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Abstract

Prostatecanceris the second most commonly diagnosed careedranked third in

the causes of death from cancer in Insbn. Inflammation has been implicated in
prostate carciogenesis, 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 whetheprolonged 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 cdikeecharacteristics.
Shortterm effects of NO includedellular 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 instabiliBrolonged exposure to NO resulted

in the transformation of prostate epithelial cells, with alteration of their morphology
from epithelial to mesenchymibike, in conjunction with an increased migratory and
invasive capacity. Moreover, long term expostoeNO 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 periodpldiged 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 protumourigenic cytokines. In summary, we have shdhat 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
chenotherapeutics.



Acknowledgements

Firstly I would like to thank my supervisors Dr Sharon Glynn and Professor Frank
Sullivan for giving me the opportunity to do this PhD, and for all the support and
guidance.

To the PCI lab group (Carol, Sarah, Ronan, Rihblo and Karen); thanks so much

for keeping me sane in the hard times and for all the fun and laughs in the good
times! | really made some friends for life with you all. | also want to thank Alex,
who helped me greatly with both experimental ideas actthteal guidance, thanks
Alex!

To my amazing family, for your endless support, thank you so much. To Mum and
Dad, thanks for always being there for me. You both always instilled the value of
education in me from an e arthoyyoalgoth,Toand
Nicola and Damien, and all the extended family, thanks for all your support and
getting me through the PhD!

And lastly, to Cathal, thanks for putting with me, for your support and advice, and
most importantly for all the countless dars!



Abbreviations

Bcl-2 B-cell lymphoma 2

BPH Benign prostatic hyperplasia

BSA Bovine serum albumin

COX cyclooxygenase

CSC Cancer stem cell

DAF-FM/DA 4-amino5-methylamine 2 Nidifluddpfluorescein
diacetate

DCFDA 2 ,NNjlichlorofluoresceirdiacetate

DDR DNA damage response

DETA/NO Diethylenetriamine NONOate

DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

D-PBS Dulbecco's phosphatauffered saline

DSB DNA double strand breaks

EDTA Ethylenediaminetetraacetic acid

EGFR Epidermal growth factor receptor

ERK Extracellular signategulated kinasé

FBS Foetal bovine serum

GSk3 Gl ycogen synthase kinase 36D

HR Homologos recombination

HUVEC Human umbilical vein endothelial cell

MAPK Mitogen activated protein kinase

MET Mesenchymakpithelial transition

MMP Matrix metalloproteinase

MSD MesoScale Discovery

NaOH sodium hydroxide



NF-a B
NHEJ
NOS
NSAID
PARP
Pl
PI3K
PIA
PIN
PIP3
PSA

PTEN

RKIP
ROS/RNS
RTCA
SA-b-Gal
SDS
SFM
TBST
TGFb 1
TNFU
VEGF
XIAP

YY1

Nuclear faabr-kappaB
Non-homologous engbining
NO-Synthase

Nonsteroidal antinflammatory drugs
Poly (ADP-ribose) polymerase
Propidium iodide
PhosphatidylinositeB-kinase
Proliferative inflammatory atrophy
Prostatic intraepithelial neoplasia
Phosphatidylinositol 3,4;&isphosphate
Prostate specific antigen

Phosphatase and tensin homologue deleted on
chromosome 10

Raf-1 kinase inhibitor protein
Reactive oxygn/nitrogen species
RealTime Cell Analyze

Senescence associaegalactosidase
Sodium dodecyl sulfate

Serum free media

Tris buffered saline tween
Transforming growth facteb 1
Tumour necrosis factd

Vascular endothelial growth famt
X-linked inhibitor of apoptosis protein

YinYangl



Figure 1.1
Figure 3.1:
Figure 3.2:

Figure 3.3:

Figure 3.4:

Figure 3.5:

Figure 3.6:

Figure 3.7:

Figure 3.8:

Figure 3.9:

Figure 3.10:
Figure 3.11:
Figure 3.12:

Figure 3.13:

Figure 4.1:
Figure 4.2:
Figure 4.3:
Figure 4.4:
Figure 4.5:

Figure 4.6:

Figure 4.7:

List of Figures
Concentratiordependent effects of NO in cancer
Measurement of intracellular NO in DETA/NO treated RWPEells
Effect of NO on theggrowth and morphology of RWRE cells

Effect of increasing concentrations of DETA/NO on RWPEell
cycle

Effect of 500 uM DETA/NO on RWPH. cell cycle

Expression of SA-Gal and senesceneassociated pteins in
DETA/NO treated RWPHE cells

Expression of cell cycle regulators in RWREells treated with
DETA/NO over time

Expression of pranflammatory cytokines in DETA/NO teged
RWPE1 cells

Effectsoftheanto x i dant, Trol oxE, on intrac
andcytokine gene expression

Effect of DETA/NO on ROS in RWRE cells

Effects of NO on angiogenesis

Optimisation ofthe alamar blue assay for prostate cancer cell viability
NONO-NSAIDs affect the growth of prostate cancer cells

Intracellular release of NO in prostate cancer cells after treatment
with NONO-aspirin prodrugsaspirin, or parerdiazeniumdiolate

Expression of OH2AX i-hcelBETA/ NO tr e;
OH2AX expression i n DéldvwitNtdlox reat e
Rad51 expression in DETA/NO treated RWPEells

53BP1 foci expressn in RWPEL cells

Morphology changes in loagrm NO exposed RWRE cells

Proliferation and attachment profiles of RW/NO_LT cells compared
to control cells

Gene expression of EMT markers in control, RW/NO_ST,
RW/NO_LT and RW/NOw cells

vi



Figure 4.8:  Protein expression of-Eadherin and Vimentin in longerm NO
exposed RWPH. cells

Figure 4.9:  Vimentin expression in control and RW/NO_LT cells by
immunofluorescence

Figure 4.10: Migration capacity of RW/NO_LT and RW/NOvelts as compared
to vehicle treated control cells

Figure 4.11: Invasion of RW/NO_LT and RW/NOw cells

Figure 4.12: Gene expression and activity of MMPand MMR9 in RW/NO_LT
and RW/NOw cells

Figure 4.13: Gene expression of CSC markers in RW/NO_ST andNRQVLT
cells

Figure 4.14: Geneexpressiorof CSC markers in RW/NOw cells
Figure 5.1: Transformation assay of control, RW/NO_LT and RW/NOw cells

Figure 5.2: Gene expression ofMyc in control, RW/NO_ST and RW/NO_LT
cells

Figure 5.3: PTEN, pAkt, Akt, GK-U andb GBKot ein expressi ol
RW/NO_LT and RW/NOw cells

Figure 5.4: Proliferation of long term NO exposed RWREells in normal and
serumfree conditions

Figure 5.5: Representative images of control, RW/NO_LT and RW/NOw cells
cultured inserum/supplement free conditions

Figure 5.6: Expression of cell cycle regulators and PARP in control and
RW/NOw cells cultured in serum free conditions

Figure 5.7:  Cytotoxicity assays of control and RW/NOw cells treated with
increasing concentrations efoposide and doxorubicin

Figure 5.8: Expression of phosphp 5 3 , p53, p21 and OH2AX i
RW/NO_LT and RW/NOw cells following etoposide treatment

Figure 5.9:  Annexin V staining of control and RW/NOw cells treated with
etoposide

Figure 5.10: Cleavage of caspaskeand PARP in etoposidesated control,
RW/NO_LT and RW/NOw cells

Figure 5.11: Caspas8 activity in control and RW/NOw cells treated with
etoposide

vii



Figure 5.12:

Figure 5.13:

Figure 5.14:

Figure 5.15:

Figure 5.16:

Gene expression of ardpoptosis markers in control and RW/NOw
cells

Cell cycle and endoreplication etoposide treated control and
RW/NOw cells

Chk-1 expression in control, RW/NO_LT and RW/NOw cells treated
with etoposide

Gene expression of 46 and IL-8 in control, RW/NO_ST,
RW/NO_LT and RW/NOw cells

IL-6 andIL-8 secretion in control RW/NO_LT and RW/NOw cells

viii



List of Tables
Table 2.1:  Primary antibody details
Table 2.2:  Secondary antibody details
Table 2.3:  Primer sequences
Table 3.1:  Cell cycle analysis of RWRE cells treated with DETA/NO

Table 3.2:  Expression 6 pro-angiogenic factors in DETA/NO treated RWRE
cells

Table 3.3:  IC50 values of IPA/N@ASA and DEA/NGASA in prostate cancer
cells



Chapter 1

General Introduction



1.1 Prostate Cancer

Annually, 3267 cases of prostate cancer argraiaed in Ireland placing it as the
second most commonly diagnosed cancer in men aftemedsnoma skin cancelin

2011, there were 563 deaths from prostate cancer, ranking it third in the causes of
death from cancer in Irismen (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 logathological 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 characterid®e cancer, from localised to fully invasive and on

to distant metastasis at diagnofZheng et al., 2012)0nce diagnosed, treatment
options include radical prostatectomy, radiation therapy and/or androgen deprivation
therapies (ADT)Shtivelman et al., 2014however a mean survival time of only-12

18 months is expected if castragsistant prostate cancer devel¢gereda 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 sl as smoking and diéMitchell and Neal, 2015, Cuzick et

al., 2014) Inflammation, oxidative damage, epigenetic alterations, telomere
shortening and genomic alterations have all been implicated in prostate
carcirogenesigShen and AbatShen, 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 andreqy receptor pathway, TMPRSERG
translocations, NKX3.1 inactivation andMyc up-regulation (Shtivelman et al.,
2014)

1.2 Prostate cancer and inflammation

FromRudol f Virchowbés assertion in 1863 the
sites (Al ymphoreticular infiltratngono),
inflammation as an enabling characteristic in carcinogenesis, there is no doubt that

inflammation plays a key role in the initiation and progression of caiBadkwill



and Mantovani, 2001) Chronic inflammation can induce malignant cell
transformation in the surrounding tissue, and severainfi@mmatory cytokines
such as 16, IL-8, TNFU and-b TiG&ve been sumoutgenict o be
(Landskron et al., 2014%5everal cellular processes are shared between inflammation
and cancer, such as an increased proliferation thg generation of reactive
oxygen/nitrogen species (ROS/RNS), migration, invasion and angiogegiesis
Marzo et al., 2007)inflammatory conditions of the prostate include benign prostatic
hyperplasia (BPH), proliferative inflammatory atrophy (PIA) @nodstaic
intraepithelial neoplasia (PIN) and have all been linked to the development of
prostate cancdiDe Nunzio et al., 2011, Miah and Catto, 2014jlammation in the
prostate was shown to accelerate prostate cgmogression by alteration of the
prostatic microenvironment in a chronic prostatitisNHic mouse mode{Simons et

al., 2015) Another study showed that bacterial prostatitis acceleraimuhi2o 1-
methyt6-phenylimidazo 4, 5-b] pyridine (PhIP}induced preinvasive lesions in the
rat prostatgSfanos 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 Hd# of 1-5 secondsn vivo
(Gladwin et al.,, 2003) NOOG s actions are typi-cally
dependent orindependent pathways. In the presence of cGMP, NO targets the
haeme component of soluble gylyl-cyclase (sGC), and couples with cGMP
dependent protein kinage (PKG), phosphodiesterases and cyclic nucleajated
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 proteinithout attachment of the NO group
(Muntane and la Mata, 201L0NO can modulate cell signalling through post
translational protein modification, typically through formation ohi8osothiol
(SNO) by coupling of a nitroso moiety #oreactive thiol group in specific cysteine

residues, namely-Bitrosylation(Aranda et al., 2012)



1.3.2 Synthesis

NO is generated by threeoferms of the enzyme N@ynthase (NOSj neuronal
(nNNOS/NOS1), inducible (INOS/NOS2) and endothelial (eNOS/NOS3). NOS
catalyses NO synthesis fromdrginine using NADPH and molecular oxygen as co
substrategAlderton et al., 2001, Forstermann and Sessa, 20NQ)synthesis takes
place in two steps. Firstly, NOS hydroxylatesilr g i n i rhgdroxy-b-ardiimne
and s e c ehydiokyt -argimihe is oxidized to dcitrulline and NO(Noble et

al., 1999, Stuehr et al., 200NOs unpaired electron enables reaction with inorganic
molecules (i.e. oxygen, superoxide or transition metals), structures in
deoxyribonucleic acid (DNA), prosthetic groups (i.e. h@erar proteins, thus
explaining its extensive biological activiffsingh and @pta, 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/day#®jichel 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 tumo(gnarro, 2000) In addition to its direct biological
effects, NO can interact with reactive oxygen species such as superoxide raalicals,
generate reactive nitrogen species (RNS), nitrogen dioxide (NO2) and peroxynitrite
(ONOQO") (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 cddlu signalling network(Kundu and Surh,
2012) Nitrites, nitrates, mitrosothiols and nitrosamines are metabolites of NO and
mediators of its cytotoxic/cytoprettive effects, namely inhibition of mitochondrial
respiration, protein and DNA damage leading to gene mutation, loss of protein
function, necrosis and apoptogiaikumura 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 regulateiomas cancer related events



including tumour growth, migration, invasion, survival, angiogenesis, and
metastasis, depending on the concentration involveglire 1) The outcome of the
aforementioned processes is determined by several additional faciodinig, but

not limited to, NO flux, duration of NO exposure, cell cycle status and the tumour
microenvironmen{Ridnour et al., 2006, Villalobo, 2007, Jarry, 2004, Ridnour et al.,
2008) Additionally, studies ingstigating the effect of NO donation and deprivation
on malignant cells show that redox status is crucial. RNS anidrdSogluthione
(GSNO) formation are affected by the relative abundance of oxidizing (ROS) and
reducing (glutathione, GSH) agents. Thisturn can significantly influence the
cytotoxic/cytoprotective effects of NQMocellin et al., 2007)In general, low levels

of NO (< 100 nM) are considered to be qmocogenic, medium NO levels pro
metastatic, and high NO levels (> 500 nM) tumouricig@nbs and Glynn, 2011)

1.4 NO, inflammation and cancer

NO andNOS2are associated with numerous tumour types inctuting (Okayama

et al., 2013, Ambs et al., 199&plon(Ambs et al., 1999, Ambs et al., 1998)east
(Glynn et al., 2010, Thores et al., 1995, Bulut et al., 2005)elanomgGrimm et

al., 2008)and pancreatic cancegsiong et al., 2001)Mechanisms by which NO and

its derivative peroxynitrite iuce inflammatiorassociated 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 artimourimmunity (Kundu and Surh, 2012, Hussain et
al., 2008) NO, produced along with other chemical intermediates during chronic
inflammation can lead to DNA dama@é&/ink et al., 1998h)Peroxynitrite can form
DNA damaging &iitroguanine, a biomarker of inflammatiassociated cancers
(Kundu and Surh, 2012)During inflammation, RNS and ROS are released by
activated inflammatory cells, attacking neighbouring epithelial and stromal cells,
altering function andnitiating carcinogenesigring and Hofgth, 2007) NOS, with
NADPH oxidase (NOX) and cyclooxygenase (COX) mediate hornmmhéced
oxidative/nitrosative stress in the rat, which leads to transformation of prostate
epithelia into dysplasi§Tam et al., 2007)Another postulated mechanism is NO
mediated activation of COX2 and the induction of CXGRebs and Glynn, 2011)
Inflammation derived itric oxide also plays a role in tumour progressidor,

example througHacilitating vascular permeabilitghereby supporting rapid tumor

5



growth (Maeda and Akaike, 1998)Clinical data shows NOS2 expression is an
independentpredictor of poor survival in women with oestrogen receptor {ER)
negative breast tumours and correlated with tumour vascularisation, accumulations
of p53 mutations, and activatedidermal growth factor recept@EGFR) (Glynn et

al., 2010) Prostate cancer PC3 cells were shown to acquire increased survival,
proliferation, migration and invasion upon receiving phdyoamic therapy, through

the upregulation ofNOS2 and subsequent release of KBhowmick and Girotti,
2014, Fahey and Girotti, 2015)n addition, increased expression NOS2 has
regularly been reporteith prostate cancer tissue compared to normal tissue, and its
expression is intensified in high grade PIN camgu to lowgrade PIN or benign
lesions, indicating that wupegulation is associated with cancer progression
(Janakiram and Rao, 2012n summary NO plays an important role in prostate

cancer development and progression.
1.5 NO and proliferation
1.5.1 Concentratiodependent effect

The effect of NO on cellular proliferation clearly demonstrates NOs innate
bimodality. In some cases NO inhibits cédir 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., 200&8dhether a cell is stimulatext
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 (0.040.25mM) increased proliferation of keratinocytes, whereas
elevatedcoment r ati ons ( 00 . &risbhel etialn #908)0¢hdrs c yt 0 s
assessed the cytotoxic effects of a sermd novel furoxarbased NGreleasing
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 0-8578 uM, wherega they had no cytotoxic effect

on nontumour liver cells (LO2). Further investigation using the Greiss assay
showed that the compounds generatiggtf8ld higher concentrations of NO in HCC
cells compared to LO2 cells. Use of haemoglobin, a NO scavengececkdNO
concentrations and inhibited cytotoxic effedlsai et al., 201Q0) Concentration

dependent effects of NO on human leukaemia line6Bere observed using the



NO-donor diethylenetriamine nitric oxide adduct (DETA/NO), wherek0Q uM

DETA/NO significantly stimulatedproliferation and 2501000 uM DETA/NO

inhibited cell growth. This stimulation of growth was modulated by cyclin
dependent kinase 2 (Cdk2) activity and nitrosylatiffumar et al., 2010)
Pheochromocytoma PClZells treated with DETA/NO for 24h at low
concentrations (2% 0 ¢ M) significantly stimul at e
concentrationsof 152 50¢ M produced between 200 and
proliferation. It should be noted that the actual physiologicateatnation of NO in

the cells was much lower, between 20 and 100(Bi&I-Price et al., 2006)Upon

INOS transfection into various tumour cell linag, vitro cell proliferation was
decreased, howeven vivo, tumour growth was observed to be both increased
(Jenkins et al., 1995and decrease(@Xie et al., 1995) therefore the effect was

tumour specific
1.5.2 NO inhibits cell proliferation

NO ha been shown to inhibit the growth of gastric cancer ¢Sbs\g et al., 2011)
human endotheli al cel | s(Heller et al.p 1D@9¥oedstr at i on
cancer cells (MDAMIB-231) (Pervin et al., 200]1)neural precursor cellPena
Altamira et al., 201Q)human prostatic epithelial cell lin¢buguenin et al., 2004)

and human bladder carcinoma cell liffelsiguenin et al., 200455IT-27NO, a novel
NO-donor, inhibited the growth of PC3 and LnCap prostate cancer cells xenografted
into nude mice, in a concentratidependent manndiDonia et al., 2009)Also,
saquinavir (SadNO), a NOderivative of the HIV protease inhibitor, induced
apoptosis and production of papoptotic BCl-2-interacting mediator of cell death
(Bim), in PC3, while in vivo studies showed that $#Q inhibited PC3
xenotransplants to a greater extent than the parental comfldani et al., 2011)

One mechanism described for théibition 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 cyq/ouwer et al., 2012)In another
study, high concentrations of NO resulted in p53 activation and a G2/M cell cycle
checkpoint in HCT116 colon cancer cel($iofseth et al.2003)



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/ (Pervin et al., 2007choriocarcinoma JEG cells
(Sanyal et al., 2000)and ovarian carcinoma HQOL cells (Keith Bechtel and
Bonavida, 2001) Glioma stem cell (GSC) prolifetian and tumour growth are
promoted by NOS2, depending on NOS2 activity for growth and tumourigenicity,
distinguishing them from ne@®SCs and normal neural progenitdEyler et al.,
2011) Mechanisms of NO stimuian of cellular proliferation include increased
endogenous basic fibroblast growth factor (bFGEEhe et al.,, 1997)mitogen
activatedprotein kinase (MAPK) pathwafZzheng et al., 2006)NOS3 activation by

the phosphatidylinosite3-kinase(PI3K)/Akt pathway and/or recruitment of Reat
shock protein 9qRidnour et al., 2006, Villalobo, 200@nd protein modification
(Aranda et al., 2012) ow to intermediate concentrations found to stimulate cellular
proliferation align with doses associated with chronic inflammatory disease, which
might explain its role in carcinogenesis and tumanagression. In an animal model
that allowed for the regulation of NOS2 levels, low levels were associated with

tumour progression and high levels with tumour regreq$amg et al., 2003)
1.6 NO and senescence

Senescence, a cellular state of irreversible cell cycle arrest, is characterised by an
enlarged, flattened morphologyn altered gene expression pattern and chromatin
structure, in addition to an activated DNA damage resp{®aeretzki, 2010)It is
traditionally considered to be a defence mechanism of the aelsponse to certain
stresses, thereby preventing the proliferation of critically damaged cells. Senescence
is governed either by the p53/p21 pathway or the RB/pl16 pathway, or a combination
of both (Campisi and d'Ada di Fagagna, 2007 5enesceneassociated secretory
phenotype (SASP) is described as the secretion of growth factors and cytokines by
senescent cells into the surrounding microenvironnjEamagalli and d'Adda di
Fagagna, 2009)Two of the main SASP factors are-6Land 1-8, and these factors

can then alter the surrounding microenvironment in a tuspoamoting manner, by
inducing epitheliaimesenchymal transition (EMT), invasiveness, angiogenesis and
the renewabf stem and progenitor celsAcost a and Gi | , 2009,



Fagagna, 2009Recent research, however, has demonstrated that SASP factors are
induced by a persistent DNA damage response, as opposeatetteaec¢Rodier et

al., 2009) Macrophage derived NO has been shown to contribute to the induction of
senescence and DDR in normal human fibroblasts (WI138 and MR&#)n et b,

2012) Up-regulation of NOS2 was observed in the initiation and maintenance
phases of senescence in methotreka@&ted human colon cancer C@&@abrowska

et al., 2011) In summary, NO has been st 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 exmsion 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 (fOkumura

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

its mechanisms are complex and involve midtjpathwaygCooke, 2003)

1.7.1 NO promotes angiogenesis

Inhibition of NOS prevented prostaglandin E1 (RGEnduced angiogenesis in the
rabbit corneain vivo, while angiogenesis wastimulated by NGdonor sodium
nitroprusside (SNP) in these model&iche et al.,, 1994) L-NAME blocked
formation of capillary tubes induced by |
endothelial cells in a-B gel, by terminating proliferative actions of growth factors
and promoting differentiation of quiescent endothelial cells into vascular tubes
(Babaei et al., 1998NO also exerts prangiogenic effects through inhibition of
endogenous antingiogenic factors. Thrombospondin 1 (T$Rilas reduced in
vascular endothelial cells by addition of an {d@nor in a triphasic manner, with
reduction of expression at 0.1 pM, increase at 100 uM, and decrease at 1 mM in an
extracellular signategulated kasel (ERK) phosphorylatiordependent fdson
(Ridnour et al., 2005)L-NAME was found to increase angiostatin in vascular
endothelial cells, thereby inhibiting angiogenegiatsunaga et al., 2002%ikora,
Gelbard et al. (2010) demonstraiedvivo that the NOS2 inhibitor, 1nil, decreased



the density of CD31+ microvessels in immunodeficient mice injeci#u uman
melanoma or colon cancer cell lines. The NOS inhibitor-mt@-L-arginine (L=

NNA) induced acute and sustained reduction in human tumour blood volume,
providing clinical evidence that inhibition of NOS has tumour-gasicular effects

(Ng et al., 2007)NO also promotes tumour vessel maturation and vessel dilation
(Fukumura et al., 2006p)n addition to recruitment of bofrearrowderivedcells

and perivascular cells which enhance angiogenesis.
1.7.2 NO inhibits angiogenesis

Similar to its nhibitory effects on cellular proliferation and EMT, NO also exerts
inhibitory effects on angiogenesis. The f@ducing sodium nitroprusside (NaNP)
and NOS substrate-arginine, inhibited angiogenesis in &n vivo model of the
chick embryo chorioallantoi membrane(Pipili-Synetos et al., 1995)as did
isosorbide mononitrate (ISMN)(Pipili-Synetos et al.,,1993) Low SNAP
concentrations (0-0.3 mM) caused an increase in angiogenesis in microvascular
endothelial cells, whereas a SNAP concentration of-40.51M, inhibited
angiogenesis, in a doskependent manner, both mediated by PKC and ERK, acting
on AR-1 (Jones et al.,, 2004RKO and SW480 colon cancer cells treated with a
novel NONSAID, GT-094, had dowsregulation ofvascular endothelial growth
factor(VEGF) and its receptors, coinciding with inhibition of ceflulproliferation

and induction of apoptosigathi et al., 2011)Another NO releasing drug, JS
inhibited human umbilical vein endothelial cellHUVEC) proliferation and
migration, decreased cord junction numbead cord length and vessel growth was
wholly blocked in a chick aortic ring assay, at IC50 values of less than 0.7uM, while

also inhibiting tumour angiogenesis in viii6iziltepe et al., 2010)
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Figure 1. Concentration-dependent effects of NO in cancel.ow levels of NO (<100nM) promote
increased proliferation and angiogenesis. Medium levels of(NIy 500nM) promote increased
invasiveness, metastasis, cytoprotection and repress apoptigsidevels of NO (>500nM) promote

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

1.8NO and EMT

Epitheliakmesenchymal transition (EMT) encompasses a series of events during
which epithelial cells lose their epithelial characgcs and assume properties
typical of cells of mesenchymal lineage. This requires complex changes in cell
architecture and behavio(ifhiery and Sleeman, 200@)uring early cecinogenesis,

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 or@fdrsry, 2002) Lone carcinoma

cells can then extravasate at secondary sited aither remain solitary
(micrometastasis) or form a new tumour through mesenchgpitielial 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
tumourcell 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 metas(asisumura et al., 2006pbjdlepending

on the concentration involved.
1.81 NO promotes EMT

Up-regulation ofNOS2 and accompanying NO release induced bgtptlynamic
therapy was shown to increase the migration and invasion of PC3 and DU145
prostate cancer cells, with an increasenmatrix metalloproteinas@ (MMP-9)
activity in the PC3 treated cells. These effects were reduced whd@aRinhibitor

or NO savenger was introduced in the systéRahey 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 ligtevels of NOS3 and produced more NO
than the C10 cells. The C3L5 cells had a higher efficiency of spontaneous metastasis
and were more invasive.-NAME inhibited invasion of both cell linegladeski et

al.,, 2000p. MMPs are a family of pronetastatic enzymes involved in the
degradation of BM proteingRay and StetleBtevenson, 1994)A significant
association was found between MMPand NOS2 expression in hepatocellular
carcinoma by immunohistochemistry, with MMPand 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 th&tO-mediated MMP1 was activated through ERK and p38
MAPK pathways, which are highly activated during tumour inflammation, resulting
in tumour progressiofishii et al., 2003) Additionally DETA/NO treatment led to
decreased cell adhesion, decreaseetadherin, and concomitant increased
expression of vimentin anf-catenin implicating NOmediated signalling in ER
negative breast cancer EM®Bwitzer et al., 2012b)The above studies demonstrate

NOs ability to enhance tumour metastasis.
1.82 NO inhibits EMT

NO can ao have aMEMT effects. Constitutively activated Snail, downstream of

nuclear factokappaB (NFe B) , I nduces mel kkanase mbibite , whi
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protein (RKIP) and Ecadherin repress metastasis. NO can inhibit Snail, thereby
inducing RKIP, therebynhibiting metastasigBaritaki et al., 2010)In resistant

tumour cells there appears to be a dysregulated ®~ Snai | / Yi nYangl ()
circuitry. Inhibition of NF-a B, Snai |, and YY1l was- shown
nitrosylation, following treatment with NO donors in prostate cancer cells,
consequethy inhibiting EMT (Bonavida and Baritaki, 2011Baritaki et al. (2010)

treated prostate metastatic cell lines with high levels of DETA/NO and showed
decreasedr&il, increased RKIP and-&dherin, thereby inhibiting EMT. In another

study, NOS2 null tumour cells injected into NO%3( mice showed a higher
proliferation rates and incidence of lung metastases than when transplanted into
NOS2(+/+) mice(Wei et al.,, 2003) T Gikdoced EMT in alveolar cells was

reduced by treatment with N@onors (VyasRead et al., 2007while topical

treatment of N@exisulind UVB-induced skin tumours in a murine model reduced

EMT with decreased fibronectin,-tadherin, SNAIL, Slug and Twist and increased
E-cadherin(Singh et al. 2012) NO inhibited MMR9 expression and activity in an
orthotopic model of renal cell carcinom@Veiss et al., 2010while 12O-
tetradecanoylphorbol 18&cetate (TPAj)nduced MMR9 is inhibited in an NO

dependent manner in MCF7 breast cancer ¢ddspersen et al., 200%lIso, NO

can destabilize MMP® mRNA (Akool et al., 2003) The above mentioned studies
demonstrate that NO can inhibit EMT through aetyrbf mechanisms.

1.9NO 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 asatting characteristic of
cancer(Hanahan and Weinberg, 2018 wide range of genomic alterations, such as
somatic mutations, copy number alterations (CNAs), gene fusions, complex
chromosomal rgaangements and aneuploidy characterise prostate cancer,
demonstrating that genomic instability is fundamental to the progression of this
disease(TapialLaliena 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, 2014DNA 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 dictathe ultimate outcome, be that cell cycle arrest, apoptosis
or DNA repair (Tian et al.,, 2015) Nonhomologous engbining (NHEJ) and
homologous recombination (HR) are the two main pathways that become activated
upon DSBs. NHEJ rgoins the broken ends of a severed DNA molecule and is
considered to be an errprone DNA repair method, while HR requires a
homologous template and is considered to be -#reer(Valerie and Povirk, 2003)
Rad51 is a DNA repair protein, whose presence is indicafi@NA double strand
break repair via the HRR pathwég@eccaldi et al., 2015while 53BP1 is a DNA
repair protein, and is commonly used as a surrogate marker for NHEJ DNA double
strand break repa{Panier and Boulton, 20L4NO/RNS can cause both DNA base
modifications and strand breaKSawa and Ohshima, 2006¥NS can induce the
deamination of guaninegytosine, and adenin@ vivo, which can lead to DNA
lesions(Wink et al., 1998b, Liu and Hotchkiss, 199Bjolonged exposure of cells to

NO, for example during chronic inflammation, can induce DNA damage iti@udi

to altering DNA repair and apoptosis, resulting in a tumour promoting environment
(Hussain et al., 2008)reatment with NO resulted in DDR activation rafiltiple
myeloma cells(Fionda et al.,, 2015and MCF7 breast cancer cells, where an
accumulation and various pdgranslational modifications of p5®&ere observed
(Hofseth et al., 2003NO can also effect the enzymatic activity of many DNA repai
proteins,including the inhibition ofDNA alkyl transferase, formamidopyrimidine
DNA glycosylase and DNA ligaséNink et al., 1998h)Use of a specificNOS2
inhibitor in adiethylnitrosamine (DEN) induced HC@ouse model, blockeBNA

repair protein O@lkylguanineDNA-alkyltransferase AGT) depletion, resulting in
reduced HCC multiplicit, size and burden, suggesting that nitrosative stress induced
defective DNA damage repair promotes HCC initiation and progre§Banyg et al.,

2013)

1.10NO and cellular transformation

Transformation of a normakll into a cancer cell requires specific genetic mutations
in only a limited number of cellular regulatory pathways to occur during the-multi
step transitional proces@Hahn and Weinberg, 2002)The disruption, loss or

decreased expression of tumour suppressor géresphatase and tensin homologue
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deleted on chromos@nlO(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 eMyc (Mimeault and Batra, 2011)p to 50% of prostate tumours display
loss of PTEN(Facher and Law, 1998yvhose main tumour suppressive activity is
through its  phosphatidylinositol phosphate  phosphatase  activity on
phosphatidylinositol 3,4;&isphosphate (PIP3) and its interactionthwip53.
Inactivation of PTEN leads to an accumulation of PIP3 which mimics PI3K
activation, resulting in Akt activatio(Blanco-Aparicio et al., 2007)Activation of

Akt promotes cell proliferation through inhilmtin o f gl ycogen synth
(GSk3b) and -Myc (Asswdelt et a.n2008)f Pd ENOG sonwitht er act
p53 involves the blocking of MDM2 mediated p53 inactivation, thereby promoting
both p53 activity and a feddrward loop, as p53 stimulates PTEN expression
(Mayo et al., 2002)Concurrent loss of PTEN and p53 contributes to theregdwal

and differentiation of prostate progenitors/tumour initiating c@\artin et al.,

2011) Kim et al. (2009) demonstrated thatiyc overexpression cooperates with
PTEN deficiency to promote prostate tumourigen@sis et al., 2009) Continuous
exposure to moderate-high concentrations of NO, produced by NOS2, promotes
neoplastic transformation with NfDduced DNA damage leading to cellular
transformatn, mutations in p53 and -1Btrosylation of caspases generating
apoptosigesistant cells which can result in clonal select{&ukumua et al.,
2006a) Genetic ablation oNOS2 produced an 80% reduction in urethanéuced

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

of endogenous NO showed higher tumganic characteristics, including increased
proliferation, clonogenic ability and migration/invasion, as welimsivo tumour
initiation properties compared to colon cancer stem cells with low endogenous NO
levels(Puglisi et al., 2015)

1.11NO and p53

P53 is a stress response tumour suppressor gene, whose activation invariably results
in cell cycle arrest, senescence or apoptfisvine et al., 2006)It plays a major

role in cell cycle checkpoints activated in response to DNA damage, exogenous
stress signals, defects duritige 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 tumoy@&ono and Manfredi, 2006)The
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tumour suppressive function of p53 is mostly attributed to its ability to function as
transcription factor, mabling it to induce the expression of a vast array of genes
involved in several cellular procesggtao and Cho, 2014p53 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 areést

in G1 (Giono and Manfredi, 2006)Induction of apoptosidy p53 involves
regulation of bax, noxa and puma resulting in release of cytochrome c from the
mitochondria, leading to caspase activation, and ultimately apogtdarsis and
Levine, 2005) Cells with mutated p53 have diminished regulationcell cycle
checkpoints, DNA repair and apoptosis and therefore can contribute to cellular
clonal expansior{(Wahl and Carr, 2001)As mentioned previously, N@ediated

DNA damage can indugeb3 accumulation and activation. A negative feedback loop
exists here where the accumulation of p53 results in the -deguation ofNOS2

which can lead to selective clonal expansion of cells with mutant(}63et al.,
2002) NO has also been associated with p53 mutations. A positive correlation
betweenNOS2 activity and G:C to A:T mutadns in p53 was shown in colon
tumours (Ambs et al., 1999) In addition, a significant association between
nitrotyrosine (a marker of chronic Ni@ducing cellular protein damage) and
endogenous p53 mutations was oestrated in oesophageal adenocarcinoma
(Vaninetti et al., 2008)as well as a significant correlation between high NOS

activity in lung adenocarcinoma and p53 mutatifigimoto et al., 1998)
1.12NO and apoptosis

Apoptosis involves DNA damage induced programmed cell death mediated through
activation of caspases and is a safeguard against cellular transformation
(Malaguarnera, 2004NO can regulate many of molecules and organelles involved
in apoptotic pathways, including p53, Bzl caspases, mitochondria, and heat shock
proteins(Tarr et al., 2006)

1.121 NO promotes apoptosis

High levels of extracellular NO can induce apoptosis by direct membrane damage,
inhibition of ribonucleotide reductase and inhibition of cellular ATP gditgrdy
mitochondrial electron transport enzymes aconitase and mitochondrial
glyceraldehydes8-phosphate dehydrogenase (GAPDHBrown, 1999) NO can
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induce apoptosis throughr#trosylation of NFe B , G AFRa&xréteptor, andB-

cell lymphoma 2(Bcl-2) (Aranda et al., 201253 accumulates post N@ediated
DNA damage and can lead to apoptosis. Other-m&diated preapoptotic
mechanisms includes induction of MARKosphatasé (MKP-1) and survivin
downregulation (Mocellin et al., 2007) NOS2 activation was essential for the
sanguinarinenediated apoptosis of LNcaP prostate cancer cells, as was
demonstrated by use of the NOS inhibiteNMMA, which effectively inhibited
apoptosis in these cel(gluh et al., 2006)DETA/NO treatment of TRAILresistant
prostate cancer cells sensitised the cells to TRA#luced apoptosis via the
inhibition of YY1 (HuertaYepez et al., 2009 Endogenous 8 catalysed by NOS1
induced Snitrosylation of GLuUR6 in ischaemi@perfusion, activating
GIuR6/PSD95/MLK3 and JNK apoptotic signallitDi et al., 2012) Treatment of
A375 human melanomeells 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 differen

mechanisms.
1.122 NO inhibits apoptosis

NO can also inhibit apoptosis via cekath protective protein expression, radical
radical interferencegBrine, 2003) and Snitrosylation of caspases at their active
site cysteines, and cGMKim and Tannenbaum, 200Q4nhibition of apoptosis by
NO has been observed in endothelial ¢&ismphoma cells, ovarian follicles, cardiac
myocytes, vascular smooth cells and hepatody@son and Garban, 2008)0S2
inhibitors and NO scavengers demonstrdbedrole of NO in preventing caspa3€
activation and apoptosis in photosensitised PC3 prostate cancer cells receiving
irradiation treatmenBhowmick and Girotti, 2014)Both exogenous (N@onor and
NOS transfetion) and endogenous (stimulation by {jmammatory cytokines) NO
inhibited transforming growth factdyr 1 (-0 Bjdluced EMT and apoptosis in
mouse hepatocyté®an et al., 2009)n primary B cell cultures @ated from Bcell
chronic lymphocytic leukaemia (BLL) patients, the introduction of -NAME
substantially increased apoptotic DNA fragmentation HCIB. cells (Liu and
Stamler, 1999)Endothelial cells (ECs) piteeated with pranflammatory cytokines
or NO-donor, showed an increase in Ecland inhibition of Bax expression, and

consequently protected cells fnoUVA induced apoptosis, an effect which was
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abrogated by addition of a NOS2 inhibif@uschek et al., 1999Tumour necrosis
factorU ( TNFU) an & treated MGFD celsdreated with N@onors
showed an inhibition of Be® cleavage and cytochrome c release, leading to
blockage of apoptosis and casp8dée activation(Kim et al., 1998) Apoptosis is
induced and preneoplastic colonic lesions are prevented through the inhibition of
NOS2 and N B when -A4% & mdldusk lineanpeptide, and celecoxib, a
selective COX2 inhibitor are usg®iplani et al., 2012)The use of N@lonors
deronstrated NOOGs dlow toncentrdtiens (D.hmMaSNARL1E s i s
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 (GbP) pathway(Wang et al., 2011) The above
mentioned studies demonstrate that NO effects in tumourigenesis are highly

concentration dependent.
1.13NO as an anticancer agent

It comes as no surprise that NO has been exploited as araanér target for some
time. Vaious approaches have been investigated, including NO as radiotherapy and
chemotherapy sensitizers, and NOS inhibitors and novel NO donating(dnagsia

et al., 2012)In a phase Il study, lodoses of NO releasing glyceryl trinitrate (GTN)
were administered to prostate cancer patients following primary treatment failure.
NO significantly reduced hypoximduced cancer progression, as measured by
prostatespecific antigen (PSA) doubling tim{iemens et al., 2009Yarious forms

of NO-donor drugs have been investigated on a range of caeltdines, including
NONOates DEA/NO and PAPA/NO-i8trosothiols (i.e. SNAP and GSNO) which
are effective antproliferative agents against many cancer cell liglgsnda et al.,
2012, Wink et al., 1998a, Chinja Stratford, 1997)investigation of the inhibitory
effect of JSK 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, coupledthvsignificant growth inhibitior{Laschak et

al.,, 2012) NO-NSAID donor drugs are potential anticancer drugs derived from
traditional NSAIDs, modified to include N@leasing moiety via a linking spacer
(Kozoni et al.,, 2007) NO-NSAIDs were originally developed to overcome side
effects of NSAIDs, such as gastrointestinal complications)ewtmaintaining the

positive effects of the parental NSAID in addition to the -aaticer properties of
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NO (Rigas and Kashfi, 2004NO-NSAIDs exert their artcancer function through
inhibition of proliferation and cell cycle, induction of apoptosis] amodulation of
Wnt a n dsigndling @thways(Rigas and Kashfi, 2004)PA/NO-aspirin and
DEA/NO-aspirin induced growth inhibition in several breast cancer cell lines, as
well as in xenografts of MDAIB-231 cells(Basudhar et al., 20156NO-Sulindac
compounds were shown to exert cytotoxic,-ppmptotic and aninvasive effects on

PC3 prostate cancer cells, in addition to inhibiting their response to hypoxia
(Nortcliffe et al., 2014, Stewart et al., 2009)O-NSAIDs inhibited HF29 colon
adenocarcinoma cells substantially more so than the parental NSAID alone
(Williams et al., 2001) F344 rats with azoxymethameduced colon ancer
subjected to NEASA at 40% and 80% of the maximum tolerated dose as for two
weeks, demonstrated significantly reduced tumour incidence, multiplicity and
reduced tumour NOS2 activitfRao 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 prevasive pancreatic cancer, treatment withNNAME, and use of
NOS3/- mice, attenuated development of pancreatic leqibaspson 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 microves density and an increase in tumour stroma
and parenchyma was also notdekaoka et al., 2011)The weakly tumourigenic

and nommetastatic fibrosarcoma (@BR2) assume a highly malignant tumour
phenotype once tragplantedn vivo. Mice were treated with and without the NOS2
inhibitor amino guanidine (AG), and AGeated tumour cells fgansplanted 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 control€apuano et al., 2009\nother study investigating the
effect of NO scavengers, nasoformselective NOS inhibitors and NOS2 selective
inhibitors, on the growth and vascularisation of rat carcinomasarcoma showed that
the NO scavengers and theNAME caused a 605% reductionn tumour growth,
while the NOS2 specific inhibitors had no effect. This would suggest that a complete
inhibition of NO is required for antumour effects, rather than NOS2 alqhRétney

et al., 2011) The use ofNOS inhibitorsin combination with more conventional
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treatments such as radiation has also been investigaiatbur growth delay was
observed when INAME was administered following radiation treatment in a
syngeneic squamous cell carcinoma mouse mod#,this effect being attributed to
Thl polarisation within the tumour microenvironmefRidnour et al., 2015)
Overexpression of NO by human osteocalcin (hOC) in PC3 xenografts yielded
tumour growth delays of up t82.2 days along with the upregulation of NOS2 and
cleaved poly (ADRibose) polymerase protein express{Qoulter et al., 2010¢ZR-

751 breast cancer cells transfected with the NOS2 gene delivered by the novel
designer biomimetic vector (DBV), underwent 62% oyxitity and less than 20%
clonogencity (McCarthy et al.,, 2011) In summary, NO has significant
pharmacological potential for use as an-aaticer therapy

1.14Experimental 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
cell line, an immortalised nemalignant prostate epielial cell line routinely used in
the field of prostate <cancer research,
epithelial cells(Bello-DeOcampo et al., 2001NO donors are routinely used in NO
research as theycan maintain a sustained level of NO. DETA/NO
(diethylenetriamine NONOate) was chosen for this study as it possesses a leng half
life (~20 hours), light/metals/thiols/cells do not impact its spontaneous breakdown,
and its only other breakdown component {2 is norntoxic (Thompson et al.,
2009) DETA/NO upon spontaneous dissociation, releases 2 moles of NO per mole
of parent compound, in a ptependent, firsbrder pocess. One hundred, 30énd

500 uM 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 fidansecke et al.,
2014) Several groups havaeasured NO in various cellular systems and correlated
low, intermediate and highoncentrationsvith biological effects(Ridnour et al.,
2007, Bove et al., 2007)n this study, DETA/NO concentrations yielding &I©
release considered to be physiologically relevant in inflammation were used, i.e.
intermediate steady state NO concentrations -8@D nM) (Thomas et al., 2015)
which 100, 300 and 500 uM 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 peod of time.
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Chapter 2

Material and Methods



2.1 Cell culture

2.1.1 Cell lines

Non-malignant, immortalised human prostate epithelial RWPEells, prostate

cancer cell lines 22Rv1l, CWR22, PC3 and DU145 and human normal primary
prostate epithlial cells were obtained from American tissue culture collection
(ATCC; VA, USA)..Human umbilical vein endothelial cells (HUVEC) were a kind
gift from Professor Tim O6Brien, REMEDI,

2.1.2 Culture conditions

RWPEL1 cells were maintained in owlete keratinocyte serufree medium (K

SFM), supplemented with 50 agnlmdderimal vi ne
growth factor (Gibco). 22Rv1 and CWR22 prostate cancer cell lines were maintained

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

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

( Gi bco) and PC3 prostate canc-42nutgest!l | [0
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 -Glutamine, 0.4% Extract P, 1 pM Epinephrine, 0.5
ng/mLthTGFU, 100 ng/ mL Hydrocortisone,- 5 Og/
transferrin (ATCC). All the media listed above contained 100 units/mL of penicillin,

100 pg/mL of streptomycin, and 0.25 pg/mL afirfgizone® Antimycotic (Gibco).

HUVEC cells were maintained in Endothelial Basal Med&m ( E B2MInza)

suppl ement ed2 wBulhl eBEGMMEt E (Lonza) which ¢
components at undisclosed concentrations: hEGF, Hydrocortisonel0GHA
(Gentaamicin, AmphotericirB), FBS (10 ml, VEGF, hFGB, R3-IGF-1, Ascorbic

Acid, Heparin. Culture medium was changed ever@days, and cells were
passaged using 0.05% trypdtthylenediaminetetraacetic acid (EDTA) (Sigma),

upon reaching 7@0% confluency. Pssaging of cells entailed washing the cells

with Dulbecco's phosphatauffered saline (EPBS) (Sigma), followed by
trypsinisation at 3 for 515 minutes. An equal volume of complete media was

added to the detached cells, the resultant suspension wakigedtat 1002009 for
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5 mins at roomtemperatureand the pellet was resuspended in the appropriate

complete media. Cultures were grown in a humidified 5% €@®@ironment at 3T.
2.1.3 Long term exposure of NO to RWPEells

RWPE1 cells were seedea icell+ tissue culture vessels (Sarstedt, Germany) at a
concentration of 1.3 x ftcells/cnf and cultured at 3T in 5% CO2. Fortyeight
hours later cells were treated with either vehicle (10 mM NaOH) or 500 uM
DETA/NO (Sigma) for 24 hours followed by rgglement with fresh complete
media. This procedure was performed twioeekly, over the course of 8 to 11
treatments (46 weeks). RWPH. cells exposed to 2 treatments/pulses of DETA/NO
were named RW/NO_ST (shdadrm) cells. RWPEL cells exposed to-81 pukes
were named RW/NO_LT (longerm). RW/NO_LT cells which were then cultured in
media without DETA/NO and passaged for a furthetO2passages were termed
RW/NOw cells (i.e. long term NO treated post NO withdrawal). This culturing
condition assessed thefaxft of NO withdrawal on LT cell phenotype. Cells were
passaged upon reaching-80% confluency and treatments continued on the
passaged cellsThis procedure was carried out on 3 separate occasions, thereby
yielding 3 entirely independent or individual lesgtions or clones, namely
RWI/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% dimehyl sulfoxide (DMSO) (Sigma). Cells were harvested and resuspended in
1 mL of freezing media at a concentration e8 ¥ 10 cells/mL and pipetted into
cryovials (Nunc). The cryovials were then stored-2°C for 2 hours, and then
transferred to a80°C freezer. Liquid nitrogen was used for the leegm storage of

cells. Cell lines were restored by rapidly thawing a cryovials in°& 3Vaterbath

and transferring the contents to 10 mL complete media in avdsgpmanner within

a 15 mL centrifuge tube &8stedt, 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 37C and 5% CQ@
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2.2 DAF-FM-DA assay
2.2.1 Flow cytometry method

NO production was determined by flow cytometry using EFAW/DA (4-aminc5-
methylamine 2 ,NjNjlifluorofluorescein diacetate) (Sigma). DA diacetate is
cell-permeant, passively diffusing across cellular membraDese inside cells, it is
deacetylated by intracellular esterases to become-EMFwhich, upon reaction

with NO, generates an increase in fluorescence that can be detected at 495/515 nm.
Three hundred thousand RWREells were seeded invéell cell+ plategSarstedt,
Germany) for 48 hours and treated with vehicle (10 mM NaOH);, 13@3, and
500-uM DETA/NO. At selected timgooints, 1 uM DAFFM-DA was added to the

cells for 1 hour at 3. One sample was left unstained. Cells were then washed and
harvestedresuspended in 1ml complete media with 3 uL/mL TePraability stain
(Molecular Probes, Oregon) on ice, followed by flow cytometry analysis using a BD
Accuri flow cytometerCells were initially gated on morphology (FSC vs SSC), and
then on DAF (FL1/FIT channel) versus ToR® (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) $afare. 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-hlaltkd clear

bottom plate (Corning). Forty eight hours later the cells were loaded with 10 pM
DAF-FM-DA for 75 minutes, the probe was washed out witRES and replaced

with phenolfree 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 muitiell platereader set at 37, 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 ipldes (Cambdge 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
peformed 24 hours later. Proliferation wasonitored in real time using the
XCELLigence Reallime Cell Analyzer (RTCA). Measurements were taken every
15 minutes over 72 hours. Data were processed using the xCELLigence RTCA
software and growth curves genexhtusing Graphpad software. The xCELLigence
system comprises of a measurement unit with 3 stations that each housplates E

and is situated within a standard tissue culture incubator -flate has 16
wells). The Eplates contain gold plated sensorcéledes 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 andquais 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

RWPE1 cells were ssded in triplicate into #vell plates at a concentration of 1 x

10’ cells per well and treated witrehicle (10 mMsodium hydroxideNaOH)), 100

, 300 and 500uM DETA/NO 48 hours laterAt the time points indicated in the
results section, samples werevested, 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 calcethtising the following formula:

DT=T In2/In(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 RWPEL cells were seeded in petri dishes followedtteatment 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 £ &ell® per sample

were fixed in icecold 70% ethanol (Sigma) for at least 2 hourextiNthe ethanol

was decanted and the cells were washed in PBS, followed by staining with 0.5 ml
propidium iodide (Pl)/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 went 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 Flowjd.0.0.6software using the Dean Jett Fox model.
2.5 SenesceneassociatedB-galactosidase Assay

RWPE1 cells were seeded in triplicate inv@ll plates at a concentration of 5 x*10

cells per well. The cells were treated with vehicle (10 mM NaOH);, 3@ and

500-uM DETA/NO 48 hours later. The Senescence Detection Kit (Biomj CA)

was utilised according to manufacturero
washed and fixed (fixative solution contained < 2% formaldehyde and < 0.2%
glutaraldehyde), for 105 minutes at room temperature. After washing the cells,
staining slution containing 20 mg/mL >§al was added to the cells and the plate

was incubated overnight at %7 Cells were then observed using an Olympus
CKX41 inverted microscop€Olympus, Germanyjor 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). Saraplere then centrifuged at 12,000 rpm

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

Note: For analysis of apoptogislated proteins sticas PARP or Caspas8e 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 sectioh2and counted using a haemocytometer. The
cell pellets were washed with-BBS and lysed in a minimum of 100 pL 1X
Laemmli buffer (5X Laemmli buffer: 1 M TrisICl, sodium dodecysulphatgSDS),

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

from Sigma). The amount of Laemmli buffer added was based on the cell number,
e.g. 7.5 x 10cells per 100 pL buffer, to ensure equal protein concentrations across
the samples. The samples were then sonicated -faped) using a BransaoDigital
Sonifie® (Branson,Connecticut at amplitude 10%, for 10 seconds (1 second on/1
second off), and stored €0°C.

2.6.3 Immunoblotting

NUPAGE® LDS Sample Buffer with NUPAGE® Sample Reducing Agent (Life
Technologies) was added to the protein glanat a ratio of 1:3 (with the exception

of samples for detection of histone proteins), and the samples were boilé@ &95

5 minutes. Equal concentrations of protein from each sample were resolved-using 8
12% SDSpolyacrylamide gels or preast NUPAGE® BisTris gels (Life
Technologies) in NUPAGE® MES SDS Running Buffer (Life Technologies) or
running buffer prepared 4ihouse (10X trigglycine, 10% SDS, d¥D). The
percentage gel selected was dependent on the molecular weight of the protein of
interest.Proteins were transferred to nitrocellulose membranes usingltt® 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 salineween (0.1%), (TBS), (25 mM Tris; 3 mM potassium chloride
(KCI); 68.5 mM sodium chloride (NaCl) (pH8) (all from Sigma), and membranes
were blocked in 5% milk (Sigma) in TBB for 1 hour at room temperature.
Membranes were then incubated primary antimdy in 5% milk or 5% bovine
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serum albumin (BSA) for phosp¥motein detection) in TBS, overnight at 2C.

See Table 2.1 below for antibody details. Membranes were then washed 3 times for 5
minutes each with TBS, followed by incubation with either IRDY@0OCW goat
antirabbit or IRDye 680LT goat anthouse secondary antibodies {COR
Biosciences) in 5% milk in TBS for 45 minutes at room temperature, protected
from light. See Table 2.2 below for secondary antibody details. Three 5 minute
washes with TBS and one 5 minute wash with TBS were then performed,
followed by imaging of the blot using the ODYSSEELx Imager (LFCOR
Biotechnology, Nebraska).

Antibody Application Dilution Company Product #
Anti-Utubulin wWB 1:1000 Cell Signalling 2125
Technology (C3%)

Anti-Akt WB 1:1000 CST 9272
Anti-p-Akt wB 1:1000 CST 4058
Anti-b-actin wWB 1:20000 Sigma A5441
Anti-Caspase (cleaved) WB 1:1000 CST 9665
Anti-Chk-1 wWB 1:1000 Santa Cruz 8408
Anti-p-Chk-1 WB 1:1000 CST 2341
Anti-GS KU/ b WB 1:1000 CST 5676
Anti-p-GSKU/ b ( s | WB 1:1000 CST 9331
Anti-E-cadherin wWB 1:1000 CST 3195
Anti-PARP (cleaved) wWB 1:1000 CST 9542
Anti-PTEN WB 1:1000 CST 9559
Anti-phospheRb (ser 608) wWB 1:1000 CST 2181
Anti-pl6 wWB 1:1000 BD Pharmingen 550834
Anti-p21Waf1/Cipl WB 1:1000 CST 2947
Anti-p27 Kipl WB 1:1000 CST 3688
Anti-p53 (DG1) WB 1:1000 Santa Cruz F1113
Anti-p-p53 (ser 15) wWB 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-o H2 A X WB 1:1000 Upstate 07164
Anti-o H2 AX (ser IHC 1:1000 Millipore 05636
Anti-Total H2AX wWB 1:1000 Upstate 07476
Anti-53BP1 IHC 1:200 Biotechne NB100-904

Table 21: Primary antibody details
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Antibody Application Dilution Company Product #
IRDye 680LT WB 1:20000 LI-COR 92668020
Anti-Mouse IgG
IRDye 800CW WB 1:15000 LI-COR 92632211
Anti-Rabbit IgG
AlexaFluor 488 goat anti IHC 1:500 Invitrogen A-11001
mouse
Alexa Fluor® 594 goat anti IHC 1:500 Invitrogen A11012
rabbit IgG

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 mitihigle by
pipetting and then transferred to a sterile eppendorf on ice for 15 minutes. Samples
were then kept at80°C until further processing. Samples were thawed at room
temperature for 5 minutes, followed by the addition of 200 pL chloroform (Sigma)
andvigorous shaking for 15 seconds. Samples were then centrifuged at 12,000 g for
15 minutes at -8°C and the upper aqueous phase was transferred to a fresh
eppendorf and mixed with 500 pL isopropanol (Sigma). The samples were then kept
at room temperatur@f 10 minutes and placed -&20°C overnight. Centrifugation of

the samples at 12,000 g for 10 minutes -8'Q was then performed, followed by
washing of the RNA pellet with 70% ethanol (Sigma). The samples were then
vortexed briefly and centrifuged at D®g for 5 minutes at-8°C. The pellets were

left to air dry for 15 minutes, resuspended in an appropriate volume of DE&Ed

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 ug
total RNA was added to 1uL oligo (dig)primers, 1 pL 10 mM dNTP mix, 4uL 5X

RT buffer, 1 pL Tetro reverse transcriptase (200 u/uL), and the volume adjusted to
20 pL with DEPGtreated water in sterile 0.2 mL tubes (Eppendorf). Samples were

then incubated at 46 for 30 minutes, followed by 86 for 5 minutes using the
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Veriti Gradient Thermal Cycler (Applied Biosystems). Samples were stored at
20°C.

2.7.3 Reatime PCR

Realtime PCR was performed using the SensiFA$TSYBR Hi-ROX Kit

(Bioline). Briefly, a master mix was prepared by adding 5 pL 2X SensiFAST SYBR
Hi-ROX Mix, 0.4 pL 10 pM forward primer, 0.4 yL 10 pM reverse primer, 2 pL
template cDNA and the final volume was adagstto 10 pL with nucleaskee

water. Samples were added to a-v@#l PCR micreplate (Thermo Scientific
ABgene) and all reactions were performed in triplicate. The cycle conditions for
reattime PCR were 9& for 2 minutes followed by 40 cycles of%@5for 5 seconds,

and 60C for 20 seconds, and were performed using the StepOne Plus Real Time
PCR System (Appl i e dActiB orcP&Klsvaseuses ps a h&uset h e r
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 dH20 (Sigma) to a stock
concentration of-2006CeMTandmstooecobhar w
made andstoreda®2 0 e C. The s equeimereusedican be fauadc h o f
in Table 2.3. Where possible, primers were designed to sparirdram 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
Caveolinl 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
Twistl 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
chemil uminescent based i mmunoassay, as
(Maryland, US) provides 9@/ell carbon electrode plates whichegrecoated 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 alBove.
HumanPro-InflammatoryPanelll (4-Plex) TissueCultureKit (for IL-1 b , -6, IL-B,

TNF-U)

assay diluent provided. Twenfive microliters each of samples, standards and

( M&suyed to quantify cytokines. Standards were reconstituted in the

controls were added to the wells and the plate was sealed and incubated for 2 hours
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at room temperature on arbital shaker (60@pm). Detection antibody was added at
25uL per well, and the plate sealed and incubated for 2 hours at room temperature
on an orbital shaker (60Pm). At the end of the incubation the plate was washed
three times using 200L D-PBS+ 0.05%Tween 20, soaking for 3@conds 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 eletiemiluminescence signal,
detected by photodetectors and analysed using the Discovery Workbench 3.0
software (MSD, Maryland). A-4arameter logistic fit curve was generated for each
analyte using the standards and the concentration of each sample edlchat
experiments where treatments would induce cell death in some samples and not
others, he amount of protein was calculated in pg/ml/Zxadélls to normalise the

secretion to the cell number.
2.9 Reactive Oxygen Species

DCFDA (Molecular Probes, Orem) is commonly used to detect oxidative stress.
DCFD A  ( -didtylordfiNpresceirdiacetate) is a cell permeable rAituorescent

dye which after diffusion in to the cell, is deacetylated by cellular esterases te a non
fluorescent compound, which is lateo x i di zed by ROB into
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 respectiv@WPE1 cells were seeded inveéell

plates at a concentration of 3 x*1lls per well and treated with vehicle (10 mM
NaOH), 100, 300, and 506uM 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 18 cells were resuspended in 1 mL of 50 uM DDA in complete media

and incubated at 8C for 30 minutes. Two microlitres of ToRB (viability stain)

was added per mL and samples were kept on ice until analysed using the BD Accuri
flow cytometer (FL4 chanhéor ToPro3 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 aysad 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
membranebased antibody array thavas used to detect and analyse angiogenesis
related proteins in supernatants of treated RV{REIlls. RWPEL cells were seeded

in 6-well plates at a concentration of 1 x*1&&lls per well followed by treatment

with (10 mM NaOH), 109 300 and 506uM 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 profilerembranes were blocked for 1 hour,
followed by incubation with the samples plus a detection atiyilsocktail overnight

at 28°C. Membranes were washed 3 times for 10 minutes with wash buffer,
followed by incubation with horseradish peroxidéis&ed 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
Alphalmager FluorChem Chemiluminescent Imaging System (Alpha Innotech,
California). Histogranprofiles 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

RWPE1 cells were seedein 6well plates at a concentration of 1 x°Idells per

well and treated witlrehicle (10 mM NaOH), 160300, and 506uM DETA/NO in
complete media 48 hours later. The media was replaced with serum/supplement free
media 48 hours post treatment, andesnptants were collected after 24 hours and

centrifuged at 15009 for 10 minutes to remove cell debris.

Forty eightwell plates were coated with 55 pL 1mg/ml growth factor reduced
Matrigel E Basement me mbr ane matrix (BD
allowed to polymerise at 8€ for 30 minutes. The plates and tips were-griled

by placing them at20°C overnight prior to coating. HUVECs were trypsinised with

0.05% trypsiREDTA for 3 minutes at 3T, and neutralised using EBM2 media plus

10% FBS as dribed in section 2.1.2. After centrifugation, the cells were washed 3
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times with DPBS and then 2.4 x 1@ells were resuspended in 4 mL of conditioned
media per sample. Five hundred microlitres of cell suspension was seeded per well in
triplicate i.e. 3x 10* 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 Viabllity assay

The following assay was performed in order to assess cell viability. A robotic
method (JANUS) and a manual counting metivogre employed, as described

below.
2.11.1 Zfactor determination

The Z factor is a statistical method that was used teréne the robustness of the
alamar blue assay. A-factor of 0.5i 1 demonstrates a highly robust assay, while a
Z-factor of 07 0.5 indicates a below par robustnéZbang et al., 1999)The Z

factor of the alamar blue assay was determined for each cell line (22Rv1l, CWR22,
DU145 and PC3)The cells were harvested as described in section 2.1.2, counted
and resuspended in the apprapi media in 50 mL centrifuge tubes (Sarstedt,
Germany) at a final concentration of 3 xX*18 x 1¢, 1 x 16 and 3 x 18 cells/mL.

Final concentrations of DU145 cells were 1.18 % 1094 x 16, 3.92 x 16, and 1.17

x 10° cells/mL. The JANUS liquid hanifig robot (PerkinElmer, OH) seeded 100 pL
cell suspension per well into 9@ell plates and cells were allowed to attach
overnight at 37C in 5% CQ. The following day 1 mM paclitaxel was prepared in
DMSO and added to every second column intzottomed 96well 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 subsequenwéb plates was
performed in order to yield the final drug concentration of 10 uM. Medis w
replaced with media containing 10 pM paclitaxel or 1% DMSO. Following
incubation of the cells with the drug treatments for 72 hours& B75% CQ, the
media was replaced with resazurin/alamar blue (Sigma) at a final concentration of
9333 uyMinHanks bal anced sal't solution (HBSS)
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 alamblue at 37TC in 5% CQ. The Z-factor was
calculated by the following formula: Z =11 [ 3,(+0 ) -]l 1, whegte 0
gpa n d remesent the sample means and standard deviations for positive/paclitaxel
(p) and negative/DMSO (n) controls, respectively.

2.11.2 Alamar blue assdiRobotics)

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
cells/well. IPA/NOaspirin, DEA/NQaspirin, IPA/NO, DEA/NO, Aspirin and
Paclitaxel wee prepared in a 9@ell 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 calcalted 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 harvaed as described in section 2.1.2 andugpended in fresh medium

at 5 x 1dcells/mL. One hundred microlitres of cell suspension was seeded into each
well of a cell+ 96well plate and cultured overnight in 5% &t 37°C. Media was
replaced with 100 ulof 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%,@® a further 72 hours.
Following this, media was replaced wit 200 &L media plus 40
resazurin and cells were incubated for 8 hours &€ 3Plates were read using the
duatbeam Cytofluor 4000 fluorimeter (Applied Biosystems, Massachusetts) at
excitation 530/25 and emission 620/40. A percentage (%) valindurve 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.

2.12Immunocytochemistry/Immunofluorescence staining

Cells were seeded in triplicate in 96 well cell+ plates at a final concentration of 5 x
10° cells per well and cultured for 48 hours af@7n 5% CQ. Cells were treated as
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indicated in the results section, washed witRES, 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 withEBS and permeabilised twice for 3 minutes with
D-PBSTriton X-100 (0.1%) on a shaker. The cells wren blocked for 30 minutes
with 1% BSA in DPBS at room temperature and incubated with the indicated
primary antibody (Table 2.1) in 1% BSA inBBS in a humidity chamber for 1 hour,
followed by three 5 minute washes withHBS. The appropriate secondantibody
(Table 2.2) was prepared in-BBS and incubated with the cells for 30 minutes at
room temperature in a humidity chamber, protected from light. Three 5 minute
washes in EPBS were performed and the cells were then counterstained with DAPI
(1 pg/mb (Sigma) in DPBS for 5 minutes at room temperature, followed by 3
further 5 minute washes. Th#ates were scanned and images collected with an
Operetta HTS imaging system (PerkinElmer, OH) at 40 times magnification. Each

experiment wagerformed 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 mettio

The CIM-platel6 contains 16 wells, each a modified Boyden chamber, which can be
used independently to measure cell migratru@sion in real time through 8 m
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
RWPE1 media with 10% FBS (stiulus) or serum/supplement free media (SFM)
(negative control) was added to each well in the lower chamber (LC) of gplati!

16. The upper chamber (UC) was connected, 30 puL of SFM was added to each well
in the UC and the plate was allowed to equilibat87C for 1 hour. A background
measurement was taken at this point in the real time cells analyser (RTCA).
Meanwhile cells from cultures of 78®0% confluency were harvested as per section
2.1.2, counted using a haemocytometer, and washed with SFM. uSp#rsions

were adjusted to a concentration of 6 X ¢élls/ml in SFM and 100 pL 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 placetia
RTCA analyser at 3€ in 5% CQ. Measurements of cell impedance were taken
every 15 minutes over 48 hours.

2.13.2 Transwell method

Cells from cultures of #80% confluency were harvested and resuspended in SFM
at a concentration of 1 x ¥nL. Insets (8.0 pM pore size, 24 well format; BD
Biosciences, Belgium) were placed in a 24 well plate and 100 pL of cell suspension
was added to each insert in triplicate, with 500 pL of complete media plus 10% FBS
added to the well underneath the insert. Celleviecubated at 3T in 5% CQ 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 wiRHS, allowed to air dry and

then images were recorded using @tympus 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 inias of cells in real time, whereas the transwell method

allows for visualisation of cells that have invaded.
2.14.1xCELLigencéased assay

Invasion assays using the RTCA technology were carried out in an identical manner
to migration assays in sectionl3.1, with the exception that prior to the assay, the
UCs were coated with matrig¥l (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 pL, in order to ensure areavcoating of matrigel in the wells. The

UC was then placed at %7 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 exceéjpn that inserts were pieoated with 100 pL of 1 mg/mL
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matrigel™ (diluted in SFM). The coated inserts in the 24 well plate were then

incubated at 3 in 5% CQ overnight before proceeding with the assay.
2.15 Zymography
2.15.1 Collection of sample

Cells were seeded in avéell cell+ plate at a concentration of 2 X°I@lls 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 eppemfis and centrifuged for 1 minute at 1000 g. Five
microliters of loading buffer was added to 15 pL 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&l%girg 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) Tritex-100) for 15 minutes at RT on a shaker.
Following 2 washes in $#© to remove any remaining Triton, the gel was incubated

in 100 mL developing buffer (1 M Tris pH 7.4, 250 mM calcium chloride (CaCL
(Sigma), dHO) for 30 minutes at room temperature with gentle agitation. The
developing buffer was decanted and replaced with fresh developing buffer and
incubated at 3T overnight ina 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 -2 hours at room temperature, placed in destaining
solution (7.5% acetic acid, 10% methanoltiuthe areas of gelatinolytic activity
appear as clear bands above the blue background. The gel was then scanned using
the ODYSSEY CLx Imager (LFCOR Biotechnology, Nebraska).

2.16 Soft agar assay

One millilitre of 0.5% agarose (Sea Plaque, low gelliagperature, Lonza) in
complete media with 10% FBS was added per well irgelb plate and allowed to

39



solidify at £C for 20 minutes. Aliquots of cell2(5 x 10°) were resuspended in
0.33% agarose in complete media with 10% FBS, added on top of thiayersend
allowed to solidify at 2C for 5 minutes followed by 30 minutes at room tempeeatur

Five hundred microlitres of media was added per well tmieekly. Cells were
incubated for 4 weeks at 7 in 5% CQ, following which colonies were stained

with 200 pL of 1 mg/mL piodonitrotetrazolium violet for 24 hours at%®Z Images

were recorded using @lympus CKX41 inverted microscope (Olympus, Germany)
and ImageJ software (National Institutes of Health) was used to analyse the number
of colonies in 5 imges 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 av@ll plate at a concentration of 2 x°élls per

well at 37C in 5% CQ, and treated with BM 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% tgIA plus 5 mM

EDTA. The cell suspensions were added to the supersaadtcentrifuged at 4009

for 5 minutes. Samples were resuspended in 0.5 mL annexin staining buffer (0.5 pL
annexin V stain plus 0.5 mL of 10 mM Hepes/NaOH (pH 7,4) 140 mM NacCl, 2,5
mM CaC}) and incubated for 15 minutes &C4 Propidium iodide (PI) (Malcular
Probes, Oregon) was added to the samples at 1 pL/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
proessed by Flowje10.0.6software.

2.18 Caspase 3 activity assay

Caspas& activity was determined-3WRnssayrKlp t he
for Live Cells (Biotium, California) as
were seeded in triplicatento 96well blackwalled, cleatbottom plate at a
concentration of 2 x TOcells per well. The cells were pleaded with 5pM
NucView488 substrate in fresh medium for 30 minutes at room temperature,
protected from light. A 2X concentration of etoposateDMSO control was added

on top of the substrate and mixed gently resulting in a final concentratiopdf 3

etoposide and cells were kept a@G75% CQ. The fluorescence was read at the
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indicated time points using a Wallac platereader set at 488 ritatextand 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 pos

treatment.
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Chapter 3

Characterisation of the shortterm effects of NO on prostate

epithelial cells



3.1 Introduction

NO has been shown to have biphasic effects in many cancer related processes, such
as cellular proliferation, apoptosangiogenesis, migration and invasion The effects
elicited by NO are concentration, source and cellular context dependent and can both
promote and inhibit carcinogene$wink et al., 2008)In general, low levels of NO

(< 100 nM) are considered to be gocogenic, medium NO levels proetastatic,

and high NO levels (> 500 nM) tumoricidéAmbs and Glynn, 2011)fhe RWPEL

cell line is an immortalised nemalignant prosta epithelial cell line and is
routinely wused in the field of prostate
epithelial cells(Bello-DeOcampo et al., 2001Human primary prostate epithelial

cells (HPrECs)ere used in only a small number of experiments to validate results
observed in RWPH. cells. This was due to the limited lifespan of primary cells, and

the high cost associated with their uSee to the short halife of NO, an NO donor

is typically usé to supply a continuous quantity of NO in experimental models.
DETA/NO is a nitric oxide (NO) donor with a hdife of 20 hours at 37 °C. One
hundred, 300and 500 uM DETA/NO release approximately 80, 120 and 170 nm

NO, respectively, by 6 hours, aftehigh 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 RWREprostée epithelial cells. DETA/NO
concentrations that correlate with low to medium physiological concentrations of NO
were investigated, i.e. 100300 and 500 pM DETA/NO as these were
concentrations deemed as qmocogenic in the literaturAmbs and Glynn, 2011)
Firstly, we confirmed that treating RWPEcells with DETA/NO resited in the
intracellular release of NO. Next, we assessed whether these selected concentrations
of DETA/NO promoted or inhibited cell growth. The aptbliferative effects of NO

have been shown in many cell types, via various mechanisms including dell cy
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

cells.
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NO produced byNOSZ2 in inflammatory conditions is also associated with the
production of various prnflammatory cytokines and mediators, all contributing to
the micreenvironment. Factors released by cells exposed to NO can impact on their
neighlouring cells, again, in with a pror i antrtumorigenic manner. We used RT
PCR and the mesoscale platform to evaluate whethenffanmatory/tumorigenic
cytokines were induced by DETA/NO treatment. In addition, we performed
senescence assays and expmldhee possible stimulation of angiogenesis induced by
factors secreted by the treated cells using tubule formation assays.

A relatively novel anticancer therapy currently under investigation is the use of NO
nonsteroidal antinflammatory druggNSAIDs). 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 INSAID compounddPA/NO-aspirin

(HNO releasing) and DEA/N@spirin (NO releasing)as effectiveprostate 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
3.2.1Confirming 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 RWPEL cells, hence it was necessary to demonstrate intracellular uptake of NO
following DETA/NO treatmentTo this end, a cell permeant probe, DAM-DA
(4-amino5-methylamine 2 Nidifludtpfluorescein diacetate), was employed to
detect intracellular NO in the DETA/NO treated cells as described in section 2.2.1.
Briefly, intracellular esterases deacetylatéAFOFM-DA resulting in DAFFM,

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 DAW-DA, the probewvas added to
RWPE1 cells at a range of concentrations for 30 minutes @ Bdsttrypsinisation

(in suspension, Figure 3.1A) and grgpsinisation (in monolayer culture, Figure
3.1B), followed by analysis by flow cytometry. As the qmgpsinisation m#od
involves washing out of the probe prior to analysis, higher concentrations, i.e. 1, 2.5

and 5 puM were used, as opposed to lower concentrations in théypsshisation
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method (0.125, 0.25, 0.5 and 1 pM). The optimal concentration of probe was
seleced as 1 pM DAH-M-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 uM = green line, unstained cells = red line). Intracellular
release of NO 9 RWPE1 cells treated with increasing concentrations of DETA/NO
was then performed as per section 2.2.1. Briefly RVIRIElls were préreated with
DAF-FM-DA followed by treatment with vehicle (10 mM NaOH), 10800 and

500-uM DETA/NO for 24 hours. Theells were then harvested and analysed on the
BD Accuri for DARFM fluorescence. A dosdependent increase in fluorescence
was detected, with 30.4% positivity correlating to 500 uM DETA/NO treatment
(Figure 3.1C). The profiles were overlaid in figure 3.fdb ease of comparison to

the untreated control. The intracellular NO generated in DETA/NO treated RWPE
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 flamety, with

a dosedependent 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 RWRE cells incubated with a range of DAFM-DA concentrations post
trypsinisation (A) and prerypsinisation (B).(C) DAF-FM fluorescence prdfs of RWPE1 cells

treated with 100300 and 500 uM DETA/NO for 24 hours showing a ddspendent increase in
intracellular NO. (D) Overlay of the DAFM profiles from (C). (E) Dos€lependent increase in
intracellular NO in DETA/NO treated RWPE cells asmeasured with DAFM-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 RWPH. prostate epithelial

cells

Studies were performed to detemaithe effect of DETA/NO on RWRE growth

and proliferation as described in section 2.3.1. Briefly, RVIRElls were treated

with vehicle (10 mM NaOH), 160 30G and 506uM DETA/NO and their
proliferation was monitored in real time using the XCELLigeRmalTime Cell
Analyser (RTCA). Treatment of RWPE 1 cell with 30dhd 506uM DETA/NO

results in a decrease in proliferation 6 hours post treatment, as evidenced by a
reduction in cell index, while 100 uM has no effect on cell proliferation (Figure
3.2A). The effect of DETA/NO on RWPHE cell growth was confirmed by a cell
counting assay as described in section 2.3.2. A-das® timedependent effect of
DETA/NO on cell growth inhibition was demonstrated (Figure 3.2B). As shown by
RTCA, 300 and 500uM DETA/NO reduce cell growth at 24 and 48 hours
compared to vehicle treated control cells, with 100 uM DETA/NO exerting a minor
inhibitory effect on RWPEL growth at 48 hours. The decrease in proliferation
shown in both assays was statistically significant f@ @M DETA/NO at 48 hours

and for 500 uM 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 hour8@p0giM DETA/NO
treatment, and a larger increase in the 500 puM treated cells at the same time points,
indicating that 500 uM 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)nBagares

3.2B and C are from 3 independent experiments and show the mean + SEM. The
effect of DETA/NO on RWPH morphology and growth patterns was also
examined. One hundred micro molar DETA/NO has no effect on cell morphology at
24 or 48 hours, whileells treated with 300and 500 uM DETA/NO are much
more sparsely distributed displaying a
adhesive as compared to the vehicle control cells (Figure 3.2D). Therefore, we have
demonstrated that DETA/NO inhibitell proliferation and modifies cell
morphology in a dosand timedependent fashion.
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Figure 3.2: Effect of NO on the growth and morphology of RWPEL cells.Three hundred and 500

UM DETA/NO resulted in decreased RWREBproliferation rates as shown by (RJFCA and (B) cell

counting assays. The decrease in proliferation induced by 300 uM at 48H and that induced by 500 pM

at both 24H and 48H was s-esttpk005b)i(C)arhréeyhundredgmdi f i c a n
500 uM DETA/NO resulted in an increasethe percentage of dead cells. The increase induced by

300 OM at 48H, and by 500 OM at 24H adedt, 48H wa
p<0.0002)(D) Representative microphotographs of RWPEells exposed to vehicle, 10800 and

500- uM DETANO for 24 and 48 hours show altered cellular morphology andcaekll adhesion.

Data in BandC are from 3 independent experiments and represent the mean £ SEM.

3.2.3 NO induces cell cycle arrest in RWPH cells

As we showed that RWRE 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, 106, 300 and 500 uM DETA/NO and harvested at 1, 3, 6, 12, 24 and

48 hours. The cells were fixed and stained with propidium iodide (Pl), followed by

analysis on the flow cytometer. Corresponding to proliferation data in section 3.2.2,
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100 uM DETA/NO had no effect on the cell cycle MRE-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 uM DETA/NO had a dramatic effect on the cell cycle of RWPE
cells with induction of a G1 block by both concentrations by 6 hooss tpeatment.
Recovery of 300 uM treated cells started by 12 hours and a slower recovery of 500
UM treated cells by 24 hours, as evidenced by release of cells-phas®e (Figure

3.3). At 6 hours the percentage of cells in G1 phase increases from ¢tevetslof
61.7%, to 73.3% for 300 uM treated cells and to 78.4% for 500 puM treated cells.
This leads to high numbers of cells in S phase post recovery (Table 3.1). The number
of 300 uMtreated cells in S phase at 24 hours is 23.1% compared to 15.6% of
vehicle treated control cells, and 42.9% of 500 uM treated cells are in S phase at 48
hours, compared to 17% of vehicle control treated cells. We further characterised the
500 uM 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
expeiments 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 uM DETA/NO induces a transient cell cycle
arrest in RWPEL cdls, from which the cells are able to recover.
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Figure 3.3: Effect of increasing concentrations of DETA/NO on RWPHEL cell cycle.RWPE1

cells were treated with DETA/NO at the described concentrations, harvested at the outlined time
points and analyskfor cell cycle arrest by flow cytometry. 30&nd 500 uM DETA/NO induced a
block in G1 phase by 6 hours, followed by an accumulation of cellsphaSe at 24 and 48 hours.
100 uM behaved similarly to the vehicle treated control cells.
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G1 (%) S (%) G2IM (%)
1H Vehicle 72 23.2 3.36
100 pM 66.9 19.2 13
300 pM 71.8 15.9 10.9
500 pM 70 15.7 13.9
3H Vehicle 66.9 16.7 15.7
100 pM 62.8 18.2 18.6
300 pM 72.6 16 11.1
500 pM 73 16.2 10.1
6H Vehicle 61.7 20.1 17.7
100 pM 62.1 20.1 17.5
300 pM 73.3 17.3 8.81
500 pM 78.4 13.9 7.26
12H Vehicle 59.3 20.3 20
100 pM 60.8 19.6 19.4
300 pM 62.8 25.6 11.3
500 pM 79 14.3 6.35
24H Vehicle 70 15.6 13.9
100 pM 64.1 17.7 17.7
300uM 57.3 23.1 19.1
500 pM 61.9 29 8.48
48H Vehicle 74 17 8.53
100 pM 73.4 17.6 8.54
300 pM 64.1 20.8 14.6
500 pM 44.2 42.9 11.4

Table 3.1: Cell cycle analysis of RWPH. cells treated with DETA/NO.
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Figure 3.4: Effect of 500 pM DETA/NO on RWPE1 cell cycle. RWPE1 cells treated with 500 uM
DETA/NO undergo a G1 arrest by 6 hours and by 24 hours have begun to recover and been released
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RWPET1 cells treatedvith DETA/NO, with markers indicating the G1, S, G2/M cells, after exposure

to vehicle (100 mM NaOH) or 500 UNDETA/NO (B). Data from 3 independent experiments and

represent the meanSEM.
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3.2. 4 N O -Galactosidasesstaifing and upregulation of senescence

related proteins

RWPE1 cell cycle arrest and altered morphology indicated that NO was inducing
cellular senescence. Senescence is an irreversible growth arrest of cells in tHe G1 cel
cycle phase, generally leading to an enlarged, flattened morphology with higher
granularity. The cells remain metabolically active but can no longer diSiaetzki,

2010) There is no single miger for senescence, so typically a panel of indicators are
assessed. To assess if NO induced cellular senescence in-R¢éH& we looked at
senescence associafegalactosidase (SA-Gal) expression and p53 and/or pl6
signalling activation. SA-Gal stining detects expression of the lysosomal enzyme

b-Galactosidase at pH 6.0, which is typically increased in senescent cells.
3.2.4.1 SA-Gal staining

SA-b-Gal staining was performed as described in section 2.5. Briefly, RWWEHs

were treated with Jécle, 100, 300 and 506uM 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 uM DETA/NO treated cells, and a small increase in staining
was observed in the 100 uM treataals 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 cyclerelated protein expression was analysed by western blot as described in
section 2.6. Briefly RWPE1 and HPrEC cells were treated with DETA/NO and
protein lysates were harvested at 24 and 48 hours post treatment. In-RY&HE,

pl6 protein levels decreased (Figure 5.3B), while they remained unchanged in the
HPrECs (Figure 5.3C). p21 protein e&psion increased in a dedependent manner

in RWPE1 and HPrEC cells at 24 and 48 hours (Figure 5.3 B and C respectively).
PhospheRb increased in both cell types in a dogpendent manner at 24 hours,
followed by stabilisation at 48 hours in the RWPREand 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 senescenassociated proteins are upregulated by DEI@/treatment in
RWPE1 cells.
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Figure 3.5: Expression of SAB-Gal and senescencassociated proteins in DETA/NO treated
RWPE-1 cells.(A) Three hundredand 500uM treated cells exhibit increased staining compared to
the control. p16 levels remain unaffed by DETA/NO treatment, however p21 and phosRbo
levels increase in a doskependent manner in both RWRE (B) and HPrECs (C), in addition to an
increase in p27 in HPrECs (C).

3.2.4.3 Temporal expression of senescence associated protein expresswingol
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, pl6pahd (ADP-ribose)
polymeras€PARP) was performed as described in section 2.6. Briefly, cedise
treated with either vehicle (10 mM NaOH) or 500 uM 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 phep53 (pp53), p53, p21,

pl6 and PARP.Five hundred micro molar DETA/NO induced expression of
phosphep53, 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.&e Rundred micro molar DETA/NO
decreased pl6 expression by 3 hours compared to vehicle control, until 48 hours
where it increased slightly (Figure 3.6). PARP cleavage was induced by 500 uM
DETA/NO at 12 hours and was sustained at the later time poirtsiobcieavage
occurred in contr-Att icrtubblis wetk(uSed gsulsading 3. 6 ) .
controls. Data are representative of 3 independent experiments. Therefore DETA/NO
alters the expression of cell cycle inhibitors in RWPEells, in additiond inducing

PARP cleavage.

DETA/NO 1H 3H 6H 12H 24H 48H
(500 uM) £ E + -+ - 3 = g = T
Phospho-p53 I . v -~ -
P L - | - WS-

p21
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Figure 3.6: Expression of cell cycle regulators in RWPH cells treated with DETA/NO over
time. Five hundred micro molar DETA/NO increasep$8, p21 levels and cleaved PARP compared
to controls, while DETA/NO reduced levels pl6. Western blots shown are representative of 3
separate experiments.
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3.2.5 NO induces upregulatia of pro-inflammatory cytokines

Senescencassociated secretory phenotype (SASP) is a recently described
phenomenon whereby growth factors and cytokineseceeted by senescent cells
into the surrounding microenvironmegffumagalli and d'Adda di Fagagna, 2Q09)
with two of the main SASP factors being-8Land I-6. TGFb an dU TaNtke pr o
inflammatory genes that havbeen shown to be upregulated in senescent cells
(Hubackova et al., 2012We have shown that the NO donor, DETA/NO, induces a
transient cell cycle arrest in RWPIEcells by activating the p53/ p21 pathway. Next,
we wanted to see if this prompted an increase in the release -tdnpooigenic
factors. As outlined in section 2.7, RWREcells were treated with vehicle, 200
300 and 506uM DETA/NO, total RNA was extracted at 48 hours post treatment
and IL-6 and IL-8 gene expression was assessed byPRR. One hundrecand 300

MM DETA/NO did not increase H6/8 gene expression levels, whereas 500 uM
DETA/NO treatment increased 4 and IL-8 levels 21 and 95 fold, respectively
(Figure 3.7 A and B). {8 secretion by RWE-1 cells was analysed at 24 and 48
hours following 500 uM DETA/NO treatment using the Mesoscale discovery
platform (section 2.8). DETA/NO treatment induced a time and-dependent
increase in secretion of 18 (Figure 3.7C), with similar levels of indtion as seen in

the mRNA levels. Three hundred micro molar DETA/NO produced 18 and 31
pg/mL, and 500 uM DETA/NO produced 38 and 125 pg/atl24 and 48 hours
respectively. Control and 100 puM DETA/NO treated cells produced less than 9
pg/mL in comparison. ¥pression of TG an dU TMENA was al so upt
in response to 500 uM DETA/NO, 2.4 and 7 fold respectively (Figure 3.7 D and E
respectively). In summary, 500 uM DETA/NO induces an upregulation-i IL-8
TGFb an d-U T prflanmatory cytokinegene expression, in addition to

increasing secretion of 1B in a dose and time dependent manner.
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Figure 3.7: Expression of preinflammatory cytokines in DETA/NO treated RWPE-1 cells.IL-6

(A), IL-8 (B), TGFb ( D) andl ENNFgene e xquulated Byi500M DEAMNG. upr
Increasesinltl8 and TNFU were statistically significant
pOO0. 000 1) .-8le&valsdronetheesupernatants were measured, using the Mesoscale Discovery
Platform, and show a time andosk dependent increase, statistically significant for ROD

DETA/NO at 48 hours (2 way ANOVA with Bonferroni correction p<0.0001) (C). 500

DETA/NO induced an increase in expression of T6F ( D) dnd ETNRt 48 hours.

3.2.6 NGinduced 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 w@$l with the formation of peroxynitrite,

resulting in indirect signalling through nitrosative, nitrative and oxidative
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modifications (Thomas et al., 2015)These signalling pathways can effect

downstream transcription of cytokines and chemesi
3.2.6.1 Optimisation of Trolox

In order to determine if the previously described effects of DETA/NO on RWPE
cells were due to ROS/RNS, an ardkidant, Trolox, was utilised. Firstly, the
concentration of Trolox required to reduce the intracellutdease of NO was
optimised as described in section.2Biefly, 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 uM DETA/NO. Following NO treatment,
fluoresence 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). Rteeatment with Trolox reduced the rate and amount of
NO released. Five hundredMu Trolox resulted in the greatest reduction in
intracellular NO and so was selected as the optimal concentration for future
experimentgFigure 3.8 A and B).

3.2.6.2 Cytokine gene expression with Troloxtpeatment

The role of ROS in Nénduced cytokingoroduction was assessed as described in
section 2.7 Briefly, RWPEL1 cells were préreated with 500 uM Trolox for 30
minutes, followed by treatment with 500 uM DETA/NO for 48 hours after which
total RNA was isolated for gene expression analysis-illDced upregulation of
IL-8 mRNA was inhibited > 50% (Figure 3.8C) and@lwas completely inhibited
(Figure 3.8D), by préreatment with Trolox. These results indicate that ROS play a
role in the NGinduced production of cytokines in RWHEcells.
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Figure 3.8: Effects of the antio x i dan't , Trol ox ™, on intracellul ar

gene expressionA dose dependent decrease in NO is observed with increasing concentrations of
Trolox measured in real time using a platereader (A) and by flow cytpr(®). (C) Pretreatment

with Trolox inhibited IL-8 gene expression by over 50% (statistically significant; 1 way ANOVA
with Bonferroni correction p<0.05), and completely inhibited-M@uced IL-6 gene expression.

3.2.6.3 ROS assay optimisation

The DCFDA probe is widely used to detect oxidative stress/damage and was
employed to further investigate potential ROS/RNS induced by DETA/NO in
RWPEL1 cells. Firstly, the optimal concentration and timing of BQA& treatment
used in RWPEL cells was optimised asittined in section 2.9. DCIDA treatment

at 5, 10, 20 and 50 uM was assessed @ne postrypsinisation and a fluorescence
shift was observed with increasing DO concentrations. A 30 minute DEPA

treatment at 50 uM was chosen as optimal and no difter was observed between
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pre and postrypsinisation treatment (Figure 3.9A, B respectively). Hydrogen

peroxide (HO,), an established ROS inducer, was used as a positive control.
3.2.6.4 ROS in DETA/NO treated RWPEells

ROS was assessed in DETA/Nf@dted cells aslescribed in section 2.Briefly,
RWPE1 cells were treated with vehicle (10 mM NaOH), 100 and 500uM
DETA/NO for 30 minutes, 1, 6. 12 and 24 hours, harvested, treated with 50 pM
DCF-DA for 30 minutes at 3€ and analysed by flow tymetry. 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 th@;Hbositive contol (Figure 3.

and D). These results suggest that DETA/NO treatment does not generate ROS in
RWPEL1 cells.
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Figure 3.9: Effect of DETA/NO on ROS in RWPE1 cells.DCF fluorescence in RWRE cells at a
range of concentrations (A) pead (B) postrypsinisation No positivity in DCF was observed in
RWPE1 cells treated with 0, 100, 300 and 5(M 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 represent&ive
independent experiments.
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3.2.7 Proangiogenic factors induced by NO at 48 how do not stimulate

angiogenesis

NO has been shown to have dichotomous effects on angiog@relsisnura et al.,
2006a) A possible role for DETA/NO in modulating pemgiogenic factor

expression was investigated.
3.2.7.1 DETA/NO induces changes in4arggiogenic factor expression

DETA/NO treated RWPH cells were assessed for séiore of proangiogenic
factors using a human angiogenesis proteome array as desaribection 2.10.1.
Briefly, cells were treated with vehicle (10 mM NaOH), 40800 and 500uM
DETA/NO for 48 hours after which the supernatants generated were incubtted

the array membranes and subjected to chemiluminescence imaging. Differences in
the expression of 55 pi@ngiogenic factors are determined by the differing spot
densities on the resultant dot blots (Figure 3.10A)-dPgiogenic factors which
exhibited altered expression in treated versus control samples were expanded for
ease of visibility (Figure 3.10B). DETA/N@duced increases of pangiogenic
factors were normalised to the control expression level of each factor (Figure 3.10C).

The dosadependenfold increase in factorsan be seen in table 3.2 below.

0OuM 100 uM 300 uM 500 puM
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 1 1.19049 1.18757 1.33819
PEDF
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
PIGF 1 1.07383 1.26733 1.46727

Table 3.2: Expression or preangiogenic factors in DETA/NO treated RWPE1 cells
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3.2.7.2 Confirmation of proteome array results by PCR

Selected prangiogenic factors were chose for further analysis. VEGF and {dMP
gene expression follng DETA/NO treatment was analysed as describesgction

2.7. A dosedependent increase was observed in VEGF mRNA levels, with an 8 fold
increase noted at 500 pM treatment. Five hundred micro molar DETA/NO induced a
37 fold increase in MMP mRNA levelswhich was statistically significant (Figure
3.10E). It was previously shown that 500 uM DETA/NO increase$ Igene

expression (Figure 3.7B).
3.2.7.3 NGinduced preangiogenic factors do not induce angiogenesis

To examine if the secreted pamgiogenicfactors could stimulate angiogenesis a
tubule formation assay was performeddescribed in section 2.10.2. Thassay
utilises the ability of human umbilical vein endothelial cells (HUVECSs) to form
capillarylike structures (i.e. tubes) and can be usedest 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 RWPEells (Figure
3.10D). Complete EGM media was used as a positive control for tubule formation.
These results show that although NO induces the production edngiogenic
factors in RWPEL cells, these factors do not stimulate angiogenesis in the HUVEC

tubule formation ssay.
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Figure 3.10: Effects of NO on angiogenesigA) Dot blots of angiogenic proteome profiler with
conditioned media from RWRE cells treated with vehicle, 1§00 and 500 uM DETA/NO for 48
hours. Dot blots of factors upregulated by DETA/NO treattrwere enlarged (B) and represented in
histograms (C). A dosdependent increase in GUISF, HBEGF, MMR9, SerpinF1 PEDF, EGF,
Angiogenin, Pentraxi3, IGFBR3, Endostatin, I8, VEGF, FGF2 and PIGF was induced. (D) No
tubule formation was detected ugi€M from DETA/NO treated RWRE cells at any of the tested
concentrations. (E) DETA/NO induced a dose dependent increase in VEGF an NBwRistically
significant; 1 way ANOVA with Bonferroni correction p=0.0001), mRNA levels in R\AlP¢ells.
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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 RWPEcells, we sought to determine whether
NONO-NSAIDs could be used as an attmourtherapeutic in prostate cancer. The
alamar blue viability assay in conjunction with the Janus robotics platform was used
to examinethe efficacy of NONGNSAIDs in inhibiting the growth of prostate

cancer cells as described in section 2.11.2.
3.2.8.1 Alarar blue assay optimisation anefactor calculation

Briefly, the seeding density for 4 prostate cancer cell lines and alamar blue
incubation time were optimised to ensure a Z factor 0f10.5he Z factor is a
statistical method that was used to deternineerobustness of the alamar blue assay.

A Z-factor of 0.51 1 demonstrates a highly robust assay, whilefactor of 01 0.5
indicates a below par robustngghang et al., 1999)As described in section 2.11.1,
prostate cacer cell lines (22Rv1l, CWR22, PC3and DU145) were seeded at a range
of densities in 96 well plates and treated with vehicle (DMSO) or 10 pM paclitaxel
(a chemotheapeutic 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 faor 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 0eddaetor.éAfcélleseediry dansiypad ct e d
5000 cells per wellwith 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
3.11AD).
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Figure 3.11: Optimisation of the alamar blue assay for prostate cancer cell viabilityZ-factor

values obtained in (A) 22Rv1, (B) CWR22 (C) PC3 @i 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 generatedaact or of O 0. 5.

3.2.8.2 NONGNSAIDs inhibit prostate cancer cell grdwt

The NONGNSAIDs, IPA/NOGaspirin (HNO releasing) and DEA/N@&spirin (NO
releasing), along with their parent diazeniumdiolates and aspirin alone were tested
for growth inhibition efficacy on the prostate cancer cell liagslescribed in section
2.11.2 Palitaxel was used as a positive control for cell death. In the case of each
cell line, DEA/NOaspirin had the most powerful growth inhibitory effect with an
IC50 of 53.3, 48.33, 81.65 and 99.61 uM for 22Rv1, CWR22, PC3 and DU145 cells
respectively (Figure3.12 and Table 3.3). IPA/N@spirin also had a growth
inhibitory effect on the prostate cancer cell lines, with IC50s of 72.36, 77.29, 100
and 300 pM in 22Rv1, CWR22, PC3 and DU145 cells, respectively (Figure 3.12 and
Table 3.3). Neither of the parent desmumdiolates, 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.

66



A B
120 120
100 100 L
80 80 '
60 T 60
= 4 T 40 A b
2 : R ! TI}I
) T~—e—0" |
g 20 30 1
()]
0 T T T 1 0 T T T 1
0001 001 01 1 10 100 1000 0001 001 01 1 10 100 1000
Drug Concentration (uM) Drug Concentration (uM)
C PC3 D DU145
120 - , 120 -
100 6 = - 100 Gz sli=iks G
T !
SRR \ \ R 1 \\
T 60 3 —x g 60 T T
& INL Y S Y
4 o] iy 2 (
3 40 ‘ ? 11 2 40 |
. g \ \\
20 20 o -
‘ 6-9 o—o—0 O k
0 T T T 1 0 T ] 1
0001 001 01 1 10 100 1000 0001 001 01 1 10 100 1000
Drug Concentration (M) Drug Concentration (uM)

~4—IPA/NO-aspirin =Hi=DEA/NO-aspirin =&=Aspirin
~#-IPA/NO -B-DEA/NO Taxol

Figure 3.12: NONO-NSAIDs affect the growth of prostate cancer cellsSurvival of (A) 22Rv1,

(B) CWR22, (C) PC3 and (D) DU145 cells treated with NOGNBSAIDs, parentatliazeniumdiolates
and aspirin aloneNONO-NSAIDs exert a growth inhibitory effect on all prostate cancer cells, which
is not induced by aspirin or parent diazeniumdiolatesel Data are from 3 independent experiments
and are plotted as mean percentage versus untreated cells + SD.

IPAINO-ASA (UM)  DEA/NO-ASA (uM)

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/INGASA and DEA/NO-ASA in prostate cancer cells.
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3.2.8.3 Measurement of intracellular NO released by NENBAIDs

The DAFRFM-DA fluorescent probe was then used to measure DEA/BI
IPA/NO-induced intracellular NO relegsas described in section 2.2REA/NO
induced NO release in 22Rv1, DU145 and PC3 cell lines, and this effect was
amplified by DEA/NQaspirin treatment (Figure 3.13). IPA/N&3pirin, which
releases HNO, did not result in NO release in any of the cell lines as measured by
DAF-FM-DA. IPA/NO alone nduced a noignificant 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.
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Figure 3.13: Intracellular release of NO in prostate cancer cells after treatment with NON©

aspirin prodrugs, aspirin, or parent diazeniumdiolate. The release of NO was measured in (A)
22Rv1, (B) DU145 and (C) PC3 cells after treatment withul of DEA/NO-aspirin, IPA/NO-

aspirin, DEA/NO, IPA/NO and aspirin. DEA/N@spirin 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 -pamd antitumourigenic
effects. There are many examples of inflammatory conditions in the prostate,
including benign prostatic hyperplasiapliferative inflammatory atrophyRIA) and
prostatic intrapithelial neoplasigPIN). During inflammation NO is released into

the microenvironment and can have deleterious effects on the benign epithelial cells
present. DAH-M-DA is commonly used for the detection of NO in cellular systems.
Following experimentaloptimisation, this probe wassed to demonstrate a dese
dependent increase of intracellular NO in RWPEells 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 NiBeogrowth

of RWPE1 cells treated with increasing concentrations of DETA/NO intiesd. It

was observed that the low dose in NO (100 puM) had no effect on the proliferation of
RWPE1 cells, while the higher doses of 3@hd 500 uM had an antproliferative

effect (section 3.3.2). This was confirmed by a traditional cell counting proliferation
assay including trypan blue exclusion to measurewuiale cells. The cell counting
assay demonstrated that RWREell growth is inhibited by DETA/NO at 30@md
500-uM, which is partially caused by the induction of cell death. DETA/NO was
also shown to affect the morphology and growth pattern of RWE&Is, as well as
their viability. Cells treated with higher concentrations of DETA/NO ¢30@ 500

puM), assuned a more rounded up and stressed morphology. In additiorgedell
adhesion appeared to be effected, as cells treated with higher concentrations had a
decreased degree of cell to cell contact. Cells treated with 100 uM DETA/NO did

not have altered morphagy as compared to the vehicle treated control.

To gain further insight into the arproliferative effect of DETA/NO on RWRE

cells, the cell cycle of cells treated with DETA/NO was analysed over 48 hours
(section 3.2.3). Consistent with the lack ofeet on proliferation, low NO levels

(100 uM DETA/NO) had no effect on the cell cycle, while 3G@Ghd 506uM
DETA/NO both induced a G1 block with 500 uM exerting a larger effect. Cells
treated with 300 uM DETA/NO began to recover by 12 hours as demonsinate
synchronised increase of cells in S phase and a decrease in the number of cells in G1
phase. Cells treated with 500 uM 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 uM 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 reatment with 500 uM 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 uM DETA/NO
induces a cell cycle arrest in RWREcells, from which the cells begin to recover

from at 24 hoursresulting 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 telfesponse 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, 2Q0Vhere is no single marker for senescence,
and hence a panel of commonly used markers were testef-G&A staining
resulted in positive staining in the DETA/NO treated cells (section 3.2.4.1). This, in
conjunction with expression of p21 in RWREand HPECs, 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, phospiiiowas increasedt 24 hours in

the DETA/NO treated cells reflecting the progression of cells inph&e. 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 dellacyest,

from which they recover. As senescence is considered to be an irreversible process
(Campisi and d'Adda di Fagagna, 2Q03@)/S transition would not occur if the cells
were senescenBenescent colon pregitors have been shown to generate2l,

which supports restoration of the colon epithelial liniagdis therefore associetl

with tumourigenesis(Dabrowska et al., 2011, Huber et al., 201Zhis would
suggesia 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
signaturehave beerassociated with poor prognogiBosolini et al., 2011, Zhang et

al., 2009a) Consequently, senescence induced by NO in prostate epithelial cells
could potentially also lead to 12 release, and similarly play a role in prostate
epithelial restorationand potentially the onset of tumourigenefgifowing 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
Aguardi an of playe a pgommimentmaedin thepEL/$ checkpoint by
inducing the expression of p2&iono and Manfredi, 20060 assess the role of the
p53/p21 pathway, a timeourse was performed on RWHREcells treated with
vehicle and 500 uM DETA/NO and cell cycle protein levels were assessed (section
3.2.4.3). p53 was stabilised amadtivated 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 theated 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 uM DETA/NO is
mediated through the p53/ p21 pathway, and while the magiriglls 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 preinflammatory cytokines which promote prostate cancer
progression, for example by stimulation of epithelialm@senchymal transition
(EMT), invasion and angiogenegidguyen et al., 2014, Culig, 2013)hey are key
components of the senescence associated secretory phenotype (SASP), and are
released into the microenvironnterby senescent cells thus impacting on
neighbouring cellgyFumagalli and d'Adda di Fagagna, 20089)-6 can activate
prostate fibroblast cells to become cancer associated fibroblasts thereby creating a
reactive stoma and fuelling tumour progressi¢oldi et al., 2015) Both IL-6 and

IL-8 are associated with biochemical recurrence of prostate c@kicexer et al.,

2010, Caruso etl.a2008) Short term treatment (48 hours) with 500 uM DETA/NO
induced upregulation of both IL6 and I.-8 mMRNA in RWPEL cells, while levels

of secreted IL8 were increased with 30@nd 500uM DETA/NO treatment at 24

and 48 hours, corresponding with timerease in gene expression (section 3.2.5).
Inflammatory conditions and SASP are inextricably linked, with common factors
being induced in both situatiof8costa et al., 2013JGFb has al so been
induce SASP factors such as-8(Acosta et al., 2013nd here 500 uM DETA/NO

was shown to upregulate T&F at 48 hour s {Us anRiNiAon e3.eld.

were also upregulated by 500 uM DETA/NO treatment at 48 h&®asent research
however has demonstrated that SASP factors are induced by a persistent DNA
damage response, as opposed to senes¢BRucker et al., 2009)Therefore, the
release of these pitomorigenic factors add be due to the Ndhduced 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 oxidativesative stress. These species
are generated via the reaction of NO with @rming peroxynitrite leading to
indirect signalling through nitrosative, nitrative and oxidative modificatidmsmas

et al. (2015) These signaltig pathways can effect downstream gene transcription of

cytokines and chemokines. Rreatment of the RWRE 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 (Bydroxy-2,5,7,8tetramethylchromag-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 corgestection from NGinduced
apoptosis via ROS scavengif@hung et al., 2006)NO release was decreased in
DETA/NO treated RWPH. cells, with increasing conceatrons of Trolox used
(section 3.2.6.1). Preeatment with 500 puM Trolox, decreased both the rate and
amount of NO released by 500 uM DETA/NO, as measured by-BEMFDA. Next,

IL-6 and IL-8 gene expression levels were analysed in celldreated with thentr

oxidant trolox. NGinduced 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 I-:8 by NO is elicited through an oxidative or nitrosative

pathway.

To test this hypothesis, a DEPA fluorescent probe assay was utilised to detect
oxidative stress in the RWPEcells. 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 @Il types(Leon et al., 2008)and as mentioned above, the use of an anti
oxidant had inhibited Nénduced I-:6 and IL-8 production (section 3.2.6.2DCF
reflects oxidation and is not exclusively an indicator of ROS. The reaction of DCF
with N,Os/N,O4 is weaker(Espey et al., 2002and so the result does suggest little
ROS, and more RNS participation in these mechanigdtstnatively, NO has been
show to exert antbxidative effects and can protect cells from oxidative s{j\@sak

et al., 2001)

NO chemistry is extremely complex, as NO has a shortlif@alfms) and is highly
reactive, and is therefore extremely difficult to quantify reliably. While EFAF-
DA is widely used as a tool for NO detection, it comes with variougdirans.The
interactions betweeROS and NOwith DAF arecomplex and several mechanisms
depend on the ratio of NO and-Oand DAF itself can be oxidisgdEspey et al.,
2002) DAF-FM fluorescence requires the presence gfifdicating that DAH-M

is activated by a byproduct of NO oxidation rather than NO itséMamin et al.,
2013) Therefore, while specific ROS were not detected inroadel, 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 withtggatment of Trolox could
actually signify a reduction in for example NN,O; or other NO reactivepecies.
Additionally, Trolox is a watesoluble antioxidant with a potential 0f0.48V,
thereby making it a potential scavenger of N&hd OH. However, Trolox in
aqueous solution will not scavenge@y 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 solutonResear ch by Swi t z e-Caterent signaling showe
induced by NO was decread by urate, ascorbate, azide and GSH, which may
suggest that RNS from the NQ/@eaction 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$witzer et al., 2012a, Switzet al., 2012h) This

might suggest that RNS signalling begins in these hydrophobic a#&edsO can

also act through direct mechanisms, e.g. soluble guanylyl cyclase signalling,
interaction with cytosolic, neghaeme iron targets, and nitrosylation of tirg
proteins(Thomas et al,)the effects that we observe could be exerted through various
NO signalling mechanisms, independent of ROS. Although the finding thé8IL
upregulation results from DETA/NO treatment, and by extendi@) and was
confrmed by the fact that antixidant 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 tumour®iexet
nutrients and oxygen. It occurs in response to many molecular cues, of which NO is
one (Jadeski et al., 2000afs shown in this study, DETA/NO, and by extension
NO, creates a secretory phenotype in R\WIPé&ells (section 3.2.5.7). That finding,
coupled with the fact that NO stimulates angiogenesis in variousrsspgompted

us to investigate if NO caused the release ofgmgiogenic factors in our model
system. Utilising a angiogenic proteome array, a humber of factors weserved

to bereleased by RWRE cells in a doséependent manner (section 3.2.7.1)eTh
pro-angiogenic factors that showed the greatest increase in expression were GM
CSF, Endostatin and 18, with a greater than 2 fold increase. An increase 18, IL
MMP-9 and VEGF gene expression was also demonstrated (section 3.2.7.2). Given

this milieu d pro-angiogenic factors induced by the action of NO on RWIRlls,
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it was deemed appropriate to assess whether angiogenesis itself would be stimulated
in the micreenvironment. To this end, an angiogenesis assay was carried out using
the conditioned med 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 preserivo, would assist the pro

angiogenic secretome of the NOpesed cells to facilitate angiogenic processes.

Nitric oxide-donating norsteroidal antinflammatory drugs (NONENSAIDS) are a
relatively new class of chemotherapeutics that have been tested-esraeti agents

in many types of cancer, including prdstgancel(Huguenin et al., 2004NONGO-
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
antrtumorigenic properties of NSAID, and the protective influence of NO on the gut
(Rigas and Williams, 2008bRecent research suggests that the both the NO and
linker molecules may have amancer propertiegRigas 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 th@ras et

al., 2009) Two nové NONO-NSAIDs, DEA/NOaspirin and IPA/N@aspirin,
release NO and HNO, respectively. These-gmaogs, 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 (section832. Both DEA/NQaspirin 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 prestancer), CWR22
(primary prostate cancer), PC3 cells (metastatic brain cancer) and DU145 cells
(metastatic bone cancer), i n order to as
the progression of prostate cancer. The IC50s determined were highke in
metastatic cell lines compared to the primary cell lines. The level of NO released
from the predrugs was measured, with DEA/N&3pirin generating the highest level

of NO in the cell lines in comparison with DEA/NO alone, suggesting that the
linkage ofthe 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 céBasudhar et al., 2015Passible explanations
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for the absence of NO generation in the prostate cancer cells treated with PA/NO
aspirin includehigher GSH levels in the prostate cells resulting in HNO scavenging,
and the inability of the cells to metabolise or take up the ddogever, DEA/NG
aspirin and IPA/N@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 rteetie

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 expssion, which was reduced following treatment with an-anti
oxidant compound, although the mechanism of action remains unclear. Although NO
induces an increase in pamgiogenic factors, these were not sufficient to form
tubules in an angiogenesis assayadfdition, the effect of NONDISAIDs were

investigated and found to exert growitthibitory effects in prostate cancer cells.
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Chapter 4

Investigation into prolonged NOexposure on theepithelial to

mesenchymal transition of prostate epitheliatells



4.1 Introduction

Prostate cell carcinogenesis is a mstép process that develops over time involving
cumulative genetic alterations, typically resulting from long term exposure to
oncogenic or mutagenic facto(®e 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 andepatocellular carcinoma (HCChielicobacter pyloriand

gastric cancerQpisthorchis viverriniand cholangiecarcinoma, and inflammatory
bowel disease and colon carcinogendgiiawanishi et al., 2006)High levels 6

NOS2 have been detected at sites of inflammation, and also in many cancers (e.g.
bladder, prostate, colon, oesophagus and breast cé@cewell et al., 2003, Ambs

and Glynn, 2011)Inflammation, via its concort@nt upregulation 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 instgSiftya and
Ohshima, 2006)

As demonstrated in chapter 2, NO induces a transient growth arrest in-R\04H8
mediated by the p53/p21 pathway. Next we sought tostigage if DNA damage

was induced in our mod el system. 2H2 AX
doubl e strand breaks and therefore expr e
marker for DNA damage. The nature of the DNA damage response (DDR) and
repair can tttate the likelihood of mutations arising. The two main pathways for the
repair of DNA double strand breaks are homologous recombination repair (HRR)
and norhomologous end joining (NHEJ). In general, HRR tends to be-&ger

while NHEJ is regarded aseing errofprone (Cecaldi et al., 2015)NO andbr

RNOS have been shown to affect the enzymatic activity of several DNA repair
proteins(Wink et al., 1998h)DNA repair proteis containing thiol residues and zinc

finger motifs such as alkyl transferase aatmamidopyrimidineDNA glycosylase

(Fpg proteinywere inhibited by N(Laval and Wink, 1994, Wink and Laval, 1994)

In addition, ntrosation of the lysine residue in the active site of the DNA ligase
repair enzymeleads taits deamination and subsequatttibition (Graziewicz et al.,

1996) We investigated if DETA/NO treatment of RWHEcells induced the

77



expression of 2H2 AX by western bl ot a
subsequently examined the nature of the activated DDR by western blotting and IF
staining for Rad51 and 53BP1, marker$&R and NHEJ respectively.

EMT is a phenotypic switch that results in loss of cell to cell contact, increased cell
motility, invasiveness and chernesistance of epithelial cells, by the acquisition of a
fibroblastoidlike morphology. It is characterised/ la loss in Ecadherin and the
expression of the mesenchymal marker vimentinaé@herin loss is associated with a
loss in celicell adhesion, vimentin functions in cell migration and filament
formation, while MMR9 activity is involved in extracellular nr& degradation and
invasion(Lamouille et al., 2014)in the prostate, EMT enables normal genitourinary
organ differentiation, kuthe process can also be hijacked by tumour promoting
mechanismgGrant and Kyprianou, 201.3RNSinduced DNA damage has been
causally linked with epithelial to mesenchymal transition (EMT) viaeguldion of
vimentin in MCF7 cells(Singh et al., 2014)In this chapter, the ability of NO to
induce EMT in RWPEL cells was investigated by assessing EMT markers in treated
cells by RFPCR and western blotting. In ditlon, using migration and invasion
assays, we exained the motility and invasivess of the treated cells.

Cancer stem cells (CSCs) can gelfiew and differentiate, and are important in
tumour initiation and progression. Recent research has show@Ska are enriched
for as a result of EMT(Singh and Settleman, 2010FSCs and cells that have
undergone EMT both have acquired fitasy which could be triggered by the same
signals(Hanahan and Weinberg, 201m)ypically, a panel of markers are used to
identify prostate CSCs which include, but are not limited to,
CD44'/CD133/ALDH"/ UL ©£m495CD49f (Chen et al., 2013) We
investigated if NO could lead to CSC enrichment in R\AIREells by RTPCR.

During inflammaton, NO is released into the microenvironment in prolonged bursts
over variable periods of time by NOS®Vink et al., 2011h) To mimic this
environmenin vitro, RWPEL1 cells were exposed to bursts/pulses of mhygically
relevant concentrations of DETA/NO (500 uM) for 24 hours at a time over a 4 week
period. Tlkesnd &Ixprdgelsdwver® heh BEssessed for EMT and
CSC markers as stated above.
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4.2 Results
4.2.1 DETA/NO induces DNA damage in RWPH. cells
4. 2.1.1 o9H2AX expression

OH2AX is a marker of DNA doubl e strand I
order to investigate if NO induces DNA damage in RAPE cel | s, 2H2,
expression was assessed by western blot as per section 2.6. Briefly,-R0éR&
weretreated with vehicle (10 mM NaOH), 19B00 and 506uM DETA/NO for 24

and 48 hours and protein I|ysates were |
increased in a dosgependent manner at both time points (Figure 4.1A). To gain
further i nsi gHRAX expression, RVePi ralls wete treated with

vehicle or 500 pM DETA/NO and harvested at 1, 3, 6, 12, 24 and 48 hours post
treat ment . JH2AX expression was wupregul a
and the expression decreased at 48 hours posinget (Figure 4.1B). Data are

representative of 3 independent experiments.

H2AX foci formation was then examined b
RWPE1 cells were treated with vehicle or 500 uM DETA/NO for 24 hours, fixed

and probed usingaH2 AX anti body. Foci were obser:
treated cells indicating DNA double stra

in untreated cells was negligibldData are representative of 3 independent

experiments each performed in triplieat
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yH2AX -

Total H2AX = = e - =

B DETA/NO 1H 3H 6H 12H 204 48H
(500 l.lM) = + & = R = =

yH2AX

Total H2AX

DAPI

- .

500 uM
DETA/NO

Figure 4.1: Expression of aH2AX in DETA/NO treated RWPE-1 cells. (A) yH2AX protein
expression increased in a datgpendent manner at 24 and 48 hours.yflB)AX protein expression
was induced at 12 hours following 508 DETA/NO treatment, maintaed at 24 and decreased at
48 hours. (CyH2AX foci in RWPEL cells following 24 hours of 500M DETA/NO treatment. B
and C are representative of results from 3 independent experiments. Scalglidar 50

4212 H2AX expressi on-treatminth anti oxi dant pre

We previously showed that DETA/NO treatment did not generate measurable ROS
in RWPEL cells (section 3.2.6.4). Despite this fact, -MQuced upregulation of
pro-inflammatory cytokines It6 and IL-8 was inhibited by the antioxidant trolox. In
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order to acertain whether NO induced DNA damage through oxidative stress

mechani sms, ODH2AX expr e-®oxdanbtreated aefis treated e st i
with DETA/NO. Briefly, RWPEL cells were préreated with trolox followed by

treatment with vehicle or 500Mt DETA/ NO f or 24 hour s, af
expression was assessed as described in section 2edneent with troloxdid

not i nhi bit 0 Ho?2 AiK Trodbox gplone mduceoHh2, AX expr essi

(Figure 4.2B). This implies that Nddduced DNA damagesi independent of
oxidative stress and must be induced through another NO mechanism of action. Data

are representative of 3 independent experiments.

DETA/NO (500 uM) - + + -

Trolox (500 puM) 3 2 + +

P | m—
yH2AX I ——

H2AX I

B-Actin I — :

Figure 4.2: 3H2AX expression in DETA/NO treated cells pretreated with trolox. Pretreatment
of RWPE1ls wih Trolox did not inhibit yH2AX expression induced by NO. Results are
representative of 3 independent experiments.

4.2.2 NO inducedDNA damage is repaired via NHEJ
4.2.2.1 Rad51 expression

Rad51 is a DNA repair protein, whose expression as multiple ridtiei nucleus is
indicative of DNA double strand break repair via the HRR pathi@a¢caldi 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, RWPH cells were treated with vehicle or 500 uM 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 ceiih 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, RWPE1 cells were treated i vehicle and 500 uM 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 egpresentative of 3 independent
experiments with multiple replicates. These results demonstrate thandiCed

DNA damage does not activate the HRR pathway.

DAPI Rad51 Merge

Untreate‘. . '
500 uM
DETA/NO

B DETA/NO 1 3H 6H 12H 24H
(500 PM) - + - + - + - t+ - +
Rad51 = —— — T — — S— o—
B-Actin ———

Figure 4.3: Rad51 expression in DETA/NO treated RWPEL cells.(A) 500 uM DETA/NO does

not induceRADS51 foci formation in RWPH. cells at 24 hours. (B). Rad51 protein levels remain
unchanged over a tirmmurse of 500 uM DETA/NO treatment, as compared to the vehicle treated
control cells. IF images in A are representative of 3 independent experimtntauwitiple replicates

and data in B is representative of 2 independent experiments. Scale bar 50 pM.

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 repajPaner 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, RAVE&Is

were treated with vehicle or 500 uM DETA/NO for 24 hours, follovigdfixation

and IF staining for 53BP1. Five hundred micro molar DETA/NO treatment induced
the formation of 53BP1 foci in RWRE 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 N@duced DNA damage in normal prostate epithelial
cells. IF images are representative of 3 independent experiments with multiple

replicates.

DAPI 53BP1 Merge

Untreated

500 uM
DETA/NO

Figure 4.4: 53BP1 foci expression in RWPH. cells.500 uM DETA/NO induces the formation of
53BP1 foci in RWPEL 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 coelitsohave >3 foci per
nucleus. Images are representative of 3 independent experiments. Scale bar 50 uM.
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4.2.3 Longterm NO exposure induces a spindidike mesenchymal morphology
in RWPE-1 cells

In chapter 3, short term treatment of RWPEcells was shen to induce a
morphological change in RWPE 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. Nex
we examined the effect of lorigrm NO exposure on RWPE 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, RWRES wer e Opul s
with 500 uM 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 c€B3; 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
passagegermed 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 RWPEL cells post 2, 4 and 8 pulses, in addition to RW/NOw cells, are depicted
in Figure 4.5A (scaléar 100 uM) and Figure 4.5B (scale bar 50 uM). The extent of
altered cell morphology induced by DETA/NO is intensified in parallel with the
number of treatments. After 2 pulses with 500 uM DETA/NO, the cells have become
enlarged, and the cobblestone griowhattern 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 8eqs) while the cells are a
heterogeneous population, the majority of the treated cells have a mesenchymal or
spindle shaped phenotype, with a small nhumber of cells retaining an epithelial
morphology. In addition, the treated cells have a more scattarddspersed 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 completelys tegres
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

closelyconnected mode of growth and attachment.
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Figure 4.5: Morphology changes in lag-term NO exposed RWPEL cells. Microphotographs of
RWPE1 cells after 2, 4 and 8 pulses at scale bar 100 pM (A) and 50uM (B). Cells change from an
epithelialto mesenchymal phenotype which becomes more exaggerated with increasing treatments.
RW/NOw apperto regress to an epithelial phenotype, yet retain some altered features. Images are
representative of 3 individual clones.

4.2.4 Longterm NO exposure does not affect the proliferative capacity of
RWPE-1 cells

Proliferation assays were performed using xCELLigence system as described in
section 2.3.1, in order to ascertain whether long term exposure of RWRES to

NO had an effect on their proliferation. Briefly, vehicle treated control cells and
RW/NO_LT cells were seeded infates in completenedia 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_LU% kel a



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 hoursptoalis

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 alsseaksbgsa
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 intpl&es. The cell index

for RW/NO_LT cells rises much earlier and steeper than control cells; however this
could be due to the increased site¢he 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 stataty 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 reptethe 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) Caarmigon 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 tleelathent 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 anMT phenotype in RWPE-1 cells
4.2.5.1 EMT marker gene expression

EMT makers 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 ad RW/NOw cells, and the gene expression of common
EMT markers was examined SNAI 1, SNAI 2,
increased in RW/NO_ST cells, and increased further in RW/NO_LT cells.
Upregulation in RW/NO_LTs was 122-, 21- and 2fold increases reectively
(Figure 4.7A). SNAI2 and Twist mRNA weraipregulated 1.4 and 2.1 fold
respectivelyin 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) SNAIT 1, SNAI 2, Vi mentin and TGFb gene e
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
statisticaly significant (1 way ANOVA followed by Kruskal Wallis test; p<0.05). (B) SNAdad

Twist gene expression were upregulated in RW/NOw cells as compared to vehicle treated controls.

Upregulation of twist was -testtpalQ). Bataiascdrém ayleasti2gni f i ¢
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 harvestedn fIRW/NO_ST and
RW/NO_LTs, and EMT related protein levels were compared to levels in vehicle
treated control cells. No change inckdherin or Vimentin was observed in
RW/NO_STs as compared to control cells; however RW/NO_LTs- (808 500

UM DETA/NO) showed a complete loss in-€adherin 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 -aadhgrin
expression, respectively. Figure84presents a representative of western blot of

experiments performed on 3 individual clones.

Vehicle ~ RW/NO_ST RW/NO_ST Vehicde RW/NO_LT RW/NO_LT hMSCs  PG3s
(300 uM)  (50AM) (300 pM) (50QM)

ECadherin|
-— ) e Wy —

i -actin

h'—---_f-v_

Vimentin - i
— -— — -
i -actin —  ——

Figure 4.8: Protein expression of ECadherin and Vimentin in long-term NO exposed RWPE1

cells. Western blots of control, RW/NO_ST and RW/NO_LT cells focdgélterin and Vimentin.
RW/NO_STs (300 and 500uM), showed no change in their protein expression -@léherin or
Vimentin, but RW/NO_LTs (300and 500uM) showed a complete reduction incadherin and
increase in Vimentin protein expression levels. Resuitsepresentative 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 completelipsent in control cells (Figure

4.9A, B and C), compared to a strong expression observed in RW/NO_LTs (Figure
49D, E and F). Figure 4.9 D, E and F represent images recorded from individual
clone #06s 1, 2 and 3 and Fi gnatchedsconral 9 A,

counterparts.

Results from gene and protein expression of EMT markers demonstrate that long

term NO exposure leads to an EMKe phenotype and genotype of RWREells.
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Figure 4.9: Vimentin expression in control and RW/NO_LT cells by mmunofluorescence.
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 cultureatched vehicle treadecontrol counterparts. Scale bar is 100 pM.
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4.2.5.3 Migration of longerm NO exposed RWPEcells

The migratory capacity of the lortgrm NO exposed RWRE cells was assessed.

The xCELLigence system was used to collect-tea¢ data of the migratioaf the

cells as described in section 2.13.1. Firstly, optimisation of cell seeding density was

performed with RWPH. cells seeded at 1 x .@nd 2 x 10 showing no migration,

while cells seeded at46-, 8 and 10 x 10* did migrate, each generating difént

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 migation 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 celad 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 slWwigure 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 irel2plates 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 kegn exposwe of NO confers enhanced
migratory capacity on RWRE 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 RWPEL seeding density for migration assay using the
xCELLigence system, with 6 x 1Dcells 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 higregidvi

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 inswahl 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 lonrterm NO exposed RWPEcells

The invasion capéty 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 compl@hedia 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 ealdor 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.diéfB, Bontrol 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 Aomasiveness 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 gacity 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 invasiewell assay.

Image in figure Gs representative of multiple images takerridlicate insertsScale bar 100 uM.
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Next, expression of invasion related markers MRMBnd MMR9 were investigated.

As per section 2.7, total RNA was isolated from control, RW/NO_ST and
RW/NO_LT cells and RIPCR was performed to assess the mRNA levEMMP-

9 and MMR2. 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 cels (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 assdsk® MMP-9 activity. An increase in MMP
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 lergn NO exposure results an enhanced
invasiveness in RWRE cells, in conjunction with increased MMEPexpression and
MMP-9 activity.
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Figure 4.12: Gene expression and activity of MMFP2 and MMP-9 in RW/NO_LT and RW/NOw

cells. (A) There was an incremental increase in the expmessioMMP-9 and MMR2 between
vehicle and ST, and ST and LT cells. Data are from 3 individual clones and represent the mean +
SEM. Upregulation of MMP in RW/NO_LT cells compared to control cells was statistically
significant (1 way ANOVA followed by Krusd Wallis test; p<0.05). (B) An increase in MMP9
activity was observed in RW/NO_LTs in all 3 clones, amdRW/NOws in 2 clones (1 and) &s
compared to vehicle treated control cells.
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4.2.6 Long term NO exposure enriches for a cancetem like population n
RWPE-1 cells

EMT of transformed cells is often associated with increased expression of cancer
stem cell (CSC) gengSingh and Séeman, 201Q) To this end, gene expression
levels of a panel of CSC markers were analysed in-lemg 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 RCR 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).
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Figure 4.13: Gene expression of CSC markers in RW/NO_ST and RW/NO_LT cellShort term
DETA/NO treatment of R/PE-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 aeskntp

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. @D2R4RH

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 stkke population in RWPEL cells.
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Figure 4.14: Gene expression of CSC markers in RW/NOw cellRW/NOw cells had decreased
MRNA levels of CD24 and ALDH, in conjunction with increased expressiorDdf33 compared to
control cells.

4.3 Discussion

Nitric oxide can induce DNA damage and inhibit DNA repaathways, thereby

driving carcinogenesigSawa and Ohshima, 2006INOS2 is overexpresseih

prostate inflammatory conditions such as prostatic intraepithelial neofBadtaci

et al., 2001) This would lead to increased levels of NO in the microenvironment

over long periods of time, affecting the epithelial cells preégaarra et al., 2007)

In order to determine if DETA/NO induced DNA damage inRAPPE c el | s, 0 H2,
expression was assessed. OH2AX foci ar e
DSBs formed (Schmid et al., @12) RWPE1l cells treated with increasing
concentrations of DETA/NO for 24 and 48 hours, showed a-dasd time
dependent increase in OH2AX expression af
treated cells at 48, the expression had decreased in tharkdB00 uM treatments,

while it remained high in the 500 uM sample (Figure 4.1A). This indicated the
presence of DNA double strand breaks in the DETA/NO treated cells, which-at 100

and 300 uM appear to start resolving by 48 hours, but are maintaingaeib00 uM

treated sample.
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To gain further insight into the induction of DNA double strand breaks a time course
experi ment was performed which demonstr a
in the cells at 12 hours post treatment, remained high at 24, and began to decrease at
48lburs (section 4.2.1.1). JH2AX | evels h
(i.e. 24 and 48 hours), indicating sustained DNA damage. R¥¢REeated with 500

UM DETA/NO were also subjected to immunofluorescence staining (Figure 4.1C)

wi t h 29 H2 AX highenwndberd 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 th&TB/NO did not generate
ROS in RWPEL cells (section 3.2.6.4), we had also demonstrated thabxadant
pretreatment inhibited Nénduced cytokine production. We therefore wanted to
ascertain whether the observed Nduced DNA damage was due to oxigati
stress. To this end, an aotidant (trolox) was used to eliminate any ROS, thereby
determining a potential role for oxidative stress in the observed DNA damage.
JH2AX expression was not i ndxidabttheefdre ( sect
suggesng that NQinduced DNA damage was independent of oxidative sthess.
mentioned earlier, NO/RNS can also inhibit DNA repair pathways. Moderate levels
of NO/RNS can lead toofmation of RBL2/E2F4 complexeand subsequent down
regulation of BRCAL expres®n, thereby inhibiting HRR and enforcing NHEJ
(Yakovlev, 20B). Hence another possible mechanism at play here, idrtiax is
effecting the signaling of RNS thatodifiesDNA repair.

Upon DNA damage, the cell must initiate a DNA damage response (DDR) in order
to maintain genomic integrity. The type of DNA rapakecuted 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 pr@wexccaldi et al., 2015Rad51

is a DNA repair protein and commonly used as a marker for HRR which
proliferating cds express, mainly in the S or S/@kase of the cell cycle,
(Richardson et al., 2004However a dramatic increase in foci occurs if Rad51 is
involved in the DDR(Gildemeister et al., 2009)n this study, no difference in
Rad51 protein expression was observed between the vehicle treated control cells and
the DETA/NO treated cells (Figure 4.3Aad51 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 (Figus®). Therefore, Nénduced

DNA damage is not repaired via the HRR pathway. 53BP1 promotes NHEJ,
prevents HRR and is commonly used as a surrogate marker for ({fdiier and
Boulton, 2014) Multiple 53BP1 foci were formed in the nuclei of RWRE treated

with 500 uM DETA/NO for 24 hours as compared to control cells (section 4.2.2.2).
Taken together, these results suggest thatiidiOced DNA damage utilises NHEJ

as its DDR repair pathway. The fact that we previously demonstrated that NO
inducesa G1 cell cycle arrest in RWPZEs corroborates this, as the majority of DSBs
that occur in the G1 phase of the cell cycle are repaired by Nf¥alkrie and
Povirk, 2003) With NHEJ proving to be the repair mechanism activated upon NO
induced DNA damage, this could result in a heigategenetic instability in NO
exposed cells, due to the enmone nature of this repair response. Genetic
instability is an enabling characteristic of can¢danahan and Weinberg, 2011,
Yakovlev, 2015) and so tls could result in the acquisition of capabilities required
for cancer initiation and progression in these cdisother DNA repair mechanism
that was not studied during the course of this work, but that may be involved is the
mismatch repair pathwaIMR). MMR plays a role in DNA DSB repair as well as

in the G2/M checkpoint during cell cycle arrddiutationsand deficiencie;n MMR
pathway proteins have beassociatedvith oncogenesjsincluding prostate cancer
(Zhang et al., 2009b, Mitchell and Neal, 201Bpwnregulation of several MMR
core proteins, namely MSH2, MSH6 and MLH1 was shown tddpendent on NO
through t he ZBIBE#AghHing pathRayAYakovlev, 2015) This
raises the possibility that N@ay increase genomic instability in prostafsthelial

cells through the dowregulation of MMR core proteinand stimulation of the

DNA microsatellite instability

As previously mentioned, DNA damage has often been associated with EMT in
carcinogenesisin addition to NO inducing DNA damage in RWREcells, we
previously showed that short term exposure of RWPEells to NO results in
morphological changes, with an increase in cell size and reduced cell to cell contact.
The morphology of RWPH overthec our se of &6l ong termbé or
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 cetlsn@aeased 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 complet@orphologicaltransformation. The redant population was
heterogeneous; however the large majority of cells (RW/NO_LTs) had become
elongated, increased dramatically in size, and had assumed a -$p&jle
mesenchymal morphology with a more scattered growth pattern. These attributes
would siquify 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 sdikele
phenotype ensues in general; however the cells do maintain an altered morphology
compared to the contraells. 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
RWPEL1 cells results i 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 thaRW/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., 2@@8)in prostate
cancer cells(Liu et al., 2010) RW/NO_LT cells demonstrated an increased
attachment rate versus control cells (section }.@MHich 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 nestricy addition to other cells
(Harlozinska, 2005)

The observed change in cellular morphology, from an epithelial to mesenchymal
phenotype, upon lonterm NO exposure should be reflected at the molecular level if
EMT hadindeed occurred. Upegulation 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 losigrm exposure to NO was responsible. Vimentin
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and SNAI1 showed the highest level of-tggulation and these two genes are also

among the most important and significant players in EMT signalling and regulation
(Grant and Kyprianou, 20135nail induces EMT by repressingcBdherin while

vimentin is a downstream target of Snail which plays a role in filament formation

and cell motility (Smith and Oderdlarah, 2012) SNAI2 is another Snail family
member, and TGFDb has | ong be@®atsumettal bl i s h
2012) RW/NOw cells demonstrateddreased SNAI2 and Twist gene expression

levels upon NO withdrawal (section 4.2.5.4uggesting these cglietained a higher

migratory genotype as compared to vehicle treated control cells.

Further investigation was performed at the protein level, wittheerease in £
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 EMIamouille et al., 2014)E-cadherin and vimentin
protein levels in RW/NO_STs were unchanged compared to control cells.
Immunofluorescence staining of vimentin (sectio@.8.2) 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 ingpeospithelial cells.
NFFeB could play a role here, as photodynae
was shown to promote EMT through modulation di&kB/YY1/ /RKIP circuitry
(Della Pietra et al., 2015)

EMT contributes to increadamigratory and invasive capabilities of cells. In order to
assess the migratory capacity and invasiveness oftewng 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, andota 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 visualisedtebiwng

NO exposed RWPH cells had also acquired invasiv@perties, 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, M2IPand MMP-9, was
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performed in section 4.2.5.4. MM®was upregulated significantly in RW/NO_STs
and even more so in RW/NO_LTs. MMPwas unaltered in RW/NO_STs, but
significantly upregulated in RW/NO_LTs. Consistent with these findings, MMP
activity was show 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 @gsion of some EMT markers was upregulated

in the RW/NOw cells, in combination with their increased motility and invasiveness,
suggests that lonerm exposure of NO reprograms the cells to some degree, and
that continuous NO exposure is not necessarthfocells 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 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 alsegydated in the treated

cells; however this may be due to the diverse hetemgeof 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 dowregulated in these cells as ccemgd to the
control cells. Hence chronic exposure to NO enriches for a-lgtensignature in

RWPE1 cells, which remains upon NO withdrawal.

The above results combined show that exposure of NO to prostate epithelial cells
induces DNA damage resulting the activation of the errgsrone NHEJ repair
pathway. Upon long term exposure, the cells undergo EMT, thereby acquiring the
cancetlike characteristics of enhanced motility and invasiveness, in conjunction
with enrichment for CSCs within the cell poputati 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 carde traits. Taken together, NO

acts as a mutagen in prostate epithelial cells, with the power to confer a number of

tumour cell taracteristics on these cells.
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Chapter 5

Investigation into prolonged NO exposure on theransformation,
sustained proliferation and apoptotic resistanceof prostate

epithelial cells



5.1 Introduction

EMT of normal cells has been linked to malignant transformdtas et al., 2014,
Morel et al., 2012, Mahalingaiah et al., 2015, Sakéypm et al., 2014)
Transformed cells can utilize EMT as a means to migrate, invade and become
resistant to apoptosiédanahan and Weinberg, 201 EMT can promote cellular
transformation througlthe dampening of the p53 pathway, thereby endowing cells
with phenotypic plasticity and stelike propertieqPuisieux et al., 2014We have
shown previously that transient NO exposure induces DNA damage interosta
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, asoft agar/transformation assay was used to demonstrate prostate
epithelial cell transformation following loAgrm DETA/NO, and by extension, NO

exposure.

A key prostate cancer regulator, phosphatase and tensin homolog (PTEN) tumour
suppressor protein,sifrequently lost or deleted at an early stage in prostate
carcinogenesigShen and Abat&hen, 201Q)resulting in increased proliferation,
dedifferentiation, prostatic intraepithelial neoplaBitN developmen{Ciuffreda et

al., 2014) and castration resistant prostate carfprholland et al., 2011)Loss of
PTEN leads to activation of the oncogenic PISK/AKT/mTOR survival pathway. Akt
activation can protect cells from apoptosis induced for example by growth factor
withdrawal, and has been shown to promote cellptaliferation possibly through

the downregulation of cyclirdependent kinase inhibitor pZBlanco-Aparicio et

al., 2007) Along with loss of PTEN, overexpression eMgyc is one of the main
genetic alterations tond 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 -Myc, PTEN and PI3K/Akt pathway associated proteins were

examined for dysregulation in loig'm 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 RWéEdHs to
proliferate in growtkfactor deprived medif.e. in the absence of growth stimulatory
signals). 1-6 and IL-8 have both been implicated in prostate cancer cell survival. IL

105



6 can act as an autocrine growth fad@ulig et al., 2005and has been shown to
function as a survival molecule through activation of the PI3K signalling pathway
(Culig and Puhr, 2012)The ovesproduction and autocrine Itectivation of IL-8

have been shown to play an important role in the transformation of urothelial cells
(EscudereLourdes et al., 2012)In addition, through the wpegulation of Akt
activity, IL-8 contributes tahe increased survival, angiogenesis and metastasis of
prostate cancer cel(€ulig, 2013) Expression of I8 and its receptors CXCR1 and
CXCR2 is upregulated in response to PTEN inhibitiviaxwell et al., 2013)With

thisin 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 loagrm 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 alsovestigated.

Endorefication results in cells withid 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 prdumorigenic (SakaueSawano et al., 2011)The ability of the NO
exposed cells to endoreplicate is assessed herel @Ghla cell cycle checkpoint
protein upregulated in response to replication stress, and who has been &hown
play a role in endoreplicatio(DePamphilis et al., 2012)Wilsker et al., 2012)

Levels of Chkl protein were assessed in etoposide treated cells.
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5.2 Reslis
5.2.1 Long term NO exposure results in theransformation of RWPE-1 cells
5.2.1.1 Transformation assay

Potentialtransformation of RWPH cells long term exposed to NO was assessed
using the soft agar or transformation assay as described in secBoi2Zelsoft agar
assay tests the ability of cells to form colonies in an anchenaigpendent manner,
which is a hallmark of cellular transformation. Brieflgontrol, RW/NO_LT and
RW/Now cellswere resuspended in 0.33% soft agar, which was then layereg o

of a solidified 0.5% agar base layer. Consequently the cells were maintained in a
semtsolid, anchorage independent environment. After 4 weeks, colonies were fixed
and stained with jodonitrotetrazolium 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/DWw 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 treatetiaatls 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 pM
5.2.1.2 eMyc expression ifong-term NO exposed RWPEcells

Gene expression levels of-Myc, an oncogene associated with prostate
carcinogenesis, were assessed as descritmxtiion 2.7. No increase iRMyc was
observed in RW/NO_ST cells, however a greater than 2 folcegyaton was
observed in RW/NO_LT cells (Figure 5.2).
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Figure 5.2: Gene expression of-Myc in control, RW/NO_ST and RW/NO_LT cells.c-Myc gene
expression was unchanged in RW/NO_STs, butegplated in RW/NO_LT cells. Data are from 3
independent clones anépresent the mean + SEM.

5.2.1.3 PTEN and PI3K pathway proteins in ldegn NO exposed RWPEcells

PTEN, a tumour suppressor gene often modulated in prostate carcinogenesis,
reduction or inactivation in concert with p53 mutation can lead to transfamati
normal cells(Pires et al., 2013)o investigate the effect of lortgrm NO exposure

on PTEN expression in RWPECcells, western blotting was performed as described

in section 2.6. Briefly, protein was istéa 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/NOCcEIls, but levels

were reduced in relation to control cells:Agt 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. IGSK-U/ G®K a iGBK-fp/ GBK | evel s were unalter

NO treated cells as compared to vehicle treated cells (Figure 5.3). These results
demonstrate that lorgrm NO exposure leads to a reduction in PTEN protein

expression in conjution with increased Akt activation.
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Figure 5.3: PTEN, pAkt, Akt, GSK-a and-BGPK ot ein expression
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and RW/NOw cells. RW/NO_LT and RW/NOw cells have decreased expression of PTEN and an

increase in PAkt in comparison to the vehicleeated control cells. Total Akt protein levels remain

stable across all samples. No consistent change inG8 was observed.

5.2.2 Longterm NO exposure sustains proliferative signalling in RWPEL cells

in conjunction with bypass of the p53/p21 pathwa

5.2.2.1 Serum/supplement free proliferation

After demonstrating that long term DETA/NO treatment induces the RWPE

transformation, cellular proliferation was investigated as described in section 2.3.2.
Briefly, vehicle treated control, RW/NO_LT, and RM@w 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 theolcostls

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 5.4CJeft hand panel).

Next, the ability of DETA/NO treated RWPE cells to proliferate in
serum/supplement free conditions was invesdd as described in section 2.3.2
Briefly, RWPE1 cells were seeded and cultured in serum/supplement free media,
and cellcounts 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 RWMO_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
RWPEL1 cells in serum/supplement free media was ntugher 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 thanigterm NO exposure enables the growth of R\AIP&ells

in serum/supplement free conditions, i.e. sustained proliferative signalling.
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Figure 5.4: Proliferation of long term NO exposed RWPEL cells in normal and serumfree
conditions. (A) RW/NO_LT and RW/NDw 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 RWNOw 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 fal celis 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 afay 10 of control, RW/NO_LT and RW/NOw cells grown in
serum/supplement free media at higll &mw magnification (scale bar 200 an@0Ol

UM, respectively), to demonstrate cellular morphology, and to provide insight into

the growth pattern of the cells. Caoitcells are very sparsely populated at Day 10,

and the majority of cells remaining have
were extremely rare tiny cell colonies present. In contrast, RW/NO_LTs and
RW/NOw cells were densely populated in serum/gppnt 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, confirmirtgctrdrol cells
are unable to proliferate in these harsh conditions, whiletemyNO exposed cells

have acquired the ability to do so. Images are representative of 3 individual clones.

A

Vehicle "

RW/NO_LT

RW/NOw

Figure 5.5: Representative images of control, RW/NO_LT and RW/NOwcells 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 majowghicle 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 morphologyilmages are representative of 3 individual clones.

5.2.2.2 Bypass of p53/p21 pathway

To investigate potential mechanisms for the acquired capacity oftéomg NO
exposed RWPH cells to proliferate in serum/supplement free conditions, the
p53/p21 pathay was examined as described in secBdh 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 ergssion 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 pheppBp p53 or

p21 were not induced in RW/NOw cells tess 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 proteislevere 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 impt=ie
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,-lermg NO exposed RWRE
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 53, p53, p21, p27 and PARP cleavage showed levels
were all reduced if not completely abolished in serum free RW/NOw cetisrapared to serum free
control cells. p16 levels remain unchanged. Blots are representative of 3 individual clones.

5.2.3 Longterm NO exposed RWPE1 cells have acquired resistance to DNA

damaging agents with impaired p53/p21 response
5.2.3.1 Toxicityassays

We previously showed that NO induces DNA damage in RVWREIls, leading to
cellular transformation (section 5.2.1.1n addition, we demonstrated that under
harsh culture conditions, i.e. serum/supplement free growth, cells that had been
exposed @ 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 potentiatidemcer
properties acqued 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 andxdrubicin 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, BeuM, cell survival for control and
RW/NOw cells was36% and54%, respectively. Likewise, at 750 nM doxorubicin,
the cell growth inhibition wasl6% and 34% for control and RW/NOw cells,
respectively. Values were normalised to untreated controls in eaghtion and

data are from 3 independent clones and represent the mean * SD.

These results show that lotgrm NO exposure confers resistance to DNA damaging

agents on RWPH cells.

1009 » ¢« CTRL 1007 5 ¢+ CTRL
» RWNOw 1\ r RWINOw
801 80+
s s
< 60 S 6
- -
3 5
0 40 0 404
X X
20 201
(o e 4 e r——rrm
107 10°8 109 108 10°7 109 109
Dose (M) Dose (M)

Figure 5.7: Cytotoxicity assays of control and RW/NOw cells treated withincreasing
concentrations of etoposide and doxorubicinRW/NOw cells haveincreased cell survivahs
compared to control cells when treated with (A) etoposide (26000 nm) and (B) doxorubicin (1
750 nm) for 72 hours. Data are from experiments ord®itual clones and represent the mean + SD.

5.2.3.2 p53/p21 and DDR response

To investigate honRW/NOw cells acquired resistance to DNA damaging agents,
control and NO exposed cells were subjected to treatment with a high concentration
of etoposideand potein levels of cell cycle regulators were analysed as described in
section 2.6 Briefly, cells were treated with 50 uM 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 _Ldells showed reduced phosppb3, p53 and p21
expression, as compared to control cells treated with etoposide. RW/NOw cells also
showed reduced protein expression of phogmh®, p53 and p21, however, this
decrease was of a reduced magnitude comparedetdré¢hted RW/NO_LT cells

(Figure 5.8A). The DNA damage response was also analysed in these cells by
assessing 9H2AX expression. OJH2AX was in
compared to control treated cells (Figure 5.8B). Taken together, these ireliolite

that longterm NO exposure results in a reduced p53/p21 response in RVEBIE

to DNA damage, in conjunction with an enhanced DDR.
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Figure 5.8: Expression of phosphg 5 3, p53, p21 and yH2AX in cont
RW/NOw cells following etoposde treatment. Phosphep53, p53 and p21 protein expression were

reduced in etoposide treated RW/NO_LT cells as compared to etoposide treated control cells. The
proteins were upegulated in RW/NOw cells treated with etoposide, but levels were still redisced
compared with etoposide treated contregaldtedmel | s.
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 erm NO exposure alters death response of RWRE cells to the
DNA damaging agent etoposide

Due to the reduced p53/p21 and increasdd 2 A X r elsgrvadis BRW/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
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annexin V, a marker for apoptotic cells, caspasand PARP activity, arpoptosis

gene expression and cell cycle in the etoposide treated control and RW/NOw cells.
5.2.4.1 Anngin V staining

Annexin V staining was performed as described in sec@dr7 to quantify the
induction ofdeathin control and RW/NOw cells in response to etoposide. Briefly,
control and RW/NOw cells were treated with 3 uM etoposide (as chosen from the
cytotoxicity assay performed previously), for 72 hours. Cells were then harvested
and stained with Annexin V and propidium iodide (P1), followed by flow cytometry
to assess apoptosis levels. There wasduced amount of annexin V positive cells in
the etoposle 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 increaseruticcells

in the etopoisle 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 RWPEL cells exposd longterm to NO have increased resistance to etoposide

inducedcell 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 Adneagitive 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 -test I[px09001). Data dre fiomd2sinditidual clones tested in

triplicate and represent mean + SEM.
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5.2.4.2 Caspas8 and PARP cleavage

In order to determine if the difference observed in the Annexin V expression was
reflected in apoptotic processesspgase3 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 casghagd7kDa) was induced in etoposide
treated control cells, however no expression of this eléaaspas8 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 eleévag
caspas& and PARP support the previously seen reduction in etoposideed
apoptosis in RW/NOw cell compared to control cells. Blots represent result®from

individual clones.
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Figure 5.10: Cleavage of caspasg and PARP in etoposide treated combl, 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 caspasg and cleaved PARP as compared to etajgotieated control cells. Blots represent
resultsfrom 3individual clones.

Caspas@ activation was also investigated using thei c Vi e wE 4838 Casp
Assay Kit as described in section 2.Biefly, substrate was added to control and
RW/NOw cells folloved by treatment with 3 uM 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)right-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 e8spase
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activity compared to etoposide treated contedlsc(1.3fold as compared to-@ld),

(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 + SEMs result demonstrates that capase

3 activity is reduced in lonterm NO exposed RWRE cells treated with etoposide

compared with etoposide treated control cells, confirming the reduction in cleaved
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caspase shown in figure 5.10.
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Figure 5.11: Caspase 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) Brijgitd images of control and RW/NOueells

treated with and without etogide. (C) Caspas® 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 testedglicate and represent the mean +
SEM.

5.2.4.3 Expression of ardipoptosis genes

Survivin, BCL-2, B-cell lymphomaextra large(BCL-XL) andx-linked inhibitor of
apoptosis proteifxIAP) are genes commonly altered in apoptosis resist@hestal
de Moraes et al., 2015, Mohammad et.dalhe expression levels of these anti

apoptotic transcripts were examined as described in section 2.7. Both survivin and

121



BCL-2 basal gene expression were-ragulated in RW/NOw dis compared to
control cells, while BCEXL had comparable levels in both. XIAP gene expression
was downregulated in RW/NOw versus control cells (Figure 5.12A). Cavellin
although not a classical afgpoptotic marker, has been shown to inhibit apoptosi
cancer cellfYang et al., 2012, Pongjit and Chanvorachote, 20C4ayeolinl gene

expression was upegulated irRW/NOw versus control cells (Figure 5.12B).

These results show that lotgrm NO exposed RWRE cells have inherently

increased gene expression of agoptotic genes compared to control cells.
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Figure 5.12: Gene expression of antipoptosis markers in control and RW/NOw cells.(A)
RW/NOw cells had increased gene expression of Survivin andB&4_compared to control cells,
while BCL-XL gene expression remained the same, and XIAP levels were decreased. (B) €aveolin
levels were upregulated in RW/NOw cells as compared to control cells. Data are from 3 individual
clones and represent the meaBEM.
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5.2.4.4 Cell cycle analysis of etoposide treated RW/NOw cells

To establish whether loAgrm 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 wadso investigated as described in section 2.4. Briefly,
control and RW/NOw cells treated with 3 uM etoposide were fixed and stained with
Pl at 24, 48 and 72 hours, followed by cell cycle analysis by flow cytometry.
Etoposide treatment induced a complet &rest 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-&Rl increase compadeo 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, longetm NO exposed RWRE cells are primed to undergo
endoreplication upon etoposide treatment, in contrast to normal RWEds

treated with etoposide.
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Figure 5.13: Cell cycle and endoreplication in etoposide treated control and RW/NOw cell@)

G2 arrestwas 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 compareddbtraied 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). Datare from experiments performed on 3 individual clones and
represent the mean + SEM.

5.2.4.5 Chkl status in longerm exposed RWPEcells

Chk-1, a cell cycle checkpoint, protein expression was also assessed in control,
RW/NO_LT and RW/NOw cells in respsa to etoposide treatmesas described in
section 2.6 Chkl 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, pChkl was not induced in RW/NO_LT treated celtlsf the checkpoint
was indiced in control treated cells-:Ghk1 and total Chkl were both at comparable

levels in RW/NOw treated cells as in control treated cells (Figure 5.14).

These results show that lotgrm exposure to NO results in thess of Chkl
protein in RW/NO_LTcells compared to control cells in response to etoposide
treatment, however loss of Clikis dependent on continued exposure to NO, as
Chk-1 expression is induced by etoposide treatment of RW/NOw d&&kstern

blots represent resulisom 3 individual clones.

Ctrl RW/NO_LT RW/NOw

50uM Etoposide - - - + - +

p-Chk1 ] =

Chk1

B-Actin

Figure 5.14: Chk1 expression in control, RW/NO_LT and RW/NOw cells treated with
etoposide.Chk-1 and phosph&€hk-1 levels were completely abolished in RW/NO_LT cells upon
treatment with etoposide, while etoposide treatmentidad similar phospheikt 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 leveld b -6 and IL-8 in
RWPE-1 cells

As mentioned previaly, both IL-6 and IL-8 contribute to the increased survival of
cancer cell§Culig et al., 2005, Culig, 2013b)herefore their expression in lotgrm

NO exposed cells was examined as described in setioBriefly, 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 mMRNA was observed in RW/NO_STs, followed by a large increase in
RW/NO _LTs, 81 ad 1147 fold respectively (Figure 5.15A) RW/NOw cells also had
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increased IL6 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 H8 gene expressiomvhich was increased still more in RW/NO_LT
cells, 158 and 353 fold respectively (Figure 5.15C}8IImRNA expression in
RW/NOw cells declined to vehicle treated control levels (Figure 5.15D). Data shown

are the mean fold change +SEM of three independenés performed in triplicates.
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Figure 5.15. Gene expression of 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-tggulated in both RW/NO_ST and
significantly so in RW/NO_LT cells compareddontrol cells (1 way ANOVA followed by Kruskal
Wallis test p<0.05). (B and D) The gene expression € Ik greatly reduced in RW/NOw cells and
RW/NOw gene expression of 48 reverts to control levels. Data are from 3 individual clones and
represent the gan £ SEM.

The amount of Ik6 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-& (Figure 5.16A) and H8 (Figure 5.16B)
secretion. In parallel with mRNA levels, RW/NO_LTs secreted increased levels of
both IL-6 (207 pg/ml) and I8 (458 pg/ml), however H8 levels secreted by
RW/NOw cells was comparablwith that of the vehicle treated cells (108 and 90
pg/ml respectively), and H6 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 peréarin 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 compaifdabthb o

cytokines.
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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 significgnithcreased levels of H8, while RW/NOw

cells release levels comparable to control cells (1 way ANOVA followed by Krygkils test
p<0.05). Data are from 3 individual clones and represent the mean + SEM.

5.3 Discussion

To further develop previous rd&i 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 6s ability to gntaconditions and isdhe ctaralayde 1 n ©
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/Ncell 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
cels. These results suggest that these transformative properties are partially
dependent on continued NO exposure, and therefore that it is a reversible process to
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some degree. However, the RW/NOw cells were still able to proliferate and form
small coloniesin soft agar, which demonstrates that they did retain some of the
oncogenic features, as normal aoalignant 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 ¢
Myc are two of the most frequently altered genes in prostate cancer, they were
chosen for further analysiShen andAbateShen, 2010)cMyc gene expression

was upregulated 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 increaseeMgc, and it is not an earlevent in the process of
carcinogenesis in our model systemMygc has been shown to be -vggulated
incrementally from normal tissue to legvade PIN to higlgrade PIN, and is an
important player in prostate cancer progresgiarantanos et al., 2013y addition,
overexpression of-Myc has been shown to work-operatively with loss of PTEN
expression to promote prostate tumourigenesis in a mouse model of prostate cancer.
The study showed that the double mutzells, i.e. eMyc overexpressed and PTEN

null, proliferated at a faster rate and were of a higher grade as opposed tsnBITEN
cells(Kim et al., 2009) In addition, eMyc has been show to work together with Akt
signalling in prostate tumourigenesis, whereby in a MPAKIVMIC model,
accelerated progression fmomPIN to micreinvasive disease and an increased
resistance to treatment was observed in comparison to either Myc or Akt

overexpressing models alo(@legg et al., 2011)

To examine if PTEN was also modulatedoir 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 activaaedlemonstrated

with an increase in-pkt 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 carcinogéAssisder et al.,

2009) GSK-U aibgd which act downstream of Akt,
protein expression but weneot found to be altered in our model system. In

summary, longerm prostate epithelial cell exposure to NO results in cellular
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transformation through a combination eMyc overexpression, PTEN reduction and
Akt signalling. It is also evident that the PNHoss 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 byteng NO

exposure.

Due to the fact that the NO exposed prostate epithegiéd had undergone cellular
transformati on, characteristic ohal |l mar Kk
investigated. As aforementioned, the ability to sustain proliferation in the absence of
growth stimulatory signals is one of these central haksiarhis 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/suppteimee
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 evidentdhat th
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 egenous growth factendependent 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 respwse 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 cleavaggin et al., 2006) A large increase in phospip®3, 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 cedl observed in section 5.2.2. Letegm 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 cohtells 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 letegm NO exposed cells havedrereprogrammed to
enable sustained proliferative signalling in the absence of growth stimuli-teamg
exposure of cells to NO has selected for a population that are able to bypass p53/p21

mediated growth arrest.

One mechanism that the lotgrm NO expeed cells may be using to sustain
proliferation is through Akt signalling, which was shown to beegulated 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 redhildgdto

utilise nutrients in the media. However, Akt enables continued cell uptake of glucose
and amino acids, by inducing the expression of glucose recépmmsward, 2004)
Another potential mechanism is via the phosphorylation and subsequent inactivation
of p21 and p27(Liang and Slingerland, 2003poth 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 itelomgNO exposed
prostate epithelial cells, the ability to evade growth suppressors, another hallmark of
cancer, was further invegtited, specifically in relation to DNA damaging agents.
Etoposide and doxorubicin, commonly used chemotherapeutics which act as
topoisomerase |l poisons, initiating DDR and subsequently apoff@smmier et

al., 2aL0, Demel et al., 2015 pon treatment with both etoposide and doxorubicin
separately, the RW/NOw cells exhibited higher resistance to cell death (section
5.2.3). RW/NOw cell$had 18% higher survial in response tdoth drug treatments,
indicating thathe 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 doxorulitpsoy et al., 2014)As p53

plays such an important role in cell cycle arrest, DNA repadr @poptosis and is
required for etoposide induced apoptosis, mutation of this protein is one of the main
causes of chemresistance(Cosse et al., 2009)n addition, cancer cells often
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exhibit enhanced DDR meahiams, so while DDR typically functions to maintain
genomic stability, conversely it can reduce the efficacy of DNA damaging agents
and can be useds a protective mechanism for tumour céWgang, 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 controtells. 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 irtrdr@ded RW/NOw cells; however the levels of

each protein were dowregulated as compared to the treated control cells (section
5.2.3). This indicates that altered p53ivation may indeed play a role in the
acquired resistance. l ncreased expressio
RW/NOw cells as compared to the treated control cells. This could signify that these
transformed cells have a heightened DDR activatispaese, which is common in

cancer cells as mentioned ear{jéfang, 2015)

Transformed prostate epithelial cells can also acquire resistance to etoposide through
decreased expression of gapoptotic genes and caspases, andegplation of anti
apoptotic genes(Achanzar et al., 2002)In order to further investigate the
mechanism of the resistance, or enhanced suyaf/dongterm NO exposed cells to
etoposide, mechanisms oéll deathwere further explored. A small decrease in the
percentage ofecroticcells in the etoposide treated RW/NOw population, as shown
by annexin V expression, was observed (section 5.8ltHough 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 caspas® and PARP cleavage. Etoposide teeaRW/NO_LT and
RW/NOw cells had reduced casp#@seactivation 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
apoposis (section 5.2.4). This was confirmed by a decrease in ce3@asiity 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
antrapoptotic genes were analysed as compared to carghsl at basal levels.
Indeed, RW/NOw cells had increased basal leveth®prosurvival genes @vivin

and BCL:2 which would indeed impact the cells response to apoptotic stimuli
(section 5.2.4). BCI2 prevents initiation of apoptosis, and has also lsbenvn to

play an oncogenic role through NFkB and Akt activation, and its overexpression has
been observed in many different cancers including prostate cévioBammad et

al.) As a member of the inhibitor of apagis proteins (IAP) family, Survivin over
expression rendered MCF breast cancer cells resistant to tamoxifetuced
apoptosis(Moriai et al., 2009) Therefore in combination with the decreased
apoptosis and caape3 activity, these results confirm that letegm NO exposure
confers resistance to DNA damaging agents, i.e. chemotherapeutics on prostate

epithelial cells.

Caveolinl has also been linked to transformation and apoptosis resistance, and is
overexpressd in prostate canceiGumulec et al.,, 2012)It has been shown to
stimulate cell survival through Akt activatighompson et al., 2010)nterestingly,
up-regulation of Caveolitl was found to confer aptotic resistance to lung cancer
cells which had received prolonged exposure to(M@ngvaranon et al., 2013n

this study, caveolii was found to be upegulated in RW/NOw cells as compared

to control cells, ath may therefore contribute to their acquired apoptotic resistance
(secton 5.2.4).A number of the aforementioned factors, along witk6land IL-8

which were also lown to be effected by loagrm treatment with nitric oxide
(section 5.2.5)are associate with NFeB signalling. STAT3 signalling may also

play a rolehowever, as N8B and STAT3 signalling have been showniriteract

and together play an important role in the communication between cancer cells and
inflammatory cells(Mantovani, 201Q) STAT3 directly binds the promoter of the
NOS2 gene, thereby stimulating its expression, and this signalling pathway has been
shown to lead to transformati of astrocyte{Puram et al., 2012)in addiion,
inhibition of NFeB and STAT3 activation in cholangiocarcinoma models induced

by curcumin treatment, resulted in the suppressionNGS2dependent DNA

damageas well aBCL-2 and BCLXL expressionPrakobwong et al., 2011)

Resistance to aptosis 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 inducedustained expression of cyclin D1, thereby enabling their
progression from G1 to-fhasgViedmaRodriguez et al., 2014Y 0 examine this in

our model, control and RW/NOw cells were treated with etoposide andctikir
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 typesn(secti
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 etoposidenduced 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 resistg8ten et al., 2008Upon treatment with
growth suppressing drugs multiple cancer cell lines were shown to enter
endoreplication cycles, and after resumingliferation they were found to have
acquired resistance to apoptogdhen et al., 2008 Moreover, inhibiion of p21 is
required for this to take plad@heng 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 allowirggnetically 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 Cik in
endoreplication, showed that inactivation of €hkn p53deficient cells resulted in
whole-genome endoreplication and tetraploidizati@vilsker et al., 2012)With this

in mind, the expression of Ckkin our NOexposed cells treated with etoposide was
examined. Etoposide treated RW/NO_LT cells showed that-1Chkas not
phosphorylated and indeed that total dhiwas 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 Clikis not the cause of endoreplication

observed in the RW/NOw cells; however the fact that R@//NTs 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 prostatencar cells(Culig and Puhr, 2012, Culig, 2013n
addition, inhibition of PTEN induces the owexpression of IL8, CXCR1 and
CXCR2 (Maxwell et al., 2013) This study demasirated thaPTEN protein levels

are reduced in the lortgrm NO exposed cells, therefore the levels ebland-8

were chosen for further investigation. Initially it was observed that gene expression
of both IL-6 and -8 were upregulated upon shetéemrm exposure to NO, and that
this was enhanced further with lotgym 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-6fdid I.-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 wpegulation and secretion of 4& and IL-8. It also indicates that the
sustained proliferation in serum/supplement free conditions and the acquired
resistance to etoposide the RW/NOw cells is not due to autocrine signalling of

these cytokines.

This study has shown that lotgrm exposure of NO to RWPE cells results in
cellular transformation, involving the trpgulation of eMyc oncogene and loss of
PTEN tumour suppress@xpression. 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 t@pdss the p53/p21 pathway.
Longterm NO exposed cells were also more resistant to DNA damaging agents, and
showed an increase in basal levels of-aptiptotic gene expression, in addition to a
decrease in caspa8eactivation and apoptosis in response tmpeside treatment
Longterm NO exposed RWRE 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 ei €Chkckpoint

protein observed in RW/NO_LT cells. Lastly, long term exposure to NO was shown
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to increase levels of both 4& and IL-8 released from RW/NO_LT cells, however

cytokine levels were reduced to basal levels upon withdrawal of NO.

135



Chapter 6

General Dissussion



6.1 NO induaes 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 effectson many cancer related processes, such as cellular
proliferation, apoptosis, angiogenesis, migration and invgsannini 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 involvedehreral, low levels of

NO (<100 nM) are considered to be fmocogenic, medium NO levels pro
metastatic, and high NO levels (>500 nM) tumadal (Ambs and Glynn, 2011)lo
investigate the effect of NO on RWHEprostate epithelial cells in the context of
inflammatory conditions in the prostate, we initially looked at theutzgllresponse

to transient or shoiterm 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 aelll @ycle
regulatory proteins was examined. Results showed that NO induced -aaddse
time-dependent inhibition of the cell cycle, in conjunction with a d@sel time
dependent increase in the expression of cell cycle inhibitors. Increased
concentration®f 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 comonly indicative of cellular senescence, we propose that
positive SAb-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 recev. As mentioned previously, senescence is an
irreversible process, and the progressibthe 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.

Coincidng with the induction of a transient cell cycle arrest, NO induced the
expression of a number of pmflammatory cytokines. The expression of these
cytokines can promote the malignant transformation of dglédskron et al.,
2014) NO induced an increase in the expression 66 land 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 prosadenocarcinomgSheshadri et al.,

2014, Smith et al., 2013)L-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
oncogeng(Culig, 2013) TNF-U andb TWé&re al so upregul ate
NO.TNFU has been shown to play a raldde in t
increased levels of TGB have been obser(varddkronetalpr ost a
2014) In addition, similar levels of NO were shown to activaterlai®GFb i n | ung
adenocarcinomeells (Vodovotz et al., 1999Release of these factors are also a by

product of cellular senescence, i.e. SASP, however recent studies have demonstrated
that persistent DNA damagegsalling is the most probable inducer of these
cytokines(Rodier et al., 2009)To this end, N@nduced upregulation of cytokines

results in a tumoupromoting micreenvironment which may impact on the

epithelial cells present. Interestingly the production of@land IL-8 was inhibited

by antioxidant pretreatment in the N@reated cells. This demonstrated that
cytokine production was dependent on oxidative stress induced by NO. However,
results from reactive oxyen species (ROS) experiments conflicted with this, as they
indicated that NO did not generate ROS in R\IP&ells. We concluded that while
oxidative damage <clearly pl-Ageels, the RO e i r
level was below the detectable limité 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 expressioaabbrs such as VEGF, GRISF,

MMP-9 and EGF induced by NO could contribute to the promotion of angiogenesis.
Results from a tubule formation assay using conditioned media frortréd@d

cells were negative however. In spite of this, it is clear that -$iort exposure to

NO creates highly secretory, pramorigenic and prangiogenic microenvironment,

which possibly require more time to develop further.

6.2 NONO-NSAIDs as potential prostate cancer therapeutics

With earlier results showing that NO exertsamtiproliferative effect, in addition to
activation of the p53/p21 pathway and cell cycle arrest, the poteisgabf NO in
the form of anticancer therapeutic drugs was investigated. NENBAIDs

IPA/NO- and DEA/NOaspirin were found to exert growthhibitory 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/NOP#I®IO-aspirin,

being HNO donors were not expected to release high levels of NO. DEAZNION

and IPA/NQaspirin both exerted similar growth inhibitory responses in the prostate
cancer cell lines, at similar concentrations. These results demonstrategkhe
potential of NO/HNO as an antancer therapy. Basudhar et al. (2015) demonstrated
that cytotoxicity of IPA/NGaspirin and DEA/N@aspirin in breast cancer, coincided
with DNA damage, caspa$e activity and inhibition of angiogenesis. Further
investigdion 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 cyckstaras previously
shown to occur in N@reated RWPEL cells, is a welkstablished cellular response

to DNA damaggWouwer et al., 2012)Results showed that NO does induce DNA
double strand breaks in prostate epithelial cells, asandie d by OH2AX exp
induction at 12 hours post treatment. Incorporation of an antioxidant into the
experimental model deonstrated that Nanduced 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 6O on RWPEL cells, with NGinduced 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 paghvea activated, as
indicated by 53BP1 expression in Nf@ated 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 Nddduced block in cell cycle was observed previpus
(Valerie and Povirk, 2003Activation of the NHEJ pathway by N{@duced DNA
damage is significant, as this pathway is considered to bepooe in nature, and
thereby may contribute to further genomic instability in the cells exposed to NO
(Ceccaldi et al., 20150verall, the induction of DNA damagnd the activation of
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the potentially error prone NHEJ repair pathway may result in a heightened state of

genomic instability in RWPH. 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 stemlike signature

Genomic instability is one of the enabling characteristics required for the survival,
proliferation and dissemination of cancer cdlldanahan 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 abilitig§ hiery et al., 2009)To investigate whether the increased
level of genomic instability induced by NO treatment could endow R\WREIlls

with cancetlike properties, we examined the effect of NO on theirratign and
invasion abilities. As described previously, RWPEcells were subjected to
prolonged exposure {@ 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 wer further passaged following withdrawal of NO were
termed RW/NOw cells. Incremental changes in morphology were observed with
increasing number of NO treatments in RWEEcells, so that RW/NO_LT cells
became elongated, spindike and mesenchymal, and hkxdt 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 etddbi

the textbook EMT phenotype of loss of(adherin 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 4s. RW/NOw cells also displayed increased migration, but to

a lesser extent. Both RW/NO_LT and RW/NOw cells exhibited increased-MIMP
activity and significantly increased invasion as compared to control EAIS. of
transformed cells is often associatgih increased expression of cancer stem cell
(CSC) genegSingh and Settleman, 2010)he observed enrichment for a stéke
signaure by longterm 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 stédpnogenitor 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
chemotherapyMimeault and Batra, 2011 DNA damage induced by NO in the
population of cells wh a sterrike 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 eMyc and PTEN

Previous resultshowing an increased genomic instability in #€ated RWPEL

cells, in addition to increased migratory and invasive capabilities and alikgem
signature, suggested that the cells had undergone malignant transformation. This was
proven to be the case Hye ability of longterm NO exposed cell to form colonies in
anchoragendependent 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 byetlRW/NO_LT cells. Further examination showed
that RW/NO_LT cells had increased gene expression of the oncodépe evhile

both RW/NO_LT and RW/NOw cells showed a decreased expression of the tumour
suppressor PTEN. These findings are extremely relevanbotls genes are
implicated heavily in prostate carcinogene@sm 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, dgie@nhances cell survival and is also a

common feature in carcinogenefdegg et al., 2011, Georgescu, 2010)

6.6 Long term exposure to NO enables sustained proliferation of RWRE 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 r@oreronmentgEvan

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 substanceHanahan and Weinberg, 2011RW/NOw cells cultured
under serum/supplement free conditions were able to proliferate, in contrast to
normal RWPEL cells that had lost their proliferative capacity. RW/NOw cells
displayed an impaired p53/p21 response under these harsh conditions, in addition

a much reduced p27 expression and PARP cleavage as compared to control cells

141



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 a@dipon removal of growth factors, and the inactivation of p21
and p27, both viable options based on previous reddttenward, 2004, Liang and
Slingerland, 2003)

6.7 Long term exposure to NO confers resistance &poptosis

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 noma | cells p53, known as the fg
a key role in monitoring genomic integrity and activates either senescence or
apoptotic pathways upon encountering genetically damaged (¢tdisahan 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 bothdeopos
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, lelegm NO exposed cells had a dampened
p53/p21 response in atidn to an elevated DDR following etoposide treatment.
Moreover, longterm NO exposed cells showed a reduced induction of PARP
cleavage, caspase activity and annexin V staining, indicating a decrease in
apoptosis. In agreement with these results, RW/Nés had increased basal
expression levels of artipoptotic genes including BE2 Upon examination of the

cell cycle of RW/NOw cells following etoposide treatment, it was observed that a
significantly increased number of cells underwent endoreplica®ooompared to
treated control cells. Endoreplication has been shown to contribute to genomic
instability, and chemoesistancgSakaueSawano et al., 2011, Shen et al., 2008)
Inhibition of Chkl and p21 as wasewn in longterm NO exposed cells treated
with etoposide, could contribute to the increase in endoreplicéfibeng et al.,
2012, Wilsker et al., 2012Dverall, longterm NO exposed RWRE cells showed

increasedesistance 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 of8lLandIL-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)evels 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 wpegulationand 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 mechanisrfor apoptotic resistance described above, a
number of the previously revealed canliee properties gained by chronic NO
exposure have also been shown to promote resistance to apoptosigeroong
exposure of NO induced prostate epithelial cells to t(gu&MT, thereby acquiring
motility and invasive characteristics. In addition, the cells were enriched for CSC
markers. Both of these phenotypic traits are also linked to chessiancgSingh

and Settleman, 2010Dverexpression of the master EMT transcription factor Snalil
was shown to confer resistance to TNF i nduced apoptosis on
cells(Vega et al., 2004)Another study investigating the response aispate cancer
stemilike cells to etoposide showed that the stéw population had increased
resistance as compared to the 4stamlike population, partly through an elevated
DDR responséYan 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. RWREhonmalignant prostate epithelial cell lines
were utilised as a model of normal cells, hoaredue to the fact the cellsre
immortdised, they are not trulynormafi and to definitively validate the results
shown, future studies should be performed usinmgny prostate epithelial cells.
This study utilised m NO donor and while this has itgshaantages, future studies
could investigate the use of overexpression of NOS2 for intracellular NO release.
Futuredirections could involve a xerAovansplant study. Athymic nude mice could
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be implanted wittRW/NO_LT and normal contratells and monitoredadr tumour
progression. Xentransplanted cells could be transduced to express luciferase
thereby facilitating longitudinal tracking of transplanted ceifs vivo using
bioluminescence imaging techniques. In addition, cells could be transfected with
IRFP720thereby allowing dual fluorescence and phatousticin vivo imaging
studies to be performed. Surhvivo studies would provide insight into the in vitro

data described in this study.
6.9 Final conclusions

All of these results combined, show that leegn exposure of NO to prostate
epithelial cells leads to their transformation, and acquisition of multiple ctkeer
characteristics. Interestingly, a number of these features are retained in the RW/NOw
cells, demonstrating that they are irreversiblsdme 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 asnedtherapeutics 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 precarcinogenic characteristics shown over the courshi®fstudy, and further
promote tumour progression and/or chemasistance. Therein lies the dual face of

NO in cancer biology.
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