i NUI Galway
‘B OE Gaillimh

Investigating the mechanism of action and potential efficacy of
Apolipoprotein E mimetics as therapeutic agents for the treatment

of metastatic prostate cancer

A thesis submittetb the National University of Ireland in fulfilment of the
requirements for the degree of:

Doctor of Philosophy
By
Carol Johnson
Prostate Cancer Institute,
School of Medicine,
National University of Ireland, Galway

PhD Supervisors:

Sharon GlynrPhD, MPH
Prof. Frank Sullivan MB MRCPI FFR RCSI

March 2017



Acknowledgements

Firstly, I would like to thank my supervisors.Eharon Glynn and Professor Frank
Sullivan fortheir guidance, patience and support throughout this process and for

giving me the opportunity to do this PhD

To the Postate Cancer Institute research groupmy, Saah, Ronan, Ali, Pablo and
YIENBYy® L 0O2dz RyQid KIFI@S 0SSy Y2NB F2NIldzy
Thanks so much for all the good times and fun mem8ra H L Qf f F2NBGJS
FNASYRAKALIAE FT2NX¥YSR GKNRdAZAK GSIF oNBFl1az 5
thank all the crew along the way from the NCBES and Biosciences, in particular, Dr.

Alex Natoni for providing experimental ideas, discussions andres@e Thanks

Alexc, 2 dzONB | WbAOS Ddz QH

To my amazingand loving family, thank you for your enless support and
encouragementhroughout the coure of my academigourney. Thanks for always

being there and for getting me through it!

Damien, thanks for putting up with me through the whole process and for all the
love and support you have shown me. Your nexeding encouragement and pep

talks kept me going.

And last but not least, Benjie and Clio, myotstudy buddies, foot warmerand

O2YSRAlIYyad ¢KIFIyla F2NIoSAy3a | IANI QA o

(0p))
Qx




Table of Contents

DT od =1 = 1o o PSR Vi
Y 0151 = Vo PP NPPPPPPPR |
ADBDIeVIatioNS........oooei - iX
S 0 o U £ SR Xi
] A0 1= 2P Xiii

Chapter 1: General Introduction

1. General INtrOAUCTION.......cciiiiiiiiie et e e 2
1.1 TRE PrOSEALE. ... ..ueeiiieeiiiiiiii ettt e e e e e e e e e e e e s e e snnnr e eeas 2
1.2.1 Inflammation and pathologies of the prostate...............cccvvveeeeiiiiiiiiienenn. 3
1.2.2 ProStatitiS.......cccvviiiiiieeiiiiiie e
1.2.3 Beign Prostatic Hyperplasia..........cccccvuuiiiiiiimiiiiiiiiiieeeeeeeeeeeeeee e, 6
1.2.4 Toll like receptors in chronic inflammatian.........................cc oo, 8
1.3.1 ProState CanCeYL .. oottt ettt ettt e e e e e e e e e e e e e e e e s e e e e s s e 10
1.3.2 TreatmenSirategies. ... .cuu e 15

1.4.1 The molecular biology and signalling pathways involved in prostate cande&r

1.4.2 Androgen receptor expression and signalling.........c.ccccccevveie, 20
1.4.3 p53 Mutations iN ProsState CANCEL............uueieeiiiiiiiiieeieeee e ae e e e e 21
1.4.4 DNA repair MECNANISIMS. .......oviiiieiiee e 22
1.4.5 BCI2 expression in prostate CaNCEL.........ccuvvviieeee e e 22
1.4.6 PTEN/PI3K/AKL N Prostate CanCer.........cccuvvvieeeiiiiiiiiiieee e 23
1.4.7 NFB in Prostate CaNCeI..........cooiiii it ee e e e e e e e e aaa e 24
1.5.1 Apolipoprotein E peptide mimetics COG112 and OP449....................... 26
1.5.2 Mechanism of action of ApoE and ApOE MIMELCS............uvvveeeeeeeeeeennen. 28
1.6.1 SET ONCOGENE. ... .coii ittt e e e et e et et e e e e e e e e aaaaaaaaaaaeaeenas 30
1.8.2 PR . 31




1.6.3  AKE SIGNAITNG.....ceeiiieiiiiiiie e 32

1.7.2 INNALE IMIMUNIEY....oviiiieeiiiitie e e e e e e e e e anes 34
A I I TSP 36
1.7 .3 RLRS ettt 39
1.7.4 TLRS IN CANCEN.....etiiiiiiiiie ittt ettt nnee s 41
1.7.5 TLR 4 iN ProState CANCEL..........cuiiiiiiiiiiiiie et 42
1.7.6 TLR 3 and RI@ Prostate CaNCEL...........couieiiiiiriiiiiaeeeeiiiiieee e 46
R S T N PSSR 49
1.9 EXperimental @iMS...........coooiiiiiiiiiicccr e er e e e e e e e e e e e e e e e e e aaaaaaa e 52

Chapter 2: Materials & Methods

2.1 CeIl CURUIE ...t e e e e e e e e e e 54
2. 1.1 CeIlNNES ittt a e e 54
2.1.2 Patient RNA SamMPLes..........oooiiiiiiii e 54
2.1.3 CUltUre CONAILIONS .....oiiiiiiiieiiiiie et 54
2.1.4 Freezing and thawing of cells..............ccc i 55
2.1.5 COG 118Nd OPA440......o e 56

2.2 ViIADIlIY ASSAYS. ... eeiieiiiiiiiiitee et 57
2.2.1 Trypan blue counting ChambBEr.............ccooiiiiiiiiie e 57
2.2.2 Alamar BIUE @SSAY......ceviiiiiiiiiiiiiieiieee e K7

2.3 FlOW CYLOMEIIY. ... e e e e e e e e e e e e e e e e e e e e e e e e e e e e e ee e 58
2 .3 . 1ANNEXIN V SLAINING......utiiiiiiiiieiiei e 58
2.3.2 Cell CYCle @NAIYSIS........uveieiiiiiiiiie e 58

2.4 Protein 0eTECHION.....cciitiieie ettt e e e e ee e e as 59
2.4.1 Sample Preparation............eeeeeiiiuieieee e 59
2.4.3 TrSGIYCING QIS ..o e e e e e e e 61

2.5 Protein pUrifiCatiON. ... ...oooi i a e e e e e e e 64
2.5.1 IMmmMUNOPIECIPItAtION........cei e e e e e e e e e e e e eaeeeas 64
2.5.2 Biotin PUldOWN @SSAY:.....ceiiiiiiiiiiiiiiee et 65

2.6 Cellular 10CalISALIQN...........ueiiiieeiiiiiii e 66
2.6.1 Subcellular fraCtioN@LION. ..........coiiiiiiiie e 66

2.7 KiNASE SCIEENING. ... .uuuuetiieiieeiieiiieeeetetaaaaaaaaaaaaaaaeaaeaasaaaaaaaaannnenneenseseneneeeeneeeees 67
2.7.1 Reverse pPhase ProteIN @rTAY .......cccuuuuurrrrrrrereeeeiieeeeeeeeeeeeaaeaaaaaaaaaaaaaaaeaaaens 67




2.8 SIRNA TraNSTECHAN . ......ieeeee ettt e e e e e e e e reeans 68

2.8.1 Reverse transfection OptimiSation...............eeveeeriiiiiieeeei e 68
2.8.2 Transient gene KNOCKAOWN............ooviiiiiiiiiiiiieeee e 69
e B 1= a1l b o] £ [ o NP 70
2.10 StatistiCal ANAIYSIS . ..uuuiiiieiiiiiiiiieee e ————— 72

Chapter 3: Exploring the viability and cell cycle progression of PCa

cells in response to Apolipoprotein E mimetics COG112 and OP449

LI R 01 4 o Yo [ 8 T3 (] o 1T RTUTRPTRRY 45
IR = ST U] L TP 4 o

3.2.1 Determination of the effect of ApoE mimetics on prostate canek viability 76

3.2.2 Induction of apoptosis in response to ApoE mimetic peptide................... 84
3.2.3 Morphological changes in response to ApoE mimetic peptide................. 88
3.2.3 Effect of OP449 on the Cell CYLIB.........uuiiiiiiiiiiiiiiiiiieeeeeeeeeeee e, 91
3.3 DISCUSSIOLL ... eeeeeeiiiite et e ettt e e e et e e e e e s st e e e e e e e et e et e e e e s nnnnne e e e e e e e e annnees 96

3.3.1 Authentication of ApoE mimetic peptides as cytotoxic to prostate cance9¢ells

3.3.2 Cells accumulate in thepBases of the cell cycle in response to OP449.....99

Chapter 4: Investigating the inhibition of SET and upregulation of
PP2A in response to COG112 and OP449

A o To (Ui 1 o] o NPT PP PP PPPPRP 104
B2 RESUILS ...t 106
4.2.1 PP2A and SET are expressed in prostate cancer cell.lines.................. 106
4.2.2 ApoE peptide mimetic binds to SET in prostate cancer celllines.......... 109
4.2.3 The effect of OP449 on Akt associated signalling..............ccccoevvvivinnenen. 112
4.2.4 OP449 modulates MAPK related signalling..............cccoo oo 121
4.2.5 The effect of OP449 on cell cycle and celligal cascades...........cccceeeeeeeen. 129
4.2.6 Inhibition of Akt stimulation by OP449...............cooiii i 136
4.2.7 Down regulation of SET by SIRNA ......ccooiiiiiiee e 141
4.2.8 Dowrregulation of SET increases PP2A actiVity........cccccoovevviieereennnnnee. 142
4.2.9 Knockdown of SET decreases cell viahility............ccceeveeveeeiieiiiniinnnnnnn. 144
4.3 DISCUSSIOLL....ceeeieeiiiiiteeeee e e e ettt e e e e e et e e e e e e s et e e e e e s b e e e e e s e s nnrnneeeeeenann 147

——
| S—



4.3.1 Upregulation of SET in prostate CanCer..........cccuueeeeeiieeeieeiiiieiieeiaeaeeenn 147

4.3.2 ApoE peptide mimetics disrupt SET PP2A COMPIEX.....ccccvvvmrerrirrnnnrnnnnn. 148
4.3.3 RPPA screen identified signallinthprays targeted by OP449.................. 149
4.3.4 Aktis down regulated by OP449...........ccoiiiiiiireree e ee e 152
4.3.5 Transient knockdown of SET upregulates PP2A activity...................... 154
4.3.6 Cell viability in response to SET knockdQwn.............cccevvvvvevevieeeeeeeeenennn. 155

Chapter 5: Impact of ApoE peptide mimetics on pathogen

recognition receptor signallingandNFe B act i vati on

PCa cells
ST A [0 Yo [ o 1o o AU PPP PRI 158
Lo (=TT U] £ P R 161
5.2.1 Basal expression of TLRs in Prostate cancer.cells........cccccccvvvvvvneennn. 161
5.2.2 Basal expression of RLRs in prostate cancer cell lines........................ 164

5.2.3 OP449 modulates basal TLR expression in prostate cancer.cells........ 164
5.2.4 0OP449 modulss basal RIGexpression in prostate cancer cells............ 167

5.2.5 ApoE mimetic peptides reduce the induction of TLR4 by LPS ingiReneg
prostate cancCer Cell lINES.......c..uiiiiiieee e 169

5.2.6 The effect of ApoE mimetics on FRRAF3 dependent TLR4 signalling....171
5.2.7 The effect of ApoE mimetics on TLR4 mediatett NF  I..Q.0.A.QA.(11§5

5.2.8 The effect of ApoE mimetics on avital response to dsRNA.................... 178
5.2.9 Transient knockdown of TLR3 andRiGAndrogen negative prostate cancer
(072 ST PP PPPPPPPPPI 180
5.2.10 Receptor requirenné for prostate cancer cell survival.................ceee..... 182
5.2.11 The effect of receptor knockdown on downstream signalling............... 183
5.2.12 ApoE mimetic impedes nuclear translocation of. p65...............cceeeeeeee. 185
5.2.13 The effect of ApoE mimetic on proinflammatory cytokines................... 188
5.3 DISCUSSIOM. ..ttt e e e ettt e e ettt e e e e et e e e e e et e e e e e e e sasb e e e e e e e e e nnnbeees 190

5.3.1 Transmembrane TLRs are constitutively expressed in PCa cell.lines....190
5.3.2 Intracellular TLRs are constitutively expressed in prostate cancer cell.lib@s
5.3.3 Basal levels of RLRs identified in prostate cancer celllines................... 192
5.3.4 ApoE mimetic peptide can modulate basal PRR expression in PCa cell%Res

5.3.5 ApoE interrupts TLR4 ligand stimulation..............cccccccvvvvviviiiiieeeeeeeeeeeen. 194




5.3.6 OP449 interrupts TRIF TRAF dependent TLR 4 signalling................... 195
5.3.7 ApoE interrupts TLR 4 mediated/NF | Q0. A.GA.0.&.....cocvvneen. 197
5.3.8 ApoE interrupts antiral response to dsRNA independently of IRF3 signalling

5.3.9 Intrac#ular PPR expression is essential for cell survival in PCa cells...199

5.3.10 The effect of transient TLR3 and-Rk@&ockdown modks on downstream

SIGNAITING ..o e e a e e e e e e e e e 201
5.3.11 Nuclear translocation Of PB5..........cccccciiiiiiiiiiiiiirer e 202
5.4, CONCIUSION....cciiiiiiitiiiiie ettt e e e s e e e e e e s e e e e e e s snbrrneeeeeeaans 204

Chapter 6: General Discussion

00 I I STt U7 o | o S 206
6.1.1 ApoE mimetic induces cell death by apoptospgastate cancer cells......... 206

6.1.2 OP449 induces anghase accumulation in the cell cycle progressian....207

6.1.3 OP449 targets SET andragulates the activity of PP2A............cccccoennee 208
6.1.4 ApoE peptide mimetics modulate innate immune response................... 209
6.1.5 ApoE peptide mimetitarget NF° . F Q4.ABLE.GA2Y............211
6.2 CONCIUSION. ...ttt et et e e e e e e e 212
6.3 FULUIE DIFECHION. .....ciiiiiiieiiiiii ettt e e 216

Chapter 7: Bibliography




Declaration

I, Carol Johnson, hereby declare that this is entirlyown work and that it has
not been submitted as an exercise for the awairdaodegree at this or any other

university.

Signed: Date:

Vi

——
| S—



Abstract

Prostate cancer is the most prevalent non cutaneous cancer diagnoseshimen

and the third leading cause of death in males annually in Ireland. Therapeutic
strategies currently consist of prostatectomy or radiation followed by androgen
ablative therapy. Typically, these treatment measuresentually fail. Prostate
cancer reoccurs in the form of androgen independent prostate cancer, a lethal
form of progressive and metastatic prostate cancer for which there is no cure.
There is therefore an urgency for the development of more effective therapies.
Apolipoprotein E (ApoE) has beeesported in the literature to possess the ability to
impede invasion and inhibiinetastatic cell recruitment in cancer cells. ApoE has
also been reported to havanti-inflammatory properties that could potentially
impede pathogen recognition receptor (RRsignallingONCOTIDE.inc generated a
series of ApoE derived peptides modelled on the receptor binding domain of ApoE.
The potential efficacy of the ApoE peptide mimetics COG112 and OP449 in prostate
cancer were explored in this study. The aim of thisdgtwas todetermine the
toxicity of ApoE peptide mimetics to prostate cancer cells and the effect on cell
cycle progression. The study also explored the ability of COG112 and OP449 to
interact with the SET oncogene and modulate the-BEZA complex and PR
activity. As chronic exposure to inflammatory stimuli is thought to play a role in
prostate cancer progression, PRR signalling was explored to investigate potential
additional benefits to PP2a stimulatiolm terms ofPRR signallinghe effect of the

ApoE peptides on TLR and RI€ignalling wasissessedThe results demonstrated

that the peptides decrease cell viability in a dose dependent manner in AR positive
and AR negéave cells. OP449 was shown to disrupt the progression of the cells
throughthe cell cycle anduccessfully induce apoptosisPC3 cells. The expression

of SET oncoprotein was found to be up regulated in prostate cancer. COG112 and
OP449 wre shown to bind to SET and disrupt the protumourgenic-BEZA
complex. Disruption of the SEPIP2A complex resulted in the upregulation of PP2A
activity and negative regulation of Akt. COG112 and OP449 modulated the

expression of TLRs 3 and 4 in AR negative cell lines. phegsedemonstrated an

Vii
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obstruction of downstream TLR signalliagd were @pable of hindering the
NBalLlyasS (2 ¢[wn &aAGAYdAZFIGA2yd a22Rdz | GA2
translocation was also observed. The results of this study support the need for
further investigation into the use of ApoE mimetic peptides, namely OP448gin t
treatment of advanced prostate cancer. The results exhibit OP449 to have
multipurpose benefits and demonstrate that the ApoE peptide mimetics effectively

target several pro tumorigenic signalling cascadgsrostate cancer cells
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Chapter 1.General
Introduction




1. General Introduction

1.1The prostate

The prostate gland sits in the pelvis, surrounded by the rectum posteriorly and the
bladder superiorly It is understood to produce some seminal fluid and may
facilitate sperm motility.The prostategland is composed of stromal, ductal and
luminal epithelial cells and is organised by branching ducts and individual glands
lined with secretory epithelial cells armhsal cell§l] . The secretory epithelialel

is the chef cell typewithin the gland These androgn regulated cells produce
prostate specific antigen (PSa\)d prostatic acid phosphatase (PAR). Androgens
play a central role in the normal growth and development of the prosfaie The

vast majority of prostate cancers have cells that share properties with theteegre
epithelial cells. Unlike the epithelial cells, the basal layer is not directly controlled
by androgen signallin¢d]. Neuroendocrinecells which present within both the
prostate gland and the stromaye likelyto contribute to normal prostate function

in a paracrine fashiorj5]. The surounding stroma is made up offibroblasts,
smooth muscle, nerves, and lymphatics. Strogpithelial interactions remain
poorly understood, but recent insights suggest that the stroma produces multiple
growth factors important for growth and development nbrmal prostate as well

as prostate cancgiPCaj6, 7].

The prostateglandhas been defined as comprising of four major anatomic zones
within the normal prostatg8, 9]. These are comprised ¢iie peripheral, central,
transitional zones(constituting 70, 20 and 5% of the glandular tissue respectively)
and the anterior fioromusdar stromd zone The peripheral zone, which extends
posteriorly around the gland from the apex to the base, is the most common site
for the development of prostate carcinomas. The central zone surrounds the
ejaculatory duct apparatus and makes up the ondy of the prosatic base. The

transition zoneconstitutes two small lobules that abut the prostatic urethra and is




the region where benign prostatic hyperplagBPH)primarily originateg10, 11]
(Figure 1.1).

Transitional Zone

Central Zone

Fibromuscular Zone
Peripheral Zone

Figurel.1l Prostate zone regionsMost cancer lesions occur in the peripheral zone of the gland,
fewer occur in the transition zone and almost none arise in the central zone. Most benign prostate
hyperplasia (BPH) lesions develop in the transition zone, which might enlarge considerably beyond
what is shown. Both small and large carcinomas in the peripheral zone are often found in
association with higigrade PIN, whereas carcinoma in the transitzome tends to be of lower
grade and is more often associated with atypical adenomatous hyperplasia or adenosis, and less
often associated with higlgrade PIN

1.2.1 Inflammationand pathologies othe prostate

Existing literature has suggested thatoptatic inflammation maybe a leaihg
contributor to prostate growthin terms of both hypergenesis or hyperplasia and
neoplastic transformationdt has been proposed thabhflammation plays a role in
cancerwhereby inflammatory conditionssuchas prostatiis or BPHincrease the
risk of cancer development among patienEor years the idea that inflammation

and inflammatory iliness play a close role in the development and progression of




cancer has been hypothesised and the evidence has long been accumtiatin
indicate so. Hanahan and Weinberg identified the hallmarks of cancer as the
acquisition of functional capabilities that allow cancer cells to survive, proliferate
and propagate exponentially. These changes are acquired in various tumour types
at varopus intervals over the course of multistep tumourigenddig]. Emerging
evidence has suggested the ability of cancer cells to evade immunological
destruction with Hanahan and Weinberg adding it to the list of cancer hallmarks
[12]. Inflammation can contribute tamultiple hallmark attributes by providing
growth, survival preangiogenic factors anextracellular matrixmodifyingenzymes

to the tumour microenvironment These in turpromote proliferation, survival and
facilitate invasion and metastasis respectivgly3-16]. Inflammation is often
apparent at theearliest stages of neoplastic developmertd evidently promotes

the development of neoplasiasto full-blown cancerg15, 17]. The literature has
estimated that inflammatory illnesand responses are somewhat relatemlup to

20% of cancer related deaths worldwide with several existimmgses of chronic
inflammation likely to act as a trigger fothe onset of tumour formation for
instance Inflammatory bowel disease is associated with colon candgle

prostatitis has beentiked toPC418-20].

1.2.2 Prostatitis

Prostatitis is an inflammatory condition of the prostate glar@ur different
categories of prostatitidhvave been describeddepending on the symptoms and
manifestation of he condition[21, 22]. Three of these prototypes are classed as
symptomatic and the fourth is a form that is clinically silgt]. Acute bacterial
prostatitis (category 1) occurs as the result of a bacterial infection, typically of a
gram negative nature such as Escherichia coli, and patients tend to present with
symptoms that include significant pelvic pain, difficulty in urinatasga result of
prostatic swelling and evidence of systemic infection or fever. There are rarely long

term side effects of this form of prostatitis after antibiotic theraf®1-23]. The




dSO02yR OFGS3I2NERI NBTOENNBRAGRGA GA FOXKN2 O @l
relentless bacterial infection with patients reporting both sporadic and constant

pelvic pain, however these patients do not present with the symptoms of systemic
infection that are reported in category | prostatitiBrostatic fluid secretions from

category Il patients have been reported to contain a significant level of leukocytes

and bacteria although with persistent antibiotic therapy alongside attentive
awareness of possible urinary obstruction the infection banreliminated[21-23].

¢CKS GKANR GeLIS 2F LINPalGF GAdRAG SER RF 0 1ISNE &N
2N WLISEt GAO LI AY &a@8YRNRYSQ FyR /dountkKS Y2a
for more than 90% of the cases with patients suffering from intermittent to regular
episodes of pain in the pelvis, perineum or external genif@gh. Fluid secretions

from patients with this type ofprostatitis do not typically comprise of bacteria,

however these group of patients are subcategorised into an inflatony cell

presenting group (llla) or a group void of leukocytes (lllb), with both groups
experiencing symptoms for weeks to possibly ygais22]. Therapies for this form

2F AffySaasz oKAOK AyOt dzRS -rédyciadeiohibitoisA Oa = b
have so far been of limited value in improving symptofg@d, 25]. The final

category of prostatitis (IV) is referred to as asymptomatic prostatitis and is
diagnosed by means of histolegi conclusion upon pathological investigation on

the prostate tissue of a man who is not symptomatic of prostafis 26, 27]. It

has been speculated with new interest in the past decade that a correlation exists
between prostatitis and?Ca however there is a significant king in the evidence

available in the literature. Although studies have been performed, the relationship
between the two has not been very well established. This may be in part due to

the possibility for potential bias resulting from the greaiCasurvellance such as

PSA testing, biopsies or digital rectal examinations among patients which were
previously diagnosed with prostatitis. Sutcliffe et al., performed a study
investigating clinical prostatitis and the risk BCaand reported findings which

correlated with the reports of eight alternative case controlled studies, however

these studies were subject to flaws due to deficiencies in urologic investigations

information [28] Sutcliffe et al., reported a significant association between




prostatitis and prostate cancer among unscreened men, however in their initial
investigation tkey did not report a correlation among screened patiej28]. There

is still sigificant merit for the further investigation into the relationship between
prostatitis and PCawith a greater emphasis to be placed on the possibility of
detection bias with future studies also focusing more specifically on the 4

categories of prostatitisrad their individual correlation witfPCarisk.

1.2.3 Benign Prostatic Hyperplasia

BPH is an inflammatory condition characterised by enlargement of both the
stromal and glandular constituents of the prostd&9]. BPH is the most common
benign tumour in men with the development risk increasing with age, for instance,
it has been reported to be found in approximately 70% of men at the age of 70
with prevalence increasing to almost 100% by the age of 80 and of egreat
occurrence in the western worlf29]. In progressing BPH, many patients present
with lower urinary tract symptoms (LUTS) which include frequent urination,
nocturia, decrease or broken stream during urination or incomplete emptying of
the bladder[30, 31]. According to Rosario and Bryant, circulating androgens along
with ageing are two important prerequisites for the development of BPH. While the
surrounding testosterone can be converted to dihydrotestosterone (DHT), which is
strongly caphle of promoting prostate growth, ageing is also thought to promote
sensitivity of the prostate to androgen levels, with androgens playing a role in the
development of BPHR9]. There are similarities which have led to a hypothesised
link between BPH an®Ca for instance they both exhibit increasing prevalence
with age, they both require androgen for growth and development and respond to
antiandrogen treatmen{32]. The similarities between these conditions along with
their frequent coexistence has led to the postulation of an existing relationship
between the two[33]. Although both conditions are hormone dependant and the
existing evidence strongly suggests an important roleinfiammation in both

cases, there is still no proven relationship between BPH and PCa although research




IS ongoing in attempting to find the link33]. According to Bostwick et al.,
approximately 83% dPCa originate in men who also suffer from BPH and that the
correlation s consistent across all agE3?]. A positive correlation has also been
associated between fast growing BPH, PSA level and grade of3BCa&PH
generally originates in the transition zone and may extend to tegpheral zone

and can sometimes evenriginate in the peripheral zone. eRearch has
demonstrated that approximately one third of transition zone PCas originate within
the BPH nodules and most other casedP@faoriginate from the peripheral zone,
which supports the existence of a possible link between BPH and [B2a35].
There are conflicting studies which have suggested that although enlarged prostate
volumes of up to 45ckare associated with high gradeCarisk, when prostate
volumesare above 45cmithe corelation is inverted36]. Androgens typically play

a critical role in thegrowth and development of the prostate, however they have
also been established as key components in the development of BPH anf83Ca
35, 37]. Testosterone, the most predominant circulating androgen, is converted to
the more potent androgenic steroid hormondHT, by either of two existing
isoforms (type 1 or type 2) o5 NB RdzOG | &S KA OK o60AyRa (2
to initiate cellulardifferentiation and proliferation in the prostatet Is plausible

that disruption of the balance betweeBPHT regulatectellular proliferation and
death, is likely to resulwith excessive cellular proliferation and insufficient cell
death. This may subsequently result in the instigation of prostate growth and
tumour development, presenting as BPH or P&4. As DHT is the most potent
androgen involved in prostatic enlargement and bladder obstruction which
contribute to BPH, research has led to the use #f 5 NERdzOli | &S Ay KAOA
used in the treatment of BPHB8]. Further basic and translational research is
required to clarify the pathology of both diseases and the debate of an existing

relationship between BPH and PCa is ong{a$h




1.2.4 Toll like receptors in chronic inflammation

TLRs are transmembrane receptors and essential part of host's innate immune
system[40]. They are generallgxpressed on immune cells, howeubey are also
expressed on epitheliaellswhich come in to direct contact with and respond to
pathogens [41, 42]. TLRs respond to two types of stimuli; exogenous and
endogenous.Pathogen associated molecular patterr@AMP¥, exogenous stimuli

of TLRs, are conserved molecular products derived from pathogens that include
bacteria, fungi and virusd43]. Danger associateaholecular patterns (DAMPS) are
endogenous molecules released from imgd or dying cells such &pG nucleotide

and dsDNA[44]. Evidence provided in the literature suggests that endogenous
DAMPs bind to the TLRs in the manner similar to PAMPs and activate the
downstream signalling pathways leading to activation of inflammatory pathways
[45]. Under nomal circumstances inflammation is tightly controlled to restrict cell
proliferation until infections are resolved and tissue repair is completed. In
contrast, chronic inflammation establishes an environment rich in inflammatory
cells, which produce growthnd survival factors. This mieemvironment provides

a platform for surrounding cells with already sustained DNA damage or mutations,
to proliferate and potentially form a tumouf46]. The function of TLRs is not
restricted to the initiation of innate and adaptive immune reactions. Aberrant
activation of TLR pathways has been implicated in various chronic and autoimmune
diseases affecting the gastrointestinal tract, the central nervorstesn, kidneys,
skin, lungs and joints. Their involvement has also been reported irinfectious
pathologies such as ischemic or traumatic injury and autoimmupdf51].
Evidence that intracellular proteins or products of protein cleavage can act as
endogenous ligands for TLRs supported the hypothesis that TLRs are not only of
importance in mediating a response to infectiond ba stress, damage and death

of cells in generdl52-54]. HSP60 was the firgtrotein shown to act as ligand of
TLR4[55-57]; later, high mobility grouprotein (HMGB1) was observed to activate
TLR2 and TLR88]. Theendogenous mRNA, ssRNA, and IgG/chromatin complexes
are known to activate TLR3, TLR7, TLR8 and TLR9 respéttively




Targeting individual TLRs might provide a more specific target for the treatment of
inflammatory diseases. Since the variety of TLR ligands releaset iparticular
disease may be limited, specified targeting the TLRs involved would allow the
function of other TLRs to remain intact. Therefore, the immune system would not
be entirely affected and the side effects of the treatment reduced. Such a therapy
may also disrupt the cycle of inflammation and release of danger signals. Further
characterisation of th distinct TLR mechanism in specific tissues is required and
consideration should be given to the dual function of TLRs in tissue protection as

well as inflammatior{59].




1.3.1 Prostate Cancer

PCa is the most prevalenbn-cutaneousmalignanttumours found in males and

the third leading cause of cancer related deaths annuallireland following lung

and large bowel cancer (Figure3)L.[60]. The incidence of PCa is swiftly rising in
parallel to the growing population of males over 50 worldwifg®, 61]. The
incidence of PCa in Ireland is currently one of the highest in Europe and in 2012
the estimated incidence was approximately 1.5% higher than the U.K and Europe
(Figure 12) [62].
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Figure 12 Prostate cancer incidence in Irelantihe prevalence oPCain Ireland is one of the
highest in Europe. The incidence rate increased étially, by nearly 8% annualhetween 1994

and 2004 and then by 1.6% annually from 2004 to 2012. Prevalence is 1.5 times higher in Ireland
than in the UKNational Cancer Registry Ireland 2014)
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Figure 13 The frequency of most common invasive cancers diagnosed in men in Ireland 2012
(National Cancer Registry Ireland 2014)
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Both environmental and hereditary factors are contributing components to the
developmentof PCa Although age is considered anof the major risk factors in
developingPCalit is notthe sole factorfor the development of the disease #se
incidence of PCs low in men of South East Asian countries and sui@&sving
immigration to theWest [63]. Chronic inflammation accounts for approximately
20%of all human cancers in adults with suchflammatory conditions stimulated

by exposure to infection, environmental factors or possibly a combination of both
[64, 65].

Similar to other cancer type®Caarises through the accumulation of genetic and
epigenetic changes, subsequently ensuing the inactivation of tumour suppresso
genes and the activation of oncogenewith emerging evidence indicating
inflammation as a crucial component BiCaoccurrence[66, 67]. Advancing age,
family history, race and diet are among tlkey risk factors idntified for the
development ofPCaAnother statistical finding is the significantly lower incidence
and mortality rates resulting from PCa in southeast and east Asia in comparison to
the United States and Western Europe. However, this discrepancy is&tied

upon emigration to the west, with Chinese and Japanese men acquiring a higher
PCaisk within one generation. This reinforces the role of ones environment on the
development of PCa[63, 68, 69]. Additionally, zonal preference of tumour
formation in the prostate hakeen observed. The majority of cancer lesions are
found in the peripheral zone of the gland, less occur in the transition zone almost
none arise in the central zone of the gland (Tahl® [8]. PCais diagnosed and
graded following a typical sequence of PSA testing, digital rectal examination (DRE),
transrectal ultrasound, biopsy and MRI. Detected tumours arelegaby Gleeson
score.

Statistical data suggests that PCa is generally a slowly progressing didaa<i.
Despite an increasing understanding of the contributors to PCa onset, unveiling the
cellular and molecular mechanisms which enable loedli®Ca to invade and
metastasise are a work in progress. Furthermore, there is no known specific time
frame for an orgarconfined primary tumour to develop into a highly invasive PCa

[72]. It is not yet possible to diagnostically distinguish indolent localised prostate
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tumours, which possess little metastatic potential, from aggressive localized
prostate tumours with high metastatic potential.oNetheless, in terms of relapse,
biochemical recurrence (BCR) which is defined by elevated serum PSA levels
following prostatectomy or radiation therapy for localised PCa, has been shown to
predict metastatic progression (MP) and prostate carggcificmortality (PCSM)

by a median of 8 years and 13 years, respectivEy74]. This suggests that it may
take 8 to 13 years for a primary PCa to progress towards lethal metastatic disease.
To date, there is no curative therapy available for metastatic FC& now
established that bone is the most common preferential site of RE€tastasis. An
Analysis performed by Bubendorf et al.,, examined the reports from autopsies
performed on men over forty with metastatic prostate cancer. Tlmalyses
reported that 90% of metastatic sites involved the bone, 46% the lung, 25% the
liver, pleura 21% and adrenals 13p85]. A study performed by Colemaat al.
reported that in postmortem examinations, approximately 70% of patients who
have died from PCa complications show evidence of metastatic bone disease with
the axial skeleton (skull, vertebra, ribs and aolbone, scapula, and proximal
femur) being common locations for meatsta$gb, 77]. Since bone is the most
common site for PCa metastasis it is crucial uoderstand the underlying
mechanisms that facilitate this preferential migration of circulating PCa cells to the
bone. There is now compelling evidence which suggests that disseminated tumour
cells (DTCs) migrate to the bone marrow using mechanisms simithose that

are commonly exploited by homing hematopoietic stem cells (HSCs) during bone

marrow transplantatior{78] .
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Table 11 Prevalence of prostate associated conditionsrespective zonal regions

Peripheral Transition Central

Acute Inflammation . .
Chronic
. . * %k * %k
inflammation
Benign pros'fatlc s
hyperplasia
High grade PIN . -
Carcinoma ook ¥
*Low **LowMed ** MedHigh **** High
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1.3.2 Treatment strategies

Course of treatment is typically determined by cancer gr&fgen risk assessment

is implemented to aid in treatment strategy. A risk classification approach
RSOSt2LISR 6& 5Q! YAO2 FtyR O2ffSI3dzSa Aa
tools. This system uses PSA levels, Gleason score grade which is based on the
microscopic appearance of the cancer cells, and tumour T stage which incorporates
tumour size on rectal exam and ultrasound, as a mechanism of grouping men as
low intermediate and high risk. Typicalbw risk patients have a PSA of less than or
equal to 10a Gleason score less than 6 and clinical stagéZEL The intermediate

risk category accounts for a PSA between 10 and 20, Gleason score of 7, or clinical
stage of T2b. The high risk category includes patients with a PSA greater than 20, a
Gleason scorequal or larger than 8, or a clinical grade -BaqTable 1.2]79, 80].

Another calculated risk assessment referred to as a nomagram validation
technique, pioneered by Kattan and colleaguess also been implemented where

by multiple risk variables that predict the likelihood of disease recurrence or
progression are evaluated bymaathematical basedalculation based assessment

[81] (Figure 1.5)

Stage IV

¥ Cancer may spread

P
AL 0 £ toother organs
|

Figure 15 prostate cancer progresses from Stage | to Stage Gancer cells grow within the
prostate, through the outer layer of the prostate into nearby tissue, and then to lymph nodes
other parts of the body. https://www.cancer.gov/types/prostate/patient/pratate-treatment-
pdg#section/_120)
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Active surveillance (AS) is an important management strategy for men diagnosed
with low-risk localised PC&hisinvolves regular checks to monitor progression or
changes of the cancer so thaarly treatment interventioncan be initiated if the

nature ofPCachanges in patients undergoing active surveillaj83.

Otherwiseinitial treatment consists ofprostatectomy or radiatiortherapy in an
effort to eliminate oreradicatethe canceros cells that are still confined Wiin the
prostate gland Unfortunately, manypatients are not cured Ythis therapy as their
cancer eithemeoccursor they are diagnosed after the cancer has sprég@]. To
begin with, tumour growth irPCais androgen dependent. Androgen ablation has
been the main therapeutic intervention for the treatment of hormone sensitive
PCag84, 85]. Pharmacological compounds utilised include Gonadotropin releasing
hormone (GnRN) superagonists (also refeneds lutenizing hormone (LH)), such
as leuprolideor goserelinwhich suppress the release of LH and inhibit the release
of testosterone from the testi§86]. AR antagonists inhibit androgens produced by
the adrenal glands from binding aralyen receptors in the prostate. Maximal
androgen blockade is achieved by combining and androgen receptor (AR)
antagonist (antandrogen) with a GnhRH inhibitor or superagonifd7].
Unfortunately, this therapy eventually fails anéCareoccurs in the form of

androgen independent prostate cancer (AIPC).

In the event & AIPC development, subsequent second and third line treatments
therapies are administered alongside continued androgen suppression (I[88RH)
Secondary hormonal manipulation strategies include the addition of or switeln to
alternative anti-androgen such as flutamide, bicalutamide, nilutamide,
enzalutamide. Another possible option is the addition of thdrenal/paracrie
androgen synthesis inhibitorketoconazole or abiraterone with predisone.
Recently the results of an ongoing study presented at ASCO 2017 reported the
benefitsof abiraterone usan PCa treatment. An abiraterone comparison extension
of the ongoing multistag&STAMPEDE triaicluded patients with either high-risk

locally advancedmetastatic prostate cancer that was newly diagnosed or relapsed
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after radical prostatectomy oradiation themapy and who were starting ADT.
Among the patients enrollednetastatic disease was present in 52%, with 88% of
those patients having banmetastases. In the abiraterone groupverall survival
was improved by 37% compared with the standafecare group Early
introduction of abiraterone and prednisolone improvederall survivaby 37% and
failure-free survivaby 71%, and reduced symptomatic skeletal events by. 53%
results show a clinically & statistically significant effect on oveualligal & failure

free survival from adding abiraterone at start of ADT with a manageable increase in
toxicity. The inclusion of atatorone as a new standard of caigkerecommended by
this group as a result of the outcome of the stuf§9]. The use of an oestrogen,
such as diethylstilbestrol (DES), could alsodresiclered as a treatment optiof®0-

95]. Enzalutamide has been documented to significantly decrease the risk of
radiographic progression and delathe initiation of chemotherapy, while
prolonging survival in men with metastatRCa[92, 95]. Logithetis et al reported
significant benefits of abiraterone use in combination with prednisone in terms of
pain relief in AIPC patients prieusly treated with docetaxgB3]. Ultimately AIPC

is a lethal form of progressive and metastd®Ca for which there are currently no

available curative therapies.
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Table 12 Tumour grading in prostate cancer

. PSA | Gleeson
Risk Grade Stage (Lg/L) Score
T Primary tumour
T0 No evidence of primary tumour
Low Risk T1 Cllnlcallwnappgrenttur_nour _not palpable or <10 <6
visible by imaging
Low Risk | Tla Tumaur incidental hlstologlc finding in 5% of <10 <6
less of tissue resected
LowRisk | T1ib Tumaur incidental hISt.0|0gIC finding in greate <10 <6
than 5% of tissue resected
Tumaur identified by needle biopsy (due to
Low Risk | Tic elevatedPSAevel); tgmmrs found in 1 or both 10 <6
lobes by needle biopsy but not palpable or
reliablyvisible by imaging
Low Risk T2 Tumaur confined within prostate 10 6
Low Risk | T2a Tumaur involving less than half a lobe 10
Int(zrrrri];?lat T2b Tumaur involving 1 lobe or less 10-20 7
Intirrrri];? lat T2c Tumaur involving both lobes 10-20 7
Tumaur extending through the prostatic
High Risk | T3 capsule; no invasion into the prostatic apex { 10-20 8
into, but not beyond, the prostatic capsule
High Risk | T3a | Extracapsular extension (unilateral or bilater; >20 8-10
Vegislllgh T3b Tumaur invading seminal vesicle(s) >20 8-10
Tumaur fixed or invading adjacent structures
Very High other than seminal vesicles (eg, bladder neg
: T4 . >20 8-10
Risk external sphincter, rectum, levator muscles
pelvic wall)
( |
L 18}




1.4.1 The molecular biolog,nd signalling pathways involved in prostate cancer

Currently, histopathological analysis (Gleason scoring) and serum prostate specific
antigen levels are key determinants of therapeutic decision makiogvever, the
prospering field of molecular patholgchas the potentiato radically improve the

way that PCa is diagnosathd managed. As the available data accumulates, it has
become apparent that commorepithelial malignancies comprise molecularly
distinct components andthe number of compounds claimindgo target specific
molecules omolecular pathways is expandifi@6-98]. Researcton the molecular
biology of prostate cancer provides the potential to reveal aspects of contributing
factors and, distinguish aggressive from slow growing cancers, thereby providing
targets for treatment, particularly for locally advanced and metastaigease.
Advances in our understanding of PCa biology and tumour microenvironamnent
facilitating the development of newherapeutic strategies for advanced disease,
and highlightthe potential impact of molecular pathologicassessment of PCa
[99]. While traditionally PCa research focused on androgens, muagproaches
include the search for mutated genes, identification of recurrent chromosomal
alterations and their associated potential tumour suppressor genes, determination
of gene expression profilegharacterising tumour stages and subclasses and
elucdation of the importance of epigenetic alterationdlore recently, tumour
suppressors and protoncogenes which are important in other cancers have been
investigated. Molecular reshuffling of the genome, rather than changes in the
sequence of base pairs appears to be the predominant genomic alteration in most
prostate cancers[10(0. Genomic gains, losses and structural rearrangements
appear to occur in chain, with break poinmsapped to adjacent positions in the
reference genome[10]]. It is hoped thatas the field of molecular pathology
evolves further, the stratification of prostate tumours into distinct nmmi&ar

entities, each with its own set of vulnerabilities, will be a feasible goal. Some
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promising candidates for molecular classification include pathways involved in DNA

repair, PI3K signalling amk-¢ .

1.4.2 Androgen receptor expression and sigr@llin

As previously mentioned, a functional AR is essential for normal prostate
development, secretory function and survival of luminal cells in the adult prostate
[102-104]. Furthermore, the AR has been established as a critical driver of prostate
carcinogenesi$105-107]. AR signalling has been implicated in the generation of
genomic structural rearrangements that characterise many P@€3sDeregulated

AR signalling is common during PCa development and CRPC progression due
overexpression of AResulting from ampfication, mutations, ceactivator and ce
repressor modications, aberrant activation or postanslational modication,
altered steroidogenesis, and generation of AR splice varigf@g. Mutations in

the AR although rare during initial staged PCaare common during CRPC. These
mutations permit continued androgeaxis activation even in the presence of low
levels of androgen in the prostate microenvironmgh09, 110. In addition, point
mutations in AR also broaden the ligand pool to which AR responds. In advanced
PCa, growth factors such as transforming growth factor(TGF ), bone
morphogenetic proteins (BMPs), insulike growth factorl (IGFLl), EGF, VEGF,
fibroblast growth factor (FGF), interleukins (ILs), and other cytokines also act to
promote synergistic activities of the androgen receftbt1, 112].

The collocation of an andreg responsive promoter such 3MPRSS2ext to a
member of the ETS transcription factor family, typicBlRGor ETV1 is the most
common molecular change identified in PCand is typicallyobserved in
approximately 50% of cas¢$13. Experimental evidence suggests that androgen
signalling iscentral to the instigation of such rarrangemens. Androgen
deprivation therapy (ADT) aims to reduce the circulating levels of androgens.
Although ADT is initially effective for most patients, relapses are inevitable and are

associated with reactivation of AR signalling and rising PSA levels. PCa relapse
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ultimately progresses to a lethal form, known as castratiesistant prostate
cancer (CRPC). A range of mechanisms have been implicated in the AR signalling of
CRPC, including amplification of thR locus, overexpression of its protein
product, gairof-function mutations and splice variants of th&R gene, altered
expression of AR co regulators, ligandependent activation of AR amde novo
synthesis of androgens in prostate cancer cdllsl4]. Understanding the
significance of the AR has driven the development of novel compounds capable of
targeting multiple aspects of the AR signallingthpaay. In the past decade,
compounds have been developed to block the AR signalling axis more effectively
than early antiandrogens, prolonging the life of patients with advanstdge
CRPC. Such second generation -antrogens include Enzalutamide, an AR
antagonist that blocks nuclear translocation and DNA binding of the AR with no
agonistic effect on AR over expressing PCa models and Abiraterone, which is used
to block thede novosynthesis of androgens in PCa cells that overcome androgen
deprivation[115, 116].

1.4.3 p53 mutatios in prostate cancer

The TP53gene is the most commonly mutated gene in human tumours and
encodes a transcription factor that activates gene programmes required for cell
cycle arrest, DNA repair and apoptosis. It is found to be mutated in up to 40% of
CRESs[117] .Recent studies have explordae potential of targeting P5&ith APR

246 (PRIMALMET), a novel agent that restores signalling to cells withlarormal

p53 gene,whichwas recently reported as well tolerated RCapatients in phase |
and Il trials[118. Other approaches have included the developmentagénts,
such as the Nutlins designed to disrupt the interaction between p53 and its
endogenous inhibitor, the human murine double minute 2 (MDM2) proféitq.
While still at relatively early stagedinically, the pharmacological activation of
functional p53 signalling in prostate cancer cells will likely require molecular

profiling of p53 status in PCa patients.
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1.4.4 DNA repair mechanisms

It is increasingly recograd that mutations in genes controling DNA repair
pathways particularlyhomologous recombination repair and mismatch repair, may
be relevant in many cancer types including prostate cand&(. In recent
genomic sequencing efforts, the prevalence of somatic DNA rgpaie mutations,
primarily involvinghe BRCA1/Zand ATMgenes,is approximately 1625%in CRPC
biopsieg[121]. PCa developing in patients wilBRCA1/2nutations tend to have an
associated aggressive clinipabgressiorwith increased nodal involvement, distant
metastasis and poaoverallPCaspecific survivdll2Z. Approximatelyhalf of these
patients with somatic DNA repairregularitiestent to have germline defects in
these same DNA repair genes¢18% of the total)[123]. The presence of a
gernmline or somatic mutation in a DNA repair gene may have prognostic and
therapeutic implications. For exampl&adequate responseto ADT has been
reported in these patient§124, 125. Conversly, such patients may have a
favourable response to alternative therapies including PARP inhibitors such as
olaparib[126]. Intriguingly, patients with tumours that harbour DNA repair defects
may exhibit higher sensitivity to platinseontaning chemotherapy, immune
checkpoint inhibitorsyadiopharmaceutical products or a novel approach involving
high-dose testosterone treatmenf127-130]. In the next few years, several -on
going studies wildim to determine the predictive impact of DNA repair mutations

in the context of these and other therapi€k31].

1.4.5 BCI2 expression in prostate cancer

The antiapoptotic protein BCL2 is overexpressed in approximately half of all
prostate cancers, particularly in androgerependent PC4132. BCL2 is not
typically expressed in normal secretory epithelial cells of the prostate, however in
transformed cells, from PIN to PCa, BCL2 is frequently expressed throughout the
epithelium [132. In normal cells, the cell growth signal deliberated by MYC

expression is limited by the prapoptotic influence of protein mediated through
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pl4ARF1, p53, and BAX signalling. A combination of deregulated MYC and altered
BCL2/BAX rationay account for theunrestrained growth of prostate carcinoma
cells[133 134]. Growth factors are another contributing factor which not only
increase cell proliferation, Wuwalso decrease apoptosj&34]. For instance, FGF

which is produced by prostatic mesenchymal cells, rel@ges apoptosis and
prolongs cell survival in prostate carcinoma cells, most likely by increasing BCL2
expression[135]. Similarly, IGE possesses both antiapoptotic and mitogenic
properties in the prostatd136, 137]. IGF1 has also been reported to instigate
activation of the antiapoptotic PI3BK/AKT pathway, stimulate the expression ef BCL
like proteins and suppress BAX. Moreover, -i@ing proteins, which also

modulate ap@tosis, have demonstrated modulated expression in AG6, 13§].

1.4.6 PTEN/PI3K/Akt in prostate cancer

Alterations of the PI3K pathway can be found in as many as 70% of PCas, incidence
being higher in metastatic tumourgl39. Phosphatase and tensin homologue
(PTEN) protein, encoded by tH&TENgene is a key negative regulator of this
pathway and tumour suppressor. PTEN inactivation is presead@o of PCas
[14Q. Function loss can occur due to genomic deletion, mutation, methylation,
expression of pseudo genes or miRNA action, and appears to be essential for
tumourigenesis in ETi®arranged transgenic mode|§41]. Furthermore, genomic

loss of PTEN is a strong predictor of disease aggressivenesomathtes with

poor patientoutcomes regardless of Gleason grafied?].

Defectsin PI3K pathway are also likely &ffect the Ras/MEK/ERK pathway via
amplified AKT activation.Similarly interrelationship between AKT and IGF
signaling have been reported in PCa cells. Upregulation of IGF, an upstream
effector on AKT promotes PCa developmenvivo[143 144]. Myc, a downstream
PIBK/AKT target also interacts with AKT to endorse PCa development and
progression. PI3K/AKT pathway camction alongside other proteins such as
MST1, acetate Kinase (Ackl) and Btoiincreasetheir oncogenic potential145,

146]. PI3K/AKTcan alsoincrease the expression ohetalloproteinase receptor,
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MT1-MMP, which thereby favoursPCa invasion and metastadi$47]. Taken
together, this supports the importance ®fI3KKAKT activity in PCa and suggests
that pathway assessment and inhibition might be clinically useful. As changes
leading to hyperactivity of the PIBKKT pathway can be identified in nearly all
advancedstage PCas, it isnaenticing target for pharmacalgical intervention.
Compounds that inhibit extensions of the P18kt pathway have entered clinical
investigation, including PI3K and AKT inhibi{d#8, 149]. Data from clinical trials
using such compounds is accumulating and it is expected that, as in preclinical
models, patients with identifiable PIBRKKT hyperactivity will derive the greatest
benefits. One anticipated problems that there are numerous reciprocal feedback
connections between the PIBKKT pathway and other pathways known to be
important in PCa. Androgen signalling, for instance, is modulated bycAH3K
activity and the inhibition of this pathway could lead deregulation of androgen
signalling, with potentially deleterious consequences. Inhibition of multiple
pathways using drug combinations may be necessamgvtnd this issue[99]. It is
hoped thatas the field of molecular pathology evolves further, the stratification of
individual prostate tumours intodistinct molecular entities, will be an achievable
goal with some promising candidates for molecular classification including the

pathways involved in DNA repair and PI3K signalling.

1.4.7 NFBin prostate cancer

NFES . A& | LINR G SA vites@gpiessibrSdE keyi dehed reduiled fimt

innate and adaptive immunity, cell proliferation and survival, and lymphoid organ
development.In prostate tumour cells, NF. A & 2F0Sy F2dzyR G2
result of amplified levels of receptors such asbur necrosis factor (TNF) which in

turn dramatically increasekB degradatiof150]. NFkB expression is increased in

androgen independent prostate tumours at both mRNA and protein level due to
elevated expression of 4, which occurs as a result of constitutive -NF

activation, promoted by signal transduction viaNF A Y RdzOA y Bnd KKy | & S«
[15].NFS . Ffa2 GIFNBSGa I {Nloftke@istaldisge@icy NI 3 dz
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antigen PSA, a vital marker for development and progression of132al53. NF

kB signalling in PCa cells also correlates with cancer progression, chemoresistance,

and PSA recurrendd54]. Reports also indicate that NF. | OGA @I GA2y O2)
to softtissue or bone metastasis in PCES5 156. TNFa, a proirflammatory

cytokine and prototypical N .inducer along with its receptors TNFR1 and TNFR2

are found to be highly expressed in PCa. In Pca cells, fesdpliNFa expression

has been correlated with increased proliferation and survival, angiogenesis,
metastasis, and resistance to chemotherapeutyeats[157, 158]. Recent studies

have also demonstrated the existence of crte& between NF . FYR !'w
signalling. NF . SELINB & aA 2 yn t& ladgment Svhy incraalsetl AR

expression and activity in androgémdependent xenografts.
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15.1 Apolipoprotein E peptide mimeticSOG112 and OP449

Apolipoprotein fpo) E is a multifunctional holoprotein whose role in cholesterol
transport has been well documented. It is best recognised for its role in cholesterol
and lipid metabolism[159, 16(0]. In addition to cholesterol transport and anti
metastatic potential ApoEhas considerable immunomodulatory attributes and has
been shown to modify both innate and adaptive immune resporid€d]. Such
qualities include the ability to suppress lymphocytic proliferation, neutrophil
activation and Ig synthesjd62-164]. The impacApoEhas on immune response is
of biologicalimportancethat has yet to be fully elucidatedin their endeavour to
characterise theApoE holoprotein and discover the region responsible for the
immunomodulatory effects, Mike Vitek and his collaborators identified amino acid
residues 133149 of the ApoE protein to be crucial components of tueti-
inflammatoryeffects[165 (Figure 1.6)

Based on thdindings that ApoE haanti-inflammatory properties ONCOTIDIBC.,
created a peptide from the ammacid residued33¢149from the receptor binding
domain of ApoEin an effort to identify the region of the ApoE holoprotein
responsible for itsimmunomodulatory advity [165 166]. They reported that
incubation with theApoE[133-149] peptide inhibited microglial activatiom cell
lines in a way that mirrored the anitiflammatory properties of theApoE
holoprotein [166, 167]. Following on from the peptide development of COG133,
the peptide was fused to a protein transdumti domain derived from the
Drosophila antennapedia proteinin order to increase transmembrane
permeability This resulted in the formation of th&poEpeptide mimetic COG112
[168]. This molecular fusiowas foundto improvethe bioactvity of COG133. There
was significant clinical improvement and protection from both inflammation and
demyelination injury in the @nal cord reported in the murine expenental
autoimmune encephlamyelitis (EAE) model of myite sclerosig168]. Following
the discovery thadimerization of ApoE peptides increased their biological activity

when compared to their monomeric formrOP449 was manufacturdd69. This
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compound was formeddy creating a disulfidénked dimer comprised of two
covalently linked COG112 monomerBhe two monomers werebridged using

bismaleimideethane (BMOE) as a connecting compon@d®d] (Figure 16) .

1 112 168 191 *215 299

NH, [ Tl cooH

430 150...

-
*, ‘e,
ay

TEELRVRLASHLRKLRKRLLR Receptor-binding domain

-
we®

LRVRLASHLRKLRKRLL = coG133
COGI33 LRVLASHLRKLRKRLL Monomer
CoGl1l12 ROIKIWFONRRMKWKK~-C - Monomer
(ANTP- LRVRLASHLRKLRKRLL
COG133) (SEQ ID NO: 1)
CCG449 COG1l12-C-BMOE-C-COG112 Dimer
(BMOE- [BMOE is a biomalei-
linked midoethane linker]

CO0G112)

Figure 16 Receptor binding domain sequence of ApcApoEprotein is 299 amino acids in length.
Oncotide developed series of ApoE derived peptides starting with COG133, which spans residues
from 133to 149 adapted from http://www.cognosci.com/technology.html.
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15.2 Mechanism of action of ApoE and ApoE mimetics

The ability of ApoEand its peptide mimeticg suppress the immune respondegs

been noted despite the mechanism not beicgmpletely validated165]. TheApoE

holoprotein inhibits Itmi  aA 3yl f t Ay3 Ay @I a0dzZ F NJ aY2 2.
decline of inflammatorymediators nitric oxide (NO) and prostaglandin E2 (PGE2)

being produced. This downregulation was facilitated through decreased
phosphorylation and reduction of nuclear localizddclear facto# I LILINRS ) 06

leading to reduced production of inducible NO dymde[170, 171]. Sing et al.,

reported a decrease in the phosphorylation of IKB kinase (IKK) and reduced
activation of NF . LI Kgl & Ay NPRaniP ghA®E pépdide 60 2 G K
mimetic[172].

In an effort to further comprehenthe role of ApoEand explorethe mechanism by
which theseApoEand ApoEmimetic peptides impede inflammatory responaad
decreasephosphorylation oNFS . >~ ONGOSIDECc. manufacturers investigated
if the suppression of TN&production following LPStimulation was mediated by
the ApoEreceptors,the lipoprotein receptorrelated proteins(LRP andlow density
lipoprotein receptors I(DLIRR and soughtto identify other celllar proteins that
bound to theapoE[138149] peptide.Theyobserved a significant dos#ependent
suppression of TNF production by two AoEmimetic peptides,ApoE[133%149]
and CO@410, followinglipopolysaccharide LP$ stimulation of either primary
mouse peritoneadmacrophages or BV2 microglells. This isf notable interest as
both LRP and LDLR aepressed in peritoneal acrophagesbut not inthe BV2
cell line This is indicativéhat the antrinflammatory activityoccursviaa receptor
independent mechanisifi65.

Beyond the mechanisnof uptake, Christensen et al.reported that ApoE and
ApoEmimetic peptides bind to the SET oncopeat and that theApoEholoprotein
interacts with SET tlugh its @erminal region fromamino acids 17¢277 [169).
The proteinSET is also known as inhib#t@r of protein phosphatase 2A (I2PPB2A
and exists at elevated levdls the brans of those with Alzhei®NQ & RA &SI &S NJ
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to normal agematched controls[173]. It has also been documented to be
upregulatedin leukemtc cancer cell$174-176).

The activation oprotein phosphatas€A (PP2A) occurs as a consequence of the
ApoEmimetic peptide bindng to SETJFollowing PP2A activation, subsequent
dephosphorylation of PP2A targets occi{t§5. Several kinases that interact with
PP2A have been identified such as th@ogenactivated protein kinas€MAPK
proteins p38, c-Jun Nterminal kinases(JNK and extracellular Signakegulated
Kinasg ERK[177-180. PP2A is also negative regulatopodtein kinase BAkt) and

its downstream targes which typically paitipate in in the activation oNF .

transcription factor{181, 182). (Figure I7)

Figure1.7 Inhibition of SET by ApoE peptide mimetiSchematic representation of the suggested
mechanism by which ApoE peptides, manufactured by Oncotide, inhibit the SET protein. Inhibition
of SET consequently negatively regulates cancer associated sign&liguge adapted from
http://www.cognosci.com/technology.html.
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1.6.1 SET oncogene

The protein encoded by the oncogene SET (also knowst"d$ IGAAD and TAFi 0

is a 37kDa phosphoprotein and was first identified as a translocation breakpoint
encoded preein, fused to the CAN gene in acutrdifferentiated leukaemigl83.

SET is widely expressed in human cells and is localised in the nucleus and cytoplasm
with reported association to the endoplasmic reticulurfl84-186. SET is a
multifunctional protein which has been reported to play a role in control of cell
cycle, gene transcription, apoptosis, cell migration and epigenetic regulfiti®a

192. It has been shown to bind preferentially to Histone H3 and 4, exhibit histone
chaperone activity, interact with various factors such as DNA binding proteins and
proteases and regulate transcription, replication and apoptd483-201]. In
addition to these, SET inhibits the activity of histoaeetyltransferases, which
suggests that it regulates the nuclear activity that arises from the chemical
modification of core histonefl92). It has also been described as a potent inhibitor
of PP2A, a protein phosphatase which plays @ molseveral cellular processes such
as metabolism, proliferation, differentiation and DNA transcription and replication
[202 203. In most cancer cells, includiRCa the tumaur suppressor activity of
PP2A is relatively low, which has been well correlated with the overexpression of
SET[184, 202, 204]. It has been reported thathat SET is required for the typical
inflammatory responses to LPS. Christensen et al., demonstrated that transient
knockdown of the SET protein sigraintly impedes the inflammatory response to
LPS stimulatiofil65]. Such a role in inflammation opens the possibility of térge

SET for the downregulation of inflammatory responséukhopadhyay et al.,
assessed the expression of SETPP@acells and normal prostate epithelial cells.
They also investigated the effect of ceramide treatment on the function of SET.
They implicatedan association of SET expression witfadevelopment and
reported a correlation between SET expression and the up regulationMyfcc
[205. Their researcldenoted therole of SETinhibition of PP2A activity toward c
Myc and implicated SET as a therapeutic target for cancer thefap§ (Figure

1.9).
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1.6.2 PP2A

PP2Ais a serine threonine phosphatase that accounts foe tmajority of
phosphatase activity in mammalian cells. PP2A denotes a heterotrimeric complex
comprised of a core dimer made up of a 36kDa catalytic C subunit and 65kDa
scaffolding A subunit. This core dimer interacts with a variety of regulatory B
subunits generating variations of the hetreotrimeric PP2A holoenzyme with several
functions and substrate specificif207, 208. Tre literature has well documented

that PP2A negatively regulates multiple signalling pathways, in particular growth
YR &dzNBAGIE aAiA3ayl tf Aycateninand kndye gatwaysdzO K
which are highly associated with cancer progressi@©9-212]. PP2A has been
widely described as a tumour suppressas inhibition of its activity or loss of
function of some of its subunits are characteristic of neoplastic developf24}.
Mutations of PP2A subunits have been detected in a variety of huraignancies

[213 214]. An accumulation of evidence supports the role of PP2A inhibition in the
progression of PCa. Haung et al., demonstrated that the endogenous PP2A inhibitor
CIP2A was frequentlpverexpressed inPCaand influences the sensitivity to
cabazitaxe[215]. Previousstudies have shown thahat FTY720dependent PP2A
activation showed potent antitumor effects PCacells. As CIP2A was identified as

a molecular target of FTY720, these results support previous findings in colorectal
cancer where CIP2A down regulation BTH720 plays a key role in the antitumor
activity of this drug216]. These findings could suggest a subsePGhpatients

could benefit from treatment with PPR activators Numerous other mechanisms
promoting PP2A inhibition have been describedA@asuch as alterations affecting
PP2A subunits or deregulatiasf the endogenous PP2A inhibitor SZD5, 216

219. Bvaluaing the potential role of these alterations modulating cabazitaxel
responsein PCavia PP2A inactivation remains crucidbken together, thedata

supportsa role forPP2A in advancdéiCaprogressiorf22Q (Figure 1.7).
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cellular PP2A inhibitors:

07 e (o sk o s
L1 1 1 N/

PP2A-C PP2A-C PP2A-C ‘PP2A’ PP2A-BS,a PP2A-B’
MEK c+jun, ATM cMyc, CDK1 centrosome/f
AKLPRD, substrate, Ayt mTOR, substrates  kinetochore-
cdMyc, mTORC1 DAPK, associated
ERK1/2, substrates PLK1,Nek2a PBD proteins

Figure 18 The endogenous inhibition of PP28chematic representation of known cellular PP2A
inhibitors, highlighting their potential regulation by phosphorylation (yellow) or dependence on
phosphorylation (blue), their holoenzyme specificity and the PP2A substrates they affect. Adapted
from Haesen eal.,(2014)Front. Oncol4:347

1.6.3 Akt signalling

AKT/protein kinase B (PKB) is a central participant in an array of signalling cascades
required for normal cellular physiology and has also been widely implicated in
numerous disease statd®21]. Disruption of these processes result in
cellular distreses which are largely deemed hallmarks of cang¢gf?. A
significant mass of literature affirms th@evalenthyperactivationof Akt signalling
observed in cancer. The Akt kinases are key playessgmalling cascades that
regulate cell proliferationand survival, cell size and response to nutrient
availability, glucose metabolism, cell invasiveness, genostability and
angiogenesig223. Initiation of Akt signalling follows the activation of receptor
protein tyrosine kinase (RPTK224, 225. Stimulation of RPTK results in the
production ofPI(3,4,5)P3 and PI(3,4)P2Riyosphatidylinosite#l,5-bisphosphate3-
kinase(PI3K at the inner border of the cellular plasma membrane. Akt interacts

with these phospholipids resulting in its translocation to the membrane where it
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interacts with PI(3,4,5)P3 via its plekstrin homology (PH) dom&p6. The
interaction betweenthe Ph domain of Akt with the phosphoinositides is thought to
provoke a conformational change in Akt resulting in exposure of its two main
phosphorylation sitesThr308 and Ser473227]. Once activated, Aktontrols
fundamentalcellular processes such asll growth, cell cycle and cell survival by
modulating a number fodifferent downstream target§228]. Some downstream
targets affected by the activation status of Akt, in relation to cell cycle progression
include glycogen synthase kinase (GSK3), membrane translocation of the
glucose transporteGLUT4, Cychdependent kinase inhibitor§21/Wafl/Cipl and
P27/Kip2 and mammalian targef rapamycin (NTORR29-235.

Cross et al., demonstrated that Akt inhibited GSK3 activity by direct
phosphorylation of an Merminal regulatory serine residue dowinsam of insulin
activated PI3K229. Akt inhibits the antproliferative effects of P21/WafUipl
and P27/Kip2, by phosphorylating and retaining them in the cytoplg38-234,
236]. Protein synthesis and translational regulation caro dile promoted by Akt
signalling, for instance, Akt activates mMTOR by phosphorylati¢a37).
Overexpression of Akt has an aapoptotic effect in many cell types, resulting in a
resistance to or delay of cell deaf@38]. Akt regulates cellular survival through
phosphorylation of downstream substrates that directly or indirectly control the
apoptotic machinery. Akt act@tion also promotes prosurvival signalling with the
kinase responsible for inhibiting pagpoptotic factors such as BAD and procaspase
9 as well ag-orkhead family of transcription factors that induce the expression of
proapoptotic factors such as Fas hga [238 239. Akt is also capable of
phosphorylating and activating Ikappa kinase h 0 L YwMiehp in turn,
phosphorylates IkappaB L ftargeting it for degradatiofi240, 241]. This leads to
the nuclear translocation and activah of NF¢ . fallowed by the transcription of
NFS .dependent prosurvival genes, including-Btl, caspase inhibitors anevtyc
[242,243.
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1.7.1 Innate immunity

Tumours are not made of isolated masses of uncontrollably proliferating epithelial
cells. Their composition relies on intricate signal exchanges between cancer
epithelial cells and the surrounding stroma within the tumour microenvironment
[244). Several lines of evidence support the concept that tumour stroowls
influence growth, survival, and invasiveness of cancer cells and broadly contribute
to the tumour microenvironment together with immune cel[245248]. The
stromal constitution inPCais comprised of multiple nhemalignant cells. These
include fibrdblasts, myofibroblasts, endothelial cellsyacrophages, neutrophils,
mast cells andnatural Kkiller cells growth factors, chemokines, cytokines,
extracellular matges (ECMs), and matiibegrading enzymef49, 250. They also
include cells associated with the adaptive immune response such as T and B
lymphocytes [251, 252]. Crosstalk between the epithelial and stromal
compartments promotes tumour progression to enhance invasion and the release
soluble growth factors necessary for castragsistant growth, and stimulating

angiogenesif253, 254].

The first line of immunelefence is based on the detection of pathogessociated
molecular patterns (PAMPs) and damage associated molecular patterns (DAMPS)
that conjure a toxic and inflammatory respon§255, 256]. PAMPs are derived
from microorganisms and recognised by pattern recognition receptor (P&Ring

cells of the innate immune system as well as many epithelial é&#lsognition of
PAMPS is a necessary/critical functminthe innate immune system. PAMPS are
molecular structures which include glycoproteins, lipopolysaccharides (LPS),
proteoglycans and nucleic acid structures that are common to many different
microrganisms and essential to the survival or infectivity & thicrobe [257].
Alternatively DAMPs are cetlerived and initiate and propagate immune response

to trauma, ischemia, and tissue damage, regardless of the presence of pathogenic
infection. Most PANPs and DAMPs bind specific receptors, namely PRRs. These
include toll-like receptors (TLRs)nucleotidebinding oligomerization domain
(NOD)like receptors(NLRs), RK=like receptors (RLRs), AlMRe receptors, and
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the receptor for advanced glycation endproducts (RAGE) to promote immune

responsg43].

The innate immune system constitutes the first line of host defence during
infection and therefore plays a arial role in the early recognition and subsequent
triggering of a pranflammatory response to invading pathogeif255. Upon
ligand recognition, TLRs and RLRs promminflammatory and antimicrobial
responsedyy activatingtheir signalling cascade pathways which in turn leads to the
activation of MAP kinases and IRFs and ultimately of NF (i Kdza NXB 3 dzf | (
transcription of genes encoding inflammatory cytokines and transcription factors
[258 259. PRRNnduced signal transduction pathways result in the activation of
gene expression and synthesis of a broad range of molecules, including cytokines,
chemokines, cell adhesion necules, and immunoreceptof260]. Taken together,
these orchestrate the early host response to infection and at the same time
represent an important link to the adaptive immune response. The adaptive
immune system is responsible for the elimination of pathogens in the late phase of

infection and in the generation of immunological mem@2%1] (Figure 19).
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Figure 19 Activation of pathogen recognition receptors by PAMPS and DAMA®e binding of

PAMPs and DAMPs with PRRs instigate the signal transduction of TLRs, RLRs, NLRs and RAGE. This
culminates in the initiation of innate immune response. Immunological memory allows for
activation of the adaptive immune response. Adapted from Tang D. eRCGil2fj Immunol Rev

249(1): 158175[43]

1.72 TLRs

Previous studies and recent advances in cancer immunobiology have emphasised
TLRs as key components involved in tumour growth and progressienndrmal
regulation of TLRs is disrupted in cancerous epithelial cells in comparison to tissue
derived from healthy individuals indicating that mutations of TLR genes or
modulation of TLR signalling could be appropriate markers for diagnosis or targets

for treatment strategies[262, 263]. To date, 10 TLRs have been identified in
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humans. TLRs 1, 2, 4, 5and 6 are expressed on the cell surface while, B_&3] 7

9 are found exclusively within endosomf264]. Each recognize distinct PAMPs
derived from various microbial pathogens, including viruses, bacteria, fungi, and
protozoa[260 TLRLO is an orphan ligand that is highly expressed in the spleen and
B cells[265, 266 (Table 1.3) The TLRs are the most comprehensively studied
family of PRRs and aighly significant in the instigation of antiviral response to
infection. The TLRs account for a notable proportion and best characterised of the

PRRs implicated in detecting parasites, fungi, bacteria and vif26€s

The family of TLRs is the majand most extensively studiedlass of PRRs.
Structurally, TLRs are integmgllycoproteinstypically differentiated by a leucine
rich repeat (LRR) motif within their ligand binding domain and a cytoplasmic
signalling Toll/Interleukii (Il-:1) receptor homology (TIR) doma|@67]. The
binding of the appropriateidand to each respective TLR by a PANRnteraction
subsequenty triggers an intracellular signthnsductionprocess[260]. Within the
TLR familyTLR1TLR2, TLR4, and TLR6 are identifielipils, whereas TLR3, TLR7,
TLRS8, and TLR9 are stimulated by nucieicls[260]. Furthermore it seems that
TLRs can differentiate betwedMAMPs eithevia direct interaction or by means of

an intermeliate PAMRbinding molecule Accordingly, TLR1/2, TLR3, and TLR9
directly bind totriacetylated lipopeptides, doublstranded RNA (dsRNA), and CpG
DNA respectivel)y[268-27(0], while TLRAinds tolipopolysaccharide (LPS) through
the accessorymolecule MD2[27]]. Intriguingly, some TLR®e also capable ©
recognising various structurally aralochemically distinct liganddpr instance,
TLRZan be stimulated by binding to LPS, the fugootein of respiratory syncytial
virus (RSV), and cellular hesitock proteins (HSPE)6Q]. This may be due tthe
ability of different regions of the extracellulgsortion of TLRs to hd their related
ligands or possibly due to thavolvement of differentPAMRbinding molecules,
such asviD2[268, 271]. Further disriminationbetweenvarious PAMPs ahieved
through the famation of heterodimers betweermLR2 and either TLRor TLR6

[272.

37

——
| S—



The most significanbf cell types expressing TLRs anetigen presenting cells
(APC3 including macrophageslendritic cells PCs), and B lymphocyt¢261]. TLRs
have beenidentified in many cell types,either expressed constitutively om an
inducible manner in theourse of infectiof261, 273, 274]. Despiteconfirmation of
variousTLR expressions in different cell types arhtomical tissuedcations, and
their role in inflammatory response, muctf these functional aspectsremain
poorly characterizedAfundamental property othe PAMPTLR signalling complex
is that a given pathogemran activatea number of different TLRs by assorted
PAMPs, andimilarly, numerous structurallynuelated pathogens can trigger any
given TLR. Theutcome of TLR engagement with the correspondit®MP is the
instigating of downstream signalling pathways. This signalling cascdtil@ately

resultsin the generation of an antimicrobigro-inflammatory response.
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Table 1.3 Human TLReeptors and their ligands

TLR Receptol Location LigandPAMP LigandDAMP I(‘)'ﬁgi%d
TLR 1 Cell Surface/ Triacyl lipoproteins Bacteria,
plasma membrang mycoplasma
Peptidoglycan Heat shock
Cell Surface/ _ Llpo_prot_eln . prot_elns, HI\_/I_GBl Ba_cterla,
TLR 2 Lipoteichoic acid (high mobility virus,
plasma membrang )
Zymosan group box 1 parasites
TLR 3 Endolysosome Viral dsSRNA Self dsRNA Virus
Heat shock proteins Heat S.hOCk
. . proteins,
Lipopolysaccharides -
: : Fibrinogen,
Cell Surface/ RSV fusion protein, Heperan Bacteria
TLR 4 MMTV (mouse P Ctena,
plasma membraneg sulphate, virus
mammarytumour ) .
. Fibronectin,
virus) envelope . .
. ) Hyaluronic acid,
proteins, paclitaxel HMGB1
TLR 5 Cell Surface/ Flagellin Bacteria
plasma membraneg
Lipoteichoicacid
Cell Surface/ | Triacyl lipoproteins. Bacteria,
TLR 6 .
plasma membrang Zymosan virus
. Virus,
TLR 7 Endolysosome Viral sSRNA Self ssRNA .
bacteria
. Virus,
TLR 8 Endolysosome Viral ssRNA Self ssRNA .
bacteria
Bacterial and viral Virus,
TLR9 Endolysosome DNA Self DNA bacteria,
protazoa
TLRLO Endolysosome Unknown unknown unknown
1.7.3 RLRs

Retinoic acidnducible gene | (R} like receptors (RLRs) were identified as

cytosolic sensors of viral RNA which could be triggered independently of TLRs. They

were quickly demonstrated to play antegral role in early anviral response to

viruses[275. The RLR family are composed of-IRiglelanoma differentiation

associated antigen5 (MDA5) and Laboratory of genetics and physiology 2

(LGPR76-278. RLRs are reportedly expressed at low concentrations in the
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resting cell and these concentrations are greatly increased upon stimulgticis
278 279.

RIGI and MDA5 are IFN inducible RMN@licasesthat play a crucial role in the
detection ofcytoplasmic RNA275, 278]. These RNA helicases are comprised of an
N-terminal caspase recrument domain (CARD) and a centhalicase domain with
ATPase aatity which is obligatory for RN&ctivated signalling[275]. The
engagement ofiIsRNA or &riphosphateRNAwith the Gterminal domains of RLRs
initiates a signalling cascad280, 281]. This occuryvia a CARBCARD iteraction
between the helicasand the adaptor protein IFN promoter stimulator 1 (IP&)
[282-285]. The outcome of this cascadstimately reailts in an antiviral response
mediated by type IFN production275, 286]. LGP2, a third member of the RLR
family, lacks the CARD domain and therefore does not induce signalling. Instead,

LGP2 inhibits R¥Gsignallind287).

DespiteRIGI and MDAZunctioning by similar mechanisms, the literature suggests
variation in their roles.RIGI is thought to be required for the response to
paramyxeviruses and influera virus, while MDAS is consideredtical for the
response to fornavirus and noroviruf288, 289. As RIGI and MDA5 recognize
short and longdsRNAs, resmtively it is possible this variation may be due to
length-dependent binding of dsSRNA by these two RIZR€)]. RIGI is also capable
2T RS Sriplibgphfaiz RK (288 291]. The IFNinducible dsRNAactivated
protein kinase (PKR), an enzyme that can moderdte antiviral and

antiproliferative activitief IFN can also recognisersl RNA292-294].

The current understandingis that the major contributionto dsRNAactivated
responses is mediated by RLRs, with reaatd suggesting that PKR may be able
to amplify RLRsignalling[295, 296]. This elucidaes to cross talk between these
different cellular dsRNAensing systemencompassedn antiviral defence.[297,
299.
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1.7.4 TLRs in cancer

Under normal circumstances inflammation is tightly regulated to lirodl
proliferation until infections are resolved and tisstepair is completeln contrast,
chronic inflammation establishes an environment rich in inflammatory cells, which
produce growth and survival factors. This mierovironment provides a platform

for surrounding cells which have already sustained DNA damage or mutations, to
proliferate and form a tumouf46]. Many tumours do contain increased amounts

of immune cells and show all the characteristics of ongoing inflamm##8g. In
previous years, specific inflammatory conditions have been associated with
particular cancers. For instance, chronic ulcerative edditid Crohns disease show

a strong association with colon cancer, gastric cancer is linked to Helicobacter
pylori infections, schistosomiasis and bladder cancer as well as chronic cholecystitis
and gall bladder cancdd8, 65, 300-302. On the other hand, constant intake of
anti-inflammatory drugs can reduce the risk of developing certain types of cancer
[300, 303. Consequential to their capacity to induce a potent inflammatory
response, TLRs have become a chief target in driving tumourigenesis. Several
reports have described a correlation between certain TLR sequence variants and
the risk of developing specific cancers, in particular TLR4 and20g,é804-312].
Similarly, in vivo,it has been reported that Listeria monocytogenes infection
promoted tumour growth in a TLR2 dependent manng&l3. The major
mechanisms driving THRduced tumourigenesis, are suggested to be the induction
of immunosuppressive cytokines, which subsequently lead to evasion of the
immune response and resistance to apoptosis. In addition, the miIRNA4586iR
and miR146 have been implicated in-Bell lymphoma, breast and lung cancers,
pancreatic adenocarcinomas, prostate, stomach and papillary thyroid carcinomas
[314-32(]. Recent reports, have shown that miB5 as well as miR46 are up
regulated in response to TLR2, TLR3, TLR4, TLR5 and TLR#iatimdicating an

alternative mechanism of how TLRs can influence tumourige[&&is322).
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1.7.5 TLR 4 in Prostate cancer

Recruitment of one or several adaptor molecules to a given TLR is followed by
activation of downstream signal tnaduction pathways via phosphorylation,
ubiquitination or proteinprotein interactions ultimately culminating in the
activation of transcription factors that regulate the expression of genes involved in
inflammation and antimicrobial host defenc§60. Three major signalling
pathways responsible for mediating TLR induced responses indlktle., Mitogen
activated protein kinases (MAPKs) and IFN regulatory factors [E®Bs260, 323.
Whilst IRFs are essential for stimulation of IFN productidf®; .and MAPKSs play
central roles in the induction of a pfiaflammatory responsd211, 323. In the
event of TLR4 activation, four different adaptor molesubre recruited for signal
transduction, namely MyD88, Mal, TRIF and TRAM; with numerous associated
adaptors reflecting the intricacy of signalling downstream of this recef3@¢-

328. TLR induced signalling can be largely divided into MyD88 deperahd
MyD88 independent TRIF dependent pathways, both of which are capable of
activatingNF¢ ., although each activates additional signalling components MAPKs
and IRF§42).

In response to TLR4 stimulation by an appropriate PAMP, MyD88 associates with
the cytoplasmic parof the receptor and subsequently recruits members of thé IL
receptor associated kinase (IRAK) faniBp9, 33(. Further downstream the
associated IRAK kinase recruits TRAF6, contributing to the catalysing the formation
of polyubiquitin chains of TRAF6 and substrates including transforming growth
activated protein kinase 1 (TAK1) and the IKB kinase (IKK) sistfitessential
modifier (NEMO]J]331. A central step in the downstream signalling events is the
recruitment of TAK1 binding protein2 (TAB2) and TAB3 to ubqied TRAF6
which brings TAK1 into proximity to the signalling complex, leading to its activation
[332. TAK1 stimulates two distinct pathways involving the IKK complex and the
MAPK pathway respective[$33. In the firg pathway, TAK1 mediated activation

of the IK complex results in site specific phosphorylation of the inhibitory kB

protein IKB. Being the point of convergence for multidke® .inducible stimuli, IKK
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repreents an essential component imany inflammatoy signalling pathways
[334)].

TRIF dependent activation df~ .occurs through binding of TRAF6 to TRIF and
subsequent ubiquitination dependent recruitment and activation of TA3Qg]. In
order to obtain robustNFB activation, a second molecule receptor interacting
protein 1 (RIP1), involved in Tix#eeptor mediatedNFS . activation, is also
recruited to TRIF336]. RIP1 is polybiquitinated to form a complex wh TRAF6
and these two molecules appear to -operate in facilitating TAK1 activation,
resulting in IKK mediated activation B~ . as well as activation of the MAPK
pathway [337]. Molecular signalling mechanisms within the TRtfependent
pathway illustate how selective binding of different molecules ie., TRAF3 or TRAF6
result in the recruitment and downstream activation of THRE versus TAKKk

NFS .respectively{42] (Figure 1.1D

In PCa, the first evidence of a possible involvement of TLRs from epidemiological
studies. A previous immunohistochemistry and efRJRbased screen on 133
patients with prostate adenocarcinoma demonstrated an association between high
expression of TLR3, 4 and 9 and the recurrence of [B84. In vitro studies
showed that rat prostate adenocarcinoma derived MAT cells constitutively
express TLR4 and respond to the TLR4 ligand LPS through the activation of ERK1/2
and NFkB, thereby upregulating numerous chemokines such as MCP1, MIP1a,
IP10,RANTES and-8]339]. Subsequently, Andreani and-emrkers demonstrated

that LPS stimulation of MAIU cellsn vitro before immunization inhibited tumour
growth in syngeneic rats but not in athymic nude ei&rom this they concluded

that TLR4 stimulation can elicit the T lymphoegtediated immune response
against the tumour rather than directly acting on PCa ¢8H€]. Down regulation

of the TLR4 receptor in PC3 was reported to induce a dramatic redusftitumour

cell viability and invasiof341]. Intriguingly, in accordance with a ptomour role

of TLR4 in PCa, it was also reported that peroxiredbxia overexpressed in
human PCa and that it regulates prostate tumour growth in a murine cancer

experimental model through TLRMependent inductio of prostate tumour
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vasculaturg342]. Considering the reported association between carecet TLR4,

targeting the receptor may be as suitable tactic for PCa treatment.
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1.7.6 TLR 3 and RiGn Prostate cancer

TLRs expressed at the cell surface or luminal aspect of-lggdmal membranes,

they do not seem capable of recognising intracellular cytosolic pathogens and their
derivatives such as viral ssRNA, dsRNA and DNA as well as components of
internalised or intacellular bacteria, the intracellular components of the innate
immune response are of intere$843. Cytosolic PRRs playvaal role here in
response to pathogen recognition and inflammatory response. These include the
intracellular TLRs and the TLR independent recognition receptors, nameeaipers

of the retinoic acidnducible gene | (RH3}-like receptors (RLRs) and nucleotigle
binding oligomerization domain (NOIRe receptors (NLRs). For this reastire
response of intra cellular PRRs TLR3 and RI8l receptor were selected as
representatives of cytosolic PRRs in this study. These receptors play a critical role in
recognigng cytoplasmic RNA in innate immune response. Stimulation of TLR3 and

RIGI induces multiple inflammatory pathways including IRFHRd .

The signalling cascade of TLR3 andIRdgely overlap. Viralctivation d the TLR3

and RIG@-mediated pathwayscan ke simulated by the addition aransfection of

synthetic dsRNA (poly(l:@)}o cells. Theignalling pathways activated By R3 and

RIGI differ in their initial stepsbut they converge at the end and activate the

LINR G SAyYya | ABKladdSvay & l®YWY hiviatas KFE A 08 LIK2 & LIK 2 NE |
AGAa A yBahdcausitghtd dedradationBKland Ks = K2 gSOSNE | OUG A
by directly phosphorylaing it and causing its dimerization and nuclear
translocation [344]. In RIG, IPSL is a point of divergence of two different

signalling pathways involving either IRFN&+ . [345. The IPS-TRADD complex

recruit TRAFand the adapter protein TANK which subsequently activate HBEH1

L Y Meading to IRF phosphorylatid275, 286, 288, 345-347]. Alternatively, The
IPS1-TRADD complex propagates the signaNt&f . [348] .Viralactivation d the

TLR3 and RIG@-mediated pathways can & simulated by the addition or
transfectionof synthetic dsRNA (poly(l:C)) into cells. Following the stimulation of

TLR3 by dsRNA, the adapter protein TRIF is recruited. TRIF is responsible for
initiating signding through the TRAFBANKTBKIRF3 pathway349. RIGI utilises
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this route also. In these signalling cascadesSNF | QG A @ GA 2y 2 OO0dzNE&
binding of TRAF6 in the case of TLR3 and following TAK1 recruitment for RIG
[339(Figure 1.1}

The literature has reported antumour potential of TLR3 and RI@ cancef263,

350]. Gambara et al., demonstrated that by stimulating TLR3 with Poly (I:C),
proliferation was inhibited and induced apoptosis in LNCaP cells to a greater degree
than PC3 PCa cel263 351, 352]. Subsequently, Chin et al., m@ped that the
suppression of tumour growth of TRAMI2 murine PCa cells transplanted in
syngeneic mice induced by poly(l: C) was dependentlymphocytes and NK cell
recruitment within the microenvironment[353. Alternatively, high expression of
TLR3 was shown to be associated with relapse iNB88h Research exploring the
effect of Sendai virus have suggested an induction of apoptosis in PC3 and DU145
PCa cells but not afon-transformed prostate ephelial PNT1 and PNT2lIs[350].
Fragments of viral RNA transported by Sendai virus are recognized bl drif
mitochondrial antiviral signalling (MAVS) [350, 354]. Additionally, Besh and
colleagues reported that synthetic RNA induces type lihEpendent apoptosis

in human melanoma cells via the activation of REBd melanomalifferentiation-
associated gene 5 (MDAJB55. Taken together the literature supports the
prospect thattargeting TLR3RIGI and MDAGS in PCa and that further investigation

is required into their role in PCa progression.
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1.81 NF¢ .

The RelNF¢ .family is a groupof transcription factorsthat are activated by a
extensivearray of stimuli, such as DNdFamage, cytokineand free radical$356,

357]. NFB is an inducible trangiption factor widdy involved in immune
response,carcinogenesis, andhemoresistanceg358-361]. It is now established
that NF¢ .functions as a link between chronic inflammation and carj8én, 362,

363). Five proteins have been classified as members of the transcription factor
family. The have been identified @65 (RelA), RelB;Rel,p105/50 and p100/52
p105/50 and pl00/52 are distinguised from the others as they ardirst
synthesized as priorms (p105 and p100) before being proteolytically processed to
p50 and p52 respectivel{B64]. All five members form homoor heterodimers.
[365]. RelA/p65 is respasible for most of Nk, Q& G NI YAONRLIGAZ2Y L |
abundang and robust transactivation domaifNF® .activity is tightly regulated in

the cell.

In its inactive form NF¢ .is retained in the cytoplasn by dephosphorylated
members ofthe kB inhibitory protein familyjncluding kB-a and IkB-b [357] The
interaction between NF¢ .and kBa prevents the nucleatocalsation of NF¢ .
[356, 357]. Potent activators, such as TidFIL-1, or LPS, inducepid degradation

of the kBs (specificallykBa) within minutes[366-368]. The entire process okBa
degradation involves series of weltharacterizedsteps. One of th earliest events

in the commonactivation pathway is the activation dfB kinase (IKKB69, 370.

IKBh A& LIK2aLK2NEBfIFIGSR 40 a§SWNNWYESNBANRAGZD X
thereby flagged for ubiquitinatio370-372. Following ubiquitination,lkB" is
degraded by the 26S proteasome comp|8X({. This results in the translocation of
NFS .to the nucleuswhere ittriggersthe transcription of arangeof geneswhich
include cytokines, cell cycle regulatory proteingyembers of the KB and Rel
protein family as welas anttapoptotic proteind356, 370, 373 374]. The activation

of NF¢ .prompts the transcriptional activation of genes thanpede apoptosis
Subsequently obgructing NR¢ . activation instigates increased cell deafl370,
375.
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Upon classical or canonical activation Nf[ , excitatory signalling can be
instigated through Tollike receptors (TLRS), Interleukinreceptor (ILLR), tumair
necrosis factor receptor (TNFR) and antigen receptors. Typical stimulating signalling
molecules are tumar necrosis factorh (TNF), lipopolysaccharides (LPS), and
interleukinl 1 (IL-1 ) [376, 377]. Signal transduction instigated through these
receptors leads to stimulation of thé B kinase (IKK) complex, which in turn
phosphorylates®iB" primarily by IKK2. 8econdNFRS . signalling pathway is the
alternative pathway, also referred to as the noanonical pathway378]. In this
mechanism of signalling, a subset of receptors, includireglBactivation factor
(BAFFR), lymphotoxinreceptor (LTR), CD40, receptor activator for nuclear factor
kappa B (RANK), TNFR2 and Fnl4 tsgtes cascade by inducing kinase NIK.
Consequently, the activation of NIK culminates in the phosphorylation and
subsequent activation of IKH379]. IKK1 in turn induces phosphorylation of p100
thereby calling forit to be ubiquitinated, ultimately prompting its partial
degradation to p52[380]. The mechanisms leading to activation of the fion
canonical pathway are thus independent of the activity of IKK2 and the scaffolding
protein NEM{381] (Figure 1.12)

NF¢B activation typicallyinducesthe up-regulation ofpro-survivalgenes with its
activation providing the cells with the necessary survivamechanisrs.
Furthermore, NF B induces cytokines that regulate the immuared inflammatory
response (such as TNAL-1, I-:6 and IE8), as well as adhesion moleculédsreby
leadingto the recruitment of leukocytes to sites inflammation[382]. In relation

to PCathe literature has reported thalNF* .levelsare constitutively activated in
the hormone independent prostate cell lines FCand DU145, butnot in the
hormone responsive LNCaPlseFurthemore, PG3 cells demonstrateonstitutive
activation of IKK, the kinase responsible for phosphorylation dfBia and

activation ofNF¢ .[383].
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Figure 1.12 The canonical and noanonical NF¢ . signalling pathway poster image from
http://www.creative-diagnostics.com/Th&lFkB-SignalingPathway.htmNFS . OF'y o6S | Ol A @I @
a number of stimuli, including exposure of cells to Lipopolysaccharides, inflammatory cytokines such

as Tumour Necrosis Factor or Interleutingrowth factors,yymphokines, oxidanfree radicals, viral

infection or expression of certain viral or bacterial gene products.
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1.9 Experimental aims

The experimental work carried out for this thesis was designed to be carried out on
cell lines representing the disease model of metastatic CRPC, comprising of the AR
negative bone and brain metastasis derived PC3 and DU145 CRPC cell lines,
respectivelyInitial toxicity screening was also performed using non metastatic cell
lines as a representative of organ confined AR dependent Ft@afollowing were

the aims of the experiments:

1. Evaluate the toxicity of ApoE peptide mimetic compounds COG112 and

OP449n PCa cell lines and verify their effect on cell cycle progression

2. Investigate the expression of SET oncogene in PCa cell model. Validate
the ability of ApoE peptide mimetic to interrupt the formation of SET

PP2A complex and modulate downstream sitimg
3. Explore theanti-inflammatoryproperties of the ApoE peptide mimetics

and elucidate the effect of COG112 and OP449 on TLR stimulation and

signalling
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Chapter2: Materials &
Methods




2.1 Cell culture

2.1.1 Cell lines

Human normal primary prostate epithelial cells (HPrEG) non-malignant,
immortalised human prostate epithelial RWREells,PCacell lines 22Rv1l, CWR22,
PC3 and DU145 weudl obtained from American tissue culture collectigATCC;
VA, USA)PC3 and DU145 cells were originalrived from the bone and brain
metastatic site, respectively. The nometastatic epithelial cell line, 22Rv1, was
originally derived from a xenograft that was serially propagated in mice after
castrationinduced regression and relapse of the parental,mam androgen
dependent CWR22 xenograff able 2.1).

2.1.2 Patient RNA samples

RNA tumownormal matched samples isolated form patient biopsies were gifted
from Dr. Stefan Ambs, Laboratory of Human Carcinagenesis, National Cancer
Institute, Nationalinstitutes of health, Bethesda, Maryland, USA. The samples
included 6 matched pairs. N&T1 and N&T2 are from African American Patients
while N&T 36 were from Europeamerican patients. The Ambs Prostate cancer
case control study was approved by the N@iofocol #05GN021) and the
University of Maryland (Protocol #0298229) institute review boards.

2.1.3Culture conditions

RWPEL cells were maintained in complete keratinocyte serfree medium
6Y{CauvX adzZJJ SYSYUGSR ¢AGK pn >3IKY[ 020
epidermal growth factor (Gibco). 22Rv1 and CWRE2cell lines were maintained

in RPMI medium (Sigma) supplemesh with 10% foetal bovine serum (FBS)
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(Sigma). DU14BCecell line was maintained in MEMalpha medium (Gibco) and PC3
PCaOStt fAYS g1 a ¥I2hufriert iy (GiBco)Abpth mddix @efie C
supplemented with 10% FBA. pellet of Primary prostate pithelial (HPrECkells
obtained from a lab colleague had bepraintained in prostate epithelial cell basal
medium, supplemented with 6 mMIDf dzii | YAY SS nom: 9EGNI O
05ng/mMLThTGF X mMnn Y3IKY[ | @RNRO2NIA AR p
Apotransferrin (ATCC). All the media listed above contained 100 units/mL of
LISYAOAfEtAYS mMnn >3kY[ 2F aGNBLI2YROAYy XS
(Gibco). Culture medium was changed evef$ days, and cells were passaged
using 0.05% tryps-Ethylenediaminetetraacetic at{EDTA) (Sigma), upon reaching
70¢80% confluency. Passaging of cells entailed washing the cells with Dulbecco's
phosphatebuffered saline (BPBS) (Sigma), followed by trypsinisation atG3Tor
approximately5 minutes. Anequal volume of complete media was added to the
detached cells, the resultant spension was centrifuged at 30@xor 5 mintes at

room temperature, and the pellet was resuspended in the appropriate complete

media. Cultures were grown in a humidified 832 environment at 37C.

2.1.4 Freezing and thawing of cells

All cell lines were cryopreserved in a freezing media composed of 90% FBS and 10%
dimethyl sulfoxide (DMSO) (Sigma). Cells were harvested and resuspended in 1 mL
of freezing media at a conn&ation of 1-3 x 10 cells/mL and pipetted into
cryovials (Nunc). The cryovials were then stored2&'C for 2 hours, and then
transferred to a-80'C freezer. Liquid nitrogen was used for the legn storage

of cells. Cell lines were restatéy rapidy thawing a cryoviah a 37C waterbath

and transferring the contents to 10 mL complete media in a dxge manner

within a 15 mL centrifuge tube (Sarstedt, Germany). The cell suspension was then
centrifuged and the cell pellet resuspended in 5 mL of complete media, gaasdf

to an appropriate tissue culture flask (Sarstedihere a sufficient volume of media
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was added to cover the entire bottoraurface of the flaskand the cells were

allowed to attach and grow at 3C and 5% CO2.

Table2.1Prostate cells used in thistudy

Cell Line Site of Origin Characteristics
Prostate epithelial cells| Prostate epithelial cells Primary cells
RWPEL Prostate epithelial cells Immortalised cell line

PCa epithelial cells

AR positiveAndrogen
CWR22 transplanted to

dependent
Xenograft model

AR expressed, AR responsi
PCa epithelial cells
Androgen independent
22RV1 derived from xenograft
o proliferation Castration
propagated in mice _ _
induced regression.

No AR, androgen
PC3 PCa bone metastasis independent

No AR, androgen
DU145 PCa braiimetastasis independent

2.1.5 COG 112 and OP449

Compounds (COG112 and OP449) were manufactured and provided by
collaborator Dr. Mike VitekDncotide Inc, North Carolina, USAStocks were made
by dissolving compound in PBS tenaster stock concentration of 10mg/MLhe

compoundDocetaxel was purchased from Sigaldrich (Sigma, Dublin, Ireland. #
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018855MGF). Unless otherwise stated, all chemicals were obtained from Sigma
Aldrich, Ireland.

2.2 Viability Assays

2.2.1 Tryparblue counting chamber

Proliferation and cell number was assessed by making a 1 in 2 dilution of cells
suspended in media with Trypan blue (Thermo Scientific). A volume of 100ul cell
suspension was transferred to a fresh eppendorf before 100ul Trypan wiedad
Cell suspension and trypan blue were gently mixed by pipetting up and down.
Using a pipette, 2@l of Trypan blue treated cell suspension mix was applied to a
haemocytometer. Live, unstained cells which, which lay within the grid parameters
of each ofthe four corner squares, were counted under the microscope. An
averageof the four squares was calculated and multiplied by 2 (dilution factor).

The final value is the number of viable cells %10 in the cell suspension

2.22 Alamar blue assay

Cels were harvested as described in section 2.1.2 amduspended in fresh

medium at4 x 1@ cells/mL. One hundred microlitres of cell suspension was seeded

into each well of a cell+ 9&ell plate and cultured overnight in 5% £& 37°C.

Media was replacedvith 21 n > 2F GKS Ay RACOGIRRNdO2Yy OS
OP449 resuspended in PBS and diluted with media followed bywarbaion

period at 37CiN5% GOF2NJ I FdzZNIKSNJ TH K2dz2NED® C2ff 2
resazurin and cells were incubated ®to 8 hours at 37C. Plates were read using

the Wallac platereader (Perkin Elmer) set at 530nm excitation and 620nm

emission A percentage (%) survival curve was calculated based on these values and
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the IC50 was determined using the untreated controltuw@s as reference
comparison for uninhibited (100%) growth. Viability assays were performed 3 times

and error was presented as + SD.

2.3 Flow cytometry

2 .3.1 Annexin V staining

Cells were seeded in triplicate in ax@ll plate at a concentratioof 2 x 10 cells

per welland left to adhere overnighat 37'C in 5% COCells were therand treated

with 2 > a OP449 the IGo value calculated from alamar blue assay (2.2a24 1

> adocetaxelover a72 hourstimecourse. Tie supernatants were transferred into

tubes and the cells were harvested as described in section 2.1.2 using 0.05%
trypsinrEDTA. The cell suspensigmghich may contain dead floating cellskere

added to the supernatants and centrifuged at 400 x g for Buteis. Samples were
NB&adzaLISYRSR Ay nodp Y[ FYYSEAYy adGlAyAy3a o
of 10 mM Hepes/NaOH (pH 7,4) 140 mM NacCl, 2,5 mM CacCl2) and incubated for 15
minutes at 4C. Propidium iodide (P1) (Molecular Probes, Oregon) was addée to

al YLt Sa d m >[kal YL SO {YLX Sa gSNB {SLJ
flow cytometer. Cells were initially gated on morphology (FSC vs SSC), and then on
annexin V (FL1) versus Pl (FO®tal dead cells werealculated by adding the
percentage sum of the eargpoptotic (annexin V +/ R), necrotic/late-apoptotic

(annexin V +/Pl +) and fragments (annexi Rl 4. Data was processed by Flowjo

v10.0.6software

2.3.2 Cell cycle analysis

PC3 cells were seeded into a petri dish akeasity of 1.5 X Hxells pemplate and
left to attach overnightat 37'C in 5% CO This was followed by treating cells with
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OP449 at the concentrations artone points outlined in theresults sectionThe
cells were harvestednd filtered at theindicated time points post treatment, and 1
x 1 cells per samplavere fixed in icecold 70% ethanol (Sigma) for aabt 2
hours. Next, the ethanalas decanted and the cells were washed in P8l®wed
by staining with 0.5 npropidium iodide (Pl)/RNasstaining buffe(BD Biosciences)
for 15 minutes Samples wererotected from lght and kept on icentil analysis on
the BDFACS Canto flow cytometer. At leastQ evens were recorded per
sample. Thegating strategy was as follows: 1) cell morpholbgged on forward
scatter (FSQJersus side scatter (SSC), 2) large event dis@tion based on FSC
versus SSGnd 3) large event discrimination based on fluorese The
percentage of cells i1, S, and G2/M of the cell cycle was analysedattime
points indicated in theresults section, using Flowjel10.0.6 software using the

Dean Jett Fox model.

2.4 Protein detection

2.4.1 Sample preparation

Cells pellets were obtained as described in section 2.1.2, washedceitioldPBS,
followed by lysion ice for 15 minutes with an appropriate volume of RIPA buffer
(Sigmdy m- t NRPGOSIFaS LYKAOAG2NI /2010GFAf LLL
inhibitor (Roche Life Science). The Samples were then centrifuged at 12,000 rpm
for 15 minutes at AC. Supernatais were transferred to fresh tubes and storedaat

20'C. Protein concentration was determined using the BCA assay (ThermoFisher,
MA).

Note: For analysis of apoptogislated protein PARP culture supernatants were
collected, centrifuged at 10@ g for 5 minutes and the resultingellet combined

with the cell pellet prior to cell lysis.
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24.2 Immunoblotting

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

Technologies) was added to the protein sample at a ratio éfahd the samples
were boiled at 95C for5 minutes. Equal concentrations of protefrom each
sample(20- 50ug)were resolved using either hand cast T@&kycine gels or-812%
SDolyacrylamide precast NUPAGE® Bisis gels (Lifefechnologies) Samples
loaded were run usiniNUPAGE® MES SDS Runminffer (Life Technologies) or
running buffer prepared ishouse (10X triglycine, 10% SDS, dB2 The
percentage gel selected was dependent on the esalar weight of the protein of
interest. Proteins were tnasferred to nitrocellulosenembranes using the iBlalry
blotting system (Life Technologies). Membranesrevthen stained with Ponceau S
(Sigma)stain to assess equal protein loadingnBeau S was washed off using 1X
tris buffered saline tween (0.1%), ($8), (25 "M Tris; 3 mM potassium chloride
(KCI);68.5 mM sodium chloride (NaCl) (pH8) (all fr&gma), and membranes
were blocked in 5% milk (Sigma) in 9B®r 1 hour at room temperature.
Membraneswere then incubated in primary antibodgyade up with5% milk(or 5%
bovineserum albumin (BSA) for phosppootein detection) in TBS, overnight at
4'C. See Tablg.3 below for antibody details. Membranesere then washed 3
times for 5 minuteseach with TBS, followed by incubatin with either IRDye
800CW gat antirabbit or IRDye 680LT goat amtiouse secondary antibodies {LlI
CORBiosciences) in 5% milk in FTBSor 45 minutesat room temperature,
protected from light. See Table.2below for secondary ratibody details. Three 5
minute washes with TB$ andone 5 minute wals with TBS were then performed,
followed by imaging of the blot using the ODYSSEX [nager (ECOR
Biotechnology, B, USRA For chemiluminescence (ECimpaging the washed
membranes werancubated with either antRabbit or antmouseHRPlinked 1Gg
secondary antibody (GHealthcare) diluted in in 5% BSA in 7IB& 45 minutes at
room temperature. Following three 5 minute washes in IIB$he enhancedHRP
substrate was used to detect the target protein usiigdzLIS N A 3y | £ u

Chemluminescent Substrate Ermo Scientific)
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2.4.3 TrisGlycine gels

TrisGlycine gels were hanhcastusing the MiilPROTEAN® Tetra Cell Casting Stand
with Clamp Kit (BiRad Laboratories Inc., USA). Briefly, a short plate and spacer
plate (1.5mm) were inserted and fastened into each casting frame, which was
placed and secured into the casting stand. Degirg on the % resolving gel
required, the gel was made up according to the redigéow (Table 2.2)and the
mixture was immediately poured between the glass plates, with enough room left
over for the resolving gel. Immediately after pouringp@panol wa added to
ensure that the gel set evenly. Once the resolving gel had set,-firefganol was
poured off and the stackingel solution(Table 2.2)wasprepared and immediately
poured on top of resolving gel. The appropriate comb (10 emddl) was inserted

and the gel was allowed to set.
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Table 2.2 Recipes for immunoblotting gels

Components 10% Resolving| 12.5% Resolving
(obtained from Gel Gel Stacking Gel
Sigma) (per gel) (per gel) (per gel)
Deionised H20 (ml)
2.76 1.95 3.6
30% Bisacrylamide
3.34 4.15 0.668
(ml)
1M TrisHCI pH 8.8 3.75 3.75 0
(ml)
1M TrisHCI pH 6.8
0 0 0.625
(ml)
10% SDS (l) 100 100 50
50
10% APS (u) 50 25
5
TEMED (pl) 5 S
Total (ml) 10 10 5
Table 23 Primary antibodies used for westrn blots
Antibody Application Dilution Company Product #
wACtin WB 1:25000 SigmaAldrich A5441
SET WB 1:500 Calbiochem | \p1134
SET WB 1:1000 Abnova HO0006418
PP2A WB 1:2000 millipore 05421
p-PP2A WB 1:1000 Santa Cruz SC12615
AKT WB 1:1000 CST 9272
p-Akt WB 1:1000 CST 4058
MAPK WB 1:1000 CST 4695
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p-MAPK WB 1:1000 CST 4370
PARP WB 1:1000 CST 9542
D{ 0% wB 1:1000 CST 5676
LD{ I WB 1:1000 csT 9331
TLR 1 wB 1:250 Millipore 06-006
TLR 3 wB 1:1000 Chemicon Int] AB4237
TLR 4 wWB 1:1000 Abcam ab30667
TLR 5 WB 1:1000 Calbiochem AP1180
TLR 6 wB 1:500 Calbiochem OP183
TLR 7 wB 1:000 Calbiochem AP1181
TLR 8 WB 1:1000 Millipore MAB10141
TLR 9 wWB 1:300 Calbiochem OP185
RIGI wB 1:1000 Millipore 06-1040
RIGI WB 1:1000 CST 3743
MDAS5 WB 1:1000 CST 5321
LYYs WB 1:1000 CST 2905
pLYYs® WB 1:1000 CST 8766
TBK1 WB 1:1000 CST 3504
p- TBK1 WB 1:1000 CST 5483
IRF3 WB 1:1000 CST 11904
p-IRF3 WB 1:1000 CST 4947
LY. n WB 1:1000 CST 9242
p-LY. N WB 1:1000 CST 2859
P65 wB 1:1000 CST 8242
MAVS wB 1:1000 CST 3993
Lammin A WB 1:1000 Abcam ab8980
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Table 24 Secondary antibodies used for western blots

Antibody Application | Dilution Company | Product #

IRDye 680LT

Antlig/lguse wWB 1:20000 LICOR 92668020

IRDye 800CV|
Anti-Rabbit

e wB 1:15000 LFCOR 926-32211

IRDye 800CV|
Anti-Goat 1gG WB 1:15000 LFCOR 92532214

ECL Ani

Rabbit 1gG, GE
HRPlinked WB 1:2500 NA934
Ab from Healthcare

donkey

ECL Ani

Mouse IgG, GE
HRPlinked WB 1:2500 NA931
Ab from Healthcare

sheep

2.5 Protein purification

2.5.1 Immunoprecipitation

Protein was isolated and quantified as describe@.th 1l Immunoprecipitation(IP)

was perbrmed usingan IP ki as per manuals instructionsTiiermo Scientific
#26148). In brief,500ug protein lysate was pieeared with agarose resin to
minimise nonspecific binding. PP2A antibody was prepared by making a 4ug/200ul
solution using coupling buffer (4ul antibodpto 196ul coupling buffer) and

coupled with 20l amino linked resin per sample in each microcentrofuge. In a
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FdzYS K22RX o>[ 27F (KSSouthik@EMy¥as/added/faro 2 N2 K
SOSNE Hnn>[ 2F NBIFOUA2Yy @2fdzySd ophIAy O2f
rotator at room temperature for 2 hours before being washed twice with coupling

buffer (0.01M sodium phosphate, 0.15M sodium chloride). Flow through was
collectedto verify antibody coupling. Antibodesin mix was washed twice with

200ul coupling bl SNJ | YR H n AHC[. The flow thraught w3 discarded.

Tubes were plugged and 200ul of 1M Tirig f YR o>] 2F
Cyanoborohydride solution and was added to the resin. Tubes were incubated for

15 minutes on a rotator. Supernatant was discardedchEresin sample was

washed twice with 200l coupling buffer and 6 times with 150ul of a 1M NaCl wash
solution before proceeding to immunoprecipitatioRre-cleared protein lysate was

diluted to a final volume o600ul with the IP Lysis/Wash Buffer (0.025Mis,

0.15M NaCl, 0.001M EDTA, 1%40R 5% glycerol; pH 7.4rotein samples were

added to the antibodycoupled resin in the spin column, plugged, capped and
incubated overnight on a rotator at'@.Samples were centrifuged and protein flow

through wascollected and stored for further analysResin was washed with 200pl

IP Lysis/Wash Buffer. Resin was rinsed and centrifuged an additional three times

with TrisBuffered Saline (TBSesin in the spin columns was washed twice with

H N N> [ -cadAPLYsi€\®ash Buffer (0.025M Tris, 0.15M NaCl, 0.001M EDTA, 1%
NR40, 5% glycerol; pH 7.4). Flow through was discarded and columns were

L dzZ233SR® { LAY O2fdzyya oSNBE LI I OSR Ay FNI
Elution Buffer (0.1M Glycine pH 2.6) wasldad to each column before
OSYUNRFdzAlI GA2y® | y2UKSNI Tp>[ 2F Stdziazy
Samples were incubated for 10 minutes at room temperature before being

centrifuged ino the collection tube. Eluted samples were analysed by wadiéot

2.5.2Biotinpulldownassay

Protein concentrations of thé/sate were adjsted to 1 mg of total protein per mli

of solution. 90ug ofbiotin labelled COG112 wasncubated with immobilised
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streptavidin (Thermo scientific)at 4C for 2 hours. Biotinalone (70pg) was
incubated with the streptaviti beads as a negative control. Following
centrifugation at 1250 x g for 60 seconds, samples were washed twice with 250pl
biotin blocking solution (0.001% BSA in PBS) in order to block free streptavidin.
Sampes were gently mixed by inverting-23 times and incubated at room
temperature for 5 minutes before centrifugation at 1250 x g for 60 seconds, Each
sample was then washed three times with 250ul TBS and spun at 1200 x g for 60
seconds. 200ul otell lysate was addedto the appropriate tubes with one
remaining lysate free, where 200uL TBS was added instead. Samples were
incubated at 4C for 2 hours. Following the incubation period, samples were
centrifuged at 1250 x g for 60 secondmd the lysate was colleed for later
analysis of the flow through by western bl&amples were washed three times
with TBS with 0.05% Twe&® and gently mixed by inverting 5 times and
incubated at room temperature for 5 minutes before cefugation at 1250 x g for

30 secondsPrior to elution, 10ul neutralising buffer (1M Tris in ultrapure water)
was added to each sampl8amples were eluted form streptavidin beadsdxiding

250ul elution buffer @.1 M glycineHCI (pH2.§) and mixed by gentle inversion
before incubating at rom temperature for 5 minutes. Samples were spun at 1250

x g for 1 minute and supernatant was obtained for assessment by western blot to

determine protein bound to biotin labelled COG112.

2.6 Cellular localisation

2.61 Qubcellular fractionation

Celk were treated as required before being harvested as previously desttie
obtain a cell pellet A subcellular prtein fractionation kit was used, as per
manufactures instructionsto isolate the nucleus and cytoplasmic fractions

(Thermo Scientific 78840)n brief, lysate was extracted from 2X16ells by
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incubating 200plof hypotonic buffer (20mM HEPES pH 716, mM NaCl, 3 mM

MgCt (Thermo Scientifi¢) M - t K2a{¢htwun LK2ALKIGIAS AY
Science) and 1X protease inhibitor cocktail 1l (180%k) (Fisher Bioreagentsj

nc/ FT2NJ mp YAYdzi &6 (SignFnadNatdedperssampls. Samplest

were vortexed to for 5 10 seconds.Cytoplasmic extract was isolated by
centrifugation at 500 xj for 5 minutes and the supernatant (cytoplasmic fraction)

was transferred to fresh ice cold eppendorf. The remaining pellet was resuspended

in a 200ul volume of the hypotonic buffer araéntrifuged at 500x g before

discarding the supernatant. This was reped twice before resuspendhg the

LISt €t SG Ay wmnn>f wLt! 0dzZFFSNI O{AIYI O &dzLILJ
inhibitor and 1X protease inhibitor cocktail Il (Fisher Bioreagents). The samples

were spun for 5 minutes at 5000g at 4'C and the superrtant (nuclear fraction)

was retained and stored aB0'C until required. Cytoplasmic and nuclear fractions

were analysed for protein localisation by western blot.

2.7 Kinase screening

2.7.1 Reverse phase protein array

A reverse phase protein array serewas performed, using the library resources of
collaborators in Beaumonin collaboration with Prof. Byran Hennesg384]. In

brief, PCacell lines were grown to 80% confluency in their respective media,
suppkemented with 10% foetal bovine serum and 1% 100X antibasttanycotic,

before treatment with OP449 for 48 hours. Upon harvesting, cells were washed
twice in icecold PBS and lysed in RIPA lysis buffers as previously described. Protein
concentration was dtermined by routine BCA assay. For quantification and
accuracy purposes, protein lysates were tfotd serial diluted for four dilutions

(from undiluted to 1/8 dilution) and printed onto nitrocellulosmated glass slides.

The samples were blocked and peal with antibodies by CSA amplification. The

microarray slides were blocked prior to the addition of thenpary antibody. The
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DAKO signamplification system was used to detect and amplify antibbahding
intensity. A biotinylated secondary antibodynfemouse or antrabbit) was used

as a starting point for signal amplification. The slides were scanned on a flatbed
scanner to produce 16it tiff images where spots were identified. Signal intensity
was quantified using the MicroVigene automated RPPAlutewhich allowed for

the relative quantification of each sample. The cataloguantibodies used in the
screen were to identify modulated signalling of proteinsinvolved in
Pi3BK/AKT/mTOR signalling, MAPK related signalling cascades, cell cycle and

apoptosis in response to OP449

2.8 siRNA fansfection

2.8.1 Reverse transfection optimisation

siRNA reverse transfection was carried out using the specially formulated siRNA
transfection reagent Dharmafect #&E Dharmacon, CO, USA) supplied by Fisher
Scientific (Ireland), which according to the manufacturer has been used to
successfully transfect PC3 and DU145 cells with siRNA. The transfection was
optimised on the AllStars Cell Death Control siRNA (Qiagema@g), a cocktail of

siRNAs that target ubiquitously expressed human genes that are essential for cell
survival. The cells were harvested as describeskction 21.2 anda 50,000 cell/ml

cell suspension was made up for each cell line in complete mediau$
antibiotic). The experiment was carried out in triplicate in av@8l plate (Cell+)
(Sarstedt, Germany) for each cell liderange oDharmafectvolumes 0.1>Ddp > ©

and siRNA final concentration 5, 25, 50nM were assessed for toxicity alona and i
combination for successful transfection were assessed to configure optimum
transfection concentrations.df each well L >D.5>f 5KIF NX I FSOG o a |
mann>ft O02YLX SGS YSRAIF OYAydza FYyGAoA2GAO00
minutes at room terperature. Per well of the notargeting siRNA control

640N YOf SO 2NJ S5KFENXYIFTFTSOG 2ytftes wmon>ft 5
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incomplete RPML640 media.0.05, 0.25 and1 ®pofi n>a aAwb! 00OSf ¢
dAwb! 2NJ aON}XYofS0O g1 & | RRSsUDRAI0GMOK M7
siRNA) and allowed to incubate for another 5 minutes. The Dharmafect gy

(to evaluate Dharmafect cytotoxicity) contained no siRMAile SRNA only tubes

contained no Dharmafedto evaluateSiRNAytotoxicity)a S| y 6 KA £ §the mn n > €
cell suspension$(000 cells) were each added the wells of threev@dl plates, on

2L 2F 6KAOK wmnn>ft 2 Fonhj KRNA lorilyloNIddridafedt § S 5 K
siRNA solution was added in each plate (final siRNA concent&ti@s and 50nM

and0.lpp >t S5 KFNXYIF FSOG LiteNplawes wehe Favdfdrréddo the K S e
incubator at 37°C and 5% CO2. The alamar blue viability assay was carried out as
outlined insection 22.2 on one plate each at 24, 48, and 72 hours. The viability

was expressed as a percentage of the untreated (100% viability) per cell line per

plate.

2.8.2 Transiengeneknockdown

Cells were harvested as outlined in sectiorl.2.and a 5x190 cells/ml cell

suspension was made up in the appropriate complete mediatadoimg no

antibiotic. Per ml of mediffinalvolume) = REC3Z NJoBU145)Dbarmafectwas
O2Y0AYSR GAGK HOBPRSIRIGEPONENOKSaAGBN>a al2(
volume vere brought toa volume ofp nn>f dzaAy3 O2YLIX SGS YSR
antibiotic. Following incubation of theDharmafectsiRNA solution at room
GSYLISNI GdzZNS F2NJ mp YAydziSas pnn>t 2F GKS
of the appropriateDharmafectsiRNA solution was combined per well ofvéll

plate (Cell+). The-@ell plate was transferred to the incubator set at 37°C and 5%

CO2 for 6 hours. The media was replaced with 1ml fresh complete media and the

cells were incubated for a further 48 hourdielexperiment was terminated and

the cells were harvested as previously described. RNA and protein were isolated as
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required. The cells were assessed for changes in gene and proteiessipn using

RTFPCR or immunoblotting.

For forward transfection, callwere seeded into 6 well plates of and left to adhere
overnight at 37°C and 5% CQg@ior to transfection with SiSETIransfection

reagents were prepared as described abower ml of media m > § 2NJ H>f
Dharmafect(for PC3 and DU145 cells respectivetidgsO2 YO AY SR GAGK H O
each SIRNASETA ONJ Yot SO O wHn>a & ie2ddughtup tgyRn KIS @2
using complete media containing no antibiotic. Following incubation of the
DharmafectsiRNA solution at room temperature for 15 minutée old media vas

removed from each well and replaced by n ncerhplete media containing no

antibioticl YR pnn>f 2 F DiakfafectsiRNANsBIutidFerwellSof 6

well plate (Cell+)Theexperiment was terminated anthe cells were harvested as

previously deschied. RNA and protein were isolated as requirétie cells were

assessed for changes in gene and protein esgon usinggRFPCR or

immunoblotting

2.9 Gene expression

2.9.1 RNA extraction

Cells were harvested as described in section 2.1.2rasdspended in 1 mL of ice

cold Trireagent (Sigma) per sample. The cellseMeomogenised multiple times by

pipetting and then transferred to a sterile eppendooh ice for 15 minutes.
Sampleswvere then kept at80'C until further processig. Samples werthawed at

room temperature for 5 minutes, followed by the addty 2 ¥ HA N> OKf 2
(Sigma)and vigorous shaking for 15 seconds. Samples weea tentrifuged at

12,000 g forl5 minutes at B8'C and the upper aqueoushpse was transferred to a

fresh gpendorf and mixed with 500 [ A a 2 LINBA)JITHe2samplées we@

then keptat room temperature for 10 minutes and placed @0'C overnight.

Centrifugation ofthe samples at 12,000 g for 10 minutes aB'Z was then
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performed, followed bywashing of theRNA pellet with 70% ethanoligga). The

samples were thewortexed briefly and centrifuged at 7,500 g for 5 minutes at 2
8'C. The pellets werkeft to air dry for 15 minutesresuspended in an appropriate
volume of DEP@eated water (Sigma) and quantfd using the NanoDrop 2000c

spectrophotometer(Thermo Scientific, Delware).

2.9.2 cDNA synthesis

cDNA was synthesised using the Tetro cDNA Syhthes YA G 6. A2f Ay S0 @
G20t wb! gFa | RRSRNAZ wm>p[2MAhIXYaRTROEmy Y
0dzZFFSNE ™M >[ ¢SUONR MNP DSINE S RI NUKySa G2@K LdiySa S
>[ & A (reatesl Yvater in sterile 0.2 mlubes (Eppendorf). Samples wetteen

incubated at 45C for 30 minutes, followed by 85 for 5minutes using theVeriti

Gradient Thermal Cycler (Applied Bidsyss). Samples were stored €0'C.

2.9.3 Reatime PCR

Predesigned KicgStart® SYBR Green Primers (Sigma, MO, USA) were reconstituted

in molecular grade dH20 (Sigma, MO, USA)toa &k OSY iU NI G A2y 2F ™
storedathn 6/ ® 22NJAy3a aid2014a 6SNB YIRS +ia
at-hn e/ ® t NAYSNI &S ljtatd ¢804 mastér MR wak Praparddf SR A
dza&Ay3 p >[ H- WhSYy&BME!Z{ tndn, > 12F mn >a F2
Mn >a NBISNARS LINAYSNI FYR v >[ GSYLXIGS C
G2 wmn >t dreeliwaterySdaoplesS WelieSadded to a-88ll PR micre

plate (Thermo Scientific ABgene) and each reaction was carried out in triplicate.

The cycle conditions for reime PCR were as follows: 95°C for 2 minutes followed

by 40 cycles of 95°C for 5 seconds and 60°C for 20 seconds. The StepOne Plus Real
Time PCR System (Applied Biosystems) was used for each run. Thé&kdepisg

genei -Actinwas used to analyse the relative expression of the genes of interest.

Relative gene expression data was analysed usingitie/ ¢ Y SG K2 R®
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2.9.4 Primers

Primers (Sigi) were reconstituted in moleculagrade dH20 (Sigma) to a stock

O2y OSYUNYGA2Y 2F mmn c# & I¢\B& wakind BRI YI2
weremade andstoredati 1 s/ @ ¢ KS & SijttizprimerSusedEaghNd S| OK
found in Table 5. Where possile, primers wee designed to span exeantron

boundariesso as to reduce genomic DNA amplification.

Table 2.5RTFPCR primer sequences

Gene Name Forward Sequence Reverse Sequence

SET AATCTGGAAAGGATTTGAC ATCATCTTTGATGACCTCT

PP2Ac ATGGAGGGATATAACTGGT CTTGGTTACCACAACGATA

IL-6 GCAGAAAAAGGCAAAGAAT CTACATTTGCCGAAGAG(
IL-8 GTTTTTGAAGAGGGCTGA TTTGCTTGAAGTTTCACTG
WActin AGAGCTACGAGCTGCCTG] AGCACTGTGTTGGCGTAC/

2.10 Statistical Analysis

2.10.1 Statistical Analysis

All statistical comparisons were performed with GraphPad® Prism V 5.0 (GraphPad
Software, San Diego, CA, USBgpending on the number of factors, multiple
group comparisons were made using either a single ortwag analysis of variance
(ANOVA) followed by thTukeyor Bonferronipost hoc tes respectivelyto confirm
statistical differences between groups. Paired sample analysis was performed using
atwod A RSR LJ A NX¥eR. Sfatistizit SighificArice (@lue) was assigned

for valuesp<0.05.
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Chapter 3:Exploring the viabiliy
and cell cycle progression ¢fCa
cells in response t@\polipoprotein
E mimeticsCOG112 and OP449




3.1 Introduction

Accumulating evidencsupporting the potential usef ApoE as a cancer treatment
strategy isemerging For instance, Pencheva et al, identified ApoE as- anti
angiogenic and metastatic suppressive factor. In their studiRr1908 and miR
199a3p were identified as endogenous promoters of metastatic invasion,
angiogenesis and colonization in melanoma which targeted AQ{B8E9
Bhattacharjee and associates demonstrated that thA&poE peptide mimetic,
apoEdp, had antangiogenic attributes in vivo through reduction of tumour growth
in a mouse model and ocular angiogenesis in a rabbit eye nid8g|. Singh et al.,
demonstrated that ApoE mimetic COG133 inhibits*NF 2d sliggest the possible
therapeutic potential of ApoE peptide mimetics by inhibiting NF . RNA @Sy
proinflammatory epithelial responseq172]. Switzer et al., demonstrated the
inhibition of Akt signalling and cellular proliferation of MDB-231 breast

adenocarcinoma cancer celin respons to COG11£387].

Considering the supporting literature, the possibility of using ApoE peptide
mimetics for the treatment ofPCawas explored in thePCacell lines @/R22,
22RV1, PC3 and DU145. In an effort to explore the effect ApoE peptides (COG112
and OP449) may have dPCacell line proliferation, the alamar blue assay was
employed to determine any reduction of cell viability. Flow cytometry analysis was
employed in an effort to deduce the impact on cell death and cell cycle
progression. The Annexin V assay was utilisecestablishthe occurrence of
apoptosis and PI cell cycle analysis explored the impact that ApoE may implement
on the cell cycle progression d¢Cacells. As the ultimate goal in emerging
therapies is the successful inhibition and elimination of cancerouss, cthe
execution of these experiments would determine if further investigation using
these peptides is warranted. While these investigations would unveil their potential
as therapeutic candidates, much more in depth investigation would be required to

determine their efficacy in dampening metastasis &grogression
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3.2 Results

3.2.1Determination of the effect of ApoE mimetics on prostate cancer cell viability

The alamar blue assay was optimised and employed to monitor cell proliferation of
PCa cell lines in response to COG112 and OP44%is is a simple
fluorimetric/colourimetric assay used for the detection of metabolic activity in
cells. Innate metabolic activity results in a chemical reduction of the alamar blue
compound resazurin. The continuecetabolic activity of growing cells promotes a
reduced environment resulting in the REDOX indicator compound resazurin, to
change from its oxidised neftuorescent blue to a reduced florescent red, while
inhibition of growth maintains an oxidised environmenith rezasurin remaining

blue and norfluorescent[388, 389,.

During the optimisation process, it was identified that seeding cells at a
concentration of 4000 cells per well, performing a 72 hour treatment time course
and incubating cells for-8 hours in 560uM alamar blue was optimal and yielded
the best results and by controlling these variables, deviations were lower and
background noise levels were minimal (Figure 3.1). The alamar blue assay was
deemed sufficiently robust when the coefficient of variation was below ten

percent.
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N=3 N=3 N=3 N=3

Cell Densi _ Duration ofincubation . Ti ~ Alamarblus
el Densty —> 0 Alamar biue - [IMECoUEE " concentration
4 000 cell &-8 hour 72 hour 560nM

perwell incubation incubation alamar blue
Coeffiedent of Coeffiedent of Coeffiedent of Coeffiedent of
variation< 10% variation< 10% variation< 10% variation< 10%

Figure 3.1 Work flow of Alamar Blue optimisation- The above parameters were identified as
important variables and were optimised in order to increase the robustness of the assay.
Robustness was determined wen coefficient vafriation was consistently lower than 10%. The
middle row is the optimal conditions that were controlled and applied for all further alamar blue

assays

Following assay optimisation, 96 well plates were seeded witRWPE1
immortalised cellsCWR22, 22RV(AR positive) PC3 and DU145 prostaAR
negative) cancer cell lines to investigate if the ApoE mimetic peptides
capable ofdepleting viability in bothandrogenpositive and androgen negative
cell types. The cell lines weleft to adhere overnight aththen incubated with
varying concentrations of either COG112 or OP448ging from OnM to
2000nM over a 72 hour timecourseFollowing treatment, cells weréhen
incubated with 560uM Alamar blue for-& hours. The absorbance was read
using a plate readertab30nm wavelength. Both COG112 and OP449 were
effective at decreasing cellulgoroliferation in AR positivePCacell lines
COG112 was shown twe considerably less effective its ability to decreas

cell viability in AR negative cell lines wheseOP49 demonstrated that while a
higher concentration was required it was capable of diminishing cell viability in
AR negative cell linesThe toxicity data of the individual compounds was

analysed by one way ANOVA to determine statistically significant mioohuia
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cell viability. A relevant decrease found by the analysis is conclusive of
decreased viability in response to COG112 and OP449 compared to their
untreated counterparts. The effective concentrations of the peptides were also
compared. Two way Anowaas used to verify significant potency differences at

their respective concentrationd-igure 3.2).

In the CWR22 cells treated with COG112, the lowest dose inducing a statistically
significant decrease in viability was observed at 1300nM with approxisnate
40% reduction calculated. A 56% reduction in cell survival was observed at the
highest dose of 2000nM. The OP449 peptide induced a statistically significant
decrease at 600nM. At thidose,a 30% decrease in cell viability was observed.
OP449 matched # maximum observed toxicity of COG112 at half the
concentration of 1000nM. At 2000nM, the highest concentration used in the
assay, OP449 achieved 97% reduction of cell viability when compared to the
untreated control. In the comparative analysis where thiference in toxicity

of the drugs at the same concentration was evaluated, OP449 was found to
significantly exceed the potency of COG112 from 600nM onwards (Figure 3.2
A).

In the 22V1 cell line assessed using this gssajgnificant decline in metabolic
activity was identified at 1300nM in response to COG112. At this concentration,
a decrease of almost 30% was detected. At 2000nM a 54% decrease in cellular
metabolism was gauged. In response to OP449, a 35% decreaability was

noted in response to 400nM. This diminishing effect on metabolic activity
increased in a dose dependant manner. At 2000nM cells were reduced to 5%
viability. When the effectiveness of the peptides were compared at the same
concentration, OP44®@as found to be pointedly more toxic than COG112 from
400nM onwards (Figure 3.2 B).

In the difficult to treat, metastatic AR negative PC3 cells, COG112 failed to

decrease metabolic activity at all concentrations except for the highest dose. At
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2000nm anapproximate decrease in viability of 40% was detected. OP449 on
the other hand, exhibited a decline, of 20%, in cell activity at a concentration of
1000nM. This response was amplified in a concentration dependant manner. At
2000nM, approximately80% of tke cells metabolic activity was diminished.
When the efficiency of thénvo drugs was compared at the same concentration,
OP449 was found teurpassCOG112 fromd000nM (Figure 3.2 C).

Metastatic DU145 cells proved more difficult to inhibit with no sigaific
decrease in viability detected in response to COG112 when compared to the
untreated control. OP449 on the other hand, produced a 40% decline in
viability at 1400nM which steadily increased in correlation with the dose and
peaked at an approximate 70%daline in cell survival in response to 2000nM.
When the efficacy of the peptides were assessed by concentration comparison
using two way ANOVA, OP449 began to exceed the ability of COG112 to
decrease cell viability at 1000nM (Figure 3.2 D).

The effect ofthe COG112 and OP449 on RWPEL transformed cells were also
assessed using the alamar blue assay. These cells were sensitive to both drugs
with IC50 valued considerably lower than that of the PCa ¢eitpure 3.2 E)
Complete inhibition of cell proliferaih was observed following exposure to

1000nM of both COG112 and Op449.

As OP449 was unveiled to be the more potent of the two peptides and
demonstrated the capability of inhibiting cell growth in the cell lines which
represent advance®Ca it was selectd for further detailedanalysis. Targeting
cell proliferation in the advanced stagesPCas an essentialequirementfor

the future therapies ofPCain order to overcome the inevitable associated
mortality. The sensitivity of RWPEL cells to the peptidasst be taken into

consideration and possibilities for its vulnerability to the peptides explored.
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Figure 32 The Alama blue Assayq performed on CWR22, 22RV1 PC3 and DU145 cell lines.
CWR22, 22RV1, PC3, DU145 and RWéHihes were seeded in 96 well plates at a density of 4000
cells per well and then treated with increasing concentrations of COG112 and OP449 ovieda pe

of 72 hours this was followed by a86hour incubation with resazurin. The assay confirmed a
decrease in cell viability by means of a readout measuring reductase activity in response to COG112
and OP449 in a dose pendant manner. OP449 presented he more potent of the compounds

with lower concentrations required for inhibition of cell growth by 50%. CWR22 (A) and 22RV1 (B)
demonstrated a significant decrease in response to COG112 and OP449 at higher concentrations in
comparison to the untreated curol. In the AR negative cell lines PC3 (C) and DU145 (D), OP449
was consistently effectivan decreasing viabilityn the cell lines at higher concentrations where
COG112 was noRWPE1 (E) were sensitive to both COG112 and OP449 at lower concentrations
than the PCa cell linagith a complete loss of viable cells observed at1000nM in reponse to COG112
and 800nM in reponse to OP44Statistical significance in cell viability was determined by one way
ANOVA followed by tukey post hoc analysis, ***p<0.00§3<0.05. The efficiency of COG112
compared to OP449 was assessed by two way ANOVA followed by bonferroni post hoc test. OP449
presented as being significantly more potent than COG112. *p<0.05, ***p<0.001, ****p<0.0001
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Table 3.1 IC50 values calculatérom Alamar blue cell viability Assays

IC50 (nNM) + SD

RWPEL  CWR22 | 22RV1 PC3 DU145
cocl1z %69 1i5.80 180083 2000+67  N/A
opasg = P8 900475 10002 5.03 11%08 41’ 1600 + 6.12
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3.2.2Induction of apoptosis in responseApoE mimetic peptide

The outputs from the alamar blue assay are typically reported as cell viability;
however,the assay is unable to differentiate between apoptotic or dead cells. In
order to clarify if the ApoE peptide mimetics were cytostatic or cytotoxic, we
investigated whether OP449 induces apoptosis/cell cycle arrest using flow
cytometry.For the Apoptosigssay, detection of apoptotic cells was determined by
the binding of Annexin V to phosphatidyl serine (PS) at the cell surface of apoptotic
cells. A number of morphological and biochemical changes occur at various stages
of apoptosis and one of these isettexposure of PS on the outer leaflet of the
plasma membrane. Annexin V binds preferably to negatively charged phospholipids
such as PS in the presence ob'Gand wasusedin this studyfor the detection of

early apoptosis in cell890, 391]. Propidium lodide (PWas the flurochromeused

to determine cells which are dying or already dead as stain intercalates with
nucleic acids. In live cells, PI is unable to penetrate the cell membrane, however
where integrity ofthe membrane has been compromised, exposure to the internal
cellular components is instigated, thus giving the capacity to identifyetivy and

late apoptotic cells PC3 cells were seeded into a 6 well plate withx1( cells per

well and left to adhee overnight Treatment conditions included an untreated el
treatment with 2000nm OP448nd luMdocetaxel which was used for a positive
control for apoptosisas this agent is currently available for the treatmenP&fan

a clinical setting and has been shown to induce apoptotic cell d&&® 393).

Cell lines were treatedver a time course oR4, 48 and 72 hoursAt each time
point, clls were trypsinised, washed in PBS, passed through a 40um strainer for
single cell suspension, and counteat1@f cells were transferred to a FACS tube and
resuspended in a Calcium buffer. The experiment was run using the Accuri C6
cytometer. FS@ versus SSK plots were used for gating cells and to identify

changes in the scatter properties of the cells.

The analysis for the 24hour time point revealed that 93% of untreated cells

remained viable and negative for both Annexin V dpid Early apoptotic cells
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accounted for 1% of the population which was positive for Annexin V only and the
remaining 6% of cells were deemed late apoptotic or dead, staining positive for
both Annexin V and PI. Cells exposed to OP449 displayed a scatt@ngl88%
viable cells negative for both Annexin V and PI. Early apoptotic cells accounted for
10% of the population, positive for Annexin V only while the remaining 7% of cells
were late apoptotic/dead and positive for both Annexin V and PI. The celledrea
with docetaxel maintained their viability with 87% of cells negative for both
Annexin V and PI at this time point. Early apoptotic, Annexin V positive cells, made
up 6% of the population while the remaining 7% were late apoptotic or dead cells

positivefor both Annexin V and PI (Figure 3.3 A)

At 48 hours, 93% of the untreated group remained negative for Annexin V and PI
and thus viable. Early apoptotic cells accounted for 2% while 5% were late

apoptotic or dead. The OP449 treated cells showed an inergaspoptotic cells

with a scatter exhibiting 52% remaining viable cells. Early apoptotic cells positive
for Annexin V accounted for an average of 36% of the treated. The remaining 12%
of the sample population accounted for the late apoptotic and deads oghich

were positive for both Annexin V and PI. These values differed to the docetaxel
treated cells at this time point which retained on average 75% viability. Early

apoptosis was calculated to represent 10% of the cell sample. The remaining 15%

of the cells made up the late apoptotic fraction of the sample (Figure 3.3 B)

At 72 hours, the final time point of the assay, 92% of the untreated cells were
gauged as viable. The remaining cells were distributed between the early and late
apoptotic sub groups ith 3% staining positive for Annexin V only and 5% positive
for both Annexin Vand PI. Treatment with OP449 returned an average of 38%
viability within the sample. Annexin V positive cells accounted for 40% of the cells
exposed to OP449. The remaining 2@P&ells within the population made up the
late apoptotic/necrotic subsection of the cells and were identified as positive for
both Annexin Vand Pl.At the final time point of the assay, approximately 60% of

cells treated with docetaxel remained intact and viable. The remaining 40% were
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split evenly between the early apoptotic and late apoptotic/necrotic subgroups
with 20% identified a&\nnexin \positive only and 20% distinguished as positive for

both Annexin Vand PI (Figure 3.3 C).

Results showed that cells shifted from an unstained viable cell to an early
apoptotic phenotypeat 24 hoursstaining positive for Annexin V onlyefore
progressingto an increasinglylate apoptotic/necrotic phenotypeby 72 hours
staining positive for both Annexin V andd3l exposure time to OP449 increased
This confirms that the AJE mimetic compounds are having a cytotoxpoptosis
inducing effect on PCacells implicating apoptosis asone mechanismfor the

observed reduction in cell viability

To validate the results obtained from flow cytometry analysis, PARP cleavage was
assessed in response to 72hr incubation with OP449 (2uM) and docetaxel (1uM) in
PC3 cells by wesn blot. The results demonstrated that cleavage of PARP was
induced in response to both compounds. PARP cleavage was greater in response to
OP449.
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Figure 3.3Annexin V AssayCells
were treated with a with AM
OP4490r 1uM docetaxelfor 24
(A), 48(B)and 72(C)hours in order
to determine the induction of
apoptosis in response to OP449.
each time point cells were counte
and resuspendéd in calcium buffer.
Annexin V labelled with FIT
flourochrome was added tothe
CA++ suspension for the detectia
of apoptotic cells. Pl was added t
the cell sispension with An V in
order to detect double positive late
apoptotic/necrotic. Docetaxel was
used as a positive control due to i
use in the clinic for the treatment
of prostate cancer. Over a 72 ho|
period, cells transitioned from &
viable state (A) to an apoptotic
state stairing positive for annexin V|
only. With increased time of
exposure toOP449 the number @
Annexin V positive cells increaseq
(B & C)Asduration d exposure to
the compounds increasedhe cells
proceeded to a late
apoptotidnecrotic state. These
cells were detected by staining
positive for both Annexin V and
Propidum lodide PARP cleavage i
response to OP449 and docetax
further confirmed the inluction of
apoptosis in PC3 cellB). Statistical
significance in early apoptotic cell
was determined by one way
ANOVA followed by tukey post hg
analysis, **p<0.001, *p<0.05.
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3.2.3 Morphological changes in response to Amafaetic peptide

Along withbiochemical changes, cells also undergo morphological changes during
apoptosis. Such changes include cell shrinkage, fragmentation into membrane
bound bodies followed by phagocytosis by neighbouring ¢884, 395. Previous
studies in relation to programmed cell death have shown that apoptosis can be
divided into biochemically and morphaaally distinct phaseq396, 397).
Apoptosis is initiated several hours before the morphological features become
apparent[398, 399. Theg morphological changes are characterisedckitular and
nuclear shrinkage in addition to the compression of nuclear chromatin into sharply
defined masses that become arginalised against the nuclear membranes. The
nucleus progressively compacts and disintegrates. The apoptotic cells detach from
their surrounding tissue and its outer membranes form intricate branch like or
blebbed extensions. These membrane branches sgparate from the main cell
body with solid cell materials and organelles encased. These apoptotic bodies are
packed with cellular organelles, nucleic splinters, membranes and mitochondria.
The structures are well preserved inside the apoptotic bodieschviare rapidly
engulfed by neighbouring cells. If the organelle containing bodies are not

phagocytised, they undergo a degradation which resembles nedB8&4s400.

Morphologicalchanges of PC3 cells were assessed in untreated cells and cells

exposed to OP449 and docetaxel over a 72 hour time course. Photographs were
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taken of the cells under microscope at 10X magnificatiolm the untreated cells,

little or no changes were obsezd in the cell morphology although they increase in
number over the time course reaching confluency and become more tightly packed
at 72 hours. At 24 hours, some cell shrinkage waseoved in the OP449 treated
cells. As time lapsed, at 48 hours, the £elécreased in size with the occurrence of
blebbing becoming apparent in some of the cells. At 72 hours, the cells have
reduced further in size with some exhibiting protrusions. Many cells became
detached from the petri dish. Cell numbers were consideraliyinished and far
from confluent. In docetaxel treated cells, only slight modification of cell shagse
observed at the 24 hour timepoint, with a few cells appearing to have developed
membrane projections. At the 48 hour time point, cell shape becamgutar with
vacuole structures become visible within the cell membranes and the cells took on
an enlarged appearance. This has been initiated by the 24 hour time point, with
some irregularities becoming apparent. At the final 72 hour timepoint, the
docetaxel treated cells have become more rounded in appearance and have

reduced in size (Figure 3.4).
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Figure 3.4 Morphological changes in response to OP449 and docetaxeC3 cells were either
untreated (A) treated with2uM OP449B)or 1uM docetaxe{C)for 24, 48 and 72hours in order to
observe morphological changes in response to OP449 and docetaxel over a 72 hour time course.
The stress induced by these compounds was visible in the mtmgical changes observed under
microscopic magnification. In contrast to the untreated controls, treated cells fail to reach
confluency by 72 hours. Treated cells have taken on a rounded vacuole morphology.
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3.2.3 Effect of OP44ththe cell cycle

Cell cgle analysis was performed using flow cytometry in order to investigate any
influenceOP449may have on cell cycle using the Canto A cytometer. In this study,
cellular DNA content was measuredth the intention ofverifying the distribution

of cells withn the major phases of the cell cycléhe cell cycle is a complex process
involved in the growth, proliferation of cells regulation of DNA repair, tissue
hyperplasia in response to injury and diseases such as c§#0# Cell cycle
involves numerous regulaty proteins that direct cells through a specific sequence

of events culminating in mitosis and the production of two daughter cells. Cyclin
dependant kinases (cdks) and cyclin proteins are responsible for regulating the cells
progression through the phaseof the cell cycle. The phases have been labelled G1,
S, G2 and M40]] The G1 and G2 phases of the cell cycle represent gap phases in
the cycle that occur between DNA synthesis (S) and Mitosi$40&). G1 phase is
where cells prepare for DNA synthesis. Cells in the S phase are undergoing DNA
synthesis and therefor contain aneuploidy DNA content, typically between 2N and
4N, while cells in the G2 phase are preparing for mitosis. Sub G1 or GO acaount fo
cells not actively cyclinfd01]. In this study w were also able to interprethe
phase profile of the cell population by classifyiDyAcontent associated to each

phase in cell cyclesing Pl

The most frequently used method for measuring DNA conterttedi§ involves the
fixation and permeabilization of the cells with ethanol. The ethanol fixing permits
the access and intercalation of the Pl dye into the DNA grooves. PC3 cells were
seeded into petri dishes at a density of 1.5X&6lls per plate and lefto adhere
overnight. Cells were treated with OP449 at concentrations of 0, 100, 1000, 1500
and 2000nM for 24, 48 and 72 hoyts3.2)

After 24 hours of exposure to OP449, approximately 60% of cells lie in the G1 phase
of the cell cycle in cells exposeal ®, 100, 1000 and 1500nM OP449. At 2000nM
there is a slight reduction of cells in G1 phase with 54% of cells located there.

Approximately 15 % of cells lie in the S phase of the cell cycle of samples treated
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with 0, 100, 1000 and 1500nM OP449. At thehkeg} concentration used, 2000nM,
there is an increase observed in the number of cells in the S phase, with 23% of the
cells resting here. The G2/M phase of the cycle accounts for approximately 20% of
the cells in each sample across the entire range ofttneat conditions at 24hours.

As the dose increases from 0 to 2000nM there is a gradual increase in the number
of cells in the sub G1 phase with the quantity increasing from 0.4% in the untreated
group to 2% at 2000nMCells with >4N DNéontent make up2%of the untreated
samples4% at 100nM an@% in cells incubated with 1000, 1500 ard8b6 of cells
incubated with2000nM OP44%or 24 hours(Figure 3.5 A).

At the 48 hour time point of this experiment, 60% of the cells remain in the G1
phase in the samplesxposed to 0 and 100nM OP449. A slight change is observed
as the concentration increases and a decrease in the number of cells in the G1
phase is detected. At 1000, 1500 and 2000nM, approximately 50% of cells lie in G1.
In contrast the % of cells in S pkasncreases from 15 % (0 and 100nM), to 20%
(1000nM) to 25% (2000nM) indicating a dose dependent accumulation in S phase
Within the G2/M phase, approximately 20% of cells are accounted for in each of
the treatment concentrations. As the concentration oP®19 increase, there is a
slight elevation in the number of cells within the s@i category with 5% of cells
being accounted for at 2000nMCells with >4N DNgontent make up2% of the
untreated samples4% at 100nM and% in cells incubated with 1000500 and
2000nM OP44after 48hours(Figure 3.5B)

After 72 hours 50% of cells are located in the G1 phase of the cell cycle in the
untreated cells. The number of cells in this phase decreased to approximately 40%
at all other concentration of OP449 giis time point ranging from 100 to 2000nM

In the untreated group, 25% lie in the S phase where as 33% of cells accumulated in
this phase after exposure to 100 and 1000nM OP4491500nM30% of the cells
accumulate in S phase with a decrease observed080nM where 23% of cells
remain. The G2/M phase accounted for 22% of cells at 0 to 1500nM with the
guantity reduced to 18% at 2000nM, the highest dose OP42&ll with a DNA

content >4N make up approximately 3% of the populations across all the
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concentations at this timepoint. Cells no longer progressing through the cell cycle,

having undergone arrest, make up 2% of the cells at 0, 100 and 1000nM OP449

exposure. At higher concentrations of OP449, the number of-cyamfing cells

increased slightly to 5%t 1500nM. A further increase in arrested cells was

observed at 2000nM with 20% of cells accumulating in the Sub G1 phase. Cells with

>4AN DNAcontent make up2%of the untreated samples, 5% at 100nM and 3% in
cells incubated with 1000, 1500 and 2000nM @®4ver 72 hours (Figure 3.5 C).
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Figure 3.5 Cell cycle analysis in response to OP4BRZ3 cells were treated over a 72 hour time
course, counted and fixed in ethanol. Once cells were fixed they were resuspended in PI/RNASE and
analysed on the CANTO £A.) After 24 hours the cell profile shows the majority of cells in the G1
phase with a Eght increase in £hase at 2000nM treatmen{B.) At 48hrs, the profile follows the

same trend with an increase in-pfBase at 1000, 1500 and 2000nM concentrations and the
occurrence of cells at >4N and Sub @&1) At 72 hours an accumulation inpBaseis observed in
response to all concentrations of OP449 along with an increase in cell number entering subG1. D
Statistical significance was assessed by two way ANOVA followed by bonferroni post hoc analysis.
Cell percentage in each phase of the cell cyoleesponse to OP449,( 100, 1000, 1500 and
2000nM)at 48h and 72 hours were compared to thentreated counterpartsacross each dosand
timepoint **** P < 0.0001 *** p<0.00{<0.01 **p<0.01, *p<0.05? < 0.0001
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3.3 Discussion

3.3.1Authentication of ApoE mimetic peptides as cytotoxic to prostate cancer cells

Prior to investigating the interaction between the ApoE peptide mimetics provided

by Oncotide, the first step was to determine the toxicity of the peptideiGacell

lines. The alamar blue assay was optimised to ensure the most robust use of its
purpose was employed. Coefficient of variation levels of 10% or lower were

achieved, demonstrating regulation of the variables within the assay.

The Alamar blue assay revealed a @ase in cell number in response to both
COG112 and OP449 in each of the cell lines used in the study. Although both
reduced cell viability, there was a stark difference in the potency. Analysis by Anova
showed OP449 induced a statistically significant eéase in cell viability at much
lower concentrations than COG112 in each of Bteecell lines (Figure 3.2). OP449
outperformed COG112 with lower IC50 valuesboth the AR negative CWR22,
22RV1 cells and also the more difficult to treat AR negative cell lines PC3 and
DU145. There was no IC50 value calculated for the DU145 cells treated with
COG112 (Table 3.2The RWPEBn immortalised prostate epithelial cell lineere

used in this eperiment asa representative of normabrostate cancer cell§~igure

3.2 E) These cells were immortalised using human papilloma virus and contain HPV
sequenceslin a study performed by Blanton et al., where the characteristics of
epithelial cells immortasied by humanpapilloma viruses were exploredall
transformed cell lines were reported tdisplay morphological features which
resembled premalignant lesions. Their results support the idea that
immortalisation of squamous epithelial cells in culture bywHRnsforming genes
generates a morphologically premalignant ¢éi03]. ApoE mimetic peptides have
previously been reported to show limited toxicity in both whole animalsl an
primary cells in cell culturgvhile targeting rapidly diving cel[d465, 168. Taking
these factors into consideration lang with the observation that RWPEL cells

appearedto be a rapidly dividing cell line witlhdoubling time similar to that dhe
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metastatic prostate cancer cells used in this study, it is possible that the RWPEL1

cells are not be a suitable representative of normal prostate epithelia.

Initial treatment fa PCaincludes prostatectomy or radiation to eliminate the
cancerous cells that are restricted within the prostate gland. Unfortunately this
approach is not a curative one for many patients as the cancer oftecars or
metastasis has already begun prio diagnosig83]. AsPCa aretypicallytreated
basedon their discriminativedependerte onandrogenfor growth and survival,

first line therapies include androgen ablation strategjé84-407]. Thistreatment
strategy initiates cell death or cell cycle arrest RCacells [408-413. Androgen
ablation instigates a regression of androgen dependent tumours, however this
therapy eventually fails and patients succumb to recurrent castrate resistant
prostate cance(CRPC). CRPC is the lethal development of PC that progresses and
metastasises. There is currently no effective therapy for JRB@4]. Currently

the cytotoxic systemic agents used for the treatment of metast&@ainclude
cytotoxic drugs docetaxel and cabazitap&l4]. As currently used first and second

line therapies are not curative for advanced and aggressive metastatic cancers,
there is an urgency for new therapies capable of targeting the more aggressive
cancer cell types. The ability of ApoE mimetics gmificantly inhibit the growth
potential of PC3 cells and DU145 cells, which represent the difficult to treat
metastatic cancers, is a promising result. As COG112 and OP449 are both ApoE
mimetics with the same mechanism of action, taking into accountvirgation in

their potency, OP449 was selected for the next step of analysis to govern if cells

were undergoing cell death.

The annexin V assay confirmed that OP449 was cytotoXtCezellsand induces
cellular apoptosis. This experiment revealed notyomlid the ApoE peptide
mimetics induce death by apoptosis in a time dependent manner but also that this
compound was more effective than the traditionally used docetaxel at inducing
apoptosis in the PC3 cell lingSonsidering the volume of annexin v pogtcells in
response to OP449, there is a potential for PEla @imination tobe amplifiedin

vivo, asthe exposed PS residues of early apoptotic cells could be recognised and
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engulfed by macrophages. This would be worth exploring in future studiegure
3.3).Given that current therapies are insufficiently effective, the use of OP449 may
be feasible as an adjunctive therapeutic agent for advarie€a although further

pre-clinical testing imiecessary

The mechanism of cell death is worth exphgrifurther, particularly in terms of
apoptosis.While the results of the alamar blue assay, together with the annexin V
analysis demonstrate an inhibition of cell proliferation and indicate a cytotoxic
effect of ApoE peptide mimetics on PCa cells. It waidd be interesting to explore

the effect of the peptides on caspase activation and expression of BH3 only and
Bcl2 family proteins which play a governing role in the induction of apopfblkés.
BH3only proteins of BeP family are essential initiators f oapoptosis that
propagate extrinsic and intrinsic cell death signals. -BRI$ proteins promote
apoptosis by both directly activating Bax and Bak and by suppressing the anti
apoptotic proteins at the mitochondria and the endoplasmic reticulum. Members
of this diverse subset include Bad, Bim, Bid, Noxa, Puma, Bik/Blk, Bmf, Hrk/DP5,
Beclinl and Muleg[415].

Previous research using. elegansknockout mice and mammalian cdlhes have
shown that BH3only proteins are critical for the induction of intrinsic apoptosis.
They monitor many cellular processes and transmit death signals to the-multi
region Bcl2 family proteinsat the mitochondrid outer membrane (MOM). BH3
only proteins inhibit the antapoptotic proteins and activate prapoptotic
proteins thereby promoting mitochondrial outer membrane permeabilisation
(MOMPJ416. As a consequence of MOMP, proteins of the mitochondrial inter
membrane space such as cytochrome ¢ and SMAC are edl@as the cytoplasm
where they provoke the proteolytic caspase cascade that dismantles thgtdd]l
Therefore,studying the mechanisms of activation or inhibition of tiiembrane
permeabilising proteins Bax and Bak and the activator-&hhg proteins is an
important aspiration in research and would aid with the development and
production of small molecules that et these processes. The effect of COG112

and OP449 have demonstrated promising results which are indicative of apoptosis

98

——
| S—



induction. The effects of the peptides on caspase activity and BH3 only and Bcl2
proteins in prostate cancer cells should be exploeed is worth considering in
future studies. Such experiments could include caspase activity assays and BH3

profiling.

3.32 Cells accumulate in theghases of the cell cycle in respons©#@449

As the cell cycle mechanisms control cell proliferataomd cancer is a disease of
inappropriate cell proliferation, the cell cycle profile€acells was assessed over

a 72 hour time course in response to OP449 (Figure 3.5). The coordinated events
that make up the process of DNA replication and cell divigiahis the cell cycle

are made up of distinct control mechanisms. At least two mechanisms have been
identified, one of which constitutes a torrent of protein phosphorylation events
that relay a cell from one phase of the cell cycle to the next. Thenskrs a set of
checkpoints which monitor the completion of critical events and delay progression
to the next phase if necessary. Cell cycle regulation by phosphorylation involves a
highly regulated family of kinases. The activation of each specific kiegsires
association with specific cyclin subunits that are appropriately expressed at various
points of the cell cycle. The cyclin and cyclin dependent kinases (CDK) form an
active complex with unique substrate specificity. Regulatory phosphorylation and
dephosphorylation of these CBiyclin complexes adjusts their activity to certify
appropriate transitioning through the cell cycle phasgtl8]. The second form of
characterised cell cycleegulation, checkpoint control, senses flaws in critical
events such as DNA replication, and chromos@®gregation[419]. Checkpoints

can be activated due to under replicated or damaged DNA and in turn, relay signals
to the cell cycle progression machinery. These signhals cause a delay cell cycle
progression until the danger of mutation has been averf@®(Q. The cell cycle
checkpoints arrest or delay cell cycle progression either in the G1 phase before
DNA replication, in S phase during DNA replication or in G2 phase before mitosis

[420, 421]. The G1 checkpoint has been reported as compromised as a result of a
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malfunctioning p53 pathway in many human candé®?]. Consequently, cancer
cells typically depend on S and G2 checkpoints for survival. Therapies that disrupt
S or G2 checkpoints may selectively escalate the elimination of the canc=itsis
by DNA damaging ar® y OS NJ R-Ndiafch. ZPhlkefore, clarifying the
molecular mechanisms of cell cycle checkpoint control is essential for more precise

manipulation of the pathways for cancer theraj#23.

After surgery,radiotherapy is arguably the most common tresnt of cancer,
particularly for localised disease that has metastasigg&$]. Although radiation is
used to treat most types of solid malignancies, the degree of success varies
considerably. Some tumours, such as lymphomas, are highly responsive to low
doses of radiation while bers such as melanoma or glioblastoma, are typically
radio-resistant and tend to progress even after high radiation dosagé24).
Radiation treatment often fails in patients undergoing treatment with curable
intent due  distant metastasises and local treatmentesfailure. There are a
number of reasons radiotherapy might fail such as tumour size, location and
vascular supply/hypoxia. Other factors which may be of greater importance include
cellular and genetic factors such as differential tissue specific gene exprésaton
may result in radition resistant cellular phenotypdd25, 426]. The phases of cell
cycle play a critical role in the determination of a cells relative radiosensitivity. Cells
are typically most radiosensitive in the G2/M phase, Less sensitive in the G1 phase
and leastsensitive during the latter part of the S phdgiR3, 427] . This has led to

the realisation that radiotherapynay work betterby targeting radieresistant cells

using chemotherapeutic agents.

The cell cycle analysis from this study demonstrated that increased exposure to
OP44%correlated with an increased proportion if the analysed cells detected in the
S phase of tl cell cycle over a 72 hour texcourse. At 24 hours, as concentration

of OP449 increased there was a marked shift inghecentageof cellsdetectedin

the S phasewith rising concentrations o®P449. Cells undergoing exposure to the
ApoE peptide conformed to this profile as theoportion of Sphase cellsvas more

pronounced at 48hrs with 25 % @inalysedcells detected hereat 2000nM in
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comparison to 13% of thentreated population. At the final time point, 72 hours

anincrease in the Sub G1 non cycling cels observed.

While theresults demonstrated thatwith increasing concentration and duration of
COG449 exposure the percentage of analysed cellsphrese increasedFurther
investigation is required to determine if the effect of the ApoE peptide mimetics on
this cell cycle pattern is a result of cells becoming blocked and unable to exitthe S
phase or simply a consequence of dying cells and an oveszalease in the
number of cells identified in the G2M. This could be explored by measuring DNA
synthesis using a bromodeoxyuridine (BrdU) incorporation assay. This assay is used
to detect DNA synthesis in vivo and in vitro. The key principle of this meshibat

BrdU isincorporated as a thymidine analogue, into nuclear DNA. BrdU can be
incorporated into the newly synthesizéaNAof replicating cells during thé phase

of the cell cyclewhen DNA is replicatedAntibodiesspecific for BrdU canhen be

used to detect the incorporated chemical, thereby indicating cells that are actively
replicating their DNA. The colorimetric reaction produced by this assay can be
detected by immunohistochemistry or monitored by flow cytometry, amging
appropriae controls, it can be used for determination of proliferating properties of
restricted progenitor cells. This assay could be used to idenifigaSe arrest by

assessing DNA replication capacity of PCa cells in response to COG112 and OP449
[428.

In terms ofcell cycle progression, it would also be worth exploring the expression
and status of p53 and p21 to investigate if the ApoE mimetic peptides induce a
DNA damage response in PCa cells. The TP53 gene is the most frequently mutated
gene in human cancer, ifghting that it plays a crucial role in preventing cancer
formation [429. TheTP53gene encodes proteins that bind to DNA and regulate
gene expression to prevent mutations of the genorm3(. Although p53
mutations have also been detectéu early stage prostate cancers, recent studies
have found that p53 mut#ons are more common in advanced metastatic prostate
cancer[431-435]. Interestingly, both DU145 and PC3 cells have mut&i3genes,

and they are alsé&\Rnegative[436]. P21lis acyclindependent kinase inhibitofCKI)
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and represents a major target @53 activity and thus is associated with linking
DNA damage to cell cycle arrdgdB7-439. It functions as a regulator akll cycle
progression at; and S phasd440, 441]. Theexpression ofsammaH2AX protein

levels in response to COG112 and OP449 could also be explored in parallel with p53

and p21 as a determinant of DNA damage.
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Chapter 4:1nvestigating

the inhibition of SET and

up-regulation of PP2A In

response toCOG112 and
OP449
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4.1 Introduction

The literature has wéldocumented that PP2A as a negatiegulabor of multiple
signalling pathways, in particular growth and survival signalling pathways such as
0 KS !Icdtenil and enyc and MAPK pathwayRegulation of these pathways is
often lost in cancer andheir deregulation ishighly associated with cancer
progressionPP2Ahas been widely described aguanour suppressor gsnhibition

of its activity or loss ofunction among its subunitare implicated inneoplastic

development213.

I2PP2ASETis a potent endogenous inhibitor of PP2A and has been reported in the
literature to be overexpressed in sevengipes of cancer including brajnlung,
ovarian, Wilm tumours, leukaemia and P@42-450]. The SET oncoprotein plays a
role in numerous cellular functions such as cell cycle regulation, gene transcription,
cell migration and epigenetic regulatigh87-190, 192, 212 451]. The expression

of SET has also been reported to be bigim cellswith faster proliferation rates

and lower in slowr dividing cells. This is suggestive of a specific association for SET
expression levels and celioliferative capacity[452]. By and large, the evidence in
the literature shows SET as a significant player in promoticgjl growth and
survival and collaborates with pathways which advocate tumour growth,
progressionand metastasi§g212]. SETpartially contributes to tumougenesis by
establishing an inhibitory complex with protein phosphatase 2A (PR&S) 454).

With PP2A playing a crucial role nepressingcell signalling pathways related to
cancer progession, stimulation of PP2A activity would be an appealing target for

chemoprevention and chemotherapg04, 455).

The manufacturers of the ApoE peptide mimetics have previously reported that
ApoE and ApoE peptide mimetic peptides bind to and interact with the SET
oncoprotein through the d¢erminal region. They specifically identified amino acids
177-277 as the locatio of interaction[165. The manufacturers have reported that

the binding of the ApoE mimetic peptides to the SET oncoprotein prompts the
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stimulation of PP2A and the conformational dephosphorylation of downstream
targets of PP2A, thereby acting as a SET inhipités]. With PP2A being an
endogenous regulator of such pathways correlated with cancer development and
whose function is typically suppressed in cancer cells, pharmacological
manipulation of PP2A activity is an appealing chemotherapeutic strg&gy 455

460]. Theaim of this study was to determine expression of these proteins in PCa
cells and establish if the compound efficiently targeted their activation and
downstream effects. This information would support tteory of targeting SET in
order to enhance the activity of PP2A in PCa, as a valid approach for the
development of future therapies in PCa treatment. The COG112 and OP449
compoundsare based on a short fragment of Apgiotein which ha previously
been eported to bind to SET and increase the activity of PR, 461]. This
study focuses otargeting SEWith apolipoprotein E (ApoEnimetics in order to
restore PP2Atumour suppressor function and the identification of downstream
targets with the aidof the reverse phase protein array platform. The protein and
RNA expression of SET in prostepgthelia was assessed and compared to that of

PCa cell samples.

The rational of our focus is supported by recent contributions to the literature. In
particular, our observation of increased SET expression in prostate cancer is
supported by the SET prigfidata available from the NCBI GEO profile database
The expression profiles available within the data sets also indicated a trend of
increased SET expression in PCa corresponding with recurrent disease and higher
expression of SET recorded in metast&é€a when compared to primary tumours
and benign samples. The complimentary findings of a simultaneously performed
study by Hu et al.2015, reported thatenhanced SET expression is sufficient to
induce pathological alterations wild type (WT)murine prosate epithelium and
suggestthat increased SET expressioarrelates with progression to androgen
independence and biochemical recurren¢462]. Their exploration of OP449 in a
PTEN knockdown model of PCa also corroborated with our finding of Akt inhibition

in AR positivie and AR negative cell li33].
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4.2 Results

4.21 PP2A and SET are expressed ingm@sancer cell lines

Expression of SET and PP2A at a basal ievRWPE1 andPCacell lines was
investigated by isolating protein frorRCacells and probing for the proteins of
interest by western blot(2.4.3) Cell lines were grown in petri dishes 89%
confluency at 37C, 5% CO2. They were then washed in PBS and lysed using RIPA
Buffer supplemented with protease cocktail inhibitor. Protein lysate \waantified

by BCA Assay.he expression of SET RCacells was confirmed by western blot
(Figure 41 A). As the expression of SET has previously been confirmed in breast
cancer cell lines, MDRIB-231 and MDAVIB-468 were used as positive controls
[212). Expression of the oncogene was confirmed by western blotthim
transformed RWPEL cellspth the AR negativé®Cacell lines CWR22 and 22RV1
and the AR positive cell lines PC3 and DUM4areSsion oPP2Ac was also verified

in each of the cell lines.

Primary prostate epithelidATCCyvere also assessed for the expsas of SET by
western blot in order to verify if the expression differs froACacell lines in
comparison to nomal prostate epithelial cellrotein lysate was obtained from
cultured primary epithelia and quantified by BCA. Primary prostate epithelia lysate
was compared to expression levels of SET in PC3 cell lysate. The results showed no
expression of SET at the protein level in the normaktate cell lysate. (Figure 4.1

B).

wb! A&az2ftlFGSR FTNRBY t/ I GdzY2dzNJ ' yR Wy 2N)I f
gifted from Dr. Stefan Ambs, Laboratory of Human Carcinogenesis, National Cancer
Institute, National institutes of health, Bethesda, MarydanJSA. The samples
comprised of 6 matched pairs. Of the 6 patients from whom samples were taken,

two were of African American decent while the rest are from Europ&anericans.

Samples were pooled to obtain an average of SET expression in tumour anartumo

adjacent tissue. The Ambs Prostate cancer case control Study was approved by the
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NCI (protocol #0%-N021) and the University of Maryland (Protocol #0298229)
institute review boards. Thdsolated RNA from patient matched tumour and
tumour adjacent biopes were analysed by regime PCR to evaluate any
difference in SET expression at an mRNA level. RNA was quantified using the
nanodrop followed by cDNA synthesis using Bioline Sensifast cDNA synthesis
technique. SYBR Green based Reéamle PCR was then permed using the
Sensifast HROX mix from Bioline and KiCq start Sigma Primers on the Step one
PCR machine.-&ctin primers were used for housekeeping. The results exhibited a
two-fold greater expression of SET mRNA levels in the prostate tumour samples
when compared to the nowancerous adjacent tissue. These results establish that
SET RNA levels were elevated in patient tumour samples when compared-to non
cancerous adjacent tissue. (Figure 4.I®)s signifies that the SET oncogene may

be a valid targefor the treatment ofPCa
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Figure 4.1 Identification of SET and PP2A expression in prostate cancer cerpegssion of SET
and PP2A was identifidd normd prostate epithelia and’Caat the RNA and protein level mRTF

PCR and western blot respectivey) RWPEL cells together with botimdrogen positiv CWR22

and 22RV1and androgen negative cell in@3C3 and DU14%ere screened for basal expression of
SET and PP2A at a protein level. Protein fromagireancer cell line8IDAMB231 and MDAVIB469

and T47D were used as positive controls. MdB:-231 has been identified as a positive control for
SET and PP2A expressid). Protein isolated from armal piostate epithelia were probed for the
expression of the SET oncoprotein by western blot. SET was undetectable at a protein level in the
normal prostate epitheliaC)RNA isolated from patient biopsies was analysed by-R®&R in order

to establish any diffence in levels of SET between noncancerous and cancerous tissue of the
prostate. SET expression was found to be-fold higher in RNA isolated from the tumour biopsy
core in comparison to RNA isolated from noncancerous tissue adjacent to the tumouDatte.
analysis was performed using unpaired@dstin order to confirm statistical significance *p<0.05
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4.22 ApoE peptide mimetic binds to SET in prostate cancer cell lines

The manufactures of the ApoE peptide mimetics suggest that the peptides interact
with the SET oncogenia immune cell§165. In order to explore the merit of thi
theory inPCecells and confirm that the ApoE peptide mimetazgually dointeract
with the SETprotein in PCacell lines a biotin pull down assay was performed.
Hther biotin labelled COG112 or biotalone was incubatd with PC3 cell lysate.
Streptaadin beads were used to immunoprecipitate biotin or the biotin labelled
drug out of the respective samples, bringing with it, any bound proteins, thus
allowing for their identification.The flow through and elution samplesere
assessedy western blotto determine the binding of SET to the biotin labelled
compound.Analysigevealedthat lysate incubated with biotimlone did not result

in protein pull downwhile SET was identified in the samplesdte which was
incubated with the biotin labelled CAG2 (Figure 4.2A). This result corroborates
with our hypothesighat the ApoE peptide mimetics do hold the capacity to bind to
the SET oncoprotein iRCacells. Detection of the protein indicates that the ApoE

mimetic compound does interact witihne SET ormgene.

After confirming that the ApoE mimetic is capable of bindm&ET ifPCecells,the
next step was to determine if the compound was capable of disrupting the
interaction that occurs between SET and PP2A4 previously describedC3 cells
were seeded intgetri dishesat a density of 1X¥rior to 24 hourincubaion with
increasing concentrations of OP449. Celse washed and lysedith RIPAbuffer
supplemented with complete protease cocktail inhibitofollowed by protein
guantification usng the BCA assaiP2A wassolated by immunoprecipitatioand

the integrity of the SEPP2A complex was evaluated by western bloAs the
concentration of theApoE peptide increases, a decrease in the expression of SET
bound to PP2Avas establishedThee was also an increase inthe levels of SET
observedin the flowthrough samples as the drug concentration increased (Figure
4.2 B). This finding indicatethat the ApoE mimetics interfere with the SEP2A
protein complex ananaylikely disruptthe inhibitory effects of SET on PP2A.
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After verifying that the ApoE peptide mimetics are capable of binding to the SET
oncogene and displace the SEFP2A complex that occurs with tumour formation
and progression, it is plausible to suggest that that the inbiiiinfluence of SET

on PP2A is also interrupted and the separation of SET from PP2A may allow for
increased phosphatase activity of PP2A. The congregation of the PP2A subunits is
strictly coordinated for the most part by specific post translational modifons

such as methylation and dephosphorylation of thée@ninal tail of the catalyticc
subunit in order to attain the intricate functioning of PPEAL3]. The anatomical
structure of PP2A can be modified either by phosphorylatémhe C subunit at
Tyr307 thereby preventing methylatip and successful formation of PP2A
complexes while phosphorylation at Th304 constrains the enrolment of B subunits,
both of which provoke the disarming of PPRAL3 463]. With the purpose of
exploring adjustment in the activity status of PP2A in response RA4{D, cells

were treated with increasing concenaitions of OP449 for 24 hours. Cells were then
washed and lysed as previously described and protein was quantified by BCA.
Western blotting was used to characterise the phosphorylation status of PP2A
(Figure 4.20. A decrease in phosphorylation was confirmed in response to OP449,
which correlated with drug concentration in a dose dependant manner. This
further alludes to the postulation that treatment with ApoE mimetic peptides
results in pharmacologicalestoration of PP2A activity by binding to SET and
obstructing the SEPP2A pro tumourigenic complex resulting in a surge of PP2A

signalling.
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Figure 4.2 COG112 and OP449 interact with with SET and PP2A compéatinpull down assay

was employedo determine if ApoE mimetic peptides were capable of binding to SPTCatells.

Biotin only or biotin labelled COG112 was incubated with PC3 lysate. Biotin was isolated from the
supernatant using streptavidin beads . Flowadugh (FT) and elution samples were analysed for
presence of SET. SET protein bound to the biotin labelled drug was identified by western blot (far
right lane)(A). PC3 cells were incubated with 0, 100, 1000 and 1500nM OP449 over 24 hours. Cells
were lysel and PP2A was isolated from each sample by immunoprecipitation and analysed by
western blot. Results show that with increasing concentration of OP449 there is a decrease in the
expression of SET protein bound to PP2A. There is a correlating increagelsrofeSET in the flow
through with increased concentration of OP449 indicating more-RB2A bound SET results due to
OP449(B). Phosphorylation of PP2A was shown by western blot to decrease in a dose dependant
manner in response to OP449. This is inifeaof increased activity of PPZ8)
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4.2 3 The effect of OP449 gkt associated signalling

In normal cellular functionphospheregulation is maintained by a balance of
phosphatase, and kinase activify64]. Disruption d this g/stem is a key
mechanism by which cells escapermal cell regulation signals anmalignant
transformationsoccur. Many cancers are distinguished by an abnormal level of
kinase activation whose activity $@metimes sufficient antérequently essential to
provoke the onset of cancef213. Cancer cells are typically classified by
modifications which result in a loss of tumour suppressive gene fundciimh
unrestrained proteoncogene activitywhich perversely amplify cell proliferation

and survival capacity465. As many cancer provoking signals embroil serine,
threonine or tyrosie phosphorylation which act as an on/off switch for target
proteins, it is reasonable to suggest that counteracting thesesdsavith a serine
threonine phosphatase is a good agncer treatment strategy464]. As PP2A is

the most abundant serine/threonine phosphatase in mammalian cells and the
ApoEmimetics are capable of replenishing PP2A activity, it is rational to speculate
that modulation of knownPP2A targets and downstream signalliagcurs in
response to ApoE peptide mimetic OP449 exposilmeorder to identify proteins

and kinases modulated by ApoE peptide mimetics, namely OP449, a screen was
performed using Reverse Phase Protein Arf@PPARs a technique to identify
target pathways (2.7.1) Proteins explored in the screen incorporated
PISK/Akt/mTOR and MAPK related signalling, cell cycle and apoptosis associated

proteins.

The PI3KAkt pathway regulates many normal cellular processes inaudin
proliferation, survival, growth and motilityall of which are critical for tumour
genesis (Figurd.3). The role of this pathway in oncogenesis has been extensively
studied with altered and mutated components of the pathway being widely
implicated in cacer formation and progressiof466]. Akt is partially activated
through phosphoylation at Threonine 308 by PDK1, while full activation is

achieved by the additional phosphorylation at serine 473 in the C terminus of Akt
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[467, 468]. Akt in turn regulates a wide range of target proteins that control cell
proliferation, survival, growth to name a few. TMammalian target ofmTOR)
pathway is activatedtdeast in part by the PI3Kkt pathway which in turn controls

cell growth by activating 70sgk69].

Growth Factor

.\

-l'

E'pss pi

\ PIP2

A

(5_)[ Cetl cyce ’ \ /

PIP3 Glucose metabolism .
\_ J _— ‘ Apoptosis
- f - N\ _,
Cell cycle arrest ( )
Apoptosis Gre‘wt.h
DNA repair s

\

Figure 4.3 The lposphatidylinositol 3kinaseAkt signalling pathway.Activation of PI3Ks by
receptor tyrosine kinases (RTKs) activation and the associated congregating of reGceapiaiK
complexes. These composites localise at the membrane where the p110 subunit otaRiBKes

the conversion of Ptdins(4,%FPIR) to Ptdins(3,4,5(PIR). PIRserves as a second messenger
that helps to activate Akt. Through phosphorylation, activated Akt mediates the activation and
inhibition of several targets, resulting in celulgrowth, survival and proliferation through various
mechanisms(Adapted from vivanco and Sawyers., 2002)

Among the Akt related targets, the RPPA screen unveiled modulation of Akt, mMTOR
and P70sk6 activatioffable 4.1) The phosphorylation of Akt at Ser472 and T308
was assessed in response to OP449. Phosphorylation at ser473 was downregulated
in response to OP449 in both AR positive cell lines CWR22 and 22RV1, and AR
negative PC3 and DU145 cell lines. In CWR22 and 2PBM1was no decrease
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detected at 100nM when compared to control however a statistically significant
reduction was observed at 1000 and 1500nM. PC3 cells saw a decrease at 1000 and
1500nM while a significant decline was detected in DU145 at 100, 1000 and
1500nM when compared to untreated samples. At T308, there was no significant
decrease in phosphorylation detected in the CWR22, 22RV1 or DU145 cell lines
although PC3 cells saw a reduction of phosphorylation of statistical relevance at

1000 and 1500nM (frure 4.4 A).

Modulation of mTOR phosphorylation at S2481 and S2488 residues was
investigated. There was a noted decrease in phosphorylation of mMTOR at S2481 in
only the DU145 cell lines at 1500nM. Downregulation at the S2488 site was
detected at 1000 andl500nM in the 22RV1 cells and from 100nm, 1000 and
1500nM in the PC3 cells when compared to their untreated control counterparts
(Figure 4.4 B). Downstream of PI3K and mTOR, the screen demonstrated that
P70s6k is dephosphorylated in response to OP449. ghooglation at T389 was
decreased in CWR22 at 1000 and 1500nM. A decline in phosphorylation was also
measured in the PC3 cells at 1500nM (Figure 4.40@)er Akt related proteins
assed in this screen which did not show sufficient modulation in respon©@#9
include PDK1 (S241), MP110alpha, PTEN, VEGFR2(55) FAK, MET (T1234) and
Ribosomal protein (s240/244)/(235/236) (Table 4.1).

The AktmTOR signalling cascade has emerged as a critical contributor to the
oncogenic properties of the PI3kkt pathway and subsequent inhibition

corresponds with an increase activity level of PP2A. PP2A has been well
documented as a direct inhibitor of Akt and so increased PP2A activity in response

to OP449 is a likely mechanism by which this cascade has been skiigpd
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Table 41 Reverse phase protein array: Statistical analysis of Akt related proteins
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Figure 4.4 PIBK/AKTmMTOR related signalling targets identified using the reverse phase protein array
platform. The RPPA screen was implicated to identify alteration of the-RKIK signalling cascade in
response to OP449. A decrease in gfesphorylation of Akt at Ser473 and Thr308 in PC3, DU145 (AR
negativie) and CWR22 and 22RV1 (AR positive) in response to increasing OP449 concentrations. mTOR
and 70s6K were also identified as targets downregulated by OP449. MET (T1234) was dowedragula

PC3 and DU134 cell lines. Components further upstream to Akt in the signalling cascade, PI3K, PTEN,
PDK1, P53 were not demonstrated to be down regulated. Data analysis was performed usimgyone
Anova and Tukey post hoc test in order confirm miation as significant.*denotes significance *p<0.05
**p<0.01 ***P<0.001
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4.24 OP449modulates MAPK related signalling

The MAPK pathway, in parallel with the Akt pathway, contributes to the regulation
of cell cycle progression. The frequency in whtbs pathway is aberrantly
activated has been elucidated in the literature. This has been shown in particular
association with upstream epidermal growth factor receptor (EGFR) and the Ras
small guanosine triphosphatases (GTPases). Theegwation of ERKIAPK
promotes cell proliferation, cell survival and metastasis. This supports current
endeavours to identify and develop approaches to pharmacologically block the
EGFRRasRafMEKERK MAPK signalling for the treatment of cajd@q] (Figure

4.5).

EGFR overexpression:
tera O « Colorectal cancer (27-77%)

« Pancreatic cancer (30-50%)

(' O OO « Lung cancer (40-80%)

« Non-small cell lung cancer (14-91%)

EGFR* I I Sos Ras mutation:

‘ * Pancreatic cancer (90%)

* Papillary thyroid cancer (60%)

= O @ « Colon cancer (50%)
* Non-small cell lung cancer (30%)

EGFR mutation: | B-Raf mutation:
* NSCLC (10%) * Melanoma (70%)
« Glioblastoma (20%) * Papillary thyroid cancer (50%)
: ‘ « Colon cancer (10%)
00— |

*Mutated in human cancers W

Figure 4.5 Activation of ERK MAPK cascade in cand@ncogene activation of the ERK MAPK
cascade, mutually activated-i&f, Ras and mutually activated (by missense mutations in the
cytoplasmic domain in NSCLC or by extracellular domain transductions (e.g. VIII) in gliobastomas)
and/or overexpressed EGFR causes persistent activation of the ERK MAPK cascade in human
cancers. Activated ERKS translocate to the nucleus, where they mhglkgth and regulate various
transcription factors leading to changes in gene expression. In particuRK nEediated
transcription can result ithe upregulation of EGFR ligands such ad' T@HEs creating an autocrine
feedback loop that is critical foras mediated transformation and Raf mediated gene expression
changes. Adapted fro®ncogeng2007) 26, 3291¢3310
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The extracellular signaegulated kinase (ERK) MAPK pathway has been subject to
intense research scrutiny leading to the development of pharohagical inhibitors

for the treatment of cancer. To briefly describe this pathway, ERK is a downstream
component of a conserved signalling module that is activated by the Raf
serine/threonine kinases. Raf activates the MAPK/ERK kinase (MEK)1/2 dual
specifcity protein kinases which then activate ERK1/2. The activation of Raf in
human cancers supports the important role of this pathway in human oncogenesis.
The RafMEKERK pathway is a key downstream effector of the Réagh in turn is

a key downstreantarget of the epidermal growth factor receptor (EGFR) which is
also frequently mutated and overexpressed in can¢é7(. ERK activation
promotes upregulated expression of EGFR liganasngting an autocrine growth

loop critical for tumour growth and progression. For these reasons, the RG§R
RafMEKERK signalling network has been the subject of intense research and
pharmaceutical scrutiny to identify novel targeased approaches focancer
therapy. In light of this, some components of this signalling cascade were included

in the RPPA screeiigble 4.2.

Among the findings, phosphorylation of P38MAPK (T180/182) was found to be
decreased in both APositivecell lines and both ARegdive cell lines used in the
screen. Dephosphorylation was observed at 1500nM in CWR22 cells while a
decrease was measured at 1000nM and 1500nM in 2RV1 cells. A reduction in
phosphorylation was detected at 100, 1000 and 1500nM in the PC3 cells exposed
to OR149. P38BMAPK was also down regulated in the DU145 cells at 1500nM (Figure
4.6 A).

Significantlevels of MAPKERK (T202/Y204)ephosphorylation were observed in

the 22RV1 (AR positive) cell line at 1500ndephosphorylation of statistical
relevance was atsdetected in the PC3 cells (AR negative) in response to OP449 at
100, 1000 and 1500nM (Figure 4.6 B).
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Noteworthy dephosphorylation of MEK1/2 at serine®dl statistical significance

was detected only in the AR negative cell lines, PC3 and DU145.R&&eells, the
earliest reduction in phosphorylation was detected at 100nM and was maintained
at 1000 and 1500nM. In the DU145 cell line a decrease was also observed at 100,
1000 and 1500nM OP449 (Figure 4.6 C).

The phosphorylation status of EGFR was aegl within the RPPA screen at sites
Y992, Y1086 and Y173. EGFR showed a notable decrease in phosphorylation at
Y992 in CWR22, 22RV1 and PC3 cell lines. A gradual trend in down regulation was
observed in the CWR22 and a significant depletion was calcuété800nM. A
statistically significant decrease in phosphorylation was calculated within the
22RV1 samples at 1000 and 1500nM OP449. Significant dephosphorylation at the
Y1173 residue was identified in the CWR22, 22RV1 and DU145 cells lines. The
decreasewas calculated to occur in the CWR22 cell line at 1000nM whilst it was
detected at 100, 1000 and 1500nM in the 22RV1 cell line. The AR negative cell line
DU145 saw a decline in phosphorylation at 1000nM (Figure 4.6 D).

Dephosphorylation of EGFR discowsghe binding of SRC domains at these sites
Phosphorylation of SRC Y416 and Y572 within the screen. Down regulation was
detected at the Y416 residue in the AR positive CWR22 and 22RV1 cells at 100,
1000 and 1500nM in both cell lines. There was no marlesdehse detected in the

AR negative cell lines. There was no significantly relevant reduction detected at the
Y572 site in the CWR22, 22RV1 or PC3 cell lines. DU145 returned a decline at
1500nM (Figure 4.6 F).

A decrease in-Raf phosphorylation was deteszl only in the AR negative cell lines,
PC3 and DU145. The reduction was observed in PC3 cells at the lowest
concentration 100nM and was maintained at 1000 and 1500nM OP449. A decrease
in phosphorylation was seen in the DU145 cell line at 1000 and 1500oMWEver
although there is an apparent trend, only the 1500nM concentration was gauged as

statistically significant (Figure 4.6 E).
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Other targets assessed in the screen include AMPK (T172), SHC (Y317), SRC (Y57)
and EGFR (Y1068). There was no sufficientutatidn detected within these

targets in response to OP449 using the reverse phase protein array platform
(Figure 4.6 G). As modulatioh key MAPK signalling components were detected in

this screen, it is reasonable to deduct from the findings that thel43Ppeptide

inhibits the MAPKERK pathwaytararious sites of the cascade.

Table 42 Reverse phase protein array: Statistical analysis of MAPK related proteins
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DU145: EGFR (Y992) CWR22: EGFR (Y992) 22RV1: EGFR (Y992)

PC3: EGFR (Y992)
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Figure 4.6 MAPK related signalling targets identified using the reverse phase protein array
platform. The RPPA screen was implicated to identify alteration of MAPK signalling cascade in
response to OP44®ata analysis was performed using emay Anova ad Tukey post hoc test in
order confirm modulation as significant.*denotes significance *p<0.05 **p<0.01 ***P<0.001
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