficial effects of 

each. We looked at the potential of novel NO-NSAID compounds IPA/NO-aspirin 

(HNO releasing) and DEA/NO-aspirin (NO releasing), as effective prostate cancer 

chemotherapeutics. To this end, cytotoxicity assays were optimised and performed 

on a range of prostate cancer cell lines, in addition to determining the intracellular 

release of NO in the cells induced by the treatments. 

3.2 Results 

3.2.1 Confirming the uptake of NO by RWPE1 cells upon DETA/NO treatment 

DETA/NO was used over the course of this study to deliver varying amounts of NO 

to RWPE-1 cells, hence it was necessary to demonstrate intracellular uptake of NO 

following DETA/NO treatment. To this end, a cell permeant probe, DAF-FM-DA 

(4-amino-5-methylamino- 2′,7′-difluorofluorescein diacetate), was employed to 

detect intracellular NO in the DETA/NO treated cells as described in section 2.2.1. 

Briefly, intracellular esterases deacetylate DAF-FM-DA resulting in DAF-FM, 

which upon reaction with NO forms a fluorescent benzotriazole, that can then be 

measured using a flow cytometer or a fluorescent microplate reader. In order to 

optimise the concentration and application of DAF-FM-DA, the probe was added to 

RWPE-1 cells at a range of concentrations for 30 minutes at 37
o
C post-trypsinisation 

(in suspension, Figure 3.1A) and pre-trypsinisation (in monolayer culture, Figure 

3.1B), followed by analysis by flow cytometry. As the pre-trypsinisation method 

involves washing out of the probe prior to analysis, higher concentrations, i.e. 1, 2.5 

and 5 µM were used, as opposed to lower concentrations in the post-trypsinisation 
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method (0.125, 0.25, 0.5 and 1 µM). The optimal concentration of probe was 

selected as 1 µM DAF-FM-DA pre-trypsinisation), as the fluorescence peak was 

positioned where both an increase and a decrease in fluorescence could be accurately 

measured (Figure 3.1B; 1 µM = green line, unstained cells = red line). Intracellular 

release of NO by RWPE-1 cells treated with increasing concentrations of DETA/NO 

was then performed as per section 2.2.1. Briefly RWPE-1 cells were pre-treated with 

DAF-FM-DA followed by treatment with vehicle (10 mM NaOH), 100-, 300- and 

500-µM DETA/NO for 24 hours. The cells were then harvested and analysed on the 

BD Accuri for DAF-FM fluorescence. A dose-dependent increase in fluorescence 

was detected, with 30.4% positivity correlating to 500 µM DETA/NO treatment 

(Figure 3.1C). The profiles were overlaid in figure 3.1D for ease of comparison to 

the untreated control. The intracellular NO generated in DETA/NO treated RWPE-1 

cells was also measured in real time using a fluorescent microplate reader as 

described in section 2.2.2. A similar result was observed as by flow cytometry, with 

a dose-dependent increase in fluorescence with increasing concentrations of 

DETA/NO (Figure 3.1E). Data in Figure 3.1C, D and E are representative of 3 

independent experiments. Therefore, we have demonstrated that DETA/NO acts as a 

NO donor.  
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Figure 3.1: Measurement of Intracellular NO in DETA/NO treated RWPE-1 cells. DAF-FM 

fluorescence profiles of RWPE-1 cells incubated with a range of DAF-FM-DA concentrations post-

trypsinisation (A) and pre-trypsinisation (B). (C) DAF-FM fluorescence profiles of RWPE-1 cells 

treated with 100- 300 and 500 µM DETA/NO for 24 hours showing a dose-dependent increase in 

intracellular NO. (D) Overlay of the DAF-FM profiles from (C). (E) Dose-dependent increase in 

intracellular NO in DETA/NO treated RWPE-1 cells as measured with DAF-FM-DA in real time 

using fluorescence plate reader DATA in C, D and E are representative of 3 independent experiments.  
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3.2.2 NO affects the growth rate and morphology of RWPE-1 prostate epithelial 

cells 

Studies were performed to determine the effect of DETA/NO on RWPE-1 growth 

and proliferation as described in section 2.3.1. Briefly, RWPE-1 cells were treated 

with vehicle (10 mM NaOH), 100-, 300- and 500-µM DETA/NO and their 

proliferation was monitored in real time using the xCELLigence Real-Time Cell 

Analyser (RTCA). Treatment of RWPE 1 cell with 300- and 500-µM DETA/NO 

results in a decrease in proliferation 6 hours post treatment, as evidenced by a 

reduction in cell index, while 100 µM has no effect on cell proliferation (Figure 

3.2A). The effect of DETA/NO on RWPE-1 cell growth was confirmed by a cell 

counting assay as described in section 2.3.2. A dose- and time-dependent effect of 

DETA/NO on cell growth inhibition was demonstrated (Figure 3.2B). As shown by 

RTCA, 300- and 500-µM DETA/NO reduce cell growth at 24 and 48 hours 

compared to vehicle treated control cells, with 100 µM DETA/NO exerting a minor 

inhibitory effect on RWPE-1 growth at 48 hours. The decrease in proliferation 

shown in both assays was statistically significant for 300 µM DETA/NO at 48 hours 

and for 500 µM at both 24 and 48 hours. The number of dead cells in each sample 

was calculated as a percentage of the total cell count (Figure 3.2C). There was a non-

significant increase in dead cell number at 24 and 48 hours post 300 µM DETA/NO 

treatment, and a larger increase in the 500 µM treated cells at the same time points, 

indicating that 500 µM DETA/NO is cytotoxic to a proportion of the cells in culture 

(25% at 24 hours and 31% at 48 hours post treatment, Figure 3.2B). Data in Figures 

3.2B and C are from 3 independent experiments and show the mean ± SEM. The 

effect of DETA/NO on RWPE-1 morphology and growth patterns was also 

examined. One hundred micro molar DETA/NO has no effect on cell morphology at 

24 or 48 hours,  while cells treated with 300- and 500- µM DETA/NO are much 

more sparsely distributed displaying a ‘rounded up’ phenotype, while appearing less 

adhesive as compared to the vehicle control cells (Figure 3.2D). Therefore, we have 

demonstrated that DETA/NO inhibits cell proliferation and modifies cell 

morphology in a dose-and time-dependent fashion. 
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Figure 3.2: Effect of NO on the growth and morphology of RWPE-1 cells. Three hundred and 500 

µM DETA/NO resulted in decreased RWPE-1 proliferation rates as shown by (A) RTCA and (B) cell 

counting assays. The decrease in proliferation induced by 300 µM at 48H and that induced by 500 µM 

at both 24H and 48H was statistically significant (Student’s t-test, p<0.05). (C) Three hundred and 

500 µM DETA/NO resulted in an increase in the percentage of dead cells. The increase induced by 

300 µM at 48H, and by 500 µM at 24H and 48H was statistically significant (Student’s t-test, 

p<0.0002). (D) Representative microphotographs of RWPE-1 cells exposed to vehicle, 100-, 300- and 

500- µM DETANO for 24 and 48 hours show altered cellular morphology and cell-to-cell adhesion. 

Data in B and C are from 3 independent experiments and represent the mean ± SEM. 

3.2.3 NO induces cell cycle arrest in RWPE-1 cells 

As we showed that RWPE-1 cell proliferation was decreased by DETA/NO, we next 

investigated whether cell cycle arrest was being induced. In order to generate cell 

cycle profiles, as described in section 2.4 cells were seeded overnight and treated 

with vehicle, 100-, 300- and 500- µM DETA/NO and harvested at 1, 3, 6, 12, 24 and 

48 hours. The cells were fixed and stained with propidium iodide (PI), followed by 

analysis on the flow cytometer. Corresponding to proliferation data in section 3.2.2, 
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100 µM DETA/NO had no effect on the cell cycle of RWPE-1 cells over 48 hours (-

0.6%, +0.6% and 0.01% variance in G1, S and G2 phase respectively at 48 hours). 

Both 300 and 500 µM DETA/NO had a dramatic effect on the cell cycle of RWPE-1 

cells with induction of a G1 block by both concentrations by 6 hours post treatment. 

Recovery of 300 µM treated cells started by 12 hours and a slower recovery of 500 

µM treated cells by 24 hours, as evidenced by release of cells into S-phase (Figure 

3.3). At 6 hours the percentage of cells in G1 phase increases from control levels of 

61.7%, to 73.3% for 300 µM treated cells and to 78.4% for 500 µM treated cells. 

This leads to high numbers of cells in S phase post recovery (Table 3.1). The number 

of 300 µM-treated cells in S phase at 24 hours is 23.1% compared to 15.6% of 

vehicle treated control cells, and 42.9% of 500 µM treated cells are in S phase at 48 

hours, compared to 17% of vehicle control treated cells. We further characterised the 

500 µM treatment to confirm the cell cycle arrest, as this concentration is the most 

physiologically relevant to inflammatory environments. G1/S transition is blocked at 

6 hours, followed by recovery of the cells by 24 and 48 hours, where cells have been 

released and have accumulated in S phase (Figure 3.4). Data are from 3 independent 

experiments and represent the mean ± SEM. Cell cycle profiles of the treated cells 

from 1 representative experiment at each time point are represented in Figure 3.4B. 

We have therefore shown that 500 µM DETA/NO induces a transient cell cycle 

arrest in RWPE-1 cells, from which the cells are able to recover.  
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Figure 3.3: Effect of increasing concentrations of DETA/NO on RWPE-1 cell cycle. RWPE-1 

cells were treated with DETA/NO at the described concentrations, harvested at the outlined time-

points and analysed for cell cycle arrest by flow cytometry.  300- and 500 µM DETA/NO induced a 

block in G1 phase by 6 hours, followed by an accumulation of cells in S-phase at 24 and 48 hours. 

100 µM behaved similarly to the vehicle treated control cells.                   
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  G1 (%) S (%) G2/M (%) 

1H Vehicle 72 23.2 3.36 

 100 µM 66.9 19.2 13 

 300 µM 71.8 15.9 10.9 

 500 µM 70 15.7 13.9 

3H Vehicle 66.9 16.7 15.7 

 100 µM 62.8 18.2 18.6 

 300 µM 72.6 16 11.1 

 500 µM 73 16.2 10.1 

6H Vehicle 61.7 20.1 17.7 

 100 µM 62.1 20.1 17.5 

 300 µM 73.3 17.3 8.81 

 500 µM 78.4 13.9 7.26 

12H Vehicle 59.3 20.3 20 

 100 µM 60.8 19.6 19.4 

 300 µM 62.8 25.6 11.3 

 500 µM 79 14.3 6.35 

24H Vehicle 70 15.6 13.9 

 100 µM 64.1 17.7 17.7 

 300 µM 57.3 23.1 19.1 

 500 µM 61.9 29 8.48 

48H Vehicle 74 17 8.53 

 100 µM 73.4 17.6 8.54 

 300 µM 64.1 20.8 14.6 

 500 µM 44.2 42.9 11.4 

Table 3.1: Cell cycle analysis of RWPE-1 cells treated with DETA/NO. 
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Figure 3.4: Effect of 500 µM DETA/NO on RWPE-1 cell cycle. RWPE-1 cells treated with 500 µM 

DETA/NO undergo a G1 arrest by 6 hours and by 24 hours have begun to recover and been released 

into S phase, resulting in an increased number of cells in S-phase (A). Cell cycle histograms of 

RWPE-1 cells treated with DETA/NO, with markers indicating the G1, S, G2/M cells, after exposure 

to vehicle (100 mM NaOH) or 500 µM DETA/NO (B). Data from 3 independent experiments and 

represent the mean ± SEM. 
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3.2.4 NO induces β-Galactosidase staining and upregulation of senescence 

related proteins 

RWPE-1 cell cycle arrest and altered morphology indicated that NO was inducing 

cellular senescence. Senescence is an irreversible growth arrest of cells in the G1 cell 

cycle phase, generally leading to an enlarged, flattened morphology with higher 

granularity. The cells remain metabolically active but can no longer divide (Saretzki, 

2010). There is no single marker for senescence, so typically a panel of indicators are 

assessed. To assess if NO induced cellular senescence in RWPE-1 cells we looked at 

senescence associated-β-galactosidase (SA-β-Gal) expression and p53 and/or p16 

signalling activation. SA-β-Gal staining detects expression of the lysosomal enzyme 

β-Galactosidase at pH 6.0, which is typically increased in senescent cells.  

3.2.4.1 SA-β-Gal staining 

SA-β-Gal staining was performed as described in section 2.5. Briefly, RWPE-1 cells 

were treated with vehicle, 100-, 300- and 500-µM DETA/NO for 24 and 48 hours 

followed by senescence staining. Positive staining was observed at 24 and 48 hours 

in the 300- and 500- µM DETA/NO treated cells, and a small increase in staining 

was observed in the 100 µM treated cells at 48 hours, showing that the cells undergo 

senescence following DETA/NO treatment (Figure 3.5A).  

3.2.4.2 Senescence associated protein expression 

Cell cycle-related protein expression was analysed by western blot as described in 

section 2.6. Briefly, RWPE-1 and HPrEC cells were treated with DETA/NO and 

protein lysates were harvested at 24 and 48 hours post treatment. In RWPE-1 cells, 

p16 protein levels decreased (Figure 5.3B), while they remained unchanged in the 

HPrECs (Figure 5.3C). p21 protein expression increased in a dose-dependent manner 

in RWPE-1 and HPrEC cells at 24 and 48 hours (Figure 5.3 B and C respectively). 

Phospho-Rb increased in both cell types in a dose-dependent manner at 24 hours, 

followed by stabilisation at 48 hours in the RWPE-1s and loss of protein expression 

in the HPrECs (Figure 5.3 B and C). p27 protein expression increased in HPrECs 

cells in a dose dependent manner at 24 and 48 hours (5.3C). These results show that 

some senescence-associated proteins are upregulated by DETA/NO treatment in 

RWPE-1 cells. 
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Figure 3.5: Expression of SA-β-Gal and senescence-associated proteins in DETA/NO treated 

RWPE-1 cells. (A) Three hundred- and 500-µM treated cells exhibit increased staining compared to 

the control. p16 levels remain unaffected by DETA/NO treatment, however p21 and phospho-Rb 

levels increase in a dose-dependent manner in both RWPE-1s (B) and HPrECs (C), in addition to an 

increase in p27 in HPrECs (C). 

3.2.4.3 Temporal expression of senescence associated protein expression following 

DETA/NO treatment 

To gain further insight into the cellular response to DETA/NO a time course to 

examine the expression and activation of p53, p21, p16 and poly (ADP-ribose) 

polymerase (PARP) was performed as described in section 2.6. Briefly, cells were 

treated with either vehicle (10 mM NaOH) or 500 µM DETA/NO, and were 
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harvested at 1, 3, 6, 12, 24 and 48 hours post treatment. The samples were prepared 

for western blotting and analysed for expression of phospho-p53 (p-p53), p53, p21, 

p16 and PARP. Five hundred micro molar DETA/NO induced expression of 

phospho-p53, p53 and p21 by 12 hours, which increased by 24 hours (Figure 3.6). 

Phosphorylation of p53 decreased at 48 hours, but total p53 and p21 protein 

expression remained unchanged (Figure 3.6). Five hundred micro molar DETA/NO 

decreased p16 expression by 3 hours compared to vehicle control, until 48 hours 

where it increased slightly (Figure 3.6). PARP cleavage was induced by 500 µM 

DETA/NO at 12 hours and was sustained at the later time points, but no cleavage 

occurred in control cells, (Figure 3.6). β-Actin or α-tubulin were used as loading 

controls. Data are representative of 3 independent experiments. Therefore DETA/NO 

alters the expression of cell cycle inhibitors in RWPE-1 cells, in addition to inducing 

PARP cleavage. 

 

Figure 3.6: Expression of cell cycle regulators in RWPE-1 cells treated with DETA/NO over 

time. Five hundred micro molar DETA/NO increases p-p53, p21 levels and cleaved PARP compared 

to controls, while DETA/NO reduced levels of p16. Western blots shown are representative of 3 

separate experiments.  
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3.2.5 NO induces upregulation of pro-inflammatory cytokines 

Senescence-associated secretory phenotype (SASP) is a recently described 

phenomenon whereby growth factors and cytokines are secreted by senescent cells 

into the surrounding microenvironment (Fumagalli and d'Adda di Fagagna, 2009), 

with two of the main SASP factors being IL-8 and IL-6. TGF-β and TNF-α are pro-

inflammatory genes that have been shown to be upregulated in senescent cells 

(Hubackova et al., 2012). We have shown that the NO donor, DETA/NO, induces a 

transient cell cycle arrest in RWPE-1 cells by activating the p53/ p21 pathway. Next, 

we wanted to see if this prompted an increase in the release of pro-tumorigenic 

factors. As outlined in section 2.7, RWPE-1 cells were treated with vehicle, 100-, 

300- and 500-µM DETA/NO, total RNA was extracted at 48 hours post treatment 

and IL-6 and IL-8 gene expression was assessed by RT-PCR. One hundred- and 300 

µM DETA/NO did not increase IL-6/8 gene expression levels, whereas 500 µM 

DETA/NO treatment increased IL-6 and IL-8 levels 21 and 95 fold, respectively 

(Figure 3.7 A and B). IL-8 secretion by RWPE-1 cells was analysed at 24 and 48 

hours following 500 µM DETA/NO treatment using the Mesoscale discovery 

platform (section 2.8). DETA/NO treatment induced a time and dose-dependent 

increase in secretion of IL-8 (Figure 3.7C), with similar levels of induction as seen in 

the mRNA levels. Three hundred micro molar DETA/NO produced 18 and 31 

pg/mL, and 500 µM DETA/NO produced 38 and 125 pg/mL
 
at 24 and 48 hours 

respectively. Control and 100 µM DETA/NO treated cells produced less than 9 

pg/mL in comparison. Expression of TGF-β and TNF-α mRNA was also upregulated 

in response to 500 µM DETA/NO, 2.4 and 7 fold respectively (Figure 3.7 D and E 

respectively). In summary, 500 µM DETA/NO induces an upregulation in IL-6, IL-8 

TGF-β and TNF-α pro-inflammatory cytokine gene expression, in addition to 

increasing secretion of IL-8 in a dose and time dependent manner.   
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Figure 3.7: Expression of pro-inflammatory cytokines in DETA/NO treated RWPE-1 cells. IL-6 

(A), IL-8 (B), TGF-β (D) and TNF-α (E) gene expression were upregulated by 500 µM DETA/NO. 

Increases in IL-8 and TNFα were statistically significant (1 way ANOVA Bonferroni with correction 

p≤0.0001). Secreted IL-8 levels from the supernatants were measured, using the Mesoscale Discovery 

Platform, and show a time and dose dependent increase, statistically significant for 500 µM 

DETA/NO at 48 hours (2 way ANOVA with Bonferroni correction p<0.0001) (C). 500 µM 

DETA/NO induced an increase in expression of TGF-β (D) and TNF-α (E) at 48 hours. 

 

3.2.6 NO-induced cytokine production is inhibited by the anti-oxidant Trolox 

One of the mechanisms through which NO exerts its effects is by the generation of 

reactive oxygen/nitrogen species, i.e. oxidative/ nitrosative stress (ROS/RNS). They 

are generated via the reaction of NO with O2
−
 with the formation of peroxynitrite, 

resulting in indirect signalling through nitrosative, nitrative and oxidative 



58 
 

modifications (Thomas et al., 2015). These signalling pathways can effect 

downstream transcription of cytokines and chemokines.  

3.2.6.1 Optimisation of Trolox 

In order to determine if the previously described effects of DETA/NO on RWPE-1 

cells were due to ROS/RNS, an anti-oxidant, Trolox, was utilised. Firstly, the 

concentration of Trolox required to reduce the intracellular release of NO was 

optimised as described in section 2.2. Briefly, RWPE-1 cells were preloaded with 

DAF-FM-DA, followed by addition of Trolox for 30 minutes at a range of 

concentrations, and then treated with 500 µM DETA/NO. Following NO treatment, 

fluorescence was measured using a platereader or by flow cytometer. DAF 

fluorescence decreased with increasing concentrations of Trolox in the DETA/NO 

treated cells (Figure 3.8A). Pre-treatment with Trolox reduced the rate and amount of 

NO released. Five hundred µM Trolox resulted in the greatest reduction in 

intracellular NO and so was selected as the optimal concentration for future 

experiments (Figure 3.8 A and B).  

3.2.6.2 Cytokine gene expression with Trolox pre-treatment 

The role of ROS in NO-induced cytokine production was assessed as described in 

section 2.7. Briefly, RWPE-1 cells were pre-treated with 500 µM Trolox for 30 

minutes, followed by treatment with 500 µM DETA/NO for 48 hours after which 

total RNA was isolated for gene expression analysis. NO-induced up-regulation of 

IL-8 mRNA was inhibited > 50% (Figure 3.8C) and IL-6 was completely inhibited 

(Figure 3.8D), by pre-treatment with Trolox. These results indicate that ROS play a 

role in the NO-induced production of cytokines in RWPE-1 cells.   
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Figure 3.8: Effects of the anti-oxidant, Trolox™, on intracellular NO generation and cytokine 

gene expression. A dose dependent decrease in NO is observed with increasing concentrations of 

Trolox measured in real time using a platereader (A) and by flow cytometry (B). (C) Pre-treatment 

with Trolox inhibited IL-8 gene expression by over 50% (statistically significant; 1 way ANOVA 

with Bonferroni correction p<0.05), and completely inhibited NO-induced IL-6 gene expression.  

 

3.2.6.3 ROS assay optimisation 

The DCF-DA probe is widely used to detect oxidative stress/damage and was 

employed to further investigate potential ROS/RNS induced by DETA/NO in 

RWPE-1 cells. Firstly, the optimal concentration and timing of DCF-DA treatment 

used in RWPE-1 cells was optimised as outlined in section 2.9. DCF-DA treatment 

at 5, 10, 20 and 50 µM was assessed pre- and post-trypsinisation and a fluorescence 

shift was observed with increasing DCF-DA concentrations. A 30 minute DCF-DA 

treatment at 50 µM was chosen as optimal and no difference was observed between 
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pre- and post-trypsinisation treatment (Figure 3.9A, B respectively). Hydrogen 

peroxide (H2O2), an established ROS inducer, was used as a positive control.  

3.2.6.4 ROS in DETA/NO treated RWPE-1 cells 

ROS was assessed in DETA/NO treated cells as described in section 2.9. Briefly, 

RWPE-1 cells were treated with vehicle (10 mM NaOH), 100-, 300- and 500-µM 

DETA/NO for 30 minutes, 1, 6. 12 and 24 hours, harvested, treated with 50 µM 

DCF-DA for 30 minutes at 37
o
C and analysed by flow cytometry. A broad time 

range was tested to ensure detection of both fast and slow ROS generation. No 

increase in ROS was detected at any time point versus vehicle treated control cells, 

however DCF fluorescence was observed in the H2O2 positive control (Figure 3.9C 

and D). These results suggest that DETA/NO treatment does not generate ROS in 

RWPE-1 cells.  
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Figure 3.9: Effect of DETA/NO on ROS in RWPE-1 cells. DCF fluorescence in RWPE-1 cells at a 

range of concentrations (A) pre-and (B) post-trypsinisation. No positivity in DCF was observed in 

RWPE-1 cells treated with 0, 100, 300 and 500 µM DETA/NO for 0.5, 6 and 12 hours (C), and for 1 

and 24 hours (D) as compared to vehicle treated control cells. Data in D is representative of 3 

independent experiments. 
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3.2.7 Pro-angiogenic factors induced by NO at 48 hours do not stimulate 

angiogenesis 

NO has been shown to have dichotomous effects on angiogenesis (Fukumura et al., 

2006a). A possible role for DETA/NO in modulating pro-angiogenic factor 

expression was investigated.  

3.2.7.1 DETA/NO induces changes in pro-angiogenic factor expression 

DETA/NO treated RWPE-1 cells were assessed for secretion of pro-angiogenic 

factors using a human angiogenesis proteome array as described in section 2.10.1. 

Briefly, cells were treated with vehicle (10 mM NaOH), 100-, 300- and 500-µM 

DETA/NO for 48 hours after which the supernatants generated were incubated with 

the array membranes and subjected to chemiluminescence imaging. Differences in 

the expression of 55 pro-angiogenic factors are determined by the differing spot 

densities on the resultant dot blots (Figure 3.10A). Pro-angiogenic factors which 

exhibited altered expression in treated versus control samples were expanded for 

ease of visibility (Figure 3.10B). DETA/NO-induced increases of pro-angiogenic 

factors were normalised to the control expression level of each factor (Figure 3.10C). 

The dose-dependent fold increase in factors can be seen in table 3.2 below. 

 

 0 µM 100 µM 300 µM 500 µM 

 

GM-CSF 1 1.18235 1.25837 2.23937 

HB-EGF 1 1.18288 1.25421 1.43049 

MMP-9 1 1.20993 1.40201 1.41784 

SerpinF1 

PEDF 

1 1.19049 1.18757 1.33819 

EGF 1 1.20993 1.40201 1.41784 

Angiogenin 1 1.14246 1.45578 1.50351 

PTX3 1 1.45134 1.2802 1.03262 

IGFBP-3 1 1.45181 1.29557 0.92594 

Endostatin 1 1.02644 2.4011 1.03365 

IL-8 1 1.02404 2.49665 4.03425 

VEGF 1 1.04554 1.08969 1.26481 

FGF-2 1 1.02436 1.06574 1.26937 

PlGF 1 1.07333 1.26733 1.46727 

Table 3.2: Expression or pro-angiogenic factors in DETA/NO treated RWPE-1 cells 
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3.2.7.2 Confirmation of proteome array results by PCR 

Selected pro-angiogenic factors were chose for further analysis. VEGF and MMP-9 

gene expression following DETA/NO treatment was analysed as described in section 

2.7. A dose-dependent increase was observed in VEGF mRNA levels, with an 8 fold 

increase noted at 500 µM treatment. Five hundred micro molar DETA/NO induced a 

37 fold increase in MMP-9 mRNA levels which was statistically significant (Figure 

3.10E). It was previously shown that 500 µM DETA/NO increases IL-8 gene 

expression (Figure 3.7B).  

3.2.7.3 NO-induced pro-angiogenic factors do not induce angiogenesis  

To examine if the secreted pro-angiogenic factors could stimulate angiogenesis a 

tubule formation assay was performed as described in section 2.10.2. This assay 

utilises the ability of human umbilical vein endothelial cells (HUVECs) to form 

capillary-like structures (i.e. tubes) and can be used to test various inducers or 

inhibitors of angiogenesis.). Briefly, HUVECs were seeded on matrigel coated plates 

in conditioned media (CM) collected from DETA/NO treated cells. Tubule 

formation was not induced by CM from DETA/NO treated RWPE-1 cells (Figure 

3.10D). Complete EGM media was used as a positive control for tubule formation. 

These results show that although NO induces the production of pro-angiogenic 

factors in RWPE-1 cells, these factors do not stimulate angiogenesis in the HUVEC 

tubule formation assay.  
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Figure 3.10: Effects of NO on angiogenesis. (A) Dot blots of angiogenic proteome profiler with 

conditioned media from RWPE-1 cells treated with vehicle, 100-, 300- and 500 µM DETA/NO for 48 

hours. Dot blots of factors upregulated by DETA/NO treatment were enlarged (B) and represented in 

histograms (C). A dose-dependent increase in GM-CSF, HB-EGF, MMP-9, SerpinF1 PEDF, EGF, 

Angiogenin, Pentraxin-3, IGFBP-3, Endostatin, IL-8, VEGF, FGF-2 and PlGF was induced. (D) No 

tubule formation was detected using CM from DETA/NO treated RWPE-1 cells at any of the tested 

concentrations. (E) DETA/NO induced a dose dependent increase in VEGF and MMP-9 (statistically 

significant; 1 way ANOVA with Bonferroni correction p=0.0001), mRNA levels in RWPE-1 cells. 
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3.2.8 NONO-NSAIDs inhibit the growth of prostate cancer cells 

As NO induces cell cycle arrest, p53 and p21 expression and PARP cleavage in 

addition to reduced proliferation in RWPE-1 cells, we sought to determine whether 

NONO-NSAIDs could be used as an anti-tumour therapeutic in prostate cancer. The 

alamar blue viability assay in conjunction with the Janus robotics platform was used 

to examine the efficacy of NONO-NSAIDs in inhibiting the growth of prostate 

cancer cells as described in section 2.11.2.  

3.2.8.1 Alamar blue assay optimisation and z-factor calculation 

Briefly, the seeding density for 4 prostate cancer cell lines and alamar blue 

incubation time were optimised to ensure a Z factor of 0.5-1. The Z factor is a 

statistical method that was used to determine the robustness of the alamar blue assay. 

A Z-factor of 0.5 – 1 demonstrates a highly robust assay, while a Z-factor of 0 – 0.5 

indicates a below par robustness (Zhang et al., 1999). As described in section 2.11.1, 

prostate cancer cell lines (22Rv1, CWR22, PC3and  DU145) were seeded at a range 

of densities in 96 well plates and treated with vehicle (DMSO) or 10 µM paclitaxel 

(a chemotherapeutic agent clinically used in the treatment of prostate cancer known 

to induce high levels of cell death), followed by an alamar blue assay at 72 hours 

post treatment. The treated cells were incubated with alamar blue for 2, 4, 6 and 8 

hours. The z factor for each treatment was calculated based on values obtained from 

the entire plate, and values from just the internal wells of the plate. This was to 

determine if the ‘edge effect’ impacted on the Z-factor. A cell seeding density of 

5000 cells per well, with an incubation time of 8 hours with alamar blue, and use of 

the entire plate were selected as the optimal conditions for each cell line (Figure 

3.11A-D).  
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Figure 3.11: Optimisation of the alamar blue assay for prostate cancer cell viability. Z-factor 

values obtained in (A) 22Rv1, (B) CWR22 (C) PC3 and (D) DU145 at a range of seeding densities, at 

2, 4, 6 and 8 hours alamar blue incubation time. A seeding density of 5000 cells per well, and an 

incubation time of 8 hours generated a Z-factor of ≥ 0.5. 

3.2.8.2 NONO-NSAIDs inhibit prostate cancer cell growth 

The NONO-NSAIDs, IPA/NO-aspirin (HNO releasing) and DEA/NO-aspirin (NO 

releasing), along with their parent diazeniumdiolates and aspirin alone were tested 

for growth inhibition efficacy on the prostate cancer cell lines as described in section 

2.11.2. Paclitaxel was used as a positive control for cell death. In the case of each 

cell line, DEA/NO-aspirin had the most powerful growth inhibitory effect with an 

IC50 of 53.3, 48.33, 81.65 and 99.61 µM for 22Rv1, CWR22, PC3 and DU145 cells 

respectively (Figure 3.12 and Table 3.3). IPA/NO-aspirin also had a growth 

inhibitory effect on the prostate cancer cell lines, with IC50s of 72.36, 77.29, 100 

and 300 µM in 22Rv1, CWR22, PC3 and DU145 cells, respectively (Figure 3.12 and 

Table 3.3). Neither of the parent diazeniumdiolates, nor aspirin alone inhibited the 

growth of the prostate cancer cells, demonstrating that the efficacy is derived from 

the combination of NO/HNO and NSAID.  
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Figure 3.12: NONO-NSAIDs affect the growth of prostate cancer cells. Survival of (A) 22Rv1, 

(B) CWR22, (C) PC3 and (D) DU145 cells treated with NONO-NSAIDs, parental diazeniumdiolates 

and aspirin alone. NONO-NSAIDs exert a growth inhibitory effect on all prostate cancer cells, which 

is not induced by aspirin or parent diazeniumdiolates alone. Data are from 3 independent experiments 

and are plotted as mean percentage versus untreated cells ± SD.  

 

 IPA/NO-ASA (µM) DEA/NO-ASA (µM) 

22Rv1 72.36 53.3 

CWR22 77.29 48.33 

PC3 < 300 81.65 

DU145 < 300 ~99.61 

Table 3.3: IC50 values of IPA/NO-ASA and DEA/NO-ASA in prostate cancer cells. 
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3.2.8.3 Measurement of intracellular NO released by NONO-NSAIDs 

The DAF-FM-DA fluorescent probe was then used to measure DEA/NO- and 

IPA/NO-induced intracellular NO release, as described in section 2.2.2. DEA/NO 

induced NO release in 22Rv1, DU145 and PC3 cell lines, and this effect was 

amplified by DEA/NO-aspirin treatment (Figure 3.13). IPA/NO-aspirin, which 

releases HNO, did not result in NO release in any of the cell lines as measured by 

DAF-FM-DA. IPA/NO alone induced a non-significant NO increase in DU145 cells, 

but no increase was observed in the 22Rv1 or PC3 cell lines (Figure 3.13). Therefore 

the linking of DEA/NO to an NSAID enhances the intracellular release of NO in 

prostate cancer cell lines.  

 

Figure 3.13: Intracellular release of NO in prostate cancer cells after treatment with NONO-

aspirin prodrugs, aspirin, or parent diazeniumdiolate. The release of NO was measured in (A) 

22Rv1, (B) DU145 and (C) PC3 cells after treatment with 10 µM of DEA/N0-aspirin, IPA/NO-

aspirin, DEA/NO, IPA/NO and aspirin. DEA/NO-aspirin induced an increase in NO release in all cell 

lines tested, whereas its parent diazeniumdiolate did not. IPA/NO induced a small increase in 

intracellular NO release in DU145 cells. 

 

3.3 Discussion  

DETA/NO, acting as a donor of NO, can elicit both pro- and anti-tumourigenic 

effects. There are many examples of inflammatory conditions in the prostate, 

including benign prostatic hyperplasia, proliferative inflammatory atrophy (PIA) and 

prostatic intraepithelial neoplasia (PIN). During inflammation NO is released into 

the microenvironment and can have deleterious effects on the benign epithelial cells 

present. DAF-FM-DA is commonly used for the detection of NO in cellular systems. 

Following experimental optimisation, this probe was used to demonstrate a dose-

dependent increase of intracellular NO in RWPE-1 cells after treatment with 

increasing concentrations of DETA/NO (section 3.2.1).  
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Next, the xCELLigence system was used to monitor the effect of NO on the growth 

of RWPE-1 cells treated with increasing concentrations of DETA/NO in real-time. It 

was observed that the low dose in NO (100 µM) had no effect on the proliferation of 

RWPE-1 cells, while the higher doses of 300- and 500- µM had an anti-proliferative 

effect (section 3.3.2). This was confirmed by a traditional cell counting proliferation 

assay including trypan blue exclusion to measure non-viable cells. The cell counting 

assay demonstrated that RWPE-1 cell growth is inhibited by DETA/NO at 300- and 

500-µM, which is partially caused by the induction of cell death. DETA/NO was 

also shown to affect the morphology and growth pattern of RWPE-1 cells, as well as 

their viability. Cells treated with higher concentrations of DETA/NO (300- and 500-

µM), assumed a more rounded up and stressed morphology. In addition, cell-cell 

adhesion appeared to be effected, as cells treated with higher concentrations had a 

decreased degree of cell to cell contact. Cells treated with 100 µM DETA/NO did 

not have altered morphology as compared to the vehicle treated control.  

To gain further insight into the anti-proliferative effect of DETA/NO on RWPE-1 

cells, the cell cycle of cells treated with DETA/NO was analysed over 48 hours 

(section 3.2.3). Consistent with the lack of effect on proliferation, low NO levels 

(100 µM DETA/NO) had no effect on the cell cycle, while 300- and 500-µM 

DETA/NO both induced a G1 block with 500 µM exerting a larger effect. Cells 

treated with 300 µM DETA/NO began to recover by 12 hours as demonstrated by a 

synchronised increase of cells in S phase and a decrease in the number of cells in G1 

phase. Cells treated with 500 µM DETA/NO exhibited a slower recovery, which was 

not apparent until 24 hours post treatment, with 43% of the cells in S phase at 48 

hours. The 500 µM DETA/NO treatment was chosen for further investigation as this 

concentration is the most physiologically relevant as regards NO release in 

inflammation (Thomas et al., 2015). Treatment with 500 µM DETA/NO resulted in a 

G1 block at 6 hours post treatment, until 24 hours when the progression to S phase 

occurred (section 3.2.3). These results demonstrate that high 500 µM DETA/NO 

induces a cell cycle arrest in RWPE-1 cells, from which the cells begin to recover 

from at 24 hours, resulting in an accumulation of cells in S phase.  

Cell growth inhibition, cytotoxicity and cell cycle arrest induced by DETA/NO all 

suggested the onset of cellular senescence. Senescence is traditionally considered to 

be a defence mechanism of the cell in response to certain stresses, leaving the cells 
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metabolically active, but preventing cell cycle progression, and hence inhibiting an 

organism from perpetuating the propagation of potentially genetically unstable cells 

(Campisi and d'Adda di Fagagna, 2007). There is no single marker for senescence, 

and hence a panel of commonly used markers were tested. SA-β-Gal staining 

resulted in positive staining in the DETA/NO treated cells (section 3.2.4.1). This, in 

conjunction with expression of p21 in RWPE-1 and HPrECs, and p27 in HPrECs 

indicated that the cells were undergoing senescence (section 3.2.4.2). However, 

levels of p16, another marker for senescence, were not altered in the treated cells 

compared to the control cells. In addition, phospho-Rb was increased at 24 hours in 

the DETA/NO treated cells reflecting the progression of cells into S-phase. From 

these results, we propose that a small population of DETA/NO treated cells become 

senescent, but that the majority of viable cells undergo a transient cell cycle arrest, 

from which they recover. As senescence is considered to be an irreversible process 

(Campisi and d'Adda di Fagagna, 2007), G1/S transition would not occur if the cells 

were senescent. Senescent colon progenitors have been shown to generate IL-22, 

which supports restoration of the colon epithelial lining, and is therefore associated 

with tumourigenesis (Dabrowska et al., 2011, Huber et al., 2012). This would 

suggest a Th17 phenotype, in which NO has been shown to play an important role 

(Obermajer et al., 2013). Cancers with an epithelial origin and possessing a Th17 

signature have been associated with poor prognosis (Tosolini et al., 2011, Zhang et 

al., 2009a). Consequently, senescence induced by NO in prostate epithelial cells 

could potentially also lead to IL-22 release, and similarly play a role in prostate 

epithelial restoration, and potentially the onset of tumourigenesis following exposure 

to NO. G1 cell cycle arrest is generally instigated upon damage to the cells and an 

important mediator of cellular stress is the tumour suppressor p53. Known as the 

“guardian of the genome”, p53 plays a prominent role in the G1/S checkpoint by 

inducing the expression of p21 (Giono and Manfredi, 2006). To assess the role of the 

p53/p21 pathway, a time-course was performed on RWPE-1 cells treated with 

vehicle and 500 µM DETA/NO and cell cycle protein levels were assessed (section 

3.2.4.3). p53 was stabilised and activated 12 hours post treatment, and remained 

activated, but to a lesser extent, at 48 hours. p21 was also induced at 12 hours, with 

levels increasing at 24 and 48 hours. p16 levels were reduced in DETA/NO treated 

cells. PARP cleavage occurred in the treated cells at 12, 24 and 48 hours, 

corresponding with the cytotoxicity observed in the proliferation study (section 
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3.2.2). These results indicate that the G1 block induced by 500 µM DETA/NO is 

mediated through the p53/ p21 pathway, and while the majority of cells progress to S 

phase, a small population of the cells are programmed for cell death (indicated by 

PARP cleavage).  

IL-6 and IL-8 are pro-inflammatory cytokines which promote prostate cancer 

progression, for example by stimulation of epithelial to mesenchymal transition 

(EMT), invasion and angiogenesis (Nguyen et al., 2014, Culig, 2013). They are key 

components of the senescence associated secretory phenotype (SASP), and are 

released into the microenvironment by senescent cells thus impacting on 

neighbouring cells (Fumagalli and d'Adda di Fagagna, 2009). IL-6 can activate 

prostate fibroblast cells to become cancer associated fibroblasts thereby creating a 

reactive stroma and fuelling tumour progression (Doldi et al., 2015). Both IL-6 and 

IL-8 are associated with biochemical recurrence of prostate cancer (Alcover et al., 

2010, Caruso et al., 2008). Short term treatment (48 hours) with 500 µM DETA/NO 

induced up-regulation of both IL-6 and IL-8 mRNA in RWPE-1 cells, while levels 

of secreted IL-8 were increased with 300- and 500-µM DETA/NO treatment at 24 

and 48 hours, corresponding with the increase in gene expression (section 3.2.5). 

Inflammatory conditions and SASP are inextricably linked, with common factors 

being induced in both situations (Acosta et al., 2013). TGF-β has also been shown to 

induce SASP factors such as IL-8 (Acosta et al., 2013) and here 500 µM DETA/NO 

was shown to upregulate TGF-β at 48 hours (section 3.2.5). TNF-α mRNA levels 

were also upregulated by 500 µM DETA/NO treatment at 48 hours. Recent research 

however has demonstrated that SASP factors are induced by a persistent DNA 

damage response, as opposed to senescence (Rodier et al., 2009). Therefore, the 

release of these pro-tumorigenic factors could be due to the NO-induced stress, 

which activates a p53/ p21 G1 block in the cells, and may be independent of 

senescence. 

One mechanism through which NO has been shown to exert its cytotoxic effects is 

the generation of ROS/RNS, also termed oxidative/nitrosative stress. These species 

are generated via the reaction of NO with O2
−
 forming peroxynitrite leading to 

indirect signalling through nitrosative, nitrative and oxidative modifications Thomas 

et al. (2015). These signalling pathways can effect downstream gene transcription of 

cytokines and chemokines. Pre-treatment of the RWPE-1 cells with trolox was 
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initially used as a means to establish whether some of the effects observed were 

induced via ROS. Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) 

is a cell permeable vitamin E derivative that is widely used in research studies as an 

antioxidant. It acts as a free radical scavenger and can thereby decrease or inhibit 

oxidative damage. It has been shown to confer protection from NO-induced 

apoptosis via ROS scavenging (Chung et al., 2006). NO release was decreased in 

DETA/NO treated RWPE-1 cells, with increasing concentrations of Trolox used 

(section 3.2.6.1). Pre-treatment with 500 µM Trolox, decreased both the rate and 

amount of NO released by 500 µM DETA/NO, as measured by DAF-FM-DA. Next, 

IL-6 and IL-8 gene expression levels were analysed in cells pre-treated with the anti-

oxidant trolox. NO-induced IL-8 expression was inhibited by greater than 50% and 

NO-induced IL-6 was completely inhibited (section 3.2.6.2), suggesting that the up-

regulation of IL-6 and IL-8 by NO is elicited through an oxidative or nitrosative 

pathway.  

To test this hypothesis, a DCF-DA fluorescent probe assay was utilised to detect 

oxidative stress in the RWPE-1 cells. DETA/NO did not generate ROS at any of the 

time points tested. This result was unexpected, as NO is known to generate ROS in 

many cell types (Leon et al., 2008), and as mentioned above, the use of an anti-

oxidant had inhibited NO-induced IL-6 and IL-8 production (section 3.2.6.2). DCF 

reflects oxidation and is not exclusively an indicator of ROS. The reaction of DCF 

with N2O3/N2O4 is weaker (Espey et al., 2002), and so the result does suggest little 

ROS, and more RNS participation in these mechanisms. Alternatively, NO has been 

show to exert anti-oxidative effects and can protect cells from oxidative stress (Wink 

et al., 2001).  

NO chemistry is extremely complex, as NO has a short half-life (ms) and is highly 

reactive, and is therefore extremely difficult to quantify reliably. While DAF-FM-

DA is widely used as a tool for NO detection, it comes with various limitations. The 

interactions between ROS and NO with DAF are complex and several mechanisms 

depend on the ratio of NO and O2-, and DAF itself can be oxidised (Espey et al., 

2002). DAF-FM fluorescence requires the presence of O2, indicating that DAF-FM 

is activated by a by-product of NO oxidation rather than NO itself (Namin et al., 

2013). Therefore, while specific ROS were not detected in our model, some of the 

increased fluorescence detected by the DAF assay could possibly be oxidised NO, 
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and therefore the finding that NO was reduced with pre-treatment of Trolox could 

actually signify a reduction in for example NO2, N2O3 or other NO reactive species. 

Additionally, Trolox is a water-soluble anti-oxidant with a potential of -0.48V, 

thereby making it a potential scavenger of NO2 and OH. However, Trolox in 

aqueous solution will not scavenge N2O3 due to the hydrolysis reaction being faster 

than that reaction with trolox. In hydrophobic regions however, RNS scavenging by 

trolox increases since hydrolysis is not a predominant factor, as opposed to in 

aqueous solution. Research by Switzer et al showed that β-Catenin signalling 

induced by NO was decreased by urate, ascorbate, azide and GSH, which may 

suggest that RNS from the NO/O2 reaction is playing a role in the membrane 

(Switzer et al., 2012b).  DAF-FM is hydrophobic, as are a number of RNS signalling 

targets eg RAS, EGFR, SRC) (Switzer et al., 2012a, Switzer et al., 2012b). This 

might suggest that RNS signalling begins in these hydrophobic areas. As NO can 

also act through direct mechanisms, e.g. soluble guanylyl cyclase signalling, 

interaction with cytosolic, non-haeme iron targets, and nitrosylation of target 

proteins (Thomas et al.), the effects that we observe could be exerted through various 

NO signalling mechanisms, independent of ROS. Although the finding that IL-6/8 

upregulation results from DETA/NO treatment, and by extension NO, and was 

confirmed by the fact that anti-oxidant treatment reduced cytokine levels, 

determining the exact mechanism of action of NO in this model will require further 

investigation. 

Angiogenesis is the formation of new blood vessels, which tumours exploit for 

nutrients and oxygen. It occurs in response to many molecular cues, of which NO is 

one (Jadeski et al., 2000a). As shown in this study, DETA/NO, and by extension 

NO, creates a secretory phenotype in RWPE-1 cells (section 3.2.5.7). That finding, 

coupled with the fact that NO stimulates angiogenesis in various systems, prompted 

us to investigate if NO caused the release of pro-angiogenic factors in our model 

system. Utilising an angiogenic proteome array, a number of factors were observed 

to be released by RWPE-1 cells in a dose-dependent manner (section 3.2.7.1). The 

pro-angiogenic factors that showed the greatest increase in expression were GM-

CSF, Endostatin and IL-8, with a greater than 2 fold increase. An increase in IL-8, 

MMP-9 and VEGF gene expression was also demonstrated (section 3.2.7.2). Given 

this milieu of pro-angiogenic factors induced by the action of NO on RWPE-1 cells, 
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it was deemed appropriate to assess whether angiogenesis itself would be stimulated 

in the micro-environment. To this end, an angiogenesis assay was carried out using 

the conditioned media from the treated cells as a potential stimulus for tubule 

formation (section 3.2.7.3). However, tubule formation was not detected in our 

model and we surmise that additional factors present in vivo, would assist the pro-

angiogenic secretome of the NO exposed cells to facilitate angiogenic processes.  

Nitric oxide-donating non-steroidal anti-inflammatory drugs (NONO-NSAIDs) are a 

relatively new class of chemotherapeutics that have been tested as anti-cancer agents 

in many types of cancer, including prostate cancer (Huguenin et al., 2004). NONO-

NSAIDs comprise of an NSAID covalently attached to nitrate esters, 

diazeniumdiolates (NONOates) and other NO donors, via a linker molecule 

(Basudhar et al.). NONO-NSAIDs were initially developed to harness the combined 

anti-tumorigenic properties of NSAID, and the protective influence of NO on the gut 

(Rigas and Williams, 2008b). Recent research suggests that the both the NO and 

linker molecules may have anti-cancer properties (Rigas and Williams, 2008a). 

Much research has been carried out to establish their mechanism of action, with ROS 

generation, enhanced apoptosis and growth inhibition among the theories (Zhou et 

al., 2009). Two novel NONO-NSAIDs, DEA/NO-aspirin and IPA/NO-aspirin, 

release NO and HNO, respectively. These pro-drugs, along with their parent 

diazeniumdiolates (i.e. DEA/NO and IPA/NO) and aspirin alone were tested against 

a panel of prostate cancer cell lines (section 3.2.8.2). Both DEA/NO-aspirin and 

IPA/NO-aspirin were shown to have an inhibitory effect on prostate cancer cell lines, 

while neither their parent diazeniumdiolates nor aspirin alone had an inhibitory 

effect. The cells lines chosen were 22Rv1 (primary prostate cancer), CWR22 

(primary prostate cancer), PC3 cells (metastatic brain cancer) and DU145 cells 

(metastatic bone cancer), in order to assess the drug’s effects in cells that represent 

the progression of prostate cancer. The IC50s determined were higher in the 

metastatic cell lines compared to the primary cell lines. The level of NO released 

from the pro-drugs was measured, with DEA/NO-aspirin generating the highest level 

of NO in the cell lines in comparison with DEA/NO alone, suggesting that the 

linkage of the NO donor to aspirin enhanced its ability to deliver NO to the cells. 

IPANO-aspirin did not induce an increase in DAF, however the same drug was 

shown to do so in breast cancer cells (Basudhar et al., 2015). Possible explanations 
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for the absence of NO generation in the prostate cancer cells treated with IPA/NO-

aspirin include higher GSH levels in the prostate cells resulting in HNO scavenging, 

and the inability of the cells to metabolise or take up the drug. However, DEA/NO-

aspirin and IPA/NO-aspirin both exerted similar growth inhibitory responses in the 

prostate cancer cell lines, at similar concentrations. This would indicate that NO is 

not the direct mediator of this effect, however further studies will need to be 

performed to determine the exact mechanisms involved. .  

Overall, this study has shown that NO exerts an inhibitory effect on cell proliferation 

through expression of cell cycle regulatory proteins. NO induced an increase in pro-

tumour cytokine expression, which was reduced following treatment with an anti-

oxidant compound, although the mechanism of action remains unclear. Although NO 

induces an increase in pro-angiogenic factors, these were not sufficient to form 

tubules in an angiogenesis assay. In addition, the effect of NONO-NSAIDs were 

investigated and found to exert growth-inhibitory effects in prostate cancer cells. 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

Chapter 4 

Investigation into prolonged NO exposure on the epithelial to 

mesenchymal transition of prostate epithelial cells 
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4.1 Introduction 

Prostate cell carcinogenesis is a multi-step process that develops over time involving 

cumulative genetic alterations, typically resulting from long term exposure to 

oncogenic or mutagenic factors (De La Taille et al., 2001). Chronic inflammation 

has long been recognised as being closely associated with the initiation and 

progression of cancer. Many examples exist that highlight this relationship, for 

example hepatitis C and hepatocellular carcinoma (HCC), Helicobacter pylori and 

gastric cancer, Opisthorchis viverrini and cholangio-carcinoma, and inflammatory 

bowel disease and colon carcinogenesis (Kawanishi et al., 2006). High levels of 

NOS2 have been detected at sites of inflammation, and also in many cancers (e.g. 

bladder, prostate, colon, oesophagus and breast cancer) (Crowell et al., 2003, Ambs 

and Glynn, 2011). Inflammation, via its concomitant up-regulation of NOS2 and 

subsequent release of NO/reactive nitrogen species (RNS), has been shown to result 

in DNA damage, by inducing nitration, nitrosylation and deamination of DNA bases 

(Filomeni et al., 2015). This NO/RNS induced DNA damage may drive 

carcinogenesis by increasing mutation rates and genome instability (Sawa and 

Ohshima, 2006).  

As demonstrated in chapter 2, NO induces a transient growth arrest in RWPE-1 cells 

mediated by the p53/p21 pathway. Next we sought to investigate if DNA damage 

was induced in our model system. γH2AX foci are formed in response to DNA 

double strand breaks and therefore expression of γH2AX is commonly used as a 

marker for DNA damage. The nature of the DNA damage response (DDR) and 

repair can dictate the likelihood of mutations arising. The two main pathways for the 

repair of DNA double strand breaks are homologous recombination repair (HRR) 

and non-homologous end joining (NHEJ). In general, HRR tends to be error-free 

while NHEJ is regarded as being error-prone (Ceccaldi et al., 2015). NO and/or 

RNOS have been shown to affect the enzymatic activity of several DNA repair 

proteins (Wink et al., 1998b). DNA repair proteins containing thiol residues and zinc 

finger motifs such as alkyl transferase and Formamidopyrimidine-DNA glycosylase 

(Fpg protein) were inhibited by NO (Laval and Wink, 1994, Wink and Laval, 1994). 

In addition, nitrosation of the lysine residue in the active site of the DNA ligase 

repair enzyme, leads to its deamination and subsequent inhibition (Graziewicz et al., 

1996). We investigated if DETA/NO treatment of RWPE-1 cells induced the 
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expression of γH2AX by western blot and immunofluorescence (IF), and 

subsequently examined the nature of the activated DDR by western blotting and IF 

staining for Rad51 and 53BP1, markers of HRR and NHEJ respectively. 

EMT is a phenotypic switch that results in loss of cell to cell contact, increased cell 

motility, invasiveness and chemo-resistance of epithelial cells, by the acquisition of a 

fibroblastoid-like morphology. It is characterised by a loss in E-cadherin and the 

expression of the mesenchymal marker vimentin. E-cadherin loss is associated with a 

loss in cell-cell adhesion, vimentin functions in cell migration and filament 

formation, while MMP-9 activity is involved in extracellular matrix degradation and 

invasion (Lamouille et al., 2014). In the prostate, EMT enables normal genitourinary 

organ differentiation, but the process can also be hijacked by tumour promoting 

mechanisms (Grant and Kyprianou, 2013). RNS-induced DNA damage has been 

causally linked with epithelial to mesenchymal transition (EMT) via up-regulation of 

vimentin in MCF7 cells (Singh et al., 2014). In this chapter, the ability of NO to 

induce EMT in RWPE-1 cells was investigated by assessing EMT markers in treated 

cells by RT-PCR and western blotting. In addition, using migration and invasion 

assays, we examined the motility and invasiveness of the treated cells.  

Cancer stem cells (CSCs) can self-renew and differentiate, and are important in 

tumour initiation and progression. Recent research has shown that CSCs are enriched 

for as a result of EMT (Singh and Settleman, 2010). CSCs and cells that have 

undergone EMT both have acquired plasticity which could be triggered by the same 

signals (Hanahan and Weinberg, 2011). Typically, a panel of markers are used to 

identify prostate CSCs which include, but are not limited to, 

CD44
+
/CD133

+
/ALDH

+
/ α2β1

+
/ CD49b

+
CD49f

+  
(Chen et al., 2013). We 

investigated if NO could lead to CSC enrichment in RWPE-1 cells by RT-PCR. 

During inflammation, NO is released into the microenvironment in prolonged bursts 

over variable periods of time by NOS2 (Wink et al., 2011b). To mimic this 

environment in vitro, RWPE-1 cells were exposed to bursts/pulses of physiologically 

relevant concentrations of DETA/NO (500 µM) for 24 hours at a time over a 4 week 

period. These ‘long-term’ exposed RWPE-1 cells were then assessed for EMT and 

CSC markers as stated above. 
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4.2 Results 

4.2.1 DETA/NO induces DNA damage in RWPE-1 cells 

4.2.1.1 γH2AX expression 

γH2AX is a marker of DNA double strand breaks, and hence of DNA damage. In 

order to investigate if NO induces DNA damage in RWPE-1 cells, γH2AX 

expression was assessed by western blot as per section 2.6. Briefly, RWPE-1 cells 

were treated with vehicle (10 mM NaOH), 100-, 300- and 500-µM DETA/NO for 24 

and 48 hours and protein lysates were probed for γH2AX. γH2AX expression 

increased in a dose-dependent manner at both time points (Figure 4.1A). To gain 

further insight into temporal γH2AX expression, RWPE-1 cells were treated with 

vehicle or 500 µM DETA/NO and harvested at 1, 3, 6, 12, 24 and 48 hours post 

treatment. γH2AX expression was upregulated at 12 hours, maintained at 24 hours, 

and the expression decreased at 48 hours post treatment (Figure 4.1B). Data are 

representative of 3 independent experiments.  

γH2AX foci formation was then examined by IF staining as per section 2.12. Briefly, 

RWPE-1 cells were treated with vehicle or 500 µM DETA/NO for 24 hours, fixed 

and probed using a γH2AX antibody. Foci were observed in the vast majority of 

treated cells indicating DNA double strand breaks (Figure 4.1C). γH2AX expression 

in untreated cells was negligible. Data are representative of 3 independent 

experiments each performed in triplicate. 
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Figure 4.1: Expression of ƴH2AX in DETA/NO treated RWPE-1 cells. (A) ƴH2AX protein 

expression increased in a dose-dependent manner at 24 and 48 hours. (B) ƴH2AX protein expression 

was induced at 12 hours following 500 µM DETA/NO treatment, maintained at 24 and decreased at 

48 hours. (C) ƴH2AX foci in RWPE-1 cells following 24 hours of 500 µM DETA/NO treatment. B 

and C are representative of results from 3 independent experiments. Scale bar 50 µM. 

 

4.2.1.2 γH2AX expression with antioxidant pre-treatment 

We previously showed that DETA/NO treatment did not generate measurable ROS 

in RWPE-1 cells (section 3.2.6.4). Despite this fact, NO-induced upregulation of 

pro-inflammatory cytokines IL-6 and IL-8 was inhibited by the antioxidant trolox. In 
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order to ascertain whether NO induced DNA damage through oxidative stress 

mechanisms, γH2AX expression was investigated in anti-oxidant treated cells treated 

with DETA/NO. Briefly, RWPE-1 cells were pre-treated with trolox followed by 

treatment with vehicle or 500 µM DETA/NO for 24 hours, after which γH2AX 

expression was assessed as described in section 2.6. Pre-treatment with trolox did 

not inhibit γH2AX expression, nor did Trolox alone induce γH2AX expression 

(Figure 4.2B). This implies that NO-induced DNA damage is independent of 

oxidative stress and must be induced through another NO mechanism of action. Data 

are representative of 3 independent experiments. 

 

Figure 4.2: ƴH2AX expression in DETA/NO treated cells pre-treated with trolox. Pre-treatment 

of RWPE-1s with Trolox did not inhibit yH2AX expression induced by NO. Results are 

representative of 3 independent experiments.  

 

4.2.2 NO induced DNA damage is repaired via NHEJ 

4.2.2.1 Rad51 expression 

Rad51 is a DNA repair protein, whose expression as multiple foci in the nucleus is 

indicative of DNA double strand break repair via the HRR pathway (Ceccaldi et al., 

2015). Rad51 expression was investigated by IF staining as per section 2.12, to 

determine if the HRR pathway was activated or altered by NO induced DNA 

damage. Briefly, RWPE-1 cells were treated with vehicle or 500 µM DETA/NO for 

24 hours, followed by fixation and IF staining for Rad51. NO did not induce Rad51 

foci formation at 24 hours post treatment, indicating that HRR is not induced at this 

time-point (Figure 4.3). Each cell in the entire population of treated cells had less 

than 3 foci per nucleus, and this was comparable to the vehicle treated cells (Figure 

4.3A). Rad51 expression was also examined by western blotting as per section 2.6. 

Briefly, RWPE-1 cells were treated with vehicle and 500 µM DETA/NO and protein 
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was harvested at 1, 3, 6, 12 and 24 hours post treatment to assess Rad51 levels over 

time. Rad51 levels remained unaltered in DETA/NO treated cells versus vehicle 

treated control cells (Figure 4.3B). IF images are representative of 3 independent 

experiments with multiple replicates. These results demonstrate that NO-induced 

DNA damage does not activate the HRR pathway. 

 

Figure 4.3: Rad51 expression in DETA/NO treated RWPE-1 cells. (A) 500 µM DETA/NO does 

not induce RAD51 foci formation in RWPE-1 cells at 24 hours. (B). Rad51 protein levels remain 

unchanged over a time-course of 500 µM DETA/NO treatment, as compared to the vehicle treated 

control cells. IF images in A are representative of 3 independent experiments with multiple replicates 

and data in B is representative of 2 independent experiments. Scale bar 50 µM. 

4.2.2.2 53BP1 expression 

53BP1 is a DNA repair protein, and is commonly used as a surrogate marker for 

NHEJ DNA double strand break repair (Panier and Boulton, 2014). 53BP1 

expression was investigated by IF staining as per section 2.12, to determine if the 
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NHEJ pathway was activated by NO induced DNA damage. Briefly, RWPE-1 cells 

were treated with vehicle or 500 µM DETA/NO for 24 hours, followed by fixation 

and IF staining for 53BP1. Five hundred micro molar DETA/NO treatment induced 

the formation of 53BP1 foci in RWPE-1 cells (Figure 4.4). A large proportion of 

cells had >3 foci per cell, while 100 % of vehicle treated control cells have <3 foci 

per cell 24 hours after treatment with DETA/NO. This indicates that the NHEJ 

pathway is activated upon NO-induced DNA damage in normal prostate epithelial 

cells. IF images are representative of 3 independent experiments with multiple 

replicates. 

 

Figure 4.4: 53BP1 foci expression in RWPE-1 cells. 500 µM DETA/NO induces the formation of 

53BP1 foci in RWPE-1 cells at 24 hours. A large proportion of DETA/NO treated cells have >3 

53BP1 foci present per nucleus. A negligible amount of vehicle treated control cells have >3 foci per 

nucleus. Images are representative of 3 independent experiments. Scale bar 50 µM.  
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4.2.3 Long-term NO exposure induces a spindle-like mesenchymal morphology 

in RWPE-1 cells 

In chapter 3, short term treatment of RWPE-1 cells was shown to induce a 

morphological change in RWPE-1 cells, indicated by an altered growth pattern, 

reduced cell to cell contact and an increase in cell size. DETA/NO treatment 

inhibited the typical cobblestone growth pattern associated with epithelial cells. Next 

we examined the effect of long-term NO exposure on RWPE-1 cells, mimicking 

inflammatory conditions where NO is released in prolonged bursts over long periods 

of time (Wink et al., 2011a). As described in section 2.1.3, RWPE-1s were ‘pulsed’ 

with 500 µM DETA/NO for 24 hours, twice weekly over a prolonged time period (8-

11 pulses in 4 weeks) and called RW/NO_ST/MT/LT cells (ST; short term, MT; 

medium term, LT; long term). Images illustrating cell morphology were recorded 

after pulse 2 (RW/NO_ST), 4 (RW/NO_MT) and 8 (RW/NO_LT). RW/NO_LT 

cells were then further passaged in media lacking DETA/NO for between 2 and 10 

passages, termed RW/NOw cells ( i.e. long term NO treated post NO withdrawal), in 

order to assess the effect of NO withdrawal on LT cell phenotype. The morphology 

of RWPE-1 cells post 2, 4 and 8 pulses, in addition to RW/NOw cells, are depicted 

in Figure 4.5A (scale bar 100 µM) and Figure 4.5B (scale bar 50 µM). The extent of 

altered cell morphology induced by DETA/NO is intensified in parallel with the 

number of treatments. After 2 pulses with 500 µM DETA/NO, the cells have become 

enlarged, and the cobblestone growth pattern observed in the vehicle treated cells is 

less apparent. At 4 pulses, many of the treated cells have become elongated in 

addition to becoming enlarged, and have assumed a more mesenchymal phenotype 

as compared to the vehicle treated cells. At 8 pulses, while the cells are a 

heterogeneous population, the majority of the treated cells have a mesenchymal or 

spindle- shaped phenotype, with a small number of cells retaining an epithelial 

morphology. In addition, the treated cells have a more scattered, or dispersed growth 

pattern, and appear to have lost the characteristic closely connected growth 

configuration of epithelial cells. The RW/NOw cells appear to lose the enlarged 

spindle shape acquired by the long term treatment, yet do not completely regress to 

the untreated phenotype. Some elongated cells remain in the population, and the cell 

shape is altered compared to the vehicle treated cells. They have regained the 

closely-connected mode of growth and attachment. 
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Figure 4.5: Morphology changes in long-term NO exposed RWPE-1 cells. Microphotographs of 

RWPE-1 cells after 2, 4 and 8 pulses at scale bar 100 µM (A) and 50µM (B). Cells change from an 

epithelial to mesenchymal phenotype which becomes more exaggerated with increasing treatments. 

RW/NOw appear to regress to an epithelial phenotype, yet retain some altered features. Images are 

representative of 3 individual clones.  

 

4.2.4 Long-term NO exposure does not affect the proliferative capacity of 

RWPE-1 cells 

Proliferation assays were performed using the xCELLigence system as described in 

section 2.3.1, in order to ascertain whether long term exposure of RWPE-1 cells to 

NO had an effect on their proliferation. Briefly, vehicle treated control cells and 

RW/NO_LT cells were seeded in E-plates in complete media and their proliferation 

was monitored in real time. The xCELLigence uses a Cell Index value to track cell 

proliferation, which is calculated based on cell impedance generated on 

interdigitated gold electrodes present on the well bottom. RW/NO_LT cells had a 
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higher cell index at early time points as compared to vehicle treated control cells. 

Following 30 hours of culture the two cell types begin to converge, and from this 

point proliferation in both cell types rise at a steady rate. By 72 hours, control cells 

have a slightly higher cell index reading (1.4) than RW/NO_LT cells (1.1) (Figure 

4.6A).  

Cell index values of control and RW/NO_LT cells at 0, 12, 24, 36, 48, 60 and 72 

hours are presented in Figure 4.6B. Proliferation of the cells was also assessed by a 

counting assay in addition to assessing their doubling times as per section 2.3.2. 

Briefly, control and RW/NO_LT cells were seeded in triplicate in 6 well plates and 

counts were performed daily using a haemocytometer, generating growth curves. 

Both cell types show a similar growth profile with the RW/NO_LT cells having 

slightly decreased proliferation (Figure 4.6C). In addition, RW/NO_LT cells had a 

slightly slower doubling time of 30.61 hours compared to 27.71.hours in control 

cells (Figure 4.6D). Figure 4.6E shows the attachment phase of control and 

RW/NO_LT cells, i.e. the initial 8 hours post seeding into E-plates. The cell index 

for RW/NO_LT cells rises much earlier and steeper than control cells; however this 

could be due to the increased size of the RW/NO_LTs in comparison to control cells, 

which would generate more impedance, and consequently a higher cell index 

readout. Alternatively it could indicate a more efficient attachment of the 

RW/NO_LT cells compared to the control cells. A statistically significantly higher 

cell index was shown at 12 hours in RW/NO_LT cells compared to control cells, but 

this attributed to the increased attachment of the cells. Data represent 2 or more 

individual clones with a minimum of 3 replicates each and represent the mean ± 

SEM. 
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Figure 4.6: Proliferation and attachment profiles of RW/NO_LT cells compared to control cells.  
(A) RW/NO_LT cells have a slightly decreased proliferation compared to vehicle control cells as 

indicated by a reduced cell index. (B) Comparison of the cell index of control and RW/NO_LT cells 

at 12, 24, 36, 48, 60 and 72 hours. RW/NO_LTs have a statistically significant higher cell index at 12 

hours (2 way ANOVA with Bonferroni correction p<0.05). (C) Control and RW/NO_LT cells have 

similar growth curves over 5 days in culture, with RW/NO_LT cells having a slightly decreased 

proliferation rate. (D) RW/NO_LT cells had a doubling time of 31 hours, compared to 28 hours in 

control cells. (E) RW/NO_LT cells have a higher cell index during the attachment phase as compared 

to control cells. Data are from 2 or more individual clones with 3+ replicates each and represent the 

mean ± SEM.  
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4.2.5 Long term NO exposure promotes an EMT phenotype in RWPE-1 cells 

4.2.5.1 EMT marker gene expression 

EMT markers in RW/NO_LT cells were assessed at the mRNA level to establish 

whether the apparent epithelial to mesenchymal morphology change was reflected at 

a molecular level. As described in section 2.7, total RNA was isolated from control, 

RW/NO_ST, RW/NO_LT and RW/NOw cells, and the gene expression of common 

EMT markers was examined SNAI1, SNAI2, vimentin and TGFβ mRNA levels 

increased in RW/NO_ST cells, and increased further in RW/NO_LT cells. 

Upregulation in RW/NO_LTs was 12-, 2-, 21- and 2-fold increases respectively 

(Figure 4.7A). SNAI2 and Twist mRNA were upregulated 1.4 and 2.1 fold 

respectively in RW/NOw cells, compared to vehicle treated control cells (Figure 

4.7B). Data in Figures 4.7 are from 2 individual clones and represent the mean ± 

SEM. 
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Figure 4.7: Gene expression of EMT markers in control, RW/NO_ST, RW/NO_LT and 

RW/NOw cells. (A) SNAI1, SNAI2, Vimentin and TGFβ gene expression were upregulated in 

RW/NO_STs, and levels increased further in RW/NO_LT cells as compared to vehicle treated 

controls. Upregulation of SNAI1 and vimentin in RW/NO_LTs compared to control cells was 

statistically significant (1 way ANOVA followed by Kruskal Wallis test; p<0.05). (B) SNAI2 and 

Twist gene expression were upregulated in RW/NOw cells as compared to vehicle treated controls. 

Upregulation of twist was statistically significant (Student’s t-test, p=0.02). Data are from at least 2 

individual clones and show the mean ± SEM. 

 

4.2.5.2 Protein expression of EMT markers 

To assess EMT at the protein level western blots were performed as described in 

section 2.6. Briefly, total protein lysates were harvested from RW/NO_ST and 

RW/NO_LTs, and EMT related protein levels were compared to levels in vehicle 

treated control cells. No change in E-cadherin or Vimentin was observed in 

RW/NO_STs as compared to control cells; however RW/NO_LTs (300- and 500-

µM DETA/NO) showed a complete loss in E-cadherin in conjunction with a large 

increase in vimentin levels (Figure 4.8). Human mesenchymal stem cells and PC3 
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prostate cancer cells were used as positive controls for vimentin and E-cadherin 

expression, respectively. Figure 4.8 presents a representative of western blot of 

experiments performed on 3 individual clones.  

 

Figure 4.8: Protein expression of E-Cadherin and Vimentin in long-term NO exposed RWPE-1 

cells. Western blots of control, RW/NO_ST and RW/NO_LT cells for E-cadherin and Vimentin. 

RW/NO_STs (300- and 500-µM), showed no change in their protein expression of E-cadherin or 

Vimentin, but RW/NO_LTs (300- and 500-µM) showed a complete reduction in E-cadherin and 

increase in Vimentin protein expression levels. Results are representative of 3 individual clones.  

 

In addition IF staining was performed as per section 2.12 in order to visualise the 

increase and localisation of vimentin in RW/NO_LT cells. Cells were counterstained 

with DAPI. Vimentin expression was completely absent in control cells (Figure 

4.9A, B and C), compared to a strong expression observed in RW/NO_LTs (Figure 

4.9D, E and F). Figure 4.9 D, E and F represent images recorded from individual 

clone #’s 1, 2 and 3 and Figures 4.9 A, B and C represent their age-matched control 

counterparts.  

Results from gene and protein expression of EMT markers demonstrate that long 

term NO exposure leads to an EMT-like phenotype and genotype of RWPE-1 cells. 

E-Cadherin

Vimentin 

β-actin

β-actin

Vehicle          RW/NO_ST RW/NO_ST     Vehicle        RW/NO_LT RW/NO_LT          hMSCs PC-3s
(300 µM)         (500 µM) (300 µM)           (500 µM)



91 
 

 

Figure 4.9: Vimentin expression in control and RW/NO_LT cells by immunofluorescence. 
RW/NO_LT cells have increased vimentin expression as compared to vehicle treated control cells. D, 

E and F represent images recorded from RW/NO_LT#1, RW/NO_LT#2 and RW/NO_LT#3 and A, B 

and C represent their culture-matched vehicle treated control counterparts. Scale bar is 100 µM.  
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4.2.5.3 Migration of long-term NO exposed RWPE-1 cells 

The migratory capacity of the long-term NO exposed RWPE-1 cells was assessed. 

The xCELLigence system was used to collect real-time data of the migration of the 

cells as described in section 2.13.1. Firstly, optimisation of cell seeding density was 

performed with RWPE-1 cells seeded at 1 x 10
4
 and 2 x 10

4
 showing no migration, 

while cells seeded at 4-, 6-, 8- and 10- x 10
4
 did migrate, each generating different 

cell index curves. Sixty thousand cells per well was selected as the optimal seeding 

density as this cell number generated the most suitable curve, which was the slowest 

rising, yet reached the highest cell index value (Figure 4.10A).  

Next, the migration capacity of control, RW/NO_LT and RW/NOw cells was 

assessed using the xCELLigence as described in section 2.13.1. RW/NO_LT cells 

achieved the highest cell index value of 1.9, indicating that these cells had the 

highest migratory capacity. RW/NOw cells had an increased migration compared to 

control cells (cell index of 1.5 and 1.1 respectively), but less migration than 

RW/NO_LT cells (Figure 4.10B). Cell index values for control, RW/NO_LT and 

RW/NOw cells at 0, 8, 16, 24, 32, 40 and 48 hours are shown in Figure 4.10C. The 

traditional transwell migration assay was performed as described in section 2.13.2 in 

order to confirm these results. Briefly, vehicle treated control cells and RW/NO_LT 

cells were seeded in serum free media into inserts placed in 24 well plates for 32 

hours, followed by crystal violet staining of the migrated cells. There was a 

significant increase in stained cells in the RW/NO_LT sample as compared to the 

control sample (Figure 4.10D).  

These results demonstrate that long-term exposure of NO confers enhanced 

migratory capacity on RWPE-1 cells.  
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Figure 4.10: Migration capacity of RW/NO_LT and RW/NOw cells as compared to vehicle 

treated control cells. (A) Optimisation of RWPE-1 seeding density for migration assay using the 

xCELLigence system, with 6 x 10
4
 cells per well selected as optimal. (B). RW/NO_LT and 

RW/NOws have enhanced migration as compared with the vehicle treated cells. (C) Cell index of 

RW/NO_LT and RW/NOws compared to vehicle cells at 0, 8, 16, 24, 32, 40 and 48 hours. Migration 

of RW/NO_LTs is statistically significantly increased compared to control cells at 32, 40 and 48 

hours (2 way ANOVA with Bonferroni correction p<0.05). (D) RW/NO_LT cells had increased 

migration as compared to vehicle treated control cells in transwell assay. Data in B and C are 

representative of 3 individual clones and represent the mean ± SD. Image in figure D is representative 

of multiple images taken of triplicate inserts. 
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4.2.5.4 Invasion of long-term NO exposed RWPE-1 cells 

The invasion capacity of the cells was also examined using the xCELLigence system 

as per section 2.14.1. Briefly, vehicle treated control cells, RW/NO_LTs and 

RW/NOws were seeded in serum free media in matrigel coated UCs of a CIM plate 

and allowed to invade towards complete media plus 10% FBS in the lower chamber 

over 48 hours. Both RW/NO_LT and RW/NOw cells had an increased invasion 

capacity as compared to vehicle treated control cells, (cell index values of 1.43, 1.36 

and 0.69 respectively) (Figure 4.11A). Cell index values for control, RW/NO_LT 

and RW/NOw cells at 0, 8, 16, 24, 32, 40 and 48 hours are represented in Figure 

4.12B. To compare the above results, the invasiveness of the cells was also tested 

using the standard transwell invasion assay as per section 2.14.2. Briefly, control and 

RW/NO_LT cells were seeded into matrigel coated inserts in serum free media, 

allowed to invade towards complete media with 10% FBS in the well below, and 

invading cells were stained with crystal violet. Results were similar to the 

xCELLigence data, with RW/NO_LT cells having a much increased invasive 

capacity as compared to the non-invasiveness of the control cells (Figure 4.11C). 
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Figure 4.11: Invasion of RW/NO_LT and RW/NOw cells. (A) RW/NO_LT and RW/NOw cells 

had increased invasion capacity as compared to vehicle treated control cells. (B) Cell index was 

measured at 0, 8, 16, 24, 32, 40 and 48 hours of vehicle, RW/NO_LTs and RW/NOws showed a 

statistically significant increase in invasion of RW/NO_LT and RW/NOw cells at 40 and 48 hours 

compared to control cells (2 way ANOVA with Bonferroni correction p<0.05). (C) RW/NO_LT cells 

invaded to a much higher degree than vehicle control treated cells in an invasion transwell assay. 

Image in figure C is representative of multiple images taken of triplicate inserts. Scale bar 100 µM. 
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Next, expression of invasion related markers MMP-2 and MMP-9 were investigated. 

As per section 2.7, total RNA was isolated from control, RW/NO_ST and 

RW/NO_LT cells and RT-PCR was performed to assess the mRNA levels of MMP-

9 and MMP-2. MMP-9 was upregulated in RW/NO_ST cells and further increased 

levels were observed in RW/NO_LT cells (39 and 50 fold increases respectively). 

MMP-2 remained at basal levels in RW/NO_ST cells, but was upregulated 26 fold in 

RW/NO_LT cells (Figure 4.12A). To examine whether these MMPs were active, 

zymography was performed as per section 2.15. Briefly, supernatants collected from 

serum free cultures of control, RW/NO_LT and RW/NOw cells were concentrated 

and run on gelatin gels, and assessed for MMP-9 activity. An increase in MMP-9 

activity was observed in RW/NO_LTs compared to control cells in 3 clones, and an 

increase in 2 clones of RW/NOw cells (1 and 2), (Figure 4.12B). 

The above results demonstrate that long-term NO exposure results in an enhanced 

invasiveness in RWPE-1 cells, in conjunction with increased MMP-2 expression and 

MMP-9 activity. 

 

Figure 4.12: Gene expression and activity of MMP-2 and MMP-9 in RW/NO_LT and RW/NOw 

cells. (A) There was an incremental increase in the expression of MMP-9 and MMP-2 between 

vehicle and ST, and ST and LT cells. Data are from 3 individual clones and represent the mean ± 

SEM. Upregulation of MMP-9 in RW/NO_LT cells compared to control cells was statistically 

significant (1 way ANOVA followed by Kruskal Wallis test; p<0.05). (B) An increase in MMP9 

activity was observed in RW/NO_LTs in all 3 clones, and in RW/NOws in 2 clones (1 and 2) as 

compared to vehicle treated control cells. 
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4.2.6 Long term NO exposure enriches for a cancer-stem like population in 

RWPE-1 cells  

EMT of transformed cells is often associated with increased expression of cancer 

stem cell (CSC) genes (Singh and Settleman, 2010). To this end, gene expression 

levels of a panel of CSC markers were analysed in long-term NO exposed cells 

versus control cells as described in section 2.7. Briefly, total RNA was isolated from 

vehicle, RW/NO_ST and RW/NO_LT cells, and RT-PCR was performed. ALDH, 

CD44, CD133 and CD24 gene expression was increased in RW/NO_STs, and 

further upregulated in RW/NO_LT cells (Figure 4.13). 

 

Figure 4.13: Gene expression of CSC markers in RW/NO_ST and RW/NO_LT cells. Short term 

DETA/NO treatment of RWPE-1 cells upregulated the gene expression of ALDH, CD44, CD133 and 

CD24. Gene expression levels were further increased upon long term treatment with DETA/NO, apart 

from CD133, which remained at an increased level. Data is from 3 individual clones and represents 

the mean ± SEM. 

 

ALDH, CD44, CD133 and CD24 gene expression in RW/NO_LTs were upregulated 

10, 3, 7 and 7 fold, respectively, as compared to vehicle control cells. RW/NOw cells 

were also analysed for the gene expression levels of CSC markers. CD24 and ALDH 

were downregulated in RW/NOw cells 0.7 and 0.4 fold respectively, while CD133 

was upregulated 3 fold, as compared to control cells (Figure 4.14). In summary, long 

term exposure of NO enriches for a stem-like population in RWPE-1 cells. 
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Figure 4.14: Gene expression of CSC markers in RW/NOw cells. RW/NOw cells had decreased 

mRNA levels of CD24 and ALDH, in conjunction with increased expression of CD133 compared to 

control cells. 

 

4.3 Discussion 

Nitric oxide can induce DNA damage and inhibit DNA repair pathways, thereby 

driving carcinogenesis (Sawa and Ohshima, 2006). NOS2 is overexpressed in 

prostate inflammatory conditions such as prostatic intraepithelial neoplasia (Baltaci 

et al., 2001). This would lead to increased levels of NO in the microenvironment 

over long periods of time, affecting the epithelial cells present (Sciarra et al., 2007). 

In order to determine if DETA/NO induced DNA damage in RWPE-1 cells, γH2AX 

expression was assessed. γH2AX foci are directly proportional to the number of 

DSBs formed (Schmid et al., 2012). RWPE-1 cells treated with increasing 

concentrations of DETA/NO for 24 and 48 hours, showed a dose- and time-

dependent increase in γH2AX expression at 24 hours, and while still expressed in the 

treated cells at 48, the expression had decreased in the 100- and 300- µM treatments, 

while it remained high in the 500 µM sample (Figure 4.1A). This indicated the 

presence of DNA double strand breaks in the DETA/NO treated cells, which at 100- 

and 300- µM appear to start resolving by 48 hours, but are maintained in the 500 µM 

treated sample.  
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To gain further insight into the induction of DNA double strand breaks a time course 

experiment was performed which demonstrated that γH2AX expression was initiated 

in the cells at 12 hours post treatment, remained high at 24, and began to decrease at 

48 hours (section 4.2.1.1). γH2AX levels have not resolved at the later time points 

(i.e. 24 and 48 hours), indicating sustained DNA damage. RWPE-1s treated with 500 

µM DETA/NO were also subjected to immunofluorescence staining (Figure 4.1C) 

with γH2AX revealing high numbers of foci in the vast majority of the cell 

population, indicating that NO induces a high level of DNA DSBs by 24 hours. 

 One of the main mechanisms through which NO induces DNA damage is ROS 

generation. Although we had previously shown that DETA/NO did not generate 

ROS in RWPE-1 cells (section 3.2.6.4), we had also demonstrated that anti-oxidant 

pre-treatment inhibited NO-induced cytokine production. We therefore wanted to 

ascertain whether the observed NO-induced DNA damage was due to oxidative 

stress. To this end, an anti-oxidant (trolox) was used to eliminate any ROS, thereby 

determining a potential role for oxidative stress in the observed DNA damage. 

γH2AX expression was not inhibited (section 4.2.1.2) by the anti-oxidant, therefore 

suggesting that NO-induced DNA damage was independent of oxidative stress. As 

mentioned earlier, NO/RNS can also inhibit DNA repair pathways. Moderate levels 

of NO/RNS can lead to formation of RBL2/E2F4 complexes, and subsequent down-

regulation of BRCA-1 expression, thereby inhibiting HRR and enforcing NHEJ 

(Yakovlev, 2013). Hence another possible mechanism at play here, is that trolox is 

effecting the signaling of RNS that modifies DNA repair. 

Upon DNA damage, the cell must initiate a DNA damage response (DDR) in order 

to maintain genomic integrity. The type of DNA repair executed can have serious 

consequences for the cell. As mentioned previously, there are two main DNA repair 

pathways, HRR is error free and NHEJ is error prone (Ceccaldi et al., 2015). Rad51 

is a DNA repair protein and commonly used as a marker for HRR which 

proliferating cells express, mainly in the S or S/G2-phase of the cell cycle, 

(Richardson et al., 2004). However a dramatic increase in foci occurs if Rad51 is 

involved in the DDR (Gildemeister et al., 2009). In this study, no difference in 

Rad51 protein expression was observed between the vehicle treated control cells and 

the DETA/NO treated cells (Figure 4.3A). Rad51 expression was also analysed by 

western blot over a time course, in order to capture either early and/ or late 
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expression. The levels of Rad51 protein expression were comparable to those in the 

vehicle treated control cells at each time point (Figure 4.3B). Therefore, NO-induced 

DNA damage is not repaired via the HRR pathway. 53BP1 promotes NHEJ, 

prevents HRR and is commonly used as a surrogate marker for NHEJ (Panier and 

Boulton, 2014). Multiple 53BP1 foci were formed in the nuclei of RWPE-1s treated 

with 500 µM DETA/NO for 24 hours as compared to control cells (section 4.2.2.2). 

Taken together, these results suggest that NO-induced DNA damage utilises NHEJ 

as its DDR repair pathway. The fact that we previously demonstrated that NO 

induces a G1 cell cycle arrest in RWPE-1s corroborates this, as the majority of DSBs 

that occur in the G1 phase of the cell cycle are repaired by NHEJ, (Valerie and 

Povirk, 2003). With NHEJ proving to be the repair mechanism activated upon NO-

induced DNA damage, this could result in a heightened genetic instability in NO 

exposed cells, due to the error-prone nature of this repair response. Genetic 

instability is an enabling characteristic of cancer (Hanahan and Weinberg, 2011, 

Yakovlev, 2015), and so this could result in the acquisition of capabilities required 

for cancer initiation and progression in these cells. Another DNA repair mechanism 

that was not studied during the course of this work, but that may be involved is the 

mismatch repair pathway (MMR). MMR plays a role in DNA DSB repair as well as 

in the G2/M checkpoint during cell cycle arrest. Mutations and deficiencies in MMR 

pathway proteins have been associated with oncogenesis, including prostate cancer 

(Zhang et al., 2009b, Mitchell and Neal, 2015). Down-regulation of several MMR 

core proteins, namely MSH2, MSH6 and MLH1 was shown to be dependent on NO 

through the ↓BRCA1/↑miRNA-155 signalling pathway (Yakovlev, 2015). This 

raises the possibility that NO may increase genomic instability in prostate epithelial 

cells through the down-regulation of MMR core proteins and stimulation of the 

DNA  microsatellite instability. 

As previously mentioned, DNA damage has often been associated with EMT in 

carcinogenesis. In addition to NO inducing DNA damage in RWPE-1 cells, we 

previously showed that short term exposure of RWPE-1 cells to NO results in 

morphological changes, with an increase in cell size and reduced cell to cell contact. 

The morphology of RWPE-1 over the course of ‘long term’ or chronic exposure to 

NO was assessed. The change in morphology became more exaggerated in parallel 

with more prolonged exposure to NO. Modest changes were observed after short-
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term treatment (2 pulses; RW/NO_STs), where the cells had increased in size, had a 

flattened appearance, and a small proportion of cells had begun to elongate. These 

features were further enhanced at 4 pulses, and by 8 pulses the cells had appeared to 

undergone a complete morphological transformation. The resultant population was 

heterogeneous; however the large majority of cells (RW/NO_LTs) had become 

elongated, increased dramatically in size, and had assumed a spindle-type, 

mesenchymal morphology with a more scattered growth pattern. These attributes 

would signify or suggest the onset of EMT in these NO exposed cells. Upon removal 

of NO from the system, i.e. in RW/NOw cells, loss of the elongated spindle-like 

phenotype ensues in general; however the cells do maintain an altered morphology 

compared to the control cells. A small population of cells retain a mesenchymal like 

form; however they appear to have resumed the close cell to cell contact associated 

with epithelial cells (section 4.2.3). Overall, continuous long term exposure of NO to 

RWPE-1 cells results in a change in morphology, from an epithelial to a 

mesenchymal phenotype. 

EMT in somatic cells implies malignancy, and consequently dysregulated cellular 

proliferation. Therefore the proliferative capacity of the RW/NO_LTs was assessed. 

Results showed that RW/NO_LTs had a comparable, but slightly decreased 

proliferative capacity and increased doubling time, compared to control cells (section 

4.2.4). EMT is often associated with a decreased cellular proliferation however 

(Chanrion et al., 2014, Vega et al., 2004, Evdokimova et al., 2009), and in prostate 

cancer cells (Liu et al., 2010). RW/NO_LT cells demonstrated an increased 

attachment rate versus control cells (section 4.2.4) which could indicate a more 

efficient attachment, or alternatively could be attributed to their larger size. A more 

efficient attachment is significant, as metastasizing tumour cells display increased 

adhesion to enable attachment to extracellular matrices, in addition to other cells 

(Harlozinska, 2005).  

The observed change in cellular morphology, from an epithelial to mesenchymal 

phenotype, upon long-term NO exposure should be reflected at the molecular level if 

EMT had indeed occurred. Up-regulation of a number of EMT associated genes was 

observed in RW/NO_LTs (Figure 4.7). In the case of each gene, a small increase was 

instigated in the RW/NO_STs, which was subsequently amplified in the 

RW/NO_LTs, suggesting that long-term exposure to NO was responsible. Vimentin 
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and SNAI1 showed the highest level of up-regulation and these two genes are also 

among the most important and significant players in EMT signalling and regulation 

(Grant and Kyprianou, 2013). Snail induces EMT by repressing E-cadherin while 

vimentin is a downstream target of Snail which plays a role in filament formation 

and cell motility (Smith and Odero-Marah, 2012). SNAI2 is another Snail family 

member, and TGFβ has long been established as an inducer of EMT (Matsuno et al., 

2012). RW/NOw cells demonstrated increased SNAI2 and Twist gene expression 

levels upon NO withdrawal (section 4.2.5.1), suggesting these cells retained a higher 

migratory genotype as compared to vehicle treated control cells.  

Further investigation was performed at the protein level, with a decrease in E-

cadherin and an increase in vimentin observed in RW/NO_LT cells versus controls 

(section 4.2.5.2). This result was consistent with the fact that these are key protein 

alterations that characterise EMT (Lamouille et al., 2014). E-cadherin and vimentin 

protein levels in RW/NO_STs were unchanged compared to control cells. 

Immunofluorescence staining of vimentin (section 4.2.5.2) also demonstrated the 

widespread expression in the RW/NO_LT cells as opposed to the lack of expression 

in the control cells. These results demonstrate that it is the chronic or long term 

nature of NO exposure that is necessary to induce EMT in prostate epithelial cells. 

NF-κB could play a role here, as photodynamic therapy induced upregulation of NO 

was shown to promote EMT through modulation of a NF-kB/YY1/ /RKIP circuitry 

(Della Pietra et al., 2015). 

EMT contributes to increased migratory and invasive capabilities of cells. In order to 

assess the migratory capacity and invasiveness of long-term NO exposed cells, the 

xCELLigence system was used (section 4.2.5.3) to measure the migration of cells in 

real time. Both RW/NO_LT, and to a lesser degree RW/NOw cells had acquired 

increased motility. These results were confirmed with the traditional transwell 

migration assay whereby migrated cells can be stained and visualised. Long-term 

NO exposed RWPE-1 cells had also acquired invasive properties, with the RW/NOw 

cells exhibiting an equal propensity for invasion as the RW/NO_LTs (section 

4.2.5.4).  

To further explore the enhanced invasiveness of the cells, gene expression of two 

matrix-degrading enzymes active in invading cells, MMP-2 and MMP-9, was 
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performed in section 4.2.5.4. MMP-9 was upregulated significantly in RW/NO_STs 

and even more so in RW/NO_LTs. MMP-2 was unaltered in RW/NO_STs, but 

significantly up-regulated in RW/NO_LTs. Consistent with these findings, MMP-9 

activity was shown to be increased in the RW/NO_LT and RW/NOw cells using 

zymography. In summary, long term NO exposure upregulated the gene and protein 

expression of a number of EMT markers, in addition to increasing their motility and 

invasiveness. The fact that gene expression of some EMT markers was upregulated 

in the RW/NOw cells, in combination with their increased motility and invasiveness, 

suggests that long-term exposure of NO reprograms the cells to some degree, and 

that continuous NO exposure is not necessary for the cells to retain certain aspects of 

the acquired EMT phenotype. 

A strong association exists between EMT induction and CSC initiation. With this in 

mind, a number of established CSC markers were analysed in cells chronically 

exposed to NO in section 4.2.6. RW/NO_LT cells showed an upregulation in gene 

expression in a number of CSC markers, namely ALDH, CD44 and CD133 

compared to vehicle treated control cells. CD24 was also up-regulated in the treated 

cells; however this may be due to the diverse heterogeneity of the RW/NO_LT cell 

population and the transitionary state of the cell during the EMT process. RW/NOw 

cells did show a decrease in CD24 gene expression, in conjunction with an increase 

in CD133. However ALDH was down-regulated in these cells as compared to the 

control cells. Hence chronic exposure to NO enriches for a stem-like signature in 

RWPE-1 cells, which remains upon NO withdrawal.  

The above results combined show that exposure of NO to prostate epithelial cells 

induces DNA damage resulting in the activation of the error-prone NHEJ repair 

pathway. Upon long term exposure, the cells undergo EMT, thereby acquiring the 

cancer-like characteristics of enhanced motility and invasiveness, in conjunction 

with enrichment for CSCs within the cell population. This means that theoretically, 

in prostatic inflammation conditions, epithelial cells exposed to NO over prolonged 

periods of time could experience DNA damage, undergo EMT and the subsequent 

acquisition of CSC genotype, in addition to cancer-like traits. Taken together, NO 

acts as a mutagen in prostate epithelial cells, with the power to confer a number of 

tumour cell characteristics on these cells.  



 
 

 

 

 

 

 

 

 

 

 

 

Chapter 5 

Investigation into prolonged NO exposure on the transformation, 

sustained proliferation and apoptotic resistance of prostate 

epithelial cells 
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5.1 Introduction 

EMT of normal cells has been linked to malignant transformation (Gras et al., 2014, 

Morel et al., 2012, Mahalingaiah et al., 2015, Sattayakhom et al., 2014). 

Transformed cells can utilize EMT as a means to migrate, invade and become 

resistant to apoptosis (Hanahan and Weinberg, 2011). EMT can promote cellular 

transformation through the dampening of the p53 pathway, thereby endowing cells 

with phenotypic plasticity and stem-like properties (Puisieux et al., 2014). We have 

shown previously that transient NO exposure induces DNA damage in prostate 

epithelial cells, with EMT and the acquisition of motility and invasiveness 

developing upon prolonged exposure. Taken together, these results indicate that 

DETA/NO treated cells have undergone cellular transformation. In order to test this 

hypothesis, a soft agar/transformation assay was used to demonstrate prostate 

epithelial cell transformation following long-term DETA/NO, and by extension, NO 

exposure.  

A key prostate cancer regulator, phosphatase and tensin homolog (PTEN) tumour 

suppressor protein, is frequently lost or deleted at an early stage in prostate 

carcinogenesis (Shen and Abate-Shen, 2010), resulting in increased proliferation, 

dedifferentiation, prostatic intraepithelial neoplasia PIN development (Ciuffreda et 

al., 2014), and castration resistant prostate cancer (Mulholland et al., 2011). Loss of 

PTEN leads to activation of the oncogenic PI3K/AKT/mTOR survival pathway. Akt 

activation can protect cells from apoptosis induced for example by growth factor 

withdrawal, and has been shown to promote cellular proliferation possibly through 

the down-regulation of cyclin-dependent kinase inhibitor p27 (Blanco-Aparicio et 

al., 2007). Along with loss of PTEN, overexpression of c-Myc is one of the main 

genetic alterations found in prostate cancer. We hypothesised that these factors play 

a role in the DETA/NO induced transformation observed in this study, and therefore 

expression of c-Myc, PTEN and PI3K/Akt pathway associated proteins were 

examined for dysregulation in long-term NO exposed prostate epithelial cells.  

The ability to sustain proliferative signalling is an important characteristic of cancer 

cells. We therefore examined the ability of long term NO exposed RWPE-1 cells to 

proliferate in growth-factor deprived media (i.e. in the absence of growth stimulatory 

signals). IL-6 and IL-8 have both been implicated in prostate cancer cell survival. IL-



106 
 

6 can act as an autocrine growth factor (Culig et al., 2005) and has been shown to 

function as a survival molecule through activation of the PI3K signalling pathway 

(Culig and Puhr, 2012). The over-production and autocrine cell activation of IL-8 

have been shown to play an important role in the transformation of urothelial cells 

(Escudero-Lourdes et al., 2012). In addition, through the up-regulation of Akt 

activity, IL-8 contributes to the increased survival, angiogenesis and metastasis of 

prostate cancer cells (Culig, 2013). Expression of IL-8 and its receptors CXCR1 and 

CXCR2 is up-regulated in response to PTEN inhibition (Maxwell et al., 2013). With 

this in mind we examined the levels of these two cytokines in long term NO exposed 

cells.   

Another hallmark of cancer cells is the ability to evade growth suppressors. For 

further evidence that long-term NO exposure has induced the transformation of non-

malignant prostate epithelial cells, we investigated the response of our cells to two 

DNA damaging agents; etoposide and doxorubicin. Expression of tumour 

suppressors and cell cycle regulators, in addition to the induction or inhibition of 

apoptosis were also investigated.  

Endoreplication results in cells with 4N DNA content, resulting from the bypass of 

cytokinesis following DNA replication. Endoreplication has been shown to confer 

genome instability, for example chromosomal translocations, and is therefore 

deemed as pro-tumorigenic (Sakaue-Sawano et al., 2011). The ability of the NO 

exposed cells to endoreplicate is assessed here. Chk-1 is a cell cycle checkpoint 

protein up-regulated in response to replication stress, and who has been shown to 

play a role in endoreplication (DePamphilis et al., 2012), (Wilsker et al., 2012). 

Levels of Chk-1 protein were assessed in etoposide treated cells. 
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5.2 Results 

5.2.1 Long term NO exposure results in the transformation of RWPE-1 cells 

5.2.1.1 Transformation assay 

Potential transformation of RWPE-1 cells long term exposed to NO was assessed 

using the soft agar or transformation assay as described in section 2.16. The soft agar 

assay tests the ability of cells to form colonies in an anchorage-independent manner, 

which is a hallmark of cellular transformation. Briefly, control, RW/NO_LT and 

RW/Now cells were resuspended in 0.33% soft agar, which was then layered on top 

of a solidified 0.5% agar base layer. Consequently the cells were maintained in a 

semi-solid, anchorage independent environment. After 4 weeks, colonies were fixed 

and stained with p-iodonitrotetrazolium violet. RW/NO_LT cells formed large, 

tightly packed colonies in soft agar. Although RW/NOw cells did form colonies; 

they were much smaller in size and more loosely packed as compared to colonies 

formed by the RW/NO_LT cells (Figure 5.1). RW/NO_LT cells formed 25 colonies 

per well (Figure 5.1) and RW/NOw colonies were not counted as they were too 

loosely formed and dispersed. No colonies were formed by the vehicle treated 

control cells. These results demonstrate that prostate epithelial cells become 

transformed following long term NO exposure.  
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Figure 5.1: Transformation assay of control, RW/NO_LT and RW/NOw cells. (A) Multiple 

colonies of varying sizes were formed by the RW/NO_LT cells. Colonies formed by the RW/NOw 

cells were much smaller in size, and not as compacted in structure. Vehicle treated control cells did 

not form colonies in soft agar. (B) Quantification of colonies formed by control and RW/NO_LT 

cells. Data are from experiments carried out on 3 individual clones and represent the mean ± SEM. 

Scale bar = 200 µM 

 

5.2.1.2 c-Myc expression in long-term NO exposed RWPE-1 cells 

Gene expression levels of c-Myc, an oncogene associated with prostate 

carcinogenesis, were assessed as described in section 2.7. No increase in c-Myc was 

observed in RW/NO_ST cells, however a greater than 2 fold up-regulation was 

observed in RW/NO_LT cells (Figure 5.2).  
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Figure 5.2: Gene expression of c-Myc in control, RW/NO_ST and RW/NO_LT cells. c-Myc gene 

expression was unchanged in RW/NO_STs, but up-regulated in RW/NO_LT cells. Data are from 3 

independent clones and represent the mean ± SEM. 

 

5.2.1.3 PTEN and PI3K pathway proteins in long-term NO exposed RWPE-1 cells 

PTEN, a tumour suppressor gene often modulated in prostate carcinogenesis, 

reduction or inactivation in concert with p53 mutation can lead to transformation of 

normal cells (Pires et al., 2013). To investigate the effect of long-term NO exposure 

on PTEN expression in RWPE-1 cells, western blotting was performed as described 

in section 2.6. Briefly, protein was isolated from control, RW/NO_LT and RW/NOw 

cells, and probed for PTEN and its downstream effectors. PTEN expression was 

significantly reduced in RW/NO_LT as compared to vehicle control cells. RW/NOw 

cells had slightly higher levels of PTEN compared to RW/NO_LT cells, but levels 

were reduced in relation to control cells. p-Akt levels were increased in both 

RW/NO_LTs and RW/NOw cells compared to vehicle treated controls in 2 out of 

the 3 clones tested, with total Akt remaining unchanged between control and treated 

samples. P-GSK-α/GSK-α and p-GSK-β/GSK-β levels were unaltered in long term 

NO treated cells as compared to vehicle treated cells (Figure 5.3). These results 

demonstrate that long-term NO exposure leads to a reduction in PTEN protein 

expression in conjunction with increased Akt activation.  



110 
 

 

Figure 5.3: PTEN, p-Akt, Akt, GSK-α and GSK-β protein expression in control, RW/NO_LT 

and RW/NOw cells. RW/NO_LT and RW/NOw cells have decreased expression of PTEN and an 

increase in p-Akt in comparison to the vehicle treated control cells. Total Akt protein levels remain 

stable across all samples. No consistent change in GSK-α/β was observed. 

 

5.2.2 Long-term NO exposure sustains proliferative signalling in RWPE-1 cells 

in conjunction with bypass of the p53/p21 pathway 

5.2.2.1 Serum/supplement free proliferation 

After demonstrating that long term DETA/NO treatment induces the RWPE-1 

transformation, cellular proliferation was investigated as described in section 2.3.2. 

Briefly, vehicle treated control, RW/NO_LT, and RW/NOw cells from three clones 

were seeded in triplicate in 6 well plates in complete media, cell counts were 

performed daily for five days using a haemocytometer, and growth curves were 

generated. The three cell types had similar growth curves, with the control cells 

having a slightly higher rate of proliferation than the RW/NO_LT and RW/NOw 

cells (Figure 5.4A). Comparable population doubling (PDL) times were observed in 
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control, RW/NO_LT and RW/NOw cells, with 28, 31 and 28 hours, respectively 

(Figure 5.4C, left hand panel).  

Next, the ability of DETA/NO treated RWPE-1 cells to proliferate in 

serum/supplement free conditions was investigated as described in section 2.3.2. 

Briefly, RWPE-1 cells were seeded and cultured in serum/supplement free media, 

and cell counts were performed every 2 days for 10 days, thereby allowing for the 

slower rate of proliferation anticipated under these experimental conditions. In 

serum/supplement free conditions, vehicle treated control cells did not proliferate. 

However, both RW/NO_LT and RW/NOw cells did proliferate, in a similar fashion 

to each other, although at a slower rate than when grown in complete 

serum/supplement containing media (Figure 5.4B). The PDL time for control 

RWPE-1 cells in serum/supplement free media was much higher than those of the 

RW/NO_LT and RW/NOw cells with PDLs of 129, 53 and 58 hours, respectively 

(Figure 5.4C right hand panel). Data are from 3 individual clone groups, each seeded 

in triplicate and represent the mean ± SEM.  

These results show that long-term NO exposure enables the growth of RWPE-1 cells 

in serum/supplement free conditions, i.e. sustained proliferative signalling. 
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Figure 5.4: Proliferation of long term NO exposed RWPE-1 cells in normal and serum-free 

conditions. (A) RW/NO_LT and RW/NOw cells have a slightly decreased growth rate as compared 

to control cells in complete media. (B) Under serum/supplement free conditions, both the 

RW/NO_LT and RW/NOw cells had the ability to proliferate, whereas the control cells did not. 

RW/NO_LT and RW/NOw cells had a statistically significant increased proliferation at 8 and 10 days 

(2 way ANOVA with Bonferroni correction p<0.05). (C) Control RW/NO_LT and RW/NOw cells 

have comparable doubling times in complete media, however the doubling time for control cells in 

serum/supplement free conditions is significantly increased compared to that of the RW/NO_LT and 

RW/NOw cells (2 way ANOVA with Bonferroni correction p<0.01). Data are from 3 individual 

clones and represent the mean ± SEM. 

 

Images were taken of day 10 of control, RW/NO_LT and RW/NOw cells grown in 

serum/supplement free media at high and low magnification (scale bar 200 and 100 

µM, respectively), to demonstrate cellular morphology, and to provide insight into 

the growth pattern of the cells. Control cells are very sparsely populated at Day 10, 

and the majority of cells remaining have a stressed ‘rounded up’ morphology. There 

were extremely rare tiny cell colonies present. In contrast, RW/NO_LTs and 

RW/NOw cells were densely populated in serum/supplement free conditions. The 

cells appear somewhat larger in size than their equivalents grown in complete media, 

but they have the capacity to reach confluency (Figure 5.5 A and B).  
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These images reflect the proliferation data in figure 5.4, confirming that control cells 

are unable to proliferate in these harsh conditions, while long-tern NO exposed cells 

have acquired the ability to do so. Images are representative of 3 individual clones. 

 

Figure 5.5: Representative images of control, RW/NO_LT and RW/NOw cells cultured in 

serum/supplement free conditions. (A) The majority of vehicle treated control cells have not 

proliferated, with the exception of some small sporadic colonies while proliferation of RW/NO_LT 

and RW/NOw cells was observed. (B) The majority vehicle control cells have an unhealthy rounded 

up morphology, with the exception of the cells in the infrequent colonies observed, who have an 

enlarged, yet normal appearance. Likewise, the RW/NO_LT and RW/NOw cells have an enlarged, 

yet normal morphology. Images are representative of 3 individual clones.  

 

5.2.2.2 Bypass of p53/p21 pathway 

To investigate potential mechanisms for the acquired capacity of long-term NO 

exposed RWPE-1 cells to proliferate in serum/supplement free conditions, the 

p53/p21 pathway was examined as described in section 2.6. Briefly, vehicle control 
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treated cells and RW/NOw cells were cultured in serum/supplement free media and 

whole cell lysates were prepared for western blotting. Results show that phospho-

p53, p53, p21 and p27 expression was induced and/or increased in vehicle treated 

control cells cultured in serum/supplement free culture as compared to vehicle 

control cells grown in complete media (Fig 5.6). In contrast phospho-p53, p53 or 

p21 were not induced in RW/NOw cells tested in the same conditions (Figure 5.6). 

p27 protein expression was increased in the RW/NOw cells in serum/supplement 

free culture, but the increase was less than detected in control cells grown in 

serum/supplement free media (Figure 5.6). p16 protein levels were decreased in both 

cell types in serum/supplement free conditions as compared to cells grown in 

complete media. Basal levels of p16 and p27 appear to be expressed at a lower level 

in RW/NOw cells as compared to vehicle control cells when grown in complete 

media. PARP cleavage was induced in vehicle treated control cells in 

serum/supplement free media, but no cleavage occurred in RW/NOw cells grown in 

the same conditions. Results are representative of experiments performed on 3 

individual clones.    

These results show that harsh culture conditions, long-term NO exposed RWPE-1 

cells were able to bypass the p53/p21 pathway and continue proliferating, in contrast 

to normal control cells, which remain static and have an activated p53 pathway.  
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Figure 5.6: Expression of cell cycle regulators and PARP in control and RW/NOw cells cultured 

in serum free conditions. Western blots of p-p53, p-53, p21, p27 and PARP cleavage showed levels 

were all reduced if not completely abolished in serum free RW/NOw cells as compared to serum free 

control cells. p16 levels remain unchanged. Blots are representative of 3 individual clones.  

 

5.2.3 Long-term NO exposed RWPE-1 cells have acquired resistance to DNA 

damaging agents with impaired p53/p21 response  

5.2.3.1 Toxicity assays 

We previously showed that NO induces DNA damage in RWPE-1 cells, leading to 

cellular transformation (section 5.2.1.1). In addition, we demonstrated that under 

harsh culture conditions, i.e. serum/supplement free growth, cells that had been 

exposed to NO for prolonged periods of time were able to bypass the p53/p21 

pathway and continue proliferating, in contrast to normal control cells, which remain 

static and have an activated p53 pathway. To further investigate potential cancer-like 

properties acquired by these cells, their response to the DNA damaging agents 

etoposide and doxorubicin was examined using a cytotoxicity assay as described in 
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section 2.11.3. Briefly, control and RW/NOw cells were treated with a range in 

concentrations of etoposide and doxorubicin for 72 hours, followed by an alamar 

blue viability assay. Both etoposide (Figure 5.7A) and doxorubicin (Figure 5.7B) 

increased cell survival/resistance in RW/NOw cells compared to the control cells. At 

the highest concentration of etoposide, i.e. 3 µM, cell survival for control and 

RW/NOw cells was 36% and 54%, respectively. Likewise, at 750 nM doxorubicin, 

the cell growth inhibition was 16% and 34% for control and RW/NOw cells, 

respectively. Values were normalised to untreated controls in each condition and 

data are from 3 independent clones and represent the mean ± SD. 

These results show that long-term NO exposure confers resistance to DNA damaging 

agents on RWPE-1 cells.  

Figure 5.7: Cytotoxicity assays of control and RW/NOw cells treated with increasing 

concentrations of etoposide and doxorubicin. RW/NOw cells have increased cell survival as 

compared to control cells when treated with (A) etoposide (250 – 6000 nm) and (B) doxorubicin (1 – 

750 nm) for 72 hours. Data are from experiments on 3 individual clones and represent the mean ± SD. 

 

5.2.3.2 p53/p21 and DDR response 

To investigate how RW/NOw cells acquired resistance to DNA damaging agents, 

control and NO exposed cells were subjected to treatment with a high concentration 

of etoposide and protein levels of cell cycle regulators were analysed as described in 

section 2.6. Briefly, cells were treated with 50 µM etoposide for 24 hours and the 
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samples were analysed for protein expression of p53 pathway members. Upon 

etoposide treatment, RW/NO_LT cells showed reduced phospho-p53, p53 and p21 

expression, as compared to control cells treated with etoposide. RW/NOw cells also 

showed reduced protein expression of phospho-p53, p53 and p21, however, this 

decrease was of a reduced magnitude compared to the treated RW/NO_LT cells 

(Figure 5.8A). The DNA damage response was also analysed in these cells by 

assessing γH2AX expression. γH2AX was increased in RW/NO_LT treated cells as 

compared to control treated cells (Figure 5.8B). Taken together, these results indicate 

that long-term NO exposure results in a reduced p53/p21 response in RWPE-1 cells 

to DNA damage, in conjunction with an enhanced DDR. 

 

Figure 5.8: Expression of phospho-p53, p53, p21 and γH2AX in control, RW/NO_LT and 

RW/NOw cells following etoposide treatment. Phospho-p53, p53 and p21 protein expression were 

reduced in etoposide treated RW/NO_LT cells as compared to etoposide treated control cells. The 

proteins were up-regulated in RW/NOw cells treated with etoposide, but levels were still reduced as 

compared with etoposide treated control cells. (B) γH2AX protein expression was up-regulated in 

RW/NO_LT cells upon etoposide treatment as compared to control cells. Western blots are 

representative of experiments on 3 individual clones.  

 

5.2.4 Long term NO exposure alters death response of RWPE-1 cells to the 

DNA damaging agent etoposide 

Due to the reduced p53/p21 and increased γH2AX response observed in RW/NOw 

cells in response to etoposide, further investigation was carried out into how the cells 

apoptotic mechanisms respond to etoposide treatment. To this end, we examined 



118 
 

annexin V, a marker for apoptotic cells, caspase-3 and PARP activity, anti-apoptosis 

gene expression and cell cycle in the etoposide treated control and RW/NOw cells.  

5.2.4.1 Annexin V staining 

Annexin V staining was performed as described in section 2.17 to quantify the 

induction of death in control and RW/NOw cells in response to etoposide. Briefly, 

control and RW/NOw cells were treated with 3 µM etoposide (as chosen from the 

cytotoxicity assay performed previously), for 72 hours. Cells were then harvested 

and stained with Annexin V and propidium iodide (PI), followed by flow cytometry 

to assess apoptosis levels. There was a reduced amount of annexin V positive cells in 

the etoposide treated RW/NOw cells compared to the etoposide treated control cells 

(Figure 5.9A). The number of annexin V positive cells in the treated samples were 

normalised to their untreated counterparts and a significant increase in necrotic cells 

in the etoposide treated control sample compared to the etoposide treated RW/NOw 

sample was observed (11.85% and 8.11% respectively) (Figure 5.9B). Data are from 

2 individual clones tested in triplicate showing the mean ± SEM. These results show 

that RWPE-1 cells exposed long-term to NO have increased resistance to etoposide-

induced cell death.  
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Figure 5.9: Annexin V staining of control and RW/NOw cells treated with etoposide. (A). 

Etoposide control treated cells (top right panel) had a higher percentage of Annexin V positive cells 

than etoposide treated RW/NOw cells (bottom right hand panel). (B) Statistically significant increase 

in the percentage of Annexin V positive cells in etoposide treated control cells compared to etoposide 

treated RW/NOw cells (Student’s t-test, p<0.0001). Data are from 2 individual clones tested in 

triplicate and represent mean ± SEM.  
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5.2.4.2 Caspase-3 and PARP cleavage 

In order to determine if the difference observed in the Annexin V expression was 

reflected in  apoptotic processes, caspase-3 and PARP cleavage was investigated in 

control, RW/NO_LTs and RW/NOw cells treated with and without etoposide, as 

described in section 2.6. Cleaved caspase-3 (17kDa) was induced in etoposide 

treated control cells, however no expression of this cleaved caspase-3 subunit was 

observed in either the RW/NO_LT or RW/NOw treated cells. PARP cleavage was 

decreased to a much greater extent in RW/NO_LT and RW/NOw etoposide treated 

cells compared to control etoposide treated cells (Figure 5.10). Reduced cleavage of 

caspase-3 and PARP support the previously seen reduction in etoposide-induced 

apoptosis in RW/NOw cell compared to control cells. Blots represent results from 2 

individual clones. 

 

Figure 5.10: Cleavage of caspase-3 and PARP in etoposide treated control, RW/NO_LT and 

RW/NOw cells. Western blots of control, RW/NO_LTs and RW/NOw cells treated with and without 

etoposide. RW/NO_LT and RW/NOw cells treated with etoposide had decreased levels of both 

cleaved caspase-3 and cleaved PARP as compared to etoposide treated control cells. Blots represent 

results from 3 individual clones. 

 

Caspase-3 activation was also investigated using the NucView™ 488 Caspase-3 

Assay Kit as described in section 2.18. Briefly, substrate was added to control and 

RW/NOw cells followed by treatment with 3 µM etoposide. An increase in caspase-

3 activity was observed in the control cells treated with etoposide as compared to the 

etoposide treated RW/NOw cells, indicated by an increase in the number of 

fluorescent cells (Figure 5.11A). Bright-field images were recorded to demonstrate a 

comparable cell number between samples (Figure 5.11B). At 72 hours, and more 

evidently at 96 hours, RW/NOw cells treated with etoposide had reduced caspase-3 



121 
 

activity compared to etoposide treated control cells (1.3-fold as compared to 2-fold), 

(Figure 5.11C). The fold increase was calculated by normalising the fluorescence in 

the treated samples to their untreated counterparts. Data are from 2 individual clones 

seeded in triplicate and show the mean ± SEM. This result demonstrates that capase-

3 activity is reduced in long-term NO exposed RWPE-1 cells treated with etoposide 

compared with etoposide treated control cells, confirming the reduction in cleaved 

caspase-3 shown in figure 5.10.  

Figure 5.11: Caspase-3 activity in control and RW/NOw cells treated with etoposide. (A) 

Etoposide induced an increase in the number of positive cells in the control treated population as 

compared to the RW/NOw treated population. (B) Bright-field images of control and RW/NOw cells 

treated with and without etoposide. (C) Caspase-3 activity is significantly reduced in treated 

RW/NOw cells at 96 hours as compared to treated control cells (2 way ANOVA with Bonferroni 

correction p<0.0001). Data are from 2 individual clones tested in triplicate and represent the mean ± 

SEM. 

 

5.2.4.3 Expression of anti-apoptosis genes 

Survivin, BCL-2, B-cell lymphoma-extra large (BCL-XL) and x-linked inhibitor of 

apoptosis protein (xIAP) are genes commonly altered in apoptosis resistance (Nestal 

de Moraes et al., 2015, Mohammad et al.). The expression levels of these anti-

apoptotic transcripts were examined as described in section 2.7. Both survivin and 
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BCL-2 basal gene expression were up-regulated in RW/NOw cells compared to 

control cells, while BCL-XL had comparable levels in both. XIAP gene expression 

was down-regulated in RW/NOw versus control cells (Figure 5.12A). Caveolin-1, 

although not a classical anti-apoptotic marker, has been shown to inhibit apoptosis in 

cancer cells (Yang et al., 2012, Pongjit and Chanvorachote, 2011). Caveolin-1 gene 

expression was up-regulated in RW/NOw versus control cells (Figure 5.12B).  

These results show that long-term NO exposed RWPE-1 cells have inherently 

increased gene expression of anti-apoptotic genes compared to control cells.  

 

Figure 5.12: Gene expression of anti-apoptosis markers in control and RW/NOw cells. (A) 

RW/NOw cells had increased gene expression of Survivin and BCL-2 as compared to control cells, 

while BCL-XL gene expression remained the same, and XIAP levels were decreased. (B) Caveolin-1 

levels were up-regulated in RW/NOw cells as compared to control cells. Data are from 3 individual 

clones and represent the mean ± SEM. 
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5.2.4.4 Cell cycle analysis of etoposide treated RW/NOw cells 

To establish whether long-term NO exposed cells arrested in the same way as control 

cells in response to etoposide, the cell cycle of the control and RW/NOw cells 

treated with etoposide was also investigated as described in section 2.4. Briefly, 

control and RW/NOw cells treated with 3 µM etoposide were fixed and stained with 

PI at 24, 48 and 72 hours, followed by cell cycle analysis by flow cytometry. 

Etoposide treatment induced a complete G2 arrest at 24 hours in both control and 

RW/NOw cells, and the arrest persisted at 48 and 72 hours (Figure 5.13A). 

RW/NOw cells treated with etoposide had a significantly higher percentage of 4N 

cells at 72 hours (13.59%), showing a 2-fold increase compared to the control treated 

cells (6.79%), (Figure 5.13 B and C). Data are from experiments performed on 3 

individual clones and represent the mean ± SEM. 

In summary, while etoposide treatment induces a G2 arrest in the cell cycle of both 

cell types, long-term NO exposed RWPE-1 cells are primed to undergo 

endoreplication upon etoposide treatment, in contrast to normal RWPE-1 cells 

treated with etoposide. 
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Figure 5.13: Cell cycle and endoreplication in etoposide treated control and RW/NOw cells. (A) 

G2 arrest was observed in both control and RW/NOw cells treated with etoposide at 24, 48 and 72 

hours. (B) Cell cycle histograms from 1 representative clone showing RW/NOw cells treated with 

etoposide at 72 hours have an increased number of 4N cells compared to control treated cells. (C) The 

percentage of polyploid (4N) cells was increased in etoposide treated RW/NOw cells as compared to 

etoposide treated control cells at 48 hours and significantly so at 72 hours (2 way ANOVA with 

Bonferroni correction p<0.05). Data are from experiments performed on 3 individual clones and 

represent the mean ± SEM.  

 

5.2.4.5 Chk-1 status in long-term exposed RWPE-1 cells 

Chk-1, a cell cycle checkpoint, protein expression was also assessed in control, 

RW/NO_LT and RW/NOw cells in response to etoposide treatment as described in 

section 2.6. Chk1 protein was induced in control cells treated with etoposide; 

however, this checkpoint was completely bypassed in RW/NO_LT treated cells. 
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Likewise, p-Chk1 was not induced in RW/NO_LT treated cells, but the checkpoint 

was induced in control treated cells. p-Chk1 and total Chk1 were both at comparable 

levels in RW/NOw treated cells as in control treated cells (Figure 5.14).  

These results show that long-term exposure to NO results in the loss of Chk-1 

protein in RW/NO_LT cells compared to control cells in response to etoposide 

treatment, however loss of Chk-1 is dependent on continued exposure to NO, as 

Chk-1 expression is induced by etoposide treatment of RW/NOw cells. Western 

blots represent results from 3 individual clones. 

  

Figure 5.14: Chk-1 expression in control, RW/NO_LT and RW/NOw cells treated with 

etoposide. Chk-1 and phospho-Chk-1 levels were completely abolished in RW/NO_LT cells upon 

treatment with etoposide, while etoposide treatment induced similar phosphor-Akt and total Akt 

levels in RW/NOw as compared to control cells. Western blots represent results from 3 individual 

clones.  

 

5.2.5 Long term NO exposure results in increased levels of IL-6 and IL-8 in 

RWPE-1 cells 

As mentioned previously, both IL-6 and IL-8 contribute to the increased survival of 

cancer cells (Culig et al., 2005, Culig, 2013), therefore their expression in long-term 

NO exposed cells was examined as described in section 2.7. Briefly, total RNA was 

isolated from control, RW/NO_STs, RW/NO_LTs, and RW/NOw cells from 3 

independently generated clone followed by gene expression analysis. An increase in 

IL-6 mRNA was observed in RW/NO_STs, followed by a large increase in 

RW/NO_LTs, 81 and 1147 fold respectively (Figure 5.15A) RW/NOw cells also had 
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increased IL-6 compared to vehicle treated cells (45 fold), however the level was 

much lower than in RW/NO_LT cells (1147 fold, Figure 5.15B). RW/NO_ST cells 

had increased IL-8 gene expression, which was increased still more in RW/NO_LT 

cells, 158 and 353 fold respectively (Figure 5.15C). IL-8 mRNA expression in 

RW/NOw cells declined to vehicle treated control levels (Figure 5.15D). Data shown 

are the mean fold change ±SEM of three independent clones performed in triplicates.  

 

Figure 5.15: Gene expression of IL-6 and IL-8 in control, RW/NO_ST, RW/NO_LT and 

RW/NOw cells. (A and C) IL-6 and IL-8 gene expression were up-regulated in both RW/NO_ST and 

significantly so in RW/NO_LT cells compared to control cells (1 way ANOVA followed by Kruskal-

Wallis test p<0.05). (B and D) The gene expression of IL-6 is greatly reduced in RW/NOw cells and 

RW/NOw gene expression of IL-8 reverts to control levels. Data are from 3 individual clones and 

represent the mean ± SEM.  

 

The amount of IL-6 and IL-8 secreted by the treated cells was assessed using the 

mesoscale platform as described in section 2.8. Briefly, supernatants from control, 

RW/NO_LT and RW/NOw cells from 3 individual clones were collected after 48 

hours in culture and measured for IL-6 (Figure 5.16A) and IL-8 (Figure 5.16B) 

secretion. In parallel with mRNA levels, RW/NO_LTs secreted increased levels of 

both IL-6 (207 pg/ml) and IL-8 (458 pg/ml), however IL-8 levels secreted by 

RW/NOw cells was comparable with that of the vehicle treated cells (108 and 90 

pg/ml respectively), and IL-6 secreted by RW/NOw cells (27 pg/ml) was greatly 
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reduced as compared with that of RW/NO_LT cells. Data shown are the mean fold 

change ±SEM of three independent clones performed in triplicates.   

In summary, an increase in IL6 and IL8 in RW/NO_LT cells was shown at both the 

RNA and protein level. Similarly, a reduction in mRNA and protein levels of both 

cytokines to basal levels was demonstrated in RW/NOw cells as compared to of both 

cytokines. 

 

Figure 5.16: IL-6 and IL-8 secretion in control RW/NO_LT and RW/NOw cells. (A) IL-6 

secretion is significantly increased in RW/NO_LT cells compared to control cells and decreased in 

RW/NOw cells. (B) RW/NO_LT cells released significantly increased levels of IL-8, while RW/NOw 

cells release levels comparable to control cells (1 way ANOVA followed by Kruskal-Wallis test 

p<0.05). Data are from 3 individual clones and represent the mean ± SEM. 

 

5.3 Discussion 

To further develop previous results demonstrating that NO induced DNA damage 

and the acquisition of motility and invasiveness of prostate epithelial, we sought to 

examine whether these cells had become transformed. The soft agar assay tests a 

cell’s ability to grow in anchorage independent conditions and is the standard 

method for characterising cellular transformation. Both RW/NO_LT and RW/NOw 

cells demonstrated the ability to form colonies in soft agar, compared to vehicle 

control cells which formed no colonies (section 5.2.1.1). RW/NO_LT cell colonies 

were larger in size and more numerous as compared to those colonies formed by the 

RW/NOw cells. This would indicate that NO withdrawal has deprived the RW/NOw 

cells of some of the oncogenic potential which is maintained in the RW/NO_LT 

cells. These results suggest that these transformative properties are partially 

dependent on continued NO exposure, and therefore that it is a reversible process to 



128 
 

some degree. However, the RW/NOw cells were still able to proliferate and form 

small colonies in soft agar, which demonstrates that they did retain some of the 

oncogenic features, as normal non-malignant cells, such as the control cells, could 

not form colonies in agar.  

Following demonstration of cellular transformation, we next investigated which 

oncogenes and/or tumour suppressors had potentially been altered. As PTEN and c-

Myc are two of the most frequently altered genes in prostate cancer, they were 

chosen for further analysis (Shen and Abate-Shen, 2010). c-Myc gene expression 

was up-regulated in RW/NO_LTs but remained at control levels in RW/NO_STs 

(section 5.2.1.2). This demonstrates that it is the chronic nature of exposure to NO 

that causes the increased c-Myc, and it is not an early event in the process of 

carcinogenesis in our model system. c-Myc has been shown to be up-regulated 

incrementally from normal tissue to low-grade PIN to high-grade PIN, and is an 

important player in prostate cancer progression (Karantanos et al., 2013). In addition, 

overexpression of c-Myc has been shown to work co-operatively with loss of PTEN 

expression to promote prostate tumourigenesis in a mouse model of prostate cancer. 

The study showed that the double mutant cells, i.e. c-Myc over-expressed and PTEN 

null, proliferated at a faster rate and were of a higher grade as opposed to PTEN-null 

cells (Kim et al., 2009). In addition, c-Myc has been show to work together with Akt 

signalling in prostate tumourigenesis, whereby in a MPAKT/Hi-MYC model, 

accelerated progression from mPIN to micro-invasive disease and an increased 

resistance to treatment was observed in comparison to either Myc or Akt 

overexpressing models alone (Clegg et al., 2011).  

To examine if PTEN was also modulated in our transformed cells, levels of PTEN 

and PI3K/Akt pathway proteins were assessed. PTEN levels were dramatically 

reduced in both RW/NO_LT and RW/NOw cells as compared to normal prostate 

epithelial cells. In line with this PTEN reduction, Akt was activated as demonstrated 

with an increase in p-Akt in both the RW/NO_LTs and RW/NOw cells as compared 

with the control cells (section 5.2.1.2). Loss of PTEN and activation of Akt are 

genotypic alterations commonly observed in prostate carcinogenesis (Assinder et al., 

2009). GSK-α and –β, which act downstream of Akt, were also investigated for 

protein expression but were not found to be altered in our model system. In 

summary, long-term prostate epithelial cell exposure to NO results in cellular 
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transformation through a combination of c-Myc overexpression, PTEN reduction and 

Akt signalling. It is also evident that the PTEN loss and Akt activation induced by 

chronic NO exposure remains even after NO withdrawal, i.e. in the RW/NOw 

population, which indicates possible reprogramming of the cells by long-term NO 

exposure. 

Due to the fact that the NO exposed prostate epithelial cells had undergone cellular 

transformation, characteristic ‘hallmarks of cancer’ in these cells were further 

investigated. As aforementioned, the ability to sustain proliferation in the absence of 

growth stimulatory signals is one of these central hallmarks. This study showed that 

both RW/NO_LT and RW/NOw cells proliferated in serum/supplement free media, 

whereas control cells were not able to proliferate under these harsh conditions 

(section 5.2.2.1). Proliferation of the NO exposed cells in serum/supplement free 

conditions was slower than that in complete media, however the cells grew at a 

steady rate, and reached confluency. In contrast, control cells did not increase in cell 

number, the exception being a slight increase by day 10. It was evident that the 

majority of cells in the control population appear very unhealthy, and while a rare 

number do grow out, as was observed under high magnification, in general the cells 

remain isolated with a rounded up morphology. This was in contrast to both the 

RW/NO_LT and RW/NOw cells which, although their rate of proliferation was 

slower than in complete media, exhibited a healthy morphology and normal growth 

pattern. This demonstrated that the chronic exposure to NO has altered their 

autonomous signalling to allow exogenous growth factor-independent proliferation.  

To gain further insight into the cell survival and proliferation mechanism of the long-

term NO exposed prostate epithelial cells under these harsh conditions, the induction 

of cell cycle inhibitors in response to serum/supplement free conditions was 

assessed. Normal cells cultured under serum free conditions will arrest, thereby 

inducing the p53/p21 pathway, and in addition can undergo programmed cell death, 

activating PARP cleavage (Yin et al., 2006). A large increase in phospho-p53, p53, 

p21 and p27 protein expression was observed in control cells cultured in 

serum/supplement free media as expected, which corroborates the observed lack of 

proliferation of these cells observed in section 5.2.2. Long-term NO exposed cells 

were able to bypass the p53/p21 pathway under these serum/supplement free 

conditions, as demonstrated by their lack of induction in the same conditions. In 
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addition, the PARP cleavage induced in control cells grown in serum/supplement 

free conditions was reduced in NO exposed cells, proving that less cells were 

programmed for cell death in the transformed cells (section 5.2.2). These results 

combined, demonstrate that long-term NO exposed cells have been reprogrammed to 

enable sustained proliferative signalling in the absence of growth stimuli. Long-term 

exposure of cells to NO has selected for a population that are able to bypass p53/p21 

mediated growth arrest.  

One mechanism that the long-term NO exposed cells may be using to sustain 

proliferation is through Akt signalling, which was shown to be up-regulated in these 

cells (section 5.2.1). When growth factors, such as those present in 

serum/supplements, are removed from the system, cells have a reduced ability to 

utilise nutrients in the media. However, Akt enables continued cell uptake of glucose 

and amino acids, by inducing the expression of glucose receptors (Downward, 2004). 

Another potential mechanism is via the phosphorylation and subsequent inactivation 

of p21 and p27 (Liang and Slingerland, 2003), both of which we observed a 

reduction in (section 5.2.2). Therefore, the sustained proliferation observed in the 

RW/NOw cells in serum/supplement free conditions may be attributed to increased 

Akt signalling, in conjunction with reduced p21 and 27 protein expression. 

Due to reduced p53/p21 expression and DNA damage seen in long-term NO exposed 

prostate epithelial cells, the ability to evade growth suppressors, another hallmark of 

cancer, was further investigated, specifically in relation to DNA damaging agents. 

Etoposide and doxorubicin, commonly used chemotherapeutics which act as 

topoisomerase II poisons, initiating DDR and subsequently apoptosis (Pommier et 

al., 2010, Demel et al., 2015). Upon treatment with both etoposide and doxorubicin 

separately, the RW/NOw cells exhibited higher resistance to cell death (section 

5.2.3). RW/NOw cells had 18% higher survival in response to both drug treatments, 

indicating that the cells have gained the ability to resist cell death.  

Cancer cells utilise mechanisms to evade apoptosis and acquire resistance to 

chemotherapeutics such as etoposide and doxorubicin (Alpsoy et al., 2014). As p53 

plays such an important role in cell cycle arrest, DNA repair and apoptosis and is 

required for etoposide induced apoptosis, mutation of this protein is one of the main 

causes of chemo-resistance. (Cosse et al., 2009). In addition, cancer cells often 
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exhibit enhanced DDR mechanisms, so while DDR typically functions to maintain 

genomic stability, conversely it can reduce the efficacy of DNA damaging agents 

and can be used as a protective mechanism for tumour cells (Wang, 2015). To 

explore if any of these mechanisms were at play in this model, the response of 

various cell cycle regulators was examined in greater detail in control versus the 

RW/NOw cells. As observed in serum/supplement free culture conditions, RW/NOw 

cells treated with etoposide had a more dampened p53/p21 response as compared to 

the treated control cells. Etoposide treated RW/NO_LT cells showed no p53 

phosphorylation, and much reduced levels of p53 and p21 as compared to treated 

control cells, indicating that the p53 response is impaired in RW/NO_LT cells. The 

response was not as exaggerated in the treated RW/NOw cells; however the levels of 

each protein were down-regulated as compared to the treated control cells (section 

5.2.3). This indicates that altered p53 activation may indeed play a role in the 

acquired resistance. Increased expression of γH2AX was observed in the treated 

RW/NOw cells as compared to the treated control cells. This could signify that these 

transformed cells have a heightened DDR activation response, which is common in 

cancer cells as mentioned earlier (Wang, 2015).  

Transformed prostate epithelial cells can also acquire resistance to etoposide through 

decreased expression of pro-apoptotic genes and caspases, and up-regulation of anti-

apoptotic genes (Achanzar et al., 2002). In order to further investigate the 

mechanism of the resistance, or enhanced survival, of long-term NO exposed cells to 

etoposide, mechanisms of cell death were further explored. A small decrease in the 

percentage of necrotic cells in the etoposide treated RW/NOw population, as shown 

by annexin V expression, was observed (section 5.2.4). Although the reduction was 

small, approximately 4%, this was consistent across 3 individual clones and shown 

to be statistically significant. To investigate at the protein level, western blots were 

performed for caspase-3 and PARP cleavage. Etoposide treated RW/NO_LT and 

RW/NOw cells had reduced caspase-3 activation and reduced PARP cleavage as 

compared to treated control cells, illustrating that NO exposed cells were more 

resistant to treatment with DNA damaging agents and incurred less cell death via 

apoptosis (section 5.2.4). This was confirmed by a decrease in caspase-3 activity in 

the RW/NOw etoposide treated cells.  
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To confirm the resistance to apoptosis acquired by the RW/NOw cells, a panel of 

anti-apoptotic genes were analysed as compared to control cells at basal levels. 

Indeed, RW/NOw cells had increased basal levels of the pro-survival genes Survivin 

and BCL-2 which would indeed impact the cells response to apoptotic stimuli 

(section 5.2.4). BCL-2 prevents initiation of apoptosis, and has also been shown to 

play an oncogenic role through NFkB and Akt activation, and its overexpression has 

been observed in many different cancers including prostate cancer (Mohammad et 

al.) As a member of the inhibitor of apoptosis proteins (IAP) family, Survivin over-

expression rendered MCF-7 breast cancer cells resistant to tamoxifen-induced 

apoptosis (Moriai et al., 2009). Therefore in combination with the decreased 

apoptosis and caspase-3 activity, these results confirm that long-term NO exposure 

confers resistance to DNA damaging agents, i.e. chemotherapeutics on prostate 

epithelial cells.  

Caveolin-1 has also been linked to transformation and apoptosis resistance, and is 

overexpressed in prostate cancer (Gumulec et al., 2012). It has been shown to 

stimulate cell survival through Akt activation (Thompson et al., 2010). Interestingly, 

up-regulation of Caveolin-1 was found to confer apoptotic resistance to lung cancer 

cells which had received prolonged exposure to NO (Wongvaranon et al., 2013). In 

this study, caveolin-1 was found to be up-regulated in RW/NOw cells as compared 

to control cells, and may therefore contribute to their acquired apoptotic resistance 

(section 5.2.4). A number of the aforementioned factors, along with IL-6 and IL-8 

which were also shown to be effected by long-term treatment with nitric oxide 

(section 5.2.5), are associated with NFκB signalling. STAT3 signalling may also 

play a role however, as NFκB and STAT3 signalling have been shown to interact 

and together play an important role in the communication between cancer cells and 

inflammatory cells (Mantovani, 2010). STAT3 directly binds the promoter of the 

NOS2 gene, thereby stimulating its expression, and this signalling pathway has been 

shown to lead to transformation of astrocytes (Puram et al., 2012). In addition, 

inhibition of NFκB and STAT-3 activation in cholangiocarcinoma models induced 

by curcumin treatment, resulted in the suppression of NOS2-dependent DNA 

damage as well as BCL-2 and BCL-XL expression (Prakobwong et al., 2011). 

Resistance to apoptosis is not the only mechanism for enhanced survival of cells. 

Modification of the cell cycle in response to etoposide treatment could alternatively 
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be the cause of the etoposide resistance observed. In breast cancer cells, tamoxifen 

resistance induced sustained expression of cyclin D1, thereby enabling their 

progression from G1 to S-phase (Viedma-Rodriguez et al., 2014). To examine this in 

our model, control and RW/NOw cells were treated with etoposide and their cell 

cycles were analysed. Etoposide was seen to induce a dramatic G2 block in both cell 

types as early as 24 hours after treatment, and this block was maintained in both cell 

types at 72 hours, with no difference observed between the two cell types (section 

5.2.4). However, at 48 and more so at 72 hours, there was a (statistically need to do 

stats) significant increase in the number of cells in the treated RW/NOw population 

that underwent endoreplication. This implies that RW/NOw cells are more primed 

for etoposide-induced endoreplication as compared to prostate epithelial cells which 

were not exposed to NO. It has previously been shown that endoreplication is used 

by cancer cells as means of drug resistance (Shen et al., 2008). Upon treatment with 

growth suppressing drugs multiple cancer cell lines were shown to enter 

endoreplication cycles, and after resuming proliferation they were found to have 

acquired resistance to apoptosis (Shen et al., 2008). Moreover, inhibition of p21 is 

required for this to take place (Zheng et al., 2012), and we have shown that p21 is 

dramatically decreased in etoposide treated RW/NOw cells. This fosters an 

environment of genomic instability, one of the underlying enabling characteristics of 

cancer to persevere, by allowing genetically unstable DNA to be replicated and 

passed on to subsequent progeny.  

Chk-1 is a protein kinase largely restricted to S and G2 phases of the cell cycle 

where it functions to block DNA replication in response to replication stress 

(DePamphilis et al., 2012). A study investigating the role of Chk-1 in 

endoreplication, showed that inactivation of Chk-1 in p53-deficient cells resulted in 

whole-genome endoreplication and tetraploidization (Wilsker et al., 2012). With this 

in mind, the expression of Chk-1 in our NO-exposed cells treated with etoposide was 

examined. Etoposide treated RW/NO_LT cells showed that Chk-1 was not 

phosphorylated and indeed that total Chk-1 was absent. However, activity of the 

checkpoint was restored in RW/NOw cells treated with etoposide (section 5.2.4). 

This would indicate that inactivation of Chk-1 is not the cause of endoreplication 

observed in the RW/NOw cells; however the fact that RW/NO_LTs were entirely 
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Chk-1 deficient implies that this checkpoint or a close relative may still play a role in 

the observed endoreplication.  

IL-6 and IL-8 are cytokines that have been associated with the transformation and 

increased survival of prostate cancer cells (Culig and Puhr, 2012, Culig, 2013). In 

addition, inhibition of PTEN induces the over-expression of IL8, CXCR1 and 

CXCR2 (Maxwell et al., 2013). This study demonstrated that PTEN protein levels 

are reduced in the long-term NO exposed cells, therefore the levels of IL-6 and -8 

were chosen for further investigation. Initially it was observed that gene expression 

of both IL-6 and IL-8 were up-regulated upon short-term exposure to NO, and that 

this was enhanced further with long-term exposure (section 5.2.5). However, gene 

expression of both cytokines were dramatically reduced in RW/NOw cells compared 

to RW/NO_LT cells. Likewise, a large increase in the secretion of IL-6 and IL-8 was 

found in the RW/NO_LT cells, which was then reduced in the RW/NOw cells. 

PTEN expression levels are somewhat restored in RW/NOw cells compared to 

RW/NO_LT cells however, which may explain the decrease in IL6 and IL8 levels 

(section 5.2.1.3). This indicates that continuous exposure to NO is necessary for the 

sustained up-regulation and secretion of IL-6 and IL-8. It also indicates that the 

sustained proliferation in serum/supplement free conditions and the acquired 

resistance to etoposide in the RW/NOw cells is not due to autocrine signalling of 

these cytokines. 

This study has shown that long-term exposure of NO to RWPE-1 cells results in 

cellular transformation, involving the up-regulation of c-Myc oncogene and loss of 

PTEN tumour suppressor expression. This was in conjunction with an increase in 

Akt signalling observed in both RW/NO_LT and RW/NOw cells. In addition, 

RW/NOw cells had acquired the capacity for sustained proliferation under 

serum/supplement free conditions, with an ability to bypass the p53/p21 pathway. 

Long-term NO exposed cells were also more resistant to DNA damaging agents, and 

showed an increase in basal levels of anti-apoptotic gene expression, in addition to a 

decrease in caspase-3 activation and apoptosis in response to etoposide treatment 

Long-term NO exposed RWPE-1 cells also displayed an impaired p53/p21 response 

and an elevated DDR upon etoposide treatment. RW/NOw cells were primed to 

undergo endoreplication upon etoposide treatment, with a loss of Chk-1 checkpoint 

protein observed in RW/NO_LT cells. Lastly, long term exposure to NO was shown 
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to increase levels of both IL-6 and IL-8 released from RW/NO_LT cells, however 

cytokine levels were reduced to basal levels upon withdrawal of NO. 
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6.1 NO induces a transient cell cycle arrest in normal prostate epithelial cells 

with associated secretion of cytokines and growth factors  

The involvement of NO in cancer has been extensively studied. It has been shown to 

have biphasic effects on many cancer related processes, such as cellular 

proliferation, apoptosis, angiogenesis, migration and invasion (Vannini et al., 2015). 

The effects elicited by NO are almost exclusively dependent on the concentration 

and source of NO as well as the cellular context involved. In general, low levels of 

NO (<100 nM) are considered to be pro-oncogenic, medium NO levels pro-

metastatic, and high NO levels (>500 nM) tumouricidal (Ambs and Glynn, 2011). To 

investigate the effect of NO on RWPE-1 prostate epithelial cells in the context of 

inflammatory conditions in the prostate, we initially looked at the cellular response 

to transient or short-term treatment of NO. NO was shown to inhibit the proliferation 

of prostate epithelial cells, in addition to exerting cytotoxic effects. To further 

explore this growth inhibition, the effect of NO on the cell cycle and cell cycle 

regulatory proteins was examined. Results showed that NO induced a dose- and 

time-dependent inhibition of the cell cycle, in conjunction with a dose- and time-

dependent increase in the expression of cell cycle inhibitors. Increased 

concentrations of NO resulted in a G1/S block in the cell cycle coinciding with an 

increase in p53 activation and p21 expression. PARP cleavage was also observed 

which corroborated the increase in cell death induced by NO. While activation of the 

p53/p21 pathway is commonly indicative of cellular senescence, we propose that 

positive SA-β-Gal staining observed in the treated cells may account for a small 

population of cells but, that the majority of viable cells undergo a transient cell cycle 

arrest, from which they recover. As mentioned previously, senescence is an 

irreversible process, and the progression of the cells from G1 into S phase, indicating 

the removal of the cell cycle block, negates the possibility of senescence as the 

overall cellular response to NO. 

Coinciding with the induction of a transient cell cycle arrest, NO induced the 

expression of a number of pro-inflammatory cytokines. The expression of these 

cytokines can promote the malignant transformation of cells (Landskron et al., 

2014). NO induced an increase in the expression of IL-6 and IL-8. IL-6 activated 

under inflammatory conditions promotes tumorigenesis in mammary epithelial cells 
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and progression of PIN lesions to invasive prostate adenocarcinoma (Sheshadri et al., 

2014, Smith et al., 2013). IL-8 is associated with a number of tumour promoting 

pathways in prostate cancer, to the extent that it has been likened to a prostate cancer 

oncogene (Culig, 2013). TNF-α and TGF-β were also upregulated in response to 

NO. TNF-α has been shown to play a role in the early stages of carcinogenesis, and 

increased levels of TGF-β have been observed in prostate cancer (Landskron et al., 

2014). In addition, similar levels of NO were shown to activate latent TGF-β in lung 

adenocarcinoma cells (Vodovotz et al., 1999). Release of these factors are also a by-

product of cellular senescence, i.e. SASP, however recent studies have demonstrated 

that persistent DNA damage signalling is the most probable inducer of these 

cytokines (Rodier et al., 2009). To this end, NO-induced upregulation of cytokines 

results in a tumour-promoting micro-environment which may impact on the 

epithelial cells present. Interestingly the production of IL-6 and IL-8 was inhibited 

by anti-oxidant pre-treatment in the NO-treated cells. This demonstrated that 

cytokine production was dependent on oxidative stress induced by NO. However, 

results from reactive oxygen species (ROS) experiments conflicted with this, as they 

indicated that NO did not generate ROS in RWPE-1 cells. We concluded that while 

oxidative damage clearly plays a role in NO’s effects on RWPE-1 cells, the ROS 

level was below the detectable limits of the assay employed. In addition to pro-

inflammatory cytokine production, results showed that NO induced the release of 

pro-angiogenic factors by epithelial cells. Angiogenesis is a critical process in 

carcinogenesis, and the increase in expression of factors such as VEGF, GM-CSF, 

MMP-9 and EGF induced by NO could contribute to the promotion of angiogenesis. 

Results from a tubule formation assay using conditioned media from NO-treated 

cells were negative however. In spite of this, it is clear that short-term exposure to 

NO creates highly secretory, pro-tumorigenic and pro-angiogenic microenvironment, 

which possibly requires more time to develop further. 

6.2 NONO-NSAIDs as potential prostate cancer therapeutics 

With earlier results showing that NO exerts an anti-proliferative effect, in addition to 

activation of the p53/p21 pathway and cell cycle arrest, the potential use of NO in 

the form of anti-cancer therapeutic drugs was investigated. NONO-NSAIDs 

IPA/NO- and DEA/NO-aspirin were found to exert growth-inhibitory effects in 
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prostate cancer cells, while neither their parent diazeniumdiolates nor aspirin alone 

led to growth inhibition. The linking of DEA/NO to aspirin was shown to greatly 

increase the intracellular release of NO in treated cells. IPA/NO and IPA/NO-aspirin, 

being HNO donors were not expected to release high levels of NO. DEA/NO-aspirin 

and IPA/NO-aspirin both exerted similar growth inhibitory responses in the prostate 

cancer cell lines, at similar concentrations. These results demonstrate the high 

potential of NO/HNO as an anti-cancer therapy. Basudhar et al. (2015) demonstrated 

that cytotoxicity of IPA/NO-aspirin and DEA/NO-aspirin in breast cancer, coincided 

with DNA damage, caspase-3 activity and inhibition of angiogenesis. Further 

investigation is required to determine the mechanism of action of these drugs in 

prostate cancer.  

6.3 NO induces DNA damage in prostate epithelial cells and stimulates the 

error-prone NHEJ DDR pathway 

Activation of the p53/p21 pathway and subsequent cell cycle arrest, as previously 

shown to occur in NO-treated RWPE-1 cells, is a well-established cellular response 

to DNA damage (Wouwer et al., 2012). Results showed that NO does induce DNA 

double strand breaks in prostate epithelial cells, as indicated by γH2AX expression 

induction at 12 hours post treatment. Incorporation of an antioxidant into the 

experimental model demonstrated that NO-induced DNA damage was independent 

of oxidative stress. This was of great interest, as previous results had shown that NO-

induced cytokine production was inhibited by antioxidant treatment. This indicates a 

bimodal mechanism of action of NO on RWPE-1 cells, with NO-induced cytokine 

production occurring through an oxidative stress mechanism, and DNA damage 

induced by NO independent of oxidative stress. Investigation into the DDR activated 

by NO-induced DNA damage showed that the NHEJ pathway is activated, as 

indicated by 53BP1 expression in NO-treated cells. The NHEJ pathway is typically 

the default repair pathway for DNA damage induced in the G1 phase of the cell 

cycle, which is where the NO-induced block in cell cycle was observed previously 

(Valerie and Povirk, 2003). Activation of the NHEJ pathway by NO-induced DNA 

damage is significant, as this pathway is considered to be error-prone in nature, and 

thereby may contribute to further genomic instability in the cells exposed to NO 

(Ceccaldi et al., 2015). Overall, the induction of DNA damage and the activation of 
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the potentially error prone NHEJ repair pathway may result in a heightened state of 

genomic instability in RWPE-1 cells exposed to NO. 

6.4 Long term exposure to NO confers increased migratory and invasive 

properties on RWPE-1 cells, in addition to a stem-like signature 

Genomic instability is one of the enabling characteristics required for the survival, 

proliferation and dissemination of cancer cells (Hanahan and Weinberg, 2011). 

Activation of invasion and metastasis is one of the hallmarks of cancer, with 

hijacking of the EMT programme by transformed epithelial cells acting as a means 

to acquire these abilities (Thiery et al., 2009). To investigate whether the increased 

level of genomic instability induced by NO treatment could endow RWPE-1 cells 

with cancer-like properties, we examined the effect of NO on their migration and 

invasion abilities. As described previously, RWPE-1 cells were subjected to 

prolonged exposure (4-6 weeks) of NO in order to mimic increased NO release 

observed during chronic inflammation, and were termed RW/NO_LT cells. 

RW/NO_LT cells that were further passaged following withdrawal of NO were 

termed RW/NOw cells. Incremental changes in morphology were observed with 

increasing number of NO treatments in RWPE-1s cells, so that RW/NO_LT cells 

became elongated, spindle-like and mesenchymal, and had lost the tight cell to cell 

contact associated with epithelial cells. In addition, upregulation of the gene 

expression of a number of EMT markers, including members of the Snail family, 

was observed in both RW/NO/LT and RW/NOw cells. RW/NO_LT cells exhibited 

the textbook EMT phenotype of loss of E-Cadherin with concomitant gain of 

vimentin protein expression. The increase in EMT markers was reflected at a 

functional level by the significant increase in migration of the RW/NO_LT cells 

compared to control cells. RW/NOw cells also displayed increased migration, but to 

a lesser extent. Both RW/NO_LT and RW/NOw cells exhibited increased MMP-9 

activity and significantly increased invasion as compared to control cells. EMT of 

transformed cells is often associated with increased expression of cancer stem cell 

(CSC) genes (Singh and Settleman, 2010). The observed enrichment for a stem-like 

signature by long-term exposure to NO in these cells is important. RW/NO_LT and 

RW/NOw cells both showed a trend of increased expression of a number of CSC 

markers. It has been shown that an accumulation of genetic and/or epigenetic 

alterations in prostate stem/progenitor cells can lead to inactivating mutations in 
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PTEN and p53, resulting in their malignant transformation into highly tumourigenic 

and migrating cells that exhibit resistance to androgen ablation therapy and 

chemotherapy (Mimeault and Batra, 2011). DNA damage induced by NO in the 

population of cells with a stem-like signature, and increased migratory and invasive 

properties could result in the initiation of aggressive prostate cancer.  

6.5 Long term exposure to NO induces cellular transformation with altered 

expression of c-Myc and PTEN 

Previous results showing an increased genomic instability in NO-treated RWPE-1 

cells, in addition to increased migratory and invasive capabilities and a stem-like 

signature, suggested that the cells had undergone malignant transformation. This was 

proven to be the case by the ability of long-term NO exposed cell to form colonies in 

anchorage-independent conditions. A partial loss of oncogenic ability was displayed 

by the RW/NOw cells by the reduced size and less compacted colonies formed in 

comparison to those formed by the RW/NO_LT cells. Further examination showed 

that RW/NO_LT cells had increased gene expression of the oncogene c-Myc, while 

both RW/NO_LT and RW/NOw cells showed a decreased expression of the tumour 

suppressor PTEN. These findings are extremely relevant as both genes are 

implicated heavily in prostate carcinogenesis (Kim et al., 2009, Karantanos et al., 

2013). Both RW/NO_LT and RW/NOw cells had increased Akt phosphorylation, 

which when activated upon PTEN loss, greatly enhances cell survival and is also a 

common feature in carcinogenesis (Clegg et al., 2011, Georgescu, 2010)  

6.6 Long term exposure to NO enables sustained proliferation of RWPE-1 cells 

under conditions of stress 

During the initial stages of tumour development, tumour cells are deprived of 

nutrients and survival factors and often reside in hypoxic micro-environments (Evan 

and Littlewood, 1998). An important hallmark of cancer cells which normal cells 

lack, is the ability to sustain proliferation in the absence of exogenous growth 

stimulatory substances (Hanahan and Weinberg, 2011). RW/NOw cells cultured 

under serum/supplement free conditions were able to proliferate, in contrast to 

normal RWPE-1 cells that had lost their proliferative capacity. RW/NOw cells 

displayed an impaired p53/p21 response under these harsh conditions, in addition to 

a much reduced p27 expression and PARP cleavage as compared to control cells 
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under the same conditions. Possible mechanisms of action for this sustained 

proliferation include Akt signalling which can enable the continued uptake of 

glucose and amino acids upon removal of growth factors, and the inactivation of p21 

and p27, both viable options based on previous results (Downward, 2004, Liang and 

Slingerland, 2003). 

6.7 Long term exposure to NO confers resistance to apoptosis  

The impaired p53/p21 response of RW/NOw cells to growth under 

serum/supplement free conditions, along with the previously shown increased 

genomic instability of these cells, prompted investigation of their response to DNA 

damaging agents. In normal cells p53, known as the “guardian of the genome”, plays 

a key role in monitoring genomic integrity and activates either senescence or 

apoptotic pathways upon encountering genetically damaged cells (Hanahan and 

Weinberg, 2011). When p53 activity has been compromised, this can result in the 

propagation of damaged cells, and the selection of transformed cells with a growth 

advantage. RW/NOw cells showed increased survival in response to both etoposide 

and doxorubicin treatment compared with control cells. Further exploration to 

elucidate the mechanism of resistance, showed that akin to the response in 

serum/supplement free conditions, long-term NO exposed cells had a dampened 

p53/p21 response in addition to an elevated DDR following etoposide treatment. 

Moreover, long-term NO exposed cells showed a reduced induction of PARP 

cleavage, caspase-3 activity and annexin V staining, indicating a decrease in 

apoptosis. In agreement with these results, RW/NOw cells had increased basal 

expression levels of anti-apoptotic genes including BCL-2. Upon examination of the 

cell cycle of RW/NOw cells following etoposide treatment, it was observed that a 

significantly increased number of cells underwent endoreplication as compared to 

treated control cells. Endoreplication has been shown to contribute to genomic 

instability, and chemo-resistance (Sakaue-Sawano et al., 2011, Shen et al., 2008). 

Inhibition of Chk-1 and p21 as was shown in long-term NO exposed cells treated 

with etoposide, could contribute to the increase in endoreplication (Zheng et al., 

2012, Wilsker et al., 2012). Overall, long-term NO exposed RWPE-1 cells showed 

increased resistance to apoptosis induced by etoposide.  
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In order to gain further insight into the mechanism of acquired resistance to 

apoptosis, in addition to the acquired capacity for sustained proliferation in long-

term NO exposed cells, the levels of IL-6 and IL-8 were investigated. As mentioned 

previously these 2 cytokines are implicated in the regulation of several cellular 

events that contribute to prostate cancer progression, including prostate cancer cell 

survival (Culig et al., 2005, Culig, 2013). Levels of both cytokines were significantly 

increased in RW/NO_LT cells, however they were reduced to basal levels in 

RW/NOw cells, indicating that continuous exposure to NO is necessary for their 

sustained up-regulation and secretion. It also indicates that the sustained proliferation 

in serum/supplement free conditions and the acquired resistance to etoposide in the 

RW/NOw cells is not due to autocrine signalling of these cytokines. 

In addition to the potential mechanisms for apoptotic resistance described above, a 

number of the previously revealed cancer-like properties gained by chronic NO 

exposure have also been shown to promote resistance to apoptosis. Long-term 

exposure of NO induced prostate epithelial cells to undergo EMT, thereby acquiring 

motility and invasive characteristics. In addition, the cells were enriched for CSC 

markers. Both of these phenotypic traits are also linked to chemo-resistance (Singh 

and Settleman, 2010). Overexpression of the master EMT transcription factor Snail 

was shown to confer resistance to TNF-α induced apoptosis on kidney epithelial 

cells (Vega et al., 2004). Another study investigating the response of prostate cancer 

stem-like cells to etoposide showed that the stem-like population had increased 

resistance as compared to the non-stem-like population, partly through an elevated 

DDR response (Yan and Tang, 2014).  

6.8 Limitations and future directions 

The aim of this research study was to investigate the potential of NO in transforming 

normal prostate epithelial cells. RWPE-1 non-malignant prostate epithelial cell lines 

were utilised as a model of normal cells, however due to the fact the cells are 

immortalised, they are not truly ‘normal’, and to definitively validate the results 

shown, future studies should be performed using primary prostate epithelial cells. 

This study utilised an NO donor and while this has its advantages, future studies 

could investigate the use of overexpression of NOS2 for intracellular NO release. 

Future directions could involve a xeno-transplant study. Athymic nude mice could 
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be implanted with RW/NO_LT and normal control cells and monitored for tumour 

progression. Xeno-transplanted cells could be transduced to express luciferase 

thereby facilitating longitudinal tracking of transplanted cells in vivo using 

bioluminescence imaging techniques. In addition, cells could be transfected with 

IRFP720 thereby allowing dual fluorescence and photo-acoustic in vivo imaging 

studies to be performed. Such in vivo studies would provide insight into the in vitro 

data described in this study.  

6.9 Final conclusions  

All of these results combined, show that long-term exposure of NO to prostate 

epithelial cells leads to their transformation, and acquisition of multiple cancer-like 

characteristics. Interestingly, a number of these features are retained in the RW/NOw 

cells, demonstrating that they are irreversible to some degree and that continued NO 

exposure is not necessary to sustain them. Thus NO may play a role in prostate 

carcinogenesis and prostate cancer progression. It is important to bear in mind, as the 

yang to this ying, is the use of NO donor drugs as chemotherapeutics in prostate 

cancer treatment. The cytotoxic nature of NO is beneficial in this context, however, 

cells surviving the treatment, but having been exposed to NO may harbour some of 

the pro-carcinogenic characteristics shown over the course of this study, and further 

promote tumour progression and/or chemo-resistance. Therein lies the dual face of 

NO in cancer biology.   
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