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Abstract

Chronic IL-6 signalling contributes to the pathopimyogy of many diseases including
prostate cancer. Relevant to prostate cancer iakig¢y of the pro-inflammatory cytokine
IL-6 to activate the oncogenic signalling proteifA3 3, thus inhibition of STAT3
activation is a popular avenue of research to angmpeostate cancer therapies. In this
study, the endogenous anti-inflammatory moleculeMPA was investigated as a
mechanism by which to inhibit IL-6-induced STAT3igation in the DU145, LNCaP and
PZ-HPV-7 prostate epithelial cells.

Elevation of cAMP attenuated IL-6-mediated actigatof STAT3 which was mimicked

via selective activation of the exchange protein atéigt by cCAMP. Inhibition of protein

kinase A (PKA) alone also attenuated IL-6-inducddA$3 activation, suggesting a role
for PKA activity in sustained IL-6 signalling in¢ke cells. In DU145 and PZ-HPV-7 cells,
the inhibitory effect of cCAMP elevation was corteld with an increase in protein levels of
suppressor of cytokine signalling 3. However, thigs not the case in LNCaP cells in
which cCAMP elevation was instead associated withpiological changes consistent with

neuroendocrine-like differentiation associated vigiminal disease.

PKA activation was required for cAMP-mediated chesagqn LNCaP cell morphology and
could be recapitulated by reagents which inhibRédA/ROCK signalling, suggesting that
CAMP elevation is able to inhibit RhoA activationa a PKA-dependent pathway.
Additionally, cAMP elevation activated ERK1/2 anglective blockade of ERK signalling
attenuated the effects of CAMP elevation on cellrphology. Selective activation of
ERK1/2 did not induce the early changes in cell photogy associated with increased
intracellular cAMP concentrations, suggesting tratother, related pathway was
responsible for this phenomenon. Genetic or phaofogal inhibition of the
MEKS5/ERK5 signalling pathway significantly attenadt the rapid cAMP-mediated
changes in LNCaP cell morphology, suggesting thihyway may be a possible target by

which to inhibit the onset of neuroendocrine difaiation.

To summarise, this study demonstrates that whiist ability of intracellular cAMP
elevation to inhibit STAT3 activation is commontte prostate epithelial cell lines used,
the downstream effects of CAMP elevation can vaantitically. Thus, whilst modulation
of CAMP signalling may represent a suitable theudipestrategy when considering some

aspects of prostate cancer, the impact on otheakilgg events must be considered.
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2 Abbreviations

40HT 4-Hydroxytamoxifen

6-Bnz-cAMP N°-Benzoyl-3', 5'- cyclic monophosphate

8-pCPT-cAMP 8- (4-Chlorophenylthio)- 2'- O- methyladenosing; 8'- cyclic
monophosphate

A Acidic domain

A22AR Aza adenosine receptor

AC Adenylyl cyclase

AdV Adenovirus

AKAP A kinase anchoring protein

AndR Androgen receptor

ANOVA Analysis of variance

Arp Actin-related protein

ATF Activating transcription factor

BCA Bicinchoninic acid

BMI Body mass index

BSA Bovine serum albumin

C Catalytic subunit of PKA

Ci/2 Cytosolic domain 1/2 of AC

C3T C3 Transferase

CAC Colitis-associated carcinoma

CAMP 3',5’-cyclic adenosine monophosphate

CAMP-A High affinity CAMP binding site

cAMP-B Low affinity cAMP binding site

CBP CREB-binding protein

CEBP CCAAT-enhancer binding proteins

cGMP cyclic guanosine monophosphate

CHAPS 3-[(3-Cholamidopropyl) dimethylammonio]-1-propanksnate
hydrate



CHD Cytokine homology domain

CLC Cardiotrophin-like cytokine

CNG Cyclic nucleotide-gated ion channel
CNrasGEF Cyclic nucleotide Ras GEF

CNS Central nervous system

CNTF Ciliary neurotrophic factor

Co Cofilin homology

CRE CAMP response element

CREB CRE-binding protein

CREM CRE modulator

CST Cell Signalling Technology

DBD DNA binding domain

DAB Diaminobenzadine

DEPC Diethyl pyrocarbonate

DMEM Dulbecco’s minimal essential medium
DMSO Dimethylsulphoxide

DOK-1 Downstream of kinase 1

DPBS Dulbecco’s phosphate buffered saline
ECL Enhanced chemiluminescence

Eg Erythropoietin receptor/gp130 chimera
EGF Epidermal growth factor

eGFP Enhanced green fluorescent protein
EGM-2 Endothelial growth medium 2

Em Emetine

EtOH Ethanol

EPAC Exchange protein activated by cAMP
ER Oestrogen receptor

ERK Extracellular signal-regulated kinase
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F-actin Filamentous actin

FBS Foetal bovine serum

FERM Protein 4.1, ezrin, radixin, moesin

FGF Fibroblast growth factor

fMLP formyl-Met-Leu-Pro

Fsk Forskolin

G-actin Globular actin

GAP GTPase activating protein

GAPDH Glyceraldehyde-3-phosphate dehydrogenase
G-CSF Granulocyte colony stimulating factor

GDI GDP-dissociation inhibitor

GEF Guanine nucleotide exchange factor

GFAP Glial fibrillary acidic protein

GFP Green fluorescent protein

GPCR G-protein coupled receptor

gp130 Glycoprotein 130 kDa

H89 N-[2-(p-bromocinnamyl) amino) ethyl]-5-isoquinoline-sulomide

dihydrochloride

HB-EGF Heparin-binding EGF-like factor

HCC Hepatocellular carcinoma

HCN Hyperpolarisation-activated, cyclic nucleotideaghton channel
HDAC Histone deacetylase

HEK Human embryonic kidney

hGH Human growth hormone

hGHR Human growth hormone receptor

HIF Hypoxia-induced factor

HPV Human papillomavirus

HRP Horse radish peroxidase



HUVEC
IBD
IBMX

ICER

IFN
ifu

IHC
IxB

IKK

JAK
JH
INK
KIR
KSFM
LB
LBA™P
LB Kan
LB Tet
LIF
LIFR
LIMK
LPS
mADb
MAP
MAPK

MAPKK

Human umbilical vein endothelial
Inflammatory bowel disease
Isobutylmethylxanthine

Inducible cAMP early repressor
Immunoglobulin

Interferon

Infectious unit
Immunohistochemical
InhibitoryxB

IxB kinase

Interleukin

Janus kinase

JAK homology

c-Jun NH-terminal kinase
Kinase inhibitory region
Keratinocyte serum free medium
Luria-Bertani

LB supplemented with ampicillin
LB supplemented with kanamycin
LB supplemented with tetracycline
Leukaemia inhibitor factor

LIF receptor

LIM kinase

Lipopolysaccharide

Monoclonal antibody
Microtubule-associated protein
Mitogen activated protein kinase

Mitogen activated protein kinase kinase
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MAPKKK
MEF

MEM
memIL-6R
MeOH
MG132
MMP

MOl

MT
mycRafl:AER
myrPKI 1422
NE

NEM
NFkB
NGF

NK

NLS

NPF

NPN
NSAID
NSE

ORF

OSM
OSMR
pAb
PACAP
PAGE

PBS

Mitogen activated protein kinase kinase kinase
Murine embryonic fibroblasts

Minimal essential medium (Eagle’s)
Membrane-associated IL-6 receptor
Methanol
Carbobenzoxy-L-leucyl-L-leucyl-L-leucinal
Matrix metalloproteases

Multiplicity of infection

Microtubule

myc-tagged Rafl:oestrogen receptor chimera
Myrsitoylated PKA inhibitor 14-22 amide
Neuroendocrine

N-ethyl maleimide

Nuclear factor kappa B

Nerve growth factor

Natural killer

Nuclear localisation signal
nucleation-promoting factors

Neuropontin

Non-steroidal anti-inflammatory drug
Neuron-specific enolase

Open reading frame

Oncostatin M

OSM receptor

Polyclonal Ab

Pituitary adenylyl cyclase activating protein
Polyacrylamide gel electrophoresis
Phosphate buffered saline
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PBST
PCa
PDE
PE
PIAS
PKA
PKA-C
PKC
PKN
PLC
PLD
PMSF
pRb
PSA
pSer
pThr
pTyr
gqRT-PCR
R

RA
RArt
Rec
Rec*
REM
RGS
rhu
RIPA

RNS

PBS containing 0.1 % (v/v) Tween 20
Prostate cancer

Phosphodiesterase

Phycoerythrin

Protein inhibitors of activated STATs
Protein kinase A

Constitutively active PKA

Protein kinase C

Protein kinase novel

Phospholipase C

Phospholipase D
Phenylmethanesulphonyl fluoride
Retinoblastoma protein
Prostate-specific antigen
Phospho-serine

Phospho-threonine

Phospho-tyrosine

Quantitative real time polymerase chain reaction

Regulatory subunit of PKA
Ras-associating

Rheumatoid arthritis

Receptor

Activated receptor

Ras-exchange motif

Regulators of G-protein signalling
Recombinant human
Radio-immunoprecipitation assay

Reactive nitrogen species
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ROCK
ROS
RPMI
SDS
SFK

SH

SHP
SIL-6R
SOCS
SRE
STAT
STAT3-C
SUMO
TAD
t-Bu-SATE
TBS
TBST
TBST-M
TCA
TcR

TE

TGF
TLR
TNF
TORC
Trk
u0126

Ub

Rho-associated protein kinase

Reactive oxygen species

RPMI 1640 medium

Sodium dodecyl sulphate

Src family kinases

Src homology

SH2-containing phosphatase

Soluble IL-6R

Suppressor of cytokine signalling
STAT-responsive element

Signal transducer and activator of transcription
Constitutively active STAT3

Small ubiquitin-like modifier

Transactivator domain

2' 5’-dideoxy-3'-AMP-bis(t-Bu-SATE)

Tris buffered saline

Tris buffered saline containing 0.1 % (v/v) Twez0
TBST containing 5 % (w/v) non-fat milk powder
Trichloroacetic acid

T-cell receptor

Tris-EDTA buffer

Transforming growth factor

Toll-like receptor

Tumour necrosis factor

Transducer of regulated CREB
Tropomyosin-receptor-kinase
1,4-Diamino-2,3-dicyano-1,dis(2-aminophenylthio)butadiene

Ubiquitin



uc

Vv

VEGF

VIP

WAS

WASP

WAVE

WHO

Y27532

Ulcerative colitis

Verprolin homology

Vascular endothelial growth factor
Vasoactive intestinal peptide
Wiskott-Aldrich syndrome

WAS protein

WASP-family verprolin-homologous domain
World Health Organisation

(2)-(R)-trans-4-(1-aminoethyl)N-(4-pyridyl)
cyclohexanecarboxamide dihydrochloride
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3 Introduction
3.1 Cancer

Cancer is an ancient disease, detected in humaainerfromcirca 2000 BC (Greaves,
2000) and currently describes a group of approx@iyabne hundred potentially fatal
conditions accounting for 13% of all global annubdaths (WHO, 2006). The term
“cancer” is generically ascribed to the growth oélignant tumours which develop in
tissues following abnormal cellular growth and ®dagent neoplasm development. The
terms neoplasm and tumour are used interchangdabtiescribe multicellular masses
which develop in tissues as a result of abnormidlgcewth and can subsequently progress

to malignancy dependent on the tumour environnfeier¢e & Damjanov, 2006).

Neoplasms are cellular masses composed of paremtiogis and stroma which grow at
an elevated rate with respect to the surroundirmghabtissues, regardless of an inciting
stimulus. Tumour parenchymal tissue may resembleerinormal tissue or be poorly
differentiated and undergo rapid proliferation. @ary to popular belief, the majority of
neoplastic cells do not undergo more rapid celleycogression in comparison to normal
cells but rather neoplasm growth occurs so rapidig to the larger number of neoplastic

cells which are proliferating (Pierce & Damjano0B).

Neoplasm development occurs via a number of stagdsequires an initiating stimulus.
Stimuli may be mechanical, such as tissue injuryb® chemical in nature, including
tobacco smoke and chemical irritants (Coussens &W29H02;Pierce & Damjanov, 2006)
and result in a reversible change in cellular piyg® a process known as metaplasia
(Pierce & Damjanov, 2006). Continued stimulatiorsules in changes in cellular
organisation and subsequent abnormal growth predaysplastic tissue which may
progress to malignant growth following continuednsilation (Clevers, 2004;Pierce &
Damjanov, 2006).

Following development of a solid mass, tumours rbhaycategorised as either benign or
malignant neoplasms. Benign tumours are typicatimposed of well differentiated cells
which divide slowly (Pierce & Damjanov, 2006). Maglogically and functionally,
benign tumours resemble normal tissue and onlyyraerise damage as a result of tumour

expansion and compression of normal tissues. Intrasty malignant tumours are
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composed of pleomorphic cells of variable shape sine and display an ability to grow
uncontrollably, culminating in invasion of adjacemsue (Pierce & Damjanov, 2006).
Growth of malignant cells along tissue spaces, @ajpe nerves, allows invasion of
vascular and lymphatic vessels whereupon singlelamps of malignant cells may
become detached from the tumour and disseminatestal tissues via a process known as
metastasis. Metastatic cells can then give risgetmndary tumours at sites distinct from
the primary tumour (Pierce & Damjanov, 2006). M&tass are associated with over 90%
of all cancer-related deaths (WHO, 2006) and thepgasent a poor prognosis for the

patient.

Cancer arises due to a collection of stochastiatswshich result in genomic alterations in
a cell (van Kempen et al., 2006). Typically, thewatations act to promote cellular
proliferation via either gain-of-function mutatioms genes which promote progression
through the cell cycle (oncogenes) or loss of fiumst in genes which impede cell cycle
progression (tumour suppressor genes) (Hanahan &bafkg, 2000;Moeller & Sheaff,
2006). As a result of these accumulated genomingd® cancerous cells are exempt from
normal cell cycle control and are able to proliferandefinitely, a process known as
transformation (Hanahan & Weinberg, 2000;Pierce &ipanov, 2006).

3.1.1 Features of cancerous cells

Despite the vast repertoire of human cancers amddhety of organs which are affected
by malignancies, it has been proposed that all era@us cells share six common
characteristics (Hanahan & Weinberg, 2000). Thst fof these is the ability to grow
independently of exogenous growth factors. In ealtgrowth of normal cells is reliant on
the addition of exogenous, soluble growth factoosnfeither medium supplements or from
other cell types. The process by which soluble gndfactors released from neighbouring
cells are able to stimulate the growth of normdlscis known as heterotypic signalling
(Hanahan & Weinberg, 2000). Reciprocal heterotggnalling between cell types allows
growth of a diverse cell community. However, growftcancerous cells frequently occurs
independently of heterotypic signalling, thus praéimgp tumour cell growth over that of
normal tissue cells. There are three broad meadmanisy which independence from
heterotypic signalling can be achieved. Firstlyyas cells can themselves produce growth
factors which they require for growth and thus siete their own proliferation via
autocrine signalling (Hanahan & Weinberg, 2000;0&8met al., 1997). Secondly,
responses to growth factors typically occur dowasstr of recognition by cell surface
receptors. Alteration of either the growth facteceptor intracellular or extracellular
12



domains, particularly those domains associated regilating tyrosine kinase activity, can
result in growth factor receptors which are constriely active (Hanahan & Weinberg,
2000). Consequently, intracellular signalling padlyes are activated in a growth factor-
independent manner, therefore receptor modificatican represent a second mechanism
by which cancer cells can be freed from exogenoowtty factor requirements. Alteration
of integrin expression on cancer cells can alsanpte proliferation in the absence of
growth factors required by normal cells (Hanahawé&inberg, 2000).

In addition to their ability to proliferate in thebsence of heterotypic signalling, cancer
cells are also able to proliferate more readilyntharmal cells due to their insensitivity to
normal antigrowth signals. In normal cells, progesuch as the retinoblastoma protein
(pRb) and transforming growth fact@r(TGH3) inhibit G1 to S phase transition in the cell
cycle and thus impede proliferation (Moeller & Stea006). Cancer cells frequently lose
responsiveness to TEFRand contain mutations in the gene encoding pRIxhvhct to
enhance cancer cell growth and proliferation (Hana& Weinberg, 2000). Other common
features displayed by the majority of cancer cahlis an ability to evade apoptosis, an
unlimited capacity for replication and the metdstpbtential of cancer cells to disseminate
to distal tissues and organs (Hanahan & Weinbed@pPierce & Damjanov, 2006). In
order to sustain solid tumour growth, tumour cellso promote sustained angiogenesis
within developing tumoursia elevated levels of the transcription factor, hyipexduced
factor- (HIF-) Tn and the pro-angiogenic signalling molecule vascetalothelial growth
factor (VEGF) expression (Semenza, 2000).

3.1.2 Development of cancer

Cancer cells have distinctly different growth pledi compared to normal cells due to the
progressive accumulation of mutations within thaayee of malignant cells (Hanahan &
Weinberg, 2000). However, mutations need to accatauh a number of specific genes in
order to produce a malignant phenotype. Considetivaj maintenance of genomic
integrity is a highly efficient process, accumuatiof the required array of mutations by a
single cell would be expected to occur rarely (Hema& Weinberg, 2000). The rate of
cancer in the global population is greater thanlditne expected if cancer arose solely by
random mutation, thus factors other than mutatiaistrpredispose cells to malignancy. It
has been proposed that precancerous cells havaharently unstable genome due to
mutation of the p53 tumour suppressor protein (Hana& Weinberg, 2000). In normal

cells, p53 acts to impede cell cycle progressiothépresence of DNA damage until such
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a time that the damage has been repaired (Hussatarkis, 2006). In circumstances
where the DNA damage is so extensive as to bearabte, p53 initiates apoptosis of the
damaged cell and so prevents inheritance of genal@ations (Moeller & Sheaff, 2006).

Mutations in p53 are amongst the most common aatsaciwith carcinogenesis (Hussain
& Harris, 2006) and may thus represent a mechabigmhich premalignant cells become
transformed and subsequently expand into a sohabtw. Of relevance to this project,

mutations in the gene encoding p53 have been aterklwith exposure to conditions

associated with chronic inflammation (Hussain & iiar2006).

3.2 Inflammation

The inflammatory response is a critical responsenfiection and is characterised by the
four cardinal symptoms of pain, heat, redness arelliag of the affected tissue (Sullivan
& Linden, 1998). This pro-inflammatory phenotypdasas in tissues due to localised
vasodilation and disruption of the vascular endaihg resulting in tissue oedema and
sequestration of circulating leukocytes. Activatiohtissue-localised leukocytes further
propagates the inflammatory response via the reledsnmediators including cytokines,
chemokines and lipid mediators, and subsequentlyltee in the clearance of infection
(Sullivan & Linden, 1998).

There are numerous factors which can induce inflation in response to pathogen
invasion. These include the Toll-like receptors IRE). expressed on a variety of leukocytes
including lymphocytes, natural killer (NK) cellsemppheral blood mononuclear cells and
antigen presenting cells (Muzio & Mantovani, 2000embers of this receptor family
recognise specific pathogen virulence motifs andute TLR2 and TLR4 which are
involved in the recognition of bacterial surfacetigens (Muzio & Mantovani, 2001).
Additionally, pathogens can activate the complemeascade, either via antibody
recognition or directly binding via lipopolysaccltir (LPS) or surface sugar residues
(Molines et al., 2002), resulting in an inflammatoesponse (Gerard & Gerard, 2002).
Some pathogens, such Aspergillus fumigatus, contain proteases which are able to
directly cleave some complement components, nathel{3 and C5 components (Nagata
& Glovsky, 1987). Cleavage of C3 and C5 resultsha release of the C3a and Cbha
anaphylatoxins (Nagata & Glovsky, 1987;Wetsal al., 2000) which are potent
inflammatory mediators and act at their respedBverotein coupled receptors (GPCRS) to
mediate pro-inflammatory events. Anaphylatoxins pasmote inflammation via directly
promoting chemotaxis and activation of leukocytesir@irectly via the induction of
cytokine release (Gerard & Gerard, 2002;Molleeal., 2002;Wetsett al., 2000).
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Irrespective of the mechanism by which the inflartona response is activated, the
ultimate goal is to clear infection. However, alprnged, systemic inflammatory response
can be fatal as evidenced by the 53-63% mortabgoeiated with individuals suffering
from septic shock (Balk, 2000). Chronic inflammatie implicated in the pathophysiology
of numerous diseases including rheumatoid arthsggsis and atherosclerosis (Gomez &
Sitkovsky, 2003;Sands & Palmer, 2005;Showatlaal., 2001;Sitkovsky, 2003). Tissue
remodelling and changes in cellular responses r@guéntly associated with persistent
inflammation. Similar alterations are seen duringlignancy development and thus

chronic inflammatory responses are frequently aatedt with carcinogenesis.

3.3 Chronic Inflammation and Cancer

Inflammation has been proposed to play a key miearcinogenesis since the™&entury
when Virchow described inflammatory cell infiltratén solid tumours (Moss & Blaser,
2005). Several links between cancer and inflammatiave been described since this
hypothesis was originally suggested. Chronic inftaation contributes to both initial

tumourigenesis and subsequent promotion of tumeowty via multiple mechanisms
(Fig. 1).

3.3.1 Chronic inflammation promoting carcinogenesis can arise due to

a multitude of factors

Gastric cancer is the second most common fatal humalignancy and is responsible for
12% of all cancer deaths (Schottenfeld & Beebe-Demn2006). Initiation of gastric
cancer is one of the first to be directly attrimti® a chronic inflammatory response
perpetuated in response to chronic infection witte tGram negative bacterium
Helicobacter pylori (Moss & Blaser, 2005;Schottenfeld & Beebe-DimmefQ0&).
Infection can promote carcinogenesis via multiplechanisms, including ligand-
independent activation of intracellular signallingscades, release of pro-inflammatory
cytokines and secretion of anti-pathogen antibodMsss & Blaser, 2005). Chronic
antibody secretion has been associated with anbaghidependent initiation of
tumourigenesis ime novo skin carcinogenesis arising from chronic inflamio@atin mice

expressing the E7 protein of human papillomavilHBY) (de Visser et al., 2005).

In addition toH. pylori, other infectious agents promote a chronic inflatory response

and potentiate carcinogenesis. Incidence of hepliiter carcinoma (HCC) is strongly
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associated with chronic hepatitis arising due tsigtent Hepatitis C or Hepatitis B virus
infection (Schottenfeld & Beebe-Dimmer, 2006). Qtimdectious agents associated with a
chronic inflammatory response and subsequent tugengsis includeSchistosoma
haematobium which is associated with bladder cancer, HPV typ@sand 18 which are
involved in cervical cancer (Schottenfeld & Beebeber, 2006) and the LMP1 protein
of Epstein Barr virus which is associated with mdmoyngeal carcinoma (Tsao et al.,
2002).

Chronic inflammation also contributes to the depetent of cancer independently of
infection. Several chronic inflammatory diseases agsociated with an increased risk of
cancer. One such disease is ulcerative colitis (@@drm of inflammatory bowel disease
(IBD) associated with inflammation of the intestimgithelium and an increased risk of
developing colorectal carcinoma (Greten et al.,420hflammation-induced activation of

the NRB signalling pathway has been shown to potentiateour development in a

murine model of non-virally-induced HCC (Pikarsky &., 2004). Numerous other

inflammatory diseases are associated with carcmegje including oesophageal cancer
and gastroesophageal reflux, gall bladder cancdrchiioleostatis-induced inflammation

and prostate cancer (PCa) and inflammatory atraf@chottenfeld & Beebe-Dimmer,

2006).

3.3.2 Chronic inflammation contributes to carcinoge nesis via

numerous mechanisms

As described above, chronic inflammation can cbuatg directly to carcinogenesis arising
due to infections and chronic inflammatory diseasash as IBD and inflammatory
atrophy. Following the establishment of chronidanimatory responses, there are several

mechanisms by which carcinogenesis can be pronibigd3.1).

Activation of phagocytic cells such as macrophageseutrophils can induce respiratory
burst which results in the generation of reactiwygen (ROS) and reactive nitrogen
species (RNS). ROS and RNS are free radicals amdhigh levels of these compounds
present during a chronic inflammatory response &&n sufficient to overwhelm
endogenous antioxidants, resulting in damage tlulaelproteins and DNA (Finkel &
Holbrook, 2000;Jacksoert al., 2002;Jezek & Hlavata, 2005). Consequently, slomal
through pathways may be altered and genetic matatioay arise, contributing to cancer
development. ROS generation has been associatiedkit carcinogenesis
16
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(Dhar et al., 2002). In addition, generation of NO can regulatsourigenesis and is
hypothesised to promote mutations in p53, resulimgecell cycle dysregulation and

subsequent risk of cancer development (Hussain &i$]2006).

A further mechanism by which inflammation can cinite indirectly to cancer
development is to facilitate the recruitment antlvadon of leukocytes which promote
tumour growth via heterotypic signalling. In thelammation-induced model of CAC
described above, deletion of I8Kin myeloid cells resulted in both a 50% decrease i
tumour incidence and also a decrease in overalbtmrsize (Greten et al., 2004). This
result suggests that a pro-inflammatory microemmment is important for initial
tumourigenesis and that activation of ®Fin myeloid cells promotes subsequent tumour
growth (Greten et al., 2004). Similarly, in breaatcinomas, elevation of the chemokine
CCL2 is associated with accumulation of tumour-esged macrophages and is believed
to promote release of macrophage-derived growthaagiogenic factors such as VEGF
and Interleukin- (IL-) 8 (CXCL8) to promote tumogrowth. It has been suggested that
CCL2 also promotes initial tumourigenesisvivo in breast carcinoma models (Rollins,
2006). The pro-inflammatory chemokines CXCL12 ardLZ5 have also been similarly
implicated in cancer progression (Rollins, 2006).

In addition to the role in which chronic inflamnati can play in promoting tumour
progression, the inflammatory tumour microenvironinecan also act to prevent
surveillance and subsequent removal of cancerols bg the immune system. T-
lymphocytes and natural killer (NK) cells play intfant roles in the immunosurveillance
of tumours. However, within a chronic pro-inflammigt environment, T-lymphocyte and
NK cell immunosurveillance can be dysfunctional dwe multiple reasons including
decreased T-cell receptor (TcR) activation (Bary@906), decreased natural killer (NK)
cell activation (Oppenheim et al., 2005) emergesfanti-inflammatory regulatory T-cells
and release of IL-10 and tumour growth fagiqif GH3) which promote immune tolerance
(Basoniet al., 2005;Bergmanmt al., 2007;Laouaket al., 2005;Liet al., 2006a;Steinbrink

et al., 1997). Treatment with T@Hnhibitors is being developed as an anti-canceraiby

to alleviate tumour-induced immunosuppression and ascelerate the removal of

cancerous cells (Wojtowicz-Praga, 2003).
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Activated leukocytes have also been associated twittour metastases via the release of
matrix metalloproteases (MMPs) and subsequent datgom of the extracellular matrix,
enabling tumour expansion into interstitial spa¢ean Kempen et al., 2006). MMP
expression is correlated with the expression otifipechemokine receptors in multiple
malignancies (van Kempen et al., 2006). Whilst tlhés somewhat expected in
haematopoietic malignancies, the expression of okaema receptors in epithelial
malignancies implies a role for chemotaxis duriagaer progression and is hypothesised

to play a role in directing metastasis (RollinsQ@0D

3.3.3 The NFkB pathway links inflammation to cancer

Another method by which inflammation can promotadur progression is via activation
of the nuclear factor kappa B pathway (&8, one of the key intracellular pathways
activated in response to inflammatory stimuli irthg LPS, viruses and cytokines such as
IL-1p and tumour necrosis factor (TNé&)Karin, 2006;0sboret al., 1989). Activation of
NFxB and subsequent altered gene expression has been $0 form a mechanistic link

between inflammatory signalling and cancer (Ka2@06).

There are five members of the RB-transcription family, RelA, RelB, c-Rel, p50/NB1
and p52/NikB2 which all contain a Rel homology domain (RHDheTRHD facilitates
multiple functions including DNA binding whilst thHeansactivation domain found in RelA
(p65), RelB and c-Rel enables them to initiate dcaiption of NkB-regulated genes. In
contrast, NkB1 and NkB2 lack transactivator activity and require dimatign with one
of the other family members in order to initiatengdranscription (Bhoj & Chen, 2009). In
the absence of stimulation, NB family members remain dormant in the cytoplasm of
cells due to association with inhibitor of N (I1kB) proteins (Fig. 3.2). Several members
of the kB family exist, with kBa, B ande being of most importance in mammalian
systems due to the presence of N-terminal regiegsired for signal induced degradation
(Karin & Ben Neriah, 2000). Cellular interaction tlvian inciting stimulus, increases
activity of the kB kinase (IKK) complex as a result of hierarchabtpm activation and
degradation incorporating signalling molecules sashthe IRAK1/TRAF6 complex and
the TABL/TAB2/3/TAK1 complex (Bhoj & Chen, 2009)h& IKK complex consists of the
IKKa and IKKB catalytic subunits and is regulated by the {K$Ubunit. IKKy interacts
with IKK B and is required for full activation of the IKK cqbex although the mechanism
by which IKKy regulates IKK activation is unknown (Hacker & K@gr2006;Rothwartt
al., 1998). Phosphorylation oikB occurs primarily due to IKK kinase activity and

creates a binding site for the SEE” ubiquitin ligase, resulting in polyubiquitinatiamd
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proteasomal degradation of theBl (Hatakeyamaet al., 1999;Karin, 2006). The released
NF«B dimers are then able to translocate to the nsckrud activate transcription of
NFkB-regulated genes including the pro-proliferatingokine IL-6 and anti-apoptotic

proteins such as BcliXand the caspase 8 inhibitor c-FLIP (Karin, 2006).

IKKy-mediated activation of IKK is frequently referred to as the classical pathwhy
NF«B activation and results in activation afBla-bound dimers within minutes of pro-
inflammatory stimulation (Hacker & Karin, 2006). Aon-classical pathway of NMB
activation involving NkB-inducing kinase (NIK), IKKk and NkB2 activation has been
described, although this pathway is found mainlh\Btaells and is reviewed in Bhoj and
Chen (Bhoj & Chen, 2009;Hacker & Karin, 2006;Lietgal., 1998).

In murine models of UC, it has been suggested ihi&ial development of colitis-
associated carcinoma (CAC) is due to activationhef NFB signalling pathway, a key
pathway activated during signal transduction doveash of pro-inflammatory stimuli. In
this study, Greteret al (Greten et al., 2004) demonstrated that deletibiK& B in
intestinal epithelial cells resulted in a 75% daseein tumour incidence in response to
chronic inflammatory stimuli in comparison to caitanimals in which IKK function
was maintained (Greten et al., 2004). [Kls a component of the NB pathway which is
essential for NkB activation downstream of pro-inflammatory cytokistimulation, thus
activation of NikB in response to chronic inflammation can drive dungenesis in CAC
(Greten et al., 2004). The pro-oncogenic role okBl&ctivation in CAC was hypothesised
to be due to the anti-apoptotic activities of dBF Deletion of IKKB in the intestinal
epithelium resulted in greater areas of apoptasigesponse to inflammatory stimulus in
comparison to littermate control animals. This @age in apoptosis was shown to be
independent of p53 or sustained JNK activity, baswypothesised to involve alterations
in the activation of the anti-apoptotic factor BGl- IKKB deletion animals showed
decreased induction of BcleXcompared to control specimens (Greten et al., 2004
However, there was no observed difference in the sf tumours between the two animals
groups, suggesting that NB signalling in intestinal epithelial cells doestmay a vital
role in maintaining tumour growth but is more imgaoit in initial tumorigenesis (Greten et
al., 2004). Inflammation-induced activation of tNExB signalling pathway in a murine
model of non-viral-induced HCC promoted tumour gitowia protecting cancerous cells

from apoptosis (Pikarsky et al., 2004).
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To summarise, although the inflammatory responsatas for the clearance of infection,
unsuccessful resolution of acute inflammation oasult in chronic inflammation which
can be detrimental. Whether arising from persistaféction or from inflammatory
diseases, chronic inflammation can act to promateigogenesis, tumour progression and
metastasis via a number of distinct mechanismsieTaiee numerous well-established links
between inflammation and the progression of varicalscers and treatments involving
antioxidants and non-steroidal anti-inflammatorygl (NSAIDs) have been effective
complements to traditional chemotherapy (Thun gt28102). Thus, further understanding
and manipulation of the inflammatory response mayob future benefit when treating

human cancers.
3.4 Interleukin-6 Family Cytokines

3.4.1 Interleukin —6 cytokine family

The term cytokine describes a group of extracellptateins of approximately 200 amino
acids which mediate intercellular signalling andulate a vast array of physiological
phenomena ranging from immune functions to cellslawival (Chow et al., 2002). The
IL-6 family of cytokines play an important role governing haematopoiesis (Heinrieh
al., 2003) and regulate a number of cellular functionsluding differentiation,
proliferation and apoptosis (Heinriehal., 2003;Mitsuyamaet al., 2006). Members of the
IL-6 cytokine family traditionally include IL-6, 11, leukaemia inhibitory factor (LIF),
oncostatin M (OSM), -cardiotrophin-1 (CT-1), cardaghin-like cytokine (CLC),
neuropoietin (NPN) and ciliary neurotrophic fac(@NTF) with IL-27 and IL-31 recently
entering this family (Heinrickt al., 2003;Mitsuyamat al., 2006).

All IL-6 family member cytokines require the gpl3@gnal transduction molecule for
efficient intracellular signal transduction follavg interaction of the cytokines with their
cognate receptors (Chow et al., 2002). The recegpfionction typically as tetramers,
consisting of two molecules of a non-signallingegor which recognises the cognate
cytokine and two monomers of signal transducingpéars. In case of the IL-6 receptor,
IL-6Ra forms the non-signalling receptor and the fullyiaated signalling complex is
formed from two monomers each of IL-6, IL-6Rnd gp130, although other members of
the family form different higher order signallingraplexes (Bravo & Heath, 2000). The
formation of these high affinity receptor signajjicomplexes is dominated by the
interaction between the cytokine and its non-sigmalreceptor (Bravo & Heath, 2000).

Each member of the IL-6 cytokine family display® tbharacteristic up-up-down-down
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four helix cytokine topology, comprising two paicd antiparallel helices joined by
polypeptide loops (Heinrichkt al., 2003). All four helices are straight within ILghd IL-
11, whilst OSM, LIF and CNTF have a kink in helix (8tarred in Fig. 3.3) which may
account for differences in receptor complex reaneitit and quaternary structure (Heinrich
et al., 2003;Skiniotist al., 2008).

The interaction between human growth hormone (h&td) its receptor (hGHR) has long
been the paradigm for receptor-cytokine interagtionwhich hGH interacts with hGHR
via two distinct sites (Bravo & Heath, 2000). Howevthe IL-6 family cytokines are
thought to diverge from this model due to threenof interaction between the cytokine
and its receptor (Fig. 3.3). The three sites ingdlin the recognition of the receptor
signalling complex by IL-6 are termed Site |, Siteand Site Ill. Members of the IL-6
cytokine family engage their signalling receptais interaction with Sites Il and Il whilst
Site | is involved in a relatively high affinity teraction with the non-signalling receptor
(Bravo & Heath, 2000). The use of Site | to recegnithe non-signalling receptor may
represent a mechanism by which IL-6 cytokine famnmigmbers overcome low affinity

interactions at Site Il with the signalling recetsuch as gp130 (Bravo & Heath, 2000).

As indicated in Fig. 3.3, the different receptotenaction sites of IL-6 occupy distinct
regions with Site | being located on helix D, Sitecomprising a cluster of residues in
helices A and C and Site Il being formed by F15& &159 and is involved with
interaction of the Ig-like domain of gp130 (BravoHeath, 2000;Chowt al., 2001b). Site

[ in IL-6 and IL-11 is dominated by an arginineidege towards the C-terminus of helix D
which is thought, based on similarities to the Ml-44Ra. interaction, to form a salt bridge
with an aspartate residue on IL-6RBravo & Heath, 2000). A conserved glycine residue
is central to Site Il and, due to a lack of sidainhforms a hydrophobic pocket within the
site to interact with the cytokine receptor homglapmain of gpl30 (Bravo & Heath,
2000). Successful cytokine-receptor interactiotidtes the formation of the higher order

signalling complexes required for intracellularragtransduction (Chow et al., 2001a).

3.4.2 The IL-6 family cytokine receptors

The IL-6 family cytokine receptor family can be died into two groups, dependent on

their role in signal transduction. The non-sigmagjlia-receptors IL-6[R, IL-11Ra and

CNTFRa are responsible for binding their respective ldgand are required for effective

signal transduction (Bravo & Heath, 2000;Heinrgthal., 2003). In contrast, LIFR and
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OSM do not require non-signalling receptors foeefive ligand-receptor interaction and
can interact directly with the signalling recept@seinrichet al., 2003). LIFR, OSMR and
gp130 comprise the signalling receptors of the ikytkine family and are responsible for
activation of intracellular signal transduction (ptech et al., 2003). All IL-6 family
cytokines require at least one molecule of gp130eféicient commencement of cellular
responses. IL-6 and IL-11 signal via gp130 homodinwvehilst the remaining IL-6 family
cytokines signal via gpl30/LIFR heterodimers (RBgd). OSM is unique amongst this
family due to its ability to recruit a gp130/OSMRetarodimer for signal transduction
(Heinrich et al., 2003). It has recently been suggested that Ilsighals via a unique
gpl30/WSX-1 heterodimer (Pflanz et al., 2004). HEigmalling receptors lack intrinsic
kinase activity and so are reliant on constituivaksociated Janus kinases (JAKS) for
effective signal transduction. JAK1, JAK2 and Tykave all been shown to activate

intracellular signalling downstream of IL-6 famitytokines (Heinriclet al., 2003).

Interaction between cytokine receptors and thegnate ligand and subsequent receptor
activation is mediated by a number of extracellumhentifs. All family members contain a
cytokine receptor homology domain (CHD) consistofga seven-strandefl-sandwich
which contains a signature WSXWS sequence in thergk C-terminal motif (Bravo &
Heath, 2000) and mediates protein-protein intevastiBischoff et al., 1992). OSMR and
LIFR contain two CHD motifs whilst gp130 and altele non-signalling receptors possess
only a single CHD (Bravo & Heath, 2000). Interantioetween a non-polar CHD residue
and the hydrophobic cleft of site Il is proposed&important in receptor recognition of
cytokines. The presence of an Ig-like domain atGkherminus of the membrane proximal
CHD has been detected in all IL-6 family cytokimeeptors and mediates interaction with
site Il on the cytokine (Bravo & Heath, 2000).the case of IL-6 signalling, the presence
of the Ig-like domain is required for formationtbe hexameric signalling complex (Chow
et al., 2001b)

The third and final motif conserved across all Ilfaénily cytokine receptors consists of
arrays of fibronectin type Ill domains which plag andefined role in mediating IL-6
family cytokine receptor signalling. Truncation tfese domains attenuates cytokine-
mediated signalling and it is hypothesised thatdii@ains position gp130 transmembrane
domains in proximity (Skiniotis et al., 2005). Ik the fibronectin domains of gp130
have been shown to bend towards each other wheplered with IL-6 and IL-6R and
thus enable initiation of intracellular signalli(@kiniotis et al., 2005). Association of
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site 1l

IL-6

Fig. 3.3: Ribbon structures of IL-6 and OSM

The ribbon structures of IL-6 (left) and OSM (righridicating the position of
the four helices. The sites of interaction with@Re. and gp130 are circled

on the structure of IL-6. The kink in helix A of ®Ss indicated with a star.

Taken from Heinrich,P.Cat al. (2003)
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gpl30 transmembrane domains is critical in fadihta signal transduction and forced
dimerisation of these domains can activate inthaleel signalling and act to inhibit
embryonic stem cell differentiation in the absewnéeytokine (Stuhlmann-Laeisz et al.,
2006).

Following successful cytokine-receptor interactiolh-6 family cytokines activate
intracellular signalling via the JAK-STAT pathwageg section 3.3). IL-6 signals primarily
through activation of STAT3 but can also activatd A$1 following IL-6-IL-6R
interaction. In addition to coupling to the JAK-ST Avathway, IL-6 family receptors can
also activate mitogen activated protein kinase (MABignalling. LIFR can activate the
Ras/Raf/extracellular signal-regulated kinase 1ERK1/2) pathway in a manner
independent of the classical LIFR/JAK/STAT pathwayd subsequently acts to arrest
growth of medullary thyroid cancer cells (Park et 2003). OSM can activate the p38
MAPK, ERK1/2 and c- Jun N-terminal kinase (JNK)ldo¥ing successful activation of
OSMR. Tyr 861 of OSMR is required for activation edich of these different signalling
molecules and JAK1 is essential for initiation 8Bpactivity (Boing et al., 2006). The Src-
homology 2- (SH2-) containing phosphatase SHP2be@n shown to act as an adapter
linking the IL-6R to ERK activation (Terstegen &t 2000). SHP2 interacts with pTyr759
of gp130 and acts to recruit Gabl which, in tusninvolved in the activation of ERK1/2
(Takahashi-Tezukat al., 1998). Gabl also acts with SHP2 to recruit coneptsof the
ERKS5 signalling cascade to gpl30 (Nakaoka et &032 a pathway required for
cardiomyocyte hypertrophy induced by CT-1 (Takahdslzuka et al.,, 1998)
Interestingly, activation of ERKs via protein kiea€ (PKC) has been shown to decrease
IL-6-induced STAT1 and STAT3 phosphorylation in man dependent on Tyr759 of
gp130. This residue is the site of suppressor tikiye signalling (SOCS) 1 and SOCS3
recruitment to gp130 and it is proposed that ERtaton can induce SOCS3 expression
and so act to attenuate JAK-STAT signalling (Teysteet al., 2000) (see section 3.5)
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Fig. 3.4: The IL-6 family cytokine receptors.

Cytokines are represented as grey circles whitstitheceptors are shown in light grey. Signal transtlyiceceptors are
shown in light pink (LIFR and OSMR) or dark pinkp@30). IL-6 and IL-11 signalia gp130 homodimers whilst other
members of the IL-6 cytokine family utilise heteimérs containing gp130 and either LIFR or OSMR.

Taken from Heinrich,P.Gat al. (2003)

27



3.4.3 IL-6 trans-signalling

The IL-6 family cytokines play a crucial role inguidating key physiological responses and
thus can activate a variety of cell types. The gmes of non-signalling receptors acts to
increase the pool of target cells due to a phenom&nown as trans-signalling, which has
been best described for IL-6 (Kallen, 2002). ThesRa/gpl130 complex is expressed by
some cells as a membrane bound form (memlL-6R)na@diates intracellular signalling
following binding of IL-6 (Kallen, 2002). Howevetthe expression of memlL-6R is
relatively restricted whilst expression of gp130uisiquitous. A soluble form of IL-6R
containing the non-signalling IL-GR(sIL-6Ra) can be released and acts to increase the
pool of IL-6 responsive cells (Scheller al., 2006). Release of sIL-@Rcan arise from
either shedding of memiIL-6R by a cell surface-ls&a sheddase or as a result of protein
expression arising from alternative splicing of nief®R mRNA (Kallen, 2002).
Circulating IL-6 interacts with sIL-6& and becomes recruited to gpl30 homodimers
expressed on cells, resulting in activation ofaoéllular signalling and perpetuation of the

inflammatory response.

Interestingly, it is possible that sIL-6Rcan also play an anti—-inflammatory role by
“mopping up” excess circulating IL-6 (Mitsuyama at, 2006). Shedding of sIL-@Ris
enhanced in inflammatory conditions and thus presoformation of IL-6/sIL-6R
complexes which can interact with gp130 on celfates. However, a soluble form of
gpl130 has also been described. Interaction of $ll-68Ra. complexes with this soluble
form of gp130 would remove the complexes from thieugation and prevent them from
interacting with cellular gp130 to promote cell reading. In this context it appears that
sIL-6Ra is acting to “mop up” excess IL-6 and so attenuwstvation of IL-6 signalling
pathways (Kallen, 2002).

3.4.4 1L-6 and disease states

Given the ability of IL-6 to activate signallingrdugh the JAK-STAT pathway, it is hardly
surprising that elevation of IL-6 is correlated hvihumerous inflammatory conditions.
Increased IL-6 concentrations have been associaidd an increased frequency of
atherosclerotic plaque rupture and subsequentofisgchaemic stroke (Yamagami et al.,
2004). Elevation of both circulating and intestifla6 concentrations has been detected in
patients with IBD. Increased mucosal and serum lev@ls correlate with active IBD and
treatment with anti-IL-6R monoclonal antibodies #orates symptoms in a model of
ulcerative colitis (Mitsuyama et al., 2006). Duethe elevation of IL-6 levels in active
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IBD it may be possible to use IL-6 concentratiogsaamarker for disease severity in a
manner similar to that proposed for ankylosing siytitis (Bal et al., 2007). Furthermore
IL-6 has been shown to be important in other infltaatory diseases including rheumatoid
arthritis, diabetes mellitus, multiple sclerosislzi#eimer’'s disease and heart disease
(Deepeet al., 2006;Kallen, 2002;Koenigt al., 2006;Shoudat al., 2001).

In addition to the role of IL-6 in inflammatory @iases, the cytokine has also been
associated with various malignancies. Increase@ tioncentrations have been detected in
colorectal carcinomas and levels are associateth Wisease severity and tumour
progression (Esfandit al., 2006). The growth of cholangiocarcinomas is gstentiated

by IL-6 due to aberrant promoter methylation (Weldbeal., 2006). IL-6 has long been
thought to act as a potent growth factor in mudtiplyeloma (Hodget al., 2005) but use
of IL-6 as a marker for disease progression may b®treliable (Greco et al., 1994).
Increased serum IL-6 in metastatic breast carcin@neorrelated with the degree of
metastasis and worse survival (Salgado et al., 2@Eihilarly, in prostate carcinoma, IL-6
is associated with cachexia and an increased fistatality arising from malignancy
development without treatment (Kurodgal., 2007). Furthermore, increased IL-6 levels
can indicate a poor prognosis (Nakashiehal., 2000) and are frequently observed in
hormone refractory prostate carcinoma which reprtssan advanced stage of prostate

carcinoma associated with metastasis to the bothettwer organs (Crawford et al., 1999).

Given the association of elevated IL-6 levels withmerous inflammatory conditions and
malignancies, it is unsurprising that the signallpathways downstream of the IL-6R have
been the focus of much research. As mentioned alamiwation of the IL-6R complex

primarily promotes activation of the JAK-STAT an&E1/2 signalling cascades.

3.5 The JAK-STAT pathway

Inflammatory responses are perpetuated by the rectal specific cytokines at their
cognate receptors. In section 3.1, the role of Ni#&B was discussed as a signalling
pathway downstream of receptors for inflammatorynsli such as LPS and IL-1.

However, whilst activation of the MB pathway may occur early in the inflammatory

response, it is by now means the only signallintpyway the inflammatory response.
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In addition to NKB, one of the principal pathways involved in sigriednsduction
downstream of cytokine receptors is the JAK-STAThpeay, which is comprised of the
Janus kinases (JAKs) and the signal transducersaetivhtors of transcription proteins
(STATs) (Aaronson & Horvath, 2002). Cytokines bimglito the class | or Il cytokine
receptors typically mediate their effects via aafion of the JAK-STAT intracellular
signalling cascade (Kotenko & Pestka, 2000). Clasmnd Il cytokine receptors are
categories within a group of receptors which lagkake domains in their intracellular
domain and require an associated kinase for stggaduction. There is little difference in
the tertiary structures between class | and Il kiyi® receptors, rather the receptors are
classified dependent on the cellular responses¢hely (Krause & Pestka, 2005). Class |
cytokine receptors are typically involved in redirg the differentiation or expansion of
tissues and include the IL-6 family cytokines wharelass Il receptors are involved in
limiting damage following a tissue insult and irduthe IFN receptors (Kotenko &
Pestka, 2000;Krause & Pestka, 2005). In the cagbeolL-6 receptor family, gp130 is
associated with both JAK1 and JAK2 in the abserfcéd &6 stimulation, indicating a
constitutive association between JAKs and the gEl@@alling molecule (Luttickest al.,
1994;Stahlet al., 1994). Tyk2 is also activated by IL-6 as indicatey an increase in
phosphorylated Tyk2 following IL-6 stimulation ($teet al., 1994).

3.5.1 Janus Kinases

To date, four JAK family members have been desdrilme mammals, birds and fish,
comprising JAK1, JAK2, JAK3 and Tyk2 (Kotenko & Res 2000;Leonard & O'Shea,
1998). Encoded by genes comprising approximatelgxths, JAKs are relatively large
proteins with a molecular mass ranging between 120kDa, rendering study of their 3D
structure somewhat challenging (Yamao#taal., 2004). However, primary structure
analysis indicates that JAKs contain seven consgemfemains known as the JAK
homology (JH) domains 1-7 (JH1-7) (Fig. 3.5). Nundoefrom the carboxyl-terminus,
JH1 displays significant homology to typical eulatry tyrosine kinase domains, the
sequence of which is mostly associated with tymskinases belonging to the
Src/epidermal growth factor (EGF) receptor famiMamaokaet al., 2004). The JH1
domain contains the activation loop which impedebsgate access in the absence of
tyrosine phosphorylation (Leonard & O'Shea, 1998). the case of JAKS,
autophosphorylation of TY° within the activation loop is associated with aorease in
kinase activity. However, autophosphorylation afosine residues within the activation
loops of JAKs is not necessarily associated wittivaton of JAK kinase activity as
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autophosphorylation of TSt of JAK3 negatively regulates kinase activity (Zheital.,
1997).

The JH2 domain is believed to encode a pseudokidasgin which, despite lacking
kinase activity, is hypothesised, to regulate fiomwcof the JH1 domain. In a mechanism
analogous to other protein tyrosine kinases, aanmblecular interaction between JH1 and
JH2 within JAK2 is proposed to inhibit JH1 activitythe absence of stimulus (Saharinen
et al., 2003). Successful cytokine receptor interactesults in a conformational alteration
that relieves JH1 inhibition, rendering the JAK adgtically active and competent for
signal transduction. Interestingly, deletion of JH@vates basal JH1 activity but also
liberates JAK activation from the constraints gfalnd-dependent activation (Saharimen
al., 2003). The JH3 and JH4 domains together compms&H2-like domain which, in
other proteins, acts as a docking site for tyrogihesphorylated proteins. At the amino-
terminus, JH6-7 form a 300 amino acid Protein dztin, radixin, moesin (FERM) domain
which has been implicated in interactions with sraembrane proteins, including cytokine
receptors (Yamaoket al., 2004).

3.5.2 Signal transducers and activators of transcri ption

There are seven described mammalian members oSTAE protein family; STATL,
STAT2, STAT3, STAT4, STAT5a, STAT5b, and STAT®6, afl which are involved in
mediating signal transduction downstream of cytekieceptors. STAT1, STAT3, STATA4,
STAT5a, and STATS5b range in size from 750-795 anaaidl whilst STAT2 and STAT6
are approximately 850 amino acids in length duda¢opresence of an extended C-terminal
region (Darnell, 1997). Despite the difference irte@ninal length, all STAT proteins
display conservation of domain organisation wittchedamily member containing a
dimerisation domain, a STAT family DNA binding dom#DBD), an SH2 domain and a
transactivation domain (Fig. 3.6) (Becletial., 1998;Hoey & Schindler, 1998).

Following receptor-ligand interaction and subsequ&hK activation, STATs become
activated via JAK-mediated phosphorylation on aseowed Tyr located at approximately
residue 700 such as Tt and Tyf® of STAT1 and STAT3 respectively (Darnell,
1997;Hoey & Schindler, 1998). In the case of STAIBvation arising from IL-6-I1L-6R
interaction, a conserved pTyr-X-X-GIn motif on gldcts as the STAT3 binding site
(Lim & Cao, 2006). Activated STATs form V-shapedio or heterodimers mediated by
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Fig 3.5: JAK domain organisation

Schematic representation (not to scale) of thestra of JAKs
indicating the organisation of the kinase, pseudade, SH2 and
FERM domains.
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the N-terminal region of the STAT proteins with ttienerisation interface located at the
apex of the V (Hoey & Schindler, 1998). Reciproicaeraction between the pTyr of one
STAT monomer and the central SH2 domain of the rotheilitates STAT dimerisation,
which is required for nuclear import. Several STétiuctural features including the DBD,
N-terminus and coiled-coil domains have been ingpéid in regulating nuclear import of
STAT dimers (Lim & Cao, 2006;Liet al., 2005;Ma & Cao, 2006). Nuclear-localised
STAT dimers are able to directly induce expressrSTAT-responsive genes such as
VEGF due to the presence of the C-terminal DBD. Di&D contains a stretch of acidic
amino acids and structurally resembles p53 andB\N#ue to the presence of an Ig-fold
(Hoey & Schindler, 1998). The transactivation damaf many of the STAT proteins
contains a conserved Ser residue, correspondit@ef6’ in STAT1 and STAT3. Along
with protein kinase @ the p38, ERK1/2 and JNK MAP kinases are all atde
phosphorylate this residue. Serine phosphorylagaequired for full activation of STAT-
mediated transcription but does not enhance STATAMding activity (Lim & Cao,
2006). In contrast, p300/CBP-mediated acetylatibhys685 of STAT3 enhances nuclear
import, DNA binding and transactivation of STAT3pensive genes (Warmgal., 2005).

3.5.3 Activation of the JAK-STAT pathway

The mammalian STAT proteins are activated followirgceptor-ligand interaction
between class | or Il cytokine receptors and tbegnate ligand (Kotenko & Pestka, 2000).
Such cytokine receptors typically exist as pre-fedndimeric pairs that lack intrinsic
kinase activity. Thus, although the receptor isealdl bind cytokine, successful signal
transduction is reliant on the presence of corstély associated JAKs (Heinrickt al.,
2003;Krebs & Hilton, 2001;van de Geighal., 2004). Ligand binding is thought to induce
receptor clustering and thus brings JAKs assochmaitddneighbouring receptors into close
proximity. JAK activation is achieved following adtandtrans-tyrosine phosphorylation
events on juxtaposed JAKs, rendering them compdteninitiating signal transduction
(Aaronson & Horvath, 2002;Kimuret al., 2004;Krebs & Hilton, 2001). In the case of
JAK3, autophosphorylation of T3 is associated with an increase in kinase activity
(Zhou et al., 1997).Analogous tyrosine residues are locatqubsitions 1054 and 1055 in
Tyk2, indicating a common form of regulation (Gaueizal., 1996). Such a hypothesis is
confirmed by evidence that mutation of 1 but not Tyf%** of JAK1 results in
decreased ligand-independent phosphorylation ofTSBAn COS7 cells (Liet al., 1997).
JAK3-mediated phosphorylation of a peptide corresjptg to the activation loop of JAK1
demonstrated that alanine substitution of*$3fis poorly phosphorylated by JAK3 (Wang
et al., 2003). These results suggest that JAKs are ablphbsphorylate other family
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members and that the first Tyr residue in the YYilaet is important in JAK activation.
Interestingly the FERM domain of JAKs has also baeplicated in regulation of JAK
kinase activity. In the case of JAK1, mutation ofr’f* and Tyf*? within the FERM
domain is associated with enhanced basal ang-IRt\uced phosphorylation of the kinase
(Haan et al., 2008). Activated JAKs phosphorylate the intradal domains of the
cytokine receptor on conserved tyrosine residubesé@& phosphotyrosine (pTyr) residues
can then act as docking sites for the intracellgignalling molecules involved in the
signal transduction cascade. In the case of gplB&l-mediated phosphorylation of
Tyr759
phosphatase (SHP) -2 (Schapieal., 1998).

is associated with recruitment and subsequenvaiiin of the SH2-containing

STAT proteins associate with receptor pTyr residvasan interaction between the pTyr
and the central SH2 domain found in all STAT pmate(Caloet al., 2003;Shuakt al.,
1994). The specificity of the receptor-STAT intdrac is thought to arise from sequence
variation within the STAT SH2 domain, which enabtee STATSs to recognise different
phosphorylated motifs (Leonard & O'Shea, 1998). kmtance, STAT1 is activated
downstream of the activated IfNeceptor via interaction with a pTyr-Asp-Lys-PrasH
motif between residues 440 and 444 but can alsadteated downstream of IL-6R
(Greenlunckt al., 1995;Hemmanset al., 1996). It has been demonstrated that two pTyr-X-
Pro-GIn motifs at Ty’ and Tyf*® of a chimeric erythropoietin/gp130 receptor (Edf) @
sites for STAT1 recruitment via its SH2 domain. SBAwas also recruited to Eg
following receptor activation but bound to motifssaciated with Ty’ and Tyf** in
addition to the Ty’®> and Tyf*®> motifs described for STAT1. Mutation of a consetve
arginine in the STAT SH2 domain abolished STAT-Btgiaction, indicating that this
domain is essential for interaction of STATs witttieated receptors (Hemmarah al.,
1996). The differential ability of these STAT reitnoent sites to bind STAT1 or STAT3 is
due to structural differences in the SH2 domairthaf STAT proteins. Unlike STAT3,
binding of STAT1 to receptor phosphotyrosines reggithe presence of the downstream
Pro-GIn sequence in order to correctly positiongh#amate residue. The binding pocket
of the STAT3 SH2 domain is larger than that of STAGhd so can accommodate the large
glutamate side chain without the requirement falipe-mediated positioning (Hemmann
et al., 1996). Receptor-associated STATs then undergspttooylation by activated JAKs
on conserved tyrosine residues in the transaaivaibmains, corresponding to Tin
STAT1 (Shuakt al., 1993) and Ty*in STAT3 (Caloet al., 2003;Kapteiret al., 1996).
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Fig. 3.6: Domain organisation of STAT proteins
Schematic representation (not to scale) of STATtgmmodomain organisation indicating the relative

positions of the dimerisation, coiled-coil, DNA king, SH2, conserved Tyr and transactivation dosain
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Tyrosine phosphorylated STATs then dissociate friira receptor and dimerise via
reciprocal interaction between the pTyr of one STAdnomer and the SH2 domain of the
other to form STAT homo- and heterodimers (Lim &oC&006). Although the exact
mechanism governing STAT dissociation from thevatéd receptor is unclear, it has been
suggested that the nature of the interaction betviwe STAT monomers is preferable to
that between the individual STAT monomers and tdeaking site and so formation of the
first STAT pTyr — STAT SH2 coupling acts to dispaSTATs from the receptor. In
addition to dimerisation, tyrosine phosphorylatien required for successful nuclear
translocation of STATs (Calet al., 2003). STAT dimers directly activate transcriptia
binding of af-sheet rich DNA binding domain STAT binding consensequences (Calo
et al., 2003). The 9-10 bp motifs bound by STAT dimers gypically semipalindromic
sequences known as Iddctivated sequence (GAS) motifs or STAT-responsieeents
(SREs) and have the consensus sequence ELEGMA (Leonard & O'Shea, 1998). The
DNA binding activity of STATs can be enhanced v&saciation with the p300/CREB-
binding protein complex which is thought to acegl&TAT3 at Lys685 (Wanegt al.,
2005). Acetylation at this residue also augmentdeau accumulation and transcriptional
activation of STAT3 although the mechanism by whiisis occurs is currently unknown
(Wang et al., 2005). Additionally, serine phosphorylation pdiates the activity of the
transactivation domain but does not affect bindbh¢he activated STAT to DNA (Lim &
Cao, 1999;Lim & Cao, 2006).

In addition to JAK-mediated phosphorylation, STACEs also become activated via SFK-
mediated tyrosine phosphorylation (Ingley & Klink@®906). This is particularly important
in malignant diseases as STAT3 activation is anon@mt event in Src-mediated

transformation (Smith & Crompton, 1998).

3.5.4 The role of JAK-STAT in disease

The JAK-STAT pathway is an important pathway inwavin signal transduction of
downstream of cytokine receptors (Aaronson & HdryaP002;Kotenko & Pestka,
2000;Krause & Pestka, 2005). Thus it is of littlemise that dysregulation of JAK-STAT
activity has been associated with diseases assdaiath chronic inflammatory conditions
(Elliott & Johnston, 2004;Pernis & Rothman, 200)68tha et al., 2001). For example,
targeted JAK-STAT inactivation is being investightes a potential therapeutic strategy in
the treatment of rheumatoid arthritis (RArt) duehe detection of elevated IL-6 levels in
the synovial fluid of patients with RArt and theildlp of this cytokine to induce synovial
cell proliferation, exacerbating the disease (Shatidl., 2001). JAK-STAT activation has
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also been implicated in airway hyper-responsivenasgatients with chronic asthma
(Pernis & Rothman, 2002). The JAK3-selective infohi CP-690550 promotes
immunosuppression in both non-human primates anghenmodels of inflammation due
to a reduction in circulating NK-1"Tells (Conklynet al., 2004;Kudlaczt al., 2004). CP-
690550 is currently in clinical trials to assessatficacy as an immune modulator in stable
renal allograft patients (van Guepal., 2009).

Given the association of JAK-STAT activation withrgnic inflammatory diseases, it is
hardly surprising that this pathway has also beeplicated in a variety of malignancies.
Constitutive activation of STAT5a/b has been asged with many neoplasms, especially
haematological malignancies (Cadbal., 2003). STAT1 has been proposed as a tumour
suppressor whilst activation of STAT3 has been@ased with neoplastic progression and
inhibition of apoptosis (Cal@t al., 2003). The Hodgkin lymphoma-derived cell lines
HDLM-2 and L540 display elevated JAK phosphorylati@nd increased tyrosine
phosphorylated STAT1, STAT3, STAT5 and STAT6. Thkvation in tyrosine
phosphorylated STATs was correlated with constieuissociation of STATs with DNA,
suggestive of sustained expression of STAT-respengenes such as the anti-apoptotic
Bcl-X ... Indeed, inhibition of continuous JAK-STAT activitesulted in elevated apoptosis
and decreased levels of the anti-apoptotic protBrisX, and Bax (Cochett al., 2006).
SOCS-1 deficient mice also display STAT3 hyperaistvand spontaneously develop
colorectal carcinomas in an IFMependent manner (Hanaah al., 2006). STAT3
hyperactivation is also associated with human gastircinoma (Toet al., 2004) and
abnormal dendritic cell differentiation in cancétefedovaet al., 2004). Many STAT3-
responsive genes are implicated in apoptosis, ay@le progression and promotion of
tumour growth including Bcl-X cyclin D1 and VEGF (Cochet al., 2006;Leslieet al.,
2006;Xu et al., 2005). In prostate carcinoma, autocrine IL-6 station and elevated
STAT3 phosphorylation is associated with resistaiocapoptosis, androgen-independent
growth and metastasis (Bartenal., 2004;Culiget al., 2005;Michalakiet al., 2004;Shariat

et al.,, 2001). Currently, multiple strategies are beimyestigated to inhibit STAT
activation in cancer including inhibition of JAK tagty, anti-sense oligonucleotides to
STAT mRNA and inhibition of STAT dimerisation (Jirdg Tweardy, 2005). Cucurbitacin
B is a plant-derived compound which profoundly bits activation of STAT3 and STAT5
in human pancreatic cancer cell lines. Treatmemh Wiucurbitacin B is also associated
with an increase in apoptosis and a decrease ifKBaxpression and synergises with
gemcitabine, a chemotherapeutic which acts to budtlbit DNA synthesis and promote

apoptosis, to prevent cellular growth (Migti al., 2006;Thoennissest al., 2009). More
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relevant to a new therapeutic, Cucurbitacin B #&mtsnpede xenograft growtim vivo as
well as displayingn vitro efficacy (Thoennissest al., 2009). Additionally, the use of
decoy oligonucleotides has been investigated asansto inhibit STAT-responsive gene
expression in malignancies. These oligonucleotidsemble the SRE found within the
promoter regions of STAT-responsive genes andantewvith activated STAT dimers, thus
competitively blocking interaction with chromoson&l' AT-responsive promoters and so
impair STAT-mediated gene transcription. Recenthframuscular administration of a
STAT3 decoy oligonucleotide has been shown to ihttbth phosphorylation of STAT3
and cyclin D1 expression in non-human primates diddnot display any systemic or
localised signs of toxicity. Combined with obseroas that STAT3 decoy
oligonucleotides can inhibit cancer cell proliféoat bothin vitro (Zhanget al., 2007) and
in vivo (Xi et al., 2005), this therapeutic strategy isreatly very attractive as a new

treatment for solid tumours.

3.5.5 Negative Regulation of JAK-STAT

Due to their crucial role in mediating signal trdastion downstream of pro-inflammatory
cytokine receptors and the damaging effect of doronflammatory responses, it is
necessary to strictly regulate JAK-STAT activatiddeveral mechanisms have been
described by which attenuation of JAK-STAT activitgn be achieved, including post-
translational modifications, protein degradatior amhibition of protein binding to both

receptors and DNA.

3.5.5.1 Dephosphorylation

Due to the crucial role for tyrosine phosphorylatia promoting STAT dimerisation and
subsequent transactivator activity, it is not sisipg that this stage of STAT activation
represents a locus at which STAT activity can beduwted. The SH2-containing
phosphatases SHP-1 and SHP-2 have both been itedlica regulating the direct
dephosphorylation of STATs. SHP-1 has been shovdetoease tyrosine phosphorylation
of STAT6 in response to IL-4 stimulation by targeti cytoplasmic phospho-STAT6
(pSTAT®6) for dephosphorylation (Hansenal., 2003). Similarly, SHP-2 has been shown
to directly dephosphorylate cytoplasmic pSTATS @al., 2000). In addition to its role in
direct dephosphorylation of STATs, SHP-1 has alsenbshown to impede JAK-STAT
signal transduction at the level of JAKs. SHP-1 dmmpede JAK phosphorylation
following their recruitment to receptors (Starr 8itdn, 1999) and also targets JAK1 in the
HTB26 breast cancer cell line for degradation viga@easome-dependent pathway (&/u
al., 2003). It is also possible to inhibit tyrosineopphorylation independently of SHP-1 or

SHP-2 activity via activation of the JNK MAPK. JNH&ctivity is induced by cellular
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stresses and acts to promote phosphorylation df’SerSTAT3 (Lim & Cao, 1999). In
the same study however, tyrosine phosphorylaticdBTAT3 and subsequent DNA binding
and transcriptional activation was impeded via &imeism dependent on JNK activation
(Lim & Cao, 1999). Interestingly, stimulation ofetlJurkat T-cell line activates the protein
tyrosine phosphatase CD45 which is associated methuitment of the downstream of
kinase (DOK) -1 protein. Over-expression of DOKrlthe K562 leukaemic cells line
attenuates IL-3 and IFRNinduced activation of JAK1, JAK2 and STATS. It is
hypothesised that, upon activation, CD45 recrui@KEL to the cell surface where DOK-1
acts as an adaptor to recruit SHP-1 and so negjategulate JAK-STAT signallingia
promotion of protein phosphorylation (V¢ual., 2009).

3.5.5.2 Polyubiquitylation

The ubiquitin-proteasome system plays a cruciag nol regulating levels of cellular
proteins via controlled protein degradation. Preteae-mediated regulation of STAT
levels has been described for several memberseofathily. IFNy-induced activation of
STAT1 promoted poly-ubiquitylation of tyrosine plpb®rylated STAT1 (pTyf'STAT1)
and levels of the protein were stabilised in thespnce of proteasome inhibitors,
indicating a role for proteasomal degradation igutating STAT proteins (Kim &
Maniatis, 1996). Degradation of activated STAT5dha nucleus of 32D cells occurs due
to polyubiquitylation by the E3 ubiquitin ligase & and is dependent on proteasomal
function (Cheret al., 2006). An amphipathic helix between residues &%d 762 acts as a
transcriptional activation domain and is neces$arybc5-mediated polyubiquitylation of
STAT5a (Chenet al., 2006). The recently identified protein SLIM isnaclear protein
which acts to regulate levels of STAT1 and STATA4 its E3 ubiquitin ligase activity
(Tanakaet al., 2005). Over-expression of SLIM results in impdil€TAT1 and STAT4
signalling due to a decrease in STAT protein lev@bnversely, deficiency in SLIM levels
results in elevation of STAT proteins levels ancharced transcriptional responses
(Tanakaet al., 2005). Furthermore, treatment with osteopontad$eto SLIM-mediated
STAT1 degradation and a decrease in STATl-respengienes in RAW264.7
macrophages, indicating a role for STAT polyubigaition in the regulation of immune
function (Gaocet al., 2007). Stable expression of the deubiquitinaingyme DUB-2 also
results in prolonged STAT5 phosphorylation and idgseapoptosis following withdrawal
of IL-2 (Migoneet al., 2001).

3.5.5.3 SOCS proteins

The suppressor of cytokine signalling (SOCS) prat@omprise eight mammalian proteins

designated CIS and SOCS1-7 that are directly irdllogeactivated STATs and so act to
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attenuate cytokine-induced JAK-STAT signalling Wianctioning as part of a classical
negative feedback loop (Croket al., 2003;Fischeret al., 2004;Kile & Alexander,
2001;Kimuraet al., 2004;Nakaet al., 1997;Starret al., 1997). The SOCS proteins are
characterised by a C-terminal 40 amino acid “SO@®@%’ land a central SH2 domain,
whilst the N-termini show greater diversity in bdémgth and primary sequence between
individual family members (Kile & Alexander, 20010f all eight members, the
mechanisms by which SOCS1 and SOCS3 inhibit JAK-BBAnalling have been most
intensely studied. SOCSL1 associates with the diivdoop of phosphorylated JAKs via
the central SH2 domain of SOCS1 (Erei@l., 1997). SOCS1 and SOCS3 both contain a
12 residue kinase inhibitory region (KIR) whichresjuired for inhibition of JAK activity
(Yasukawaeet al., 1999). The KIR of both proteins resembles thévatton loop of JAKs
and is proposed to act as a pseudosubstrate, ouglirek active site of JAKs and thereby
preventing phosphorylation of JAK substrates teratate JAK-STAT signalling (Ende

al., 1997;Kile & Alexander, 2001;Yasukavenal., 1999). Although SOCSL1 is reported to
associate with cytokine receptors via interactiathWAKs, SOCS3 recruitment requires
tyrosine phosphorylation of receptor cytoplasmiaiok in order to inhibit JAK activity
(langumararet al., 2004). The recruitment of SOCS3 to receptor p€gidues represents
a second mechanism by which SOCS proteins atterdefeSTAT signalling (Kile &
Alexander, 2001). Both CIS1 and SOCS3 have beemogenl to sterically hinder
recruitment of signalling molecules, including STTo activated receptors via binding to
membrane proximal receptor pTyr residues (llangameir al., 2004). Finally, the SOCS
proteins form ubiquitin E3 ligases due to the &pibf the SOCS box to interact with
elongins B and C, cullins 2 and 5, Rocl/Rbx1 andeE@nubiquitin conjugating enzyme
(Johnston, 2004;Kamurat al., 1998). The SOCS ES3 ligase can subsequently target
proteins with which it interacts for polyubiquitmediated proteasomal degradation and so
act to attenuate signal transduction at the le/pratein stability. For example, JAK2 can
be targeted for degradation by SOCS-mediated pajyitilation (Johnston, 2004;Kile &
Alexander, 2001).

3.5.5.4 PIAS proteins

The protein inhibitors of activated STATs (PIAS)of@ins comprise a family of five
proteins, PIAS1, PIAS3, PIASx PIASY3 and PIASy (Liaoet al., 2000;Rogerst al.,
2003). PIAS1 and PIAS3 inhibit signalling followirf§TAT1 and STAT3 activation and
act to attenuate responses to IFNs and IL-6 reispéct(Liao et al., 2000). The PIAS1-
STATL1 association is dependent on STAT1 phosphoylaand dimerisation and involves
a direct interaction between residues 392-541 &SRl and residues 1-191 of STAT1
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(Liao et al., 2000). The N-terminal region of PIAS1 is impliedtin regulating this
interaction despite not interacting directly withAT'1 (Liao et al., 2000). The N-terminal

21 M 122 23 24 of

region of PIAS proteins contains a LXXLL motif, cesponding to £°-Q
PIASy (Liu et al., 2001). In the case of PIASy, this motif is reedirfor inhibition of
STAT1 transactivator activity but not for interamsti with STAT1 (Shuai & Liu, 2005).
PIAS proteins are able to both positively and nieght regulate cellular signalling
pathways, principally via altering transcriptionattivation. PIAS1 can inhibit STAT1
binding to DNA and thus impede transcription of SFA-responsive genes whilst PIASXx
inhibits IL-12-induced activation of STAT4-respovisigenes via recruitment of histone
deacetylases (HDACSs) and subsequent chromatin retmgd(Shuai & Liu, 2005). PIAS
proteins are also able to act as small ubiquika-Imodifier (SUMO) E3 ligases and
SUMOylation of STAT proteins has been implicatedragulating their transactivator
activity. In the case of PIAS1-mediated SUMOylatmhSTAT1, SUMOylation at LyS?

is associated with a decrease in transcription f8®MT1 promoter genes (Ungureaeu
al., 2005). In addition, PIAS proteins can recruit @8P/p300 complex to target proteins
such as Smad3 which can potentiate Smad3 trarisa@b@activation in response to TGF
(Longet al., 2004).

With respect to STAT proteins, PIAS interaction ,hmis far, been shown to attenuate
JAK-STAT signalling with interactions described Wween STAT1, STAT3 and STAT4
and PIAS1, PIAS3 and PIASx respectively (Shuai &u,LR005). Additionally, an
interaction between PIASy and STAT1 has been destr{Liuet al., 2001;Shuai & Liu,
2005;Starr & Hilton, 1999). PIAS1 and PIAS3 blotle tDNA binding activity of STAT1
and STAT 3 whilst PIASy and PIASx are believed ti primarily by recruiting co-
repressor molecules such as HDACSs in order to ssgdAT1 and STAT4 signalling (Liu
et al., 2001;Shuai & Liu, 2005). The SUMO E3 ligase atyiwf PIAS proteins has also
been implicated in the negative regulation of detlsignalling. For example, PIAS«
mediated SUMOylation of p53 acts to impede thevdgtiof p53 (Shuai & Liu, 2005).
PIAS1 has been demonstrated to SUMO modify STATLy®Y03 buin vitro andin vivo
studies indicate that SUMOylation of STAT1 does wmadier transcriptional activation
(Rogerset al., 2003). Mutation of Lys703 does not alter the igbibf either STAT1 to
induce expression of STAT1-responsive genes orctpacity of PIAS1 to act as an
inhibitor of STAT signalling (Rogerst al., 2003;Songet al., 2006). Thus it is currently
unclear what role PIAS-mediated SUMOylation plagsthe regulation of JAK-STAT
signalling.
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3.5.5.5 Methylation

Arginine methylation of various STAT proteins haseh implicated in the regulation of
JAK-STAT signalling. Methylation of STAT6 at Arg2gdugments IL-4-mediated STAT6
phosphorylation, nuclear transport and transcmatioactivity (Chenet al., 2004).
Similarly, STAT1 activation induced by IFMp is enhanced by arginine methylation at
Arg31 (Mowenet al., 2001). However, this data is somewhat controgéemd thus it is
currently unclear whether arginine methylation geely acts to modulate STAT

activation.

Activation of the JAK-STAT pathway is regulateth a number of distinct mechanisms
which may not be surprising given the crucial natwf this signalling pathway in
inflammation and cellular survival. Aberrant or &ised activation of STAT signalling
contributes to the pathology of multiple diseasd #mus inhibition of these signalling
molecules represents an attractive therapeutitegiraWith regards to malignant disease,
inhibition of STAT3 signalling in particular has dre investigated as a treatment strategy
and pharmaceuticals targeting this pathway may mpreNe a vital addition to complement

the current arsenal of chemotherapeutics.

3.6 The MAP kinases

The mitogen-activated protein kinases (MAPKS) fargroup of evolutionary conserved,
proline-targeted serine/threonine kinases that hasen identified in prokaryotic and
eukaryotic organisms (Fox & Smulian, 1999;Turjansekial., 2007;Wang & Tournier,
2006). Due to their activation by growth factorsdacellular stress, MAPK signalling
cascades play essential roles in regulating vedular functions including proliferation,
migration, differentiation and apoptosis (Turjanskial., 2007). To date, eleven members
of the MAPK family have been described in humangtvican be further sub-divided into
6 groups based on their sequence homology (Turjagts&l., 2007). Full activation of
MAPKSs is achieved via phosphorylation on the consegrTXY activation motif arising
from sequential activation of MAPK-kinase-kinasddAPKKKs) and MAPK-kinases
(MAPKKs). The currently described MAPKKs include MR and MKK6 for p38
MAPKs, MKK4 and MKK7 for JNKs, MAPK/ERK kinase (MEK1 and MEK2 for
ERK1/2 and MEK5 for ERKS5 (Wang & Tournier, 2006). ARKKs are activated
following serine and threonine phosphorylation lhg &ppropriate upstream MAPKKK.
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Generally, MAPKs consist of two domains joined bflexible linker, the orientation of
which plays an important role in regulating cataldctivity (Turjanski et al., 2007). In
contrast to the mostlg-helical C-terminal domain, the N-terminal domamntains an
extensive amount d-sheet along with thaC andalL16 helices (Turjanski et al., 2007).
The catalytic site is found at the junction of th® domains, containing the ATP-binding
site and two binding sites for Mg MAPKs are discriminated from other members of the
kinase superfamily by the presence of a 50 resM&®K insertion in the C-terminus
(Turjanski et al., 2007). Dual phosphorylation bé tconserved Thr-X-Tyr (where X is a
defining feature of different MAPKs) motif locatad the MAPK activation loop is
required for full enzymatic activity of MAPKs (Twmski et al., 2007). Traditionally,
MAPKs have been grouped based on the amino acidtddcat the centre of the
phosphorylation motif, which in part determines thdbstrate specificity of the upstream
MAPKK (Turjanski et al., 2007). In the case of ERRIand ERKS5, the activation motif
consists of a TEY motif corresponding to residu@2-204 and 218-220 for human ERK1
and ERKS5 respectively (Coodt al., 1997;Paynest al., 1991;Zhouet al., 1995). Of the
MAPK family members, this study is most concernethWiRK1/2 and ERKS5 due to their

association with IL-6 signalling and cancer.

3.6.1 ERK1/2

ERK1/2 are described as the “classical” MAPKs WRK1 being identified as a kinase
activated in response to insulin (Boulteral., 1990;Rossomands al., 1989) and ERK?2
first describedvia low-stringency screening of a rat brain cDNA lityrgBoulton et al.,
1991). Whilst sharing common mechanisms of aciwvatE RK1 and ERK2 do not mediate
identical intracellular effects following their adtion as each MAPK can activate a
distinct pool of transcription factors. Of the tWbAPKs, ERK2 is most characterised and
can be activated by multiple growth factors. Adiiea of growth factor receptors induces
phosphorylation of conserved residues within theepéor that act as recruitment sites for
signalling proteins such as SHP2 which can recduii2 and the related protein Gabl in
order to activate the ERK1/2 signalling cascadg.(Bi7). In the case of gp130, SHP2 is
recruited to pTyr® (Takahashi-Tezukat al., 1998) can subsequently recruit Gabl
(Takahashi-Tezukat al., 1998) or Grb2 (Fukadat al., 1996). In the case of Grb2-
mediated ERK1/2 activation, the Son of Sevenles®S(S protein is constitutively
associated with Grb and mediates Ras activatiopdbgntiating the exchange of GDP for
GTP. Activated Ras then activates members of tHefdRaily, with Raf-1 being the most
commonly activated. Raf-1 in turn activates MEKMhich subsequently activates
ERK1/2 (Turjanskiet al., 2007). Dual phosphorylation of the activation inistassociated

43



with a 600,000-fold increase in overall ERK2 catialyactivity arising mainly from an
increase in the rate of phosphoryl group trang?eo\yse & Lew, 2001). In addition to Ras,
Raf-1 can also interact with Rap1 although formaté the Rapl/Raf-1 complex does not
result in activation of Raf-1, suggesting that Rapdy act as a natural inhibitor of Raf-1-
mediated ERK1/2 signalling. However, interaction BfRaf with Rapl can result in
activation of B-Raf and subsequent activation of A2 and ERK1/2 (Peyssonnaux &
Eychene, 2001). Activated ERK1/2 proteins can eketh cytosolic and nuclear effects
via phosphorylation of their downstream effectors. HRKcan phosphorylate numerous
transcription factors including Ets-1, Sap-1, c;JaiMyc and members of the CCAAT
enhancer binding protein (C/EBP) family to promtenscription of ERK1/2-responsive
genes (Changt al., 2003;Parket al., 2004) whilst phosphorylation of substrates sugh a
p9d*K promotes activation of transcription factors sashCREB which are not directly
phosphorylated by ERK1/2. In addition, ERK1/2 cdrogphorylate kinases involved in
cell cycle regulation such as Cdk2 and can proneaiular survival via indirectly
activating the NkB signalling pathway as a result of IKK phosphotigla (Changet al.,
2003).

Activation of ERK1/2 plays an important role in guwaing key cellular processes
including cellular proliferation and cell growthu§ained activation of ERK1/2 until late
G1-phase is required for successful entry into, imitcompletion of, the S-phase of the
cell cycle (Meloche & Pouyssegur, 2007). Howevepdractivation of ERK1/2 signalling
can induce cell cycle arrest due to p21 inductiod &£dk2 inhibition (Meloche &
Pouyssegur, 2007). Due to their activation by bmtternal stimuli and small G-proteins
which play important roles in governing cellulaofpieration, it is hardly surprising that

aberrant regulation of ERK1/2 signalling is a frequevent in cancers.

3.6.2 ERKb5

ERK5 was simultaneously identified in 1995 as a MElMhteracting protein in a yeast
hybrid screen (Zhou et al., 1995) awich screening of a placental cDNA library for
MAPK-related sequences (Lee et al., 1995). ERK&lde known as big MAPK 1 due to a
396 amino acid C-terminal insertion containing theelear export and nuclear localisation
signals (NES and NLS respectively) required forleac shuttling of ERK5 (Fig. 3.8). In

addition, the C-terminus of ERKS5 undergoes autosphorylation following MEKS5-

mediated dual phosphorylation and has two prolice regions (PR1 and PR2) that are
thought to facilitate interaction of ERK5 with peats containing SH3 domains and may

be involved in cytoskeletal targeting of ERK5 (Zheu al., 1995). The N-terminus
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performs vital roles in the ability of ERK5 to umde association with MEKS5,
oligomerisation and cytoplasmic targeting and digplapproximately 50% homology to
ERK1/2 (Wang & Tournier, 2006). Similar to ERK1/the activation motif of ERK5
consists of TH-GIU**°-Tyr?*°, which may partially explain the ability of druggeviously
thought to be MEK1/2-selective, such as U0126 40 attenuate ERK5 activation (Mody
et al., 2001;Wang & Tournier, 2006). ERKS is preferemgigihosphorylated by MEK5 on
Thr**8, a process which has been suggested to inducefarcmtional change that enables
ERKS5 to auto-phosphorylate Fgf (Mody et al., 2003). Dual phosphorylation of the TEY
motif is associated with an 80% increase in kiredevity of ERK5 towards MBP (Mody
et al., 2003). In addition to auto-phosphorylation of *Fr ERK5 also undergoes auto-
phosphorylation within the C-terminus which is imfamt in enhancing ERK5-mediated
transcription factor activation following dual plpb®rylation of TEY'®?% by MEK5
(Morimoto et al., 2007). It is possible that MEK5-mediated phosptation may stabilise
C-terminally phosphorylated ERKS5 in an active confation (Wang & Tournier, 2006)
and thus enhance its ability to activate transiomptfactors. Furthermore, it has been
demonstrated that the C-terminal region of ERKS5 fatent transactivator activity which
is required for induction of myocyte-specific enbanfactor (MEF) 2 activity and can

directly activate transcription from the Nur77 prater in T-cells (Kasleet al., 2000).

Many factors including hyperosmolarity, growth farst and oxidative stress promote
MEK-5 mediated dual phosphorylation of ERKS5. Theg#®osphorylation events are
thought to promote stabilisation of ERK5 in an waetconformation. Activation of MEK5
occurs downstream of MEKK2 and MEKK3 dependent eft type and stimulus with
WNK1 being identified as an upstream kinase for M2K3 (Wang & Tournier, 2006).

Activated ERKS5 is able induce activation of tramgioon factors such as MEF2 and Sap-1
(Ramanet al., 2007). The similarities between the transcripfiactors activated by ERK5S
and ERK1/2 may help to explain their similar rolaspromoting cellular survival. The
presence of ERK5 is required for normal cardiacettgument witherks-/- embryos
displaying cardiac defects (Wang & Tournier, 2008). Xenopus, the MEK5/ERK5
pathway is essential for neuronal differentiatioAntisense morpholino-mediated
knockdown of either protein reduces neuronal difféiation, indicating the essential

nature of the pathway in this process (Nishimoto @al., 2005).
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ERKS has been implicated in cellular proliferatimnregulating entry into mitosis (Ze
al., 2009) and indeed, like ERK1/2 can be activatedanitpgenic stimuli including serum
(Katoet al., 1997).

3.6.3 ERKSs and cancer

Given the regulation of both ERK1/2 and ERK5 byagénic stimuli and activation of
ERK1/2 by the small G-proteins Ras and Raf, itnsurprising that both MAPKs have
been investigated as therapeutic strategies. Mutaif Ras resulting in activation of the
protein have been described in numerous malignameguding pancreatic, colon cancer
and papillary thyroid cancer (Roberts & Der, 20inilarly, mutational activation of B-
Raf has been described in a similar spectrum ofgmanhcies, particularly melanoma,
indicating a role for downstream signalling cassamtemalignancy progression (Dankort
et al., 2009;Roberts & Der, 2007). In HEK293 cells, Rdtifction is required to activate
ERK1/2 downstream of mitogenic stimuli such as serand phorbyl-12-mysrate-13-
acetate (PMA) and also to activate ERK1/2 followstgnulation with oncogenic stimuli
such as-Src. In NIH3T3 cells, activation of ERK1/2 synesgd with the ability of-raf to
induce cellular transformation. Together, thesailtessuggest a central role for Rafl-
mediated ERK1/2 activation in cellular transforroat(Troppmairet al., 1994). Mutations

in theras gene resulting in constitutive activation of th@tgin result in tumourigenesis
bothin vitro andin vivo and can be mimicked by over-expression of MEKgeh culture
models of transformation. It is possible that Rafependent activation of ERK1/2 is not
required for tumour development as Ras mutantsiware unable to interact with Raf-1
are able to induce comparable tumourigenesis asriRéants which are fully capable of
interaction with Raf-1 (Weblet al., 1998). However, Raf-l-interacting Ras induces
tumourigenesis more rapidly in murine models anassociated with increased metastasis,
indicating a crucial role of Raf-1 in metastasisefW et al., 1998). Furthermore, loss of
constitutive ERK1/2 signalling in these models bits metastasis but not tumour
development, suggesting that Raf-1-mediated aaivatf the MEK1/2-ERK1/2 signalling
cascade is required for tumour metastasis (Wéelah, 1998). Activating mutations in Ras
are a frequent occurrence in colorectal carcinomtaeffective therapeutic strategies to
target Ras activation remain to be discovered.niitte has therefore been focussed on
signalling pathways activated downstream of Rasluding activation of ERK1/2.
Treatment of colorectal carcinoma cell lines witb126 and the more recent MEK1/2-
selective inhibitor CI-1040 inhibited anchorageepdndent growth of cells, indicative of

a loss of tumorigenic capacity (Yehal., 2009).
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percentage identity of the kinase domain with ERKIlindicated. The activation loop phosphorylatiomtinis indicated, the
transactivation domain and nuclear localizatiorusege within ERK5 are indicated by TAD and NLS exdjvely.
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The MEK1/2-selective inhibitor CI-1040 has beenwhdo have anti-tumour effects
vitro andin vivo and, in a phase | clinical trail, was able to @&RK1/2 phosphorylation
by 46 — 100 % in tumours from patients with a ugrief malignancies including
lymphoma, melanoma, sarcoma (LoRussal., 2005). However, further clinical studies
of this inhibitor demonstrated poor antitumour atyiin patients. Other MEK1/2-selective
inhibitors such as PD035901 which demonstrate ingmtobioavailability, potency and
efficacy compared to CI-1040 are currently undesxeasment as anti-cancer therapeutics
(LoRusso et al., 2005). Interestingly, Yehet al. (2009) demonstrated that ERK1/2
phosphorylation may be higher in normral neoplastic tissue, suggesting that inhibition of
ERK1/2 activation may not be a suitable therapestiiategy due to concerns regarding
cytotoxicity in normal cells. Similarly, metastatRCa lesions display decreased ERK1/2
phosphorylation in comparison to localised lesié@subb et al., 2009), suggesting that
use of ERK1/2 phosphorylation as an indicator efdlpy efficacy may not be suitable at
all stages of a malignancy.

In addition to the role that ERK1/2 plays in reding tumour development and metastasis,
the signalling cascade is also important in prewgnapoptosis of cancerous cells, an
effect previously thought to be mediated predontigdvy activation of the PI3K pathway.
Activated ERK1/2 is able to phosphorylate both E@XO3a transcription factor and one
of its regulated proteins, the pro-apoptotic BIMotein (Balmanno & Cook, 2009).
Phosphorylation of FOXO3a promotes its polyubiation and proteasomal degradation,
thus impeding transcription &IM mRNA, whilst ERK1/2-mediated phosphorylation of
BIM itself promotes proteasomal degradation of fr®tein and so regulates BIM
apoptotic activity at a post-translational levelafidanno & Cook, 2009). Conversely,
activation of ERK1/2 is associated with an increasexpression of the anti-apoptotic Bcl-
2, BCLx. and Mcl-1 proteins possiblyia an ERK1/2 -~ RSK or MSK - CREB
signalling cascade (Balmanno & Cook, 2009). Inlmnitof MEK decreases Bcl-2, BcliX
and Mcl-1 in pancreatic cancer cells and is assegtiavith an increase in apoptotic cell
number (Boucheet al., 2000).

Similar to ERK1/2, ERK5 has also been implicateccamcer progression. In the MCF7
and BT549 breast cancer cell lines, anti-ERK5 siRNribited anchorage-dependent cell
growth (Sirventet al., 2007). In hepatocellular carcinoma, knockdowrE&KS5 inhibits

cell growth and ERK5 becomes phosphorylated duitiegG2/M phases of the cell cycle
to regulate mitotic entry (Zegt al., 2009). However, activation of ERK5 is not solely

associated with enhanced cellular proliferatiomglHexpression of ERKS5 in oral squamous
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cell carcinoma is associated with lymph node masastindicating that ERK5 may play a
role in tumour metastasis (Stickt al., 2008). The presence of the C-terminal NLS
promotes nuclear localisation of ERK5 in the abseoftphosphorylation. In the BT474
and SKBR3 breast cancer cell lines, ERKS5 is predamtly localised to the nucleus, a
process which may be enhanced by phosphorylatiomhe® and Tyf?°, and nuclear
localisation of ERKS5 is associated with resistatceapoptotic signallingvia TRAIL
(Borgeset al., 2007).

Due to the central roles that ERK1/2 and ERKS5 mtasegulating cellular proliferation and
resistance, it is unsurprising that these sigrglloascades are being investigated as
potential targets for cancer therapies. Howevee tuthe abilities of these proteins to
activate multiple transcription factors importamt c¢ellular survival, the use of ERK
signalling inhibitors as cancer chemotherapeutiasy e associated with significant
cytotoxic effects in non-malignant cells. Furthersyodue to the apparent differences in
the correlation of ERK phosphorylation between hbdifferent malignancies and different
disease stages of the same cancer, use of ERK gatbignalling inhibitors in cancer

therapies must be carefully assessed.

3.7 cAMP signalling

3.7.1 cAMP generation

The ubiquitous second messenger, 3,5 cyclic ade® monophosphate (CAMP) is
generated from intracellular adenosine triphospliAfEP) by adenylyl cyclases (ACs)
(Serezaniet al., 2008). Nine membrane-associated and one soloble 6f mammalian
AC have been described with AC-encoding genes bélistributed across multiple
chromosomes rather than clustering to a specifigore of the genome (Sunahara &
Taussig, 2002). Of the 10 AC isoforms, most areresged highly in the brain with AC6
and AC7 showing ubiquitous tissue expression (Samaa& Taussig, 2002). AC activation
in response to growth factors or hormones is piiignanediated by the stimulatory ds
(Gas) protein which forms part of a hetero-trimeric @{@in signalling complex
downstream of G-protein coupled receptors (GPCRs, Ghapter 10 for further detail)
(Sunahara & Taussig, 2002). In addition ta;®ther G-proteins can modulate AC activity
with inhibition via interaction with the inhibitory & protein (Gy) and the @/Gy-protein
complex. The PKC signalling pathway can also magudeC activity (Daniekt al., 1998).

In contrast to the membrane-bound forms of AC, IdellAC is expressed mainly in the

testes and is regulated by bicarbonate ions rdtieer Gis. Two splice variants of the

50



soluble AC have been identified in human and rstidelar tissue and both are thought to
contribute to sperm maotility (Jaiswal & Conti, 2001

Membrane-bound ACs show similar domain organisatidith a short, cytosolic amino
terminus (G), followed by two repeats of a six transmembraomain (TMD) and a C-
terminal cytosolic domain (. of approximately 40 kDa (Tesmetral., 1997). Both of the
cytosolic domains are important in catalysis arelaso associated with regulation of AC
activity. Basal interaction between the cytosolmméins of AC and & is weak with
activation and subsequent GTP-loading ods @quired for high affinity interaction
between the two proteinkn vitro, the G domain of AC5 and the Qlomain of AC2 can
form functional heterodimers which resemble theidtire of the AC5 € homodimer
(Tesmeret al., 1997). A long, shallow trough which bisects oaeef of the AC5 ¢AC2

C, heterodimer acts as a binding pocket for AC-atitigasubstrates such as the diterpene
forskolin (Fsk). A wide cleft at the interface bewn the two cytosolic domains functions
as the binding site for ¢z and interacts with the switch Il helix on the ®gin (Tesmer
etal., 1997).

Following activation of AC and conversion of ATPdAMP, there are numerous effectors
by which elevation of intracellular cAMP concentoats can modulate cellular functions.
Whilst cAMP levels within cells may be globally @gulated following AC activation,
intracellular compartmentalisation of proteins itweal in CAMP signalling are thought to
“fine tune” cAMP concentrations into microdomairfshigh and low cAMP concentration.
This compartmentalisation is mainly achieweda interaction of signalling proteins with A
kinase anchoring proteins (AKAPS) (Bailke al., 2005). These proteins act as a scaffold
for signalling proteins and can recruit the cAMReefor molecules such as protein kinase
A (PKA) and exchange proteins activated by cAMPAEB) (Balillie et al., 2005). In the
case of PKA, an amphipathic helix on the AKAP iat#s with the regulatory subunit of
the inactive holoenzyme (Caatral., 1992). However, the AKAP signalling complex ig no
just associated with positive regulation of cCAMBngllling as phosphodiesterases (PDES)
can also interact with AKAPs. To prevent sustaireddvation of cAMP, the cyclic
nucleotide is degradeda the actions of PDEs. Of particular interest aee RDE4 family
members which are cAMP-specific PDEs and are thgetaof a number of therapeutic
strategies for diseases such as chronic pulmonasiructive disease (COPD) and
pulmonary hypertension (Bailliet al., 2005;Brown, 2007;Dont al., 2008;Giembycz,
2006). Thus, dependent on the complement of siggatiroteins associated with specific
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AKAPs, efficient compartmentalisation of intracélu CAMP concentrations can be
achieved.

3.7.2 Protein Kinase A

Protein kinase A (PKA) is thought of as the “claasi cCAMP effector molecule and is
found in vivo as a holoenzyme, consisting of two regulatory &Ryl two catalytic (C)
subunits (Fig. 3.9) (Daniedt al., 1998). Each R subunit of PKA contains two cAMP
binding sites, termed site A and site B which ugdea conformational change upon
binding of cAMP (Murray, 2008). The two binding est are non-identical, but show
similar structural organisation, and thus displ#fedent affinities for cAMP with site A
exchanging cAMP more rapidly than site B. Studissg site A and site B-selective
cAMP analogues demonstrate that binding of CAMBdth sites synergistically enhances

kinase activity (Robinsonsteiner & Corbin, 1983).

It is thought that cAMP binding to R subunits of RKacts to stabilise the protewa
interaction with Ar§® found in the Site A cAMP binding pocket (Dostmaf@95). As a
result of cCAMP binding, the C subunits of PKA aeteased and are able to phosphorylate
Ser/Thr residues within the canonical PKA phosplatign motif on target proteins. The
cAMP analogue, Rp-cAMPS inhibits holoenzyme disatien via breaking the interaction
between Ar@®®, which interacts with the phosphate group, and'ARsmnd locks PKA as a

holoenzyme (Dostmann, 1995).

Following dissociation of the C subunits from thesBbunits, PKA is able to exert its
intracellular effecvia Ser phosphorylation of target proteins which conthe XRRXRSX
motif (Kemp & Pearson, 1990). Activated PKA regakaia number of cellular processes
including enzymes, ion channels, cytoskeletal aggparand transcription factors (Dargel
al., 1998). One of the principal downstream targetsP&fA is the cAMP responsive
element (CRE) binding protein (CREB) which binds tGRE consensus sequence
TGACGTCA (Sassone-Corsi, 1998). PKA-mediated phosghtion of CREB on Séf
within the RRPSY motif is an important step in CR&®&ivation (Albertst al., 1994) and

Is associated with recruitment of the p300/CRERIImg protein (CBP) coactivator to the
promoter of CREB-responsive genes, ultimately tesgin initiation of gene transcription
(Mayr & Montminy, 2001). However multiple kinasearcphosphorylate CREB on $&r
including the MEK/ERK1/2 pathway, glycogen synthaégese (GSK) 3, p38 MAPK and
calmodulin kinase (Johannessetnal., 2004) thus other factors are required to regulate
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Fig. 3.9: Activation of the PKA holoenzyme by cAMP

The regulatory subunits of PKA (denoted as R) dartfae A and B cAMP binding sites
and, in the absence of cCAMP, are associated wehc#talytic subunits (denoted as C).
Binding of cCAMP results in a conformational charayel releases the catalytic subunits
which phosphorylate their downstream targeia transfer of phosphate from the

associated ATP.

Taken from Murray (2008)
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CREB-responsive genes in response to cAMP elevafitve transducers of regulated
CREB (TORC) proteins potentiate the ability of CREBInitiate gene transcription in
response to increases in intracellular cAMP, amewdich occurs independently of $&r
phosphorylation (Conkrighet al., 2003). TORC proteins associate with the promoter
region of CREB-responsive genes with a requirenfi@na proximal TATA box element
(Conkright et al., 2003). Thus, in order to promote CREB-mediatethdcription, the
TORC proteins must be localised to the nucleus.|dductranslocation of TORCs is
promoted by cAMP elevation and TORC function isuieed for CREB-responsive gene
expression following cCAMP elevation (Bittingetral., 2004). Thus combined activation by
PKA and subsequent interaction with nuclear-loeali3ORCs promotes the transcription
of CREB-regulated genes in response to CAMP elenati

In order to prevent constitutive activation of CREBe protein is desphosphorylated by
the Ser/Thr phosphophatases PP-1 and PP-2A whigmrthe protein to its basal state
(Alberts et al., 1994;Mayr & Montminy, 2001). In addition to CREPBKA can also
activate the CRE modulator (CREM) and activatingnscription factor (ATF) -1
transcription factors which belong to the same garofamily as CREB. However, whilst
cAMP elevation induces PKA activation, this everdesl not always promote gene
transcription. In addition to CREB, PKA also actesthe inducible cAMP early repressor
(ICER) which potently represses gene expressiorsponse to elevated cAMP (Sassone-
Corsi, 1998). The ICER open reading frame (ORF)atates to the C-terminal, DNA-
binding domain of CREM and thus lacks the transatdr activity of the full length
protein (Stehlest al., 1993). Expression of ICER is driving by a secanttpnic promoter
within the CREM gene and is strongly induced by dAElevation (Sassone-Corsi, 1998).
Therefore, cAMP-driven expression of ICER acts napéde transcription of cAMP-
responsive genes by binding to CRE elements ansl tkacking binding of full-length
CREM or CREB. ICER is also able to bind its own mpoter, thus inhibiting its own
expression and so acting to “reset” gene transenpin response to cAMP elevation
(Molina et al., 1993).

3.7.3 EPAC

For many years, PKA was thought to be the solectdfeactivated by increases in
intracellular cAMP concentrations. However, in 198& ability of cCAMP to activate the
Rap-1 signalling protein was found to occur indefsarily of PKA, indicating the presence
of another cAMP effector (de Roaf al., 1998). In the same paper, de Rabigl (1998)

identified a putative cAMP-responsive GEF by semghor sequences with homology to
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both cAMP binding domains and to GEFs specific Ras and Rap. Subsequently, this
group identified and cloned a guanine nucleotidsharge factor (GEF) which contains an
N-terminal cAMP binding domain and activates Rajn-tesponse to cCAMP elevation (de
Rooij et al., 1998). This protein was termed exchange proteiivated by cAMP (EPAC)
and the mRNA of EPAC was found to have ubiquitassue expression, although higher
expression levels were detected in kidney and btiaBue (de Rooigt al., 1998). In
addition to the originally described EPAC protehrereafter referred to as EPACL, a
second, related cAMP-GEF was identified which ipressed predominantly in the brain
and adrenal gland (Kawasadtial., 1998). This protein was termed EPAC2 and displays
structural and sequence homology to EPAC1 (Kawastadki, 1998).

The EPAC proteins are multi-domain proteins in whilse C-terminal catalytic activity is
regulated by the N-terminus (Fig. 3.10). The Disied, Egl-10, Pleckstrin (DEP) domain
of the N-terminus is involved in the associatiorthed EPACs with cellular membranes and
is proximal to cAMP binding domains. EPAC1 containsingle, high affinity binding site
for cAMP (cCAMP-B) whilst EPAC2 contains two cAMP raling sites which flank the
DEP domain (Roscionet al., 2008). The extreme N-terminal cAMP binding site o
EPAC2 displays a lower affinity for cAMP (CAMP-Ah&n the cAMP-B site and, as yet,
the biological function of this site is unknown.Ras-exchange motif (REM) is situated
between the regulatory domains and the catalytimailos and is proximal to a Ras-
associating (RA) domain. Activated Ras has beemvsho interact with EPAC2 but not
EPAC1in vitro (Li et al., 2006b). The interaction between EPAC2 and add/dRas
results in cytosol to membrane translocation ofvattd Ras and is associated with
increase membrane activation of Rapl. Combinedusdimon with EGF and cAMP
elevation promoted membrane translocation of EPACK thought that the membrane
translocation of EPAC2 requires EGF-mediated atitmaof Ras whilst conformational
changes of EPAC2 associated with cAMP are requoethe association of the GEF with
activated Ras (Let al., 2006b). Thus activation of EPAC2 and its assamiawith Ras
alter the intracellular location of EPAC2 and candulate the effector pool activated in
response to cAMP elevation (kt al., 2006b). The ability of EPACs to act as GEFs for
their downstream proteins is conferred by a C-tealhdomain which shows homology to
Cdc25 (Rosciongt al., 2008).

Following activation by cAMP binding, EPACs are elib modulate their downstream
effectors by promoting the exchange of GDP for GHPACs are able to activate

members of the Rap families and to regulate modrdabf exocytosis and microtubule
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Fig. 3.10: Domain organistion of the human EPAC pro  teins

Schematic indicating the domain organisation of BRAC1 and EPAC2 proteins. cAMP-A = low
affinity cAMP binding domain, cAMP-B = high affinitcAMP binding domain; DEP = Dishevelled,
Egl-10, Pleckstrin domain; REM = Ras exchange m&#& = Ras-associating domain; CDC25HD =
Cdc25 homology domain

Taken from Rosciongt al (2008).
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dynamics (Roscionet al., 2008). Thus it is hardly surprising that EPACiation has
been associated with a number of cellular proce&9@AC activation has been implicated
in modulation of inflammatory processés inducing expression of the anti-inflammatory
SOCS3 protein in HUVECSs (Sanesal., 2006) (see Chapter 7) and by activation of PKC
which mediates inflammatory pain perception (Huehal., 2005). These two process may
not be unrelated as indicated by the observatianER AC1-mediated induction of SOCS3
expression requires PKC activation (Borlagtdal., 2009). EPAC activation is also an
important regulator of endothelial barrier functisith knockdown of EPAC1 associated
with an increase in permeability in HUVECs (Sehrbetaal., 2008). Associated with this
phenomenon is the ability of EPAC1 to dynamicalhd gositively regulate MT growth
(Sehrawatet al., 2008) which may be mediateth interaction of EPAC1 with the light
chain 2 of microtubule associated protein (MAP) {Magiera et al., 2004). This
interaction is associated with an increased aboityePAC1 to activate Rapl through
increased sensitivity to CAMP and an increase itulee adhesion (Gupta & Yarwood,
2005). Given their ability to regulate a numberkefy cellular signalling pathways, it is

unsurprising that research into the EPACs is ameding field.

3.7.4 Other cAMP sensors

Although PKA and EPACs comprise the most studied/iPAeffectors, they are by no
means the only cAMP sensors. In addition to EPA@s¢h function as GEFs for Rap and
Ras family members, the cyclic nucleotide Ras GENra@sGEF) has also been shown to
activate Ras in response to cGMP and cAMP (Péaah, 2000). Like EPAC, CNrasGEF
has a Cdc25 homology domain associated with GEWvitgctand an RA domain.
Immobilisation of CAMP on agarose beads is ablpraxipitate GST-bound CNRasGHF
vitro. Mutation of a cyclic nucleotide binding domainthe N-terminus of CNRasGEF
reduces the ability of cAMP-agarose to precipitater-expressed CNrasGEF from
HEK?293 cells, demonstrating that this domain isoised in CAMP binding (Pharet al.,
2000). Unlike EPACs, CNrasGEF is activated by bo#MP and cGMP (Pharet al.,
2000), suggesting the protein may be able to réguwa even wider range of cellular
process than the EPACs. Association of CNrasGEF th#31-adrenoceptor results in Ras
activation and is reliant ondsgenerated cAMP (Paét al., 2002). It is thought that the
frequent association of cAMP-activated Ras with anemas is due to Ras-mediated
activation of ERK1/2 downstream of CNrasGEF. Indé&rasGEF is highly expressed in
B16 melanoma cells and knockdown of CNrasGEF is@aated with a decrease in Fsk-
induced ERK1/2 phosphorylation, suggestive of & ol this protein in melanogenesis
(Amsenet al., 2006). Of concern are the observations that GBE&Sis unable to bind
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physiologically relevant concentrations of cANKPvitro and constitutively activates Ras
when expressed in Ratl cells. Such results raesqubstion of whether CNrasGEF is truly
CcAMP responsive (Kuipergt al., 2003).

In addition to direct activation of intracellulagealling proteins, CAMP elevation can also
activate transmembrane ion channels. Two classesyaic nucleotide-responsive ion
channels have been described, the cyclic nuclegitied (CNGs) and the
hyperpolarisation-activated, cyclic nucleotide-gattHCNs) ion channels. CNGs are
activated directly by binding of cyclic guanosinemophosphate (cGMP) or cAMP whilst
HCNs are voltage regulated (Biel, 2009). Whilst elydexpressed in peripheral and central
neurones, CNGs and HCNs also play distinct rolesignal transduction systems. CNGs
are important in signal transduction from olfact@myd visual stimuli whilst HCNs play
crucial roles in maintaining cardiac function (Bi€d009). Both types of ion channel
display cytosolic localisation of their N and C neni and contain a transmembrane
channel comprised of @-helices with the ion-conducting core located bemvkops 5 and
6 (Biel, 2009). CNGs act as conduit fof Knd Na and display no preference for either
cation whilst HCNs show greater transport of Kompared to Na In addition to
monovalent cations, CNGs also provide a channetr&msportation of Ca across the cell
membrane, enabling influx of €aand activation of calcium-sensitive signallingtpaays
(Biel, 2009). Recently, a more minor role of HCN a@n ion channel for Gain the
presence of both Kand N& has been described (Michekt al., 2008). HCNSs
preferentially bind cAMP whilst cGMP is a more patectivator of CNGs (Biel, 2009).
Activation of HCNs has been implicated in a divepdg/siological processes including
vision (Barrow & Wu, 2009) and regulation of camitunction (Schulze-Bahet al.,
2003).

Given the important role of cAMP elevation in a rhen of cellular systems, it is
unsurprising that study of this pathway is of ietrto a number of research groups. Of
particular relevance to this study is the obseovathat cAMP elevation can inhibit IL-6-
induced pTyf™>STAT3 via induction of the SOCS3 protein (Sandsal., 2006). It is
possible that modulation of CAMP levels may be ehdfit in malignancies such as PCa
which are associated with hyperactivation of STAR8 elevated IL-6 levels (see sections
3.1 and 3.2). However, in addition to pathways eisged with transformation, the ability
of malignant cells to metastasise is a key evetunmour development.
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3.8 Actin polymerisation and cell motility

Changes in actin polymerisation play a crucial rialéhe ability of cells to adhere to the
substratum, form membrane protrusions and migidie. Rho family GTPases comprise
the Rac, Cdc42 and Rho sub-families, with all threstrolling different aspects of actin
polymerisation. Racl is involved in the formatioh lamellipodia, Cdc42 in filopodia
extension and Rho in the formation of stress filorenation and focal adhesions. Due to
the differing roles that these related proteinsy pfagoverning actin dynamics, each of
them regulate actin polymerisation via differergnsilling pathways. For example, Racl
regulates WAVE-dependent activation of Arp2/3 viading to IRSp53 whilst Cdc42-
induced Arp2/3 activation is facilitated by intetiaa with WASP (Pullikuth & Catling,
2007;Takenawa & Suetsugu, 2007). In contrast tolRex Cdc42, Rho activation limits
the formation of membrane protrusions due to thityabf its effectors, such as mDia and
ROCK, to stimulate actin bundling into stress fe&o(Pullikuth & Catling, 2007).

The Rho GTPases are key regulators of cellularlityadiue to their ability to regulate the
actin cytoskeleton. Migrating cells have a distimzirphology with a ruffled leading edge
followed by a flat, broad lamella and a tail retiag at the rear of the cell. Within the cell
itself, there is little similarity between cell tgp in the nature of actin organisation
although protrusion at the leading edge appearbetca common factor driving the
migratory process (Wittmann & Waterman-Storer, 20Qkading edge protrusions arise
due to the formation of new actin filaments withamsubunits being incorporated at the
barbed ends of the existing actin filament (Fid.13.(Pollard & Borisy, 2003). However
the barbed ends themselves remain stationary wittance to the substratum and itées
novo polymerisation which drives extension of the leadedge (Verkhovsksgt al., 1999).

In contrast to the leading edge, actin filamentthatrear of the cell are highly associated
with an accumulation of myosin Il (Verkhovslkyal., 1999). Myosin Il is important, but
not essential, for the retraction of the posterdgevia mediating movement of actin
filaments past each other (Jayal., 1995).

3.8.1 The WASP-WAVE protein network

The Wiskott-Aldrich syndrome (WAS) protein (WASP)asv originally identified as the
causative gene of WAS, an X-linked recessive deseassulting in eczema,
thrombocytopenia and immunodeficiency. Expressioh WASP is restricted to
haematopoietic cells although later descriptionhef related, so-called neural-WASP (N-

WASP) proteins was described in neural and otlssués (Takenawa & Suetsugu, 2007).
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The proteins share three conserved domains, comprithe C-terminal verprolin-
homology domain (V), a central cofilin-homology daim (Co) and an acidic domain (A).
Collectively, these three domains enable WASP prst® interact with monomeric actin
and the actin-related protein 2/3 (Arp2/3) compl@akenawa & Suetsugu, 2007).
Screening for proteins containing a similar VCofaagement resulted in identification of
WASP-family verprolin-homologous protein (WAVE) fag that include mammalian
WAVE-1, WAVE-2 and WAVE-3 (Suetsugu et al., 1999 humans, WAVE-2 is
expressed ubiquitously, except in skeletal musetdlst WAVE-1 and WAVE-3 show
particular enrichment in the brain compared to oty tissues (Takenawa & Suetsugu,
2007). Both WASP and WAVE proteins are able to celigeneration of new actin
filaments via activation of Arp2/3 and subsequéshovo nucleation of actin monomers.
This process is dependent on a conserved amphigdathik located in the C region of the
proteins (Panchadk al., 2003; Takenawa & Suetsugu, 2007). There appedrs teegligible
difference in the ability of WAVE and WASP proteitssinduce actin filament formation
in vitro (Suetsugu et al., 1999), indicating that theiivation is of equal importance in
regulating actin polymerisation. In addition toeslin actin polymerisation, WAVE-1 is
able to recruit signalling proteins such as PKA & to the actin cytoskeleton. In the
case of PKA, this interaction requiresffeand 11€°° which interact with the regulatory
subunit of PKA, resulting in anchorage of PKA te thctin cytoskeleton (Westphailal.,
2000). Thus WAVE-1 may form a link between cAMPr&tling and modulation of actin

polymerisation.

3.8.2 The Arp2/3 complex

The Arp2/3 complex contains seven polypeptidesoitaltand was first isolated from
Acanthamoeba castellanii due to its affinity for profilin. Alone, the Arp2/complex
exhibits little biochemical activity and requirestaraction with nucleation-promoting
factors in order to become activated and instif@tmation of new actin filaments (Goley
& Welch, 2006). There are several mechanisms bghviarmation of actin flaments may
be initiated. Whilst it is possible for actin toospganeously dimerise, this intermediate is
highly unstable and thus actin nucleation doespmoteed to the trimeric actin nucleus
required for subsequent polymerisation. Howevespeaiation of actin with nucleation-
promoting factor proteins (NPFs) such as the Arp@dgnplex, spire proteins and the
formins promote actin polymerisation without theeddor spontaneous nucleation (Goley
& Welch, 2006). In the case of Arp2/3, the actieenplex is thought to contain Arp2 and
Arp3 in close proximity to each other which, duetheir sequence homology to actin

itself, causes the Arp2/3 complex to act as amdite heterodimer and bind monomeric
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actin to facilitate formation of a trimeric actitké nucleus and subsequent polymerisation
(Goley & Welch, 2006).

Actin, Arp2 and Arp3 are all capable of binding ATRhich promotes actin
polymerisation. ATP-bound actin filaments undergorenrapid polymerisation and slower
dissociation than ADP-bound filaments (Zhea@l., 2007). Loss of Arp2/3 ATP binding
attenuates polymerisation activity, possibly dueh® 25-fold more rapid dissociation of
Arp2/3 from ADP-bound actin (Zheng al., 2007). Conversely, proteins such as cofilin,
which promote depolymerisation of actin, assocratge readily with ADP- bound actin.
In addition to ATP hydrolysis, actin polymerisatioan also be regulated by interaction
with NPFs as described above. NPFs can be subdivide class | and class Il NPFs
dependent on both the mechanism by which actinnpetigation is induced and the effect

on actin branching.

The class | NPFs include the WASP and WAVE protewtsch are activated by the Rho
GTPases Racl and Cdc42 whilst the class Il NPHsidacactin-binding protein-1 of
Saccharomyces cerevisiae. Class | NPFs bind Arp2/3 through an acidic domaid
globular actin (G-actin) through their conserved ®homology-2 (WH2) domain to
produce a trimeric Arp2/Arp3/G-actin nucleus fobsequent elongation (Goley & Welch,
2006). Class Il NFPs which activate Arp2/3 contam acidic domain, enabling their
interaction with Arp2/3 but lack a WH2 domain regd for binding of G-actin.
Consequentially, the mechanism by which class IPBlRctivate actin polymerisation is
currently unknown. It is possible that class Il dHRay act to stabilise filamentous actin
(F-actin) branches in the developing microfilamaatmembers of this subgroup remain
associated with F-actin following formation of annbranch whilst class | NFPs dissociate
following branching (Goley & Welch, 2006).

Arp2/3-mediated nucleation can also be activaied preformed actin filaments in a
process which is thought to be auto-catalytic a&sréte of polymerisation increases with
the length of actin filament. Formation of new adiranches is thought to be derived from
the sides of existing filaments rather than from thst-growing barbed ends of filaments
which are the site ofle novo actin polymerisation in the extending filament.keeping
with the hypothesis that actin polymerisation oscmore rapidly in the presence of ATP-
bound actin, side branching is restricted to afathe barbed ends of actin filaments
containing ATP-bound actin (Goley & Welch, 2006primation of branched actin plays
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important roles in regulating cytoskeletal dynamaesl has been implicated in dendrite
spine and synapse formation (Wegner et al., 2008).

3.8.3 RhoGTPases and actin dynamics

The Rho family of GTPases exert their effects otsleletal dynamicsia activation of
downstream targets. Within the Rho GTPase supdsfaitie sub-family designated as
Rho comprise the RhoA, RhoB and RhoC. Although ofreteins have been designated
as Rho proteins, e.g. RhoG, this naming refers rtetheir inclusion in the Rho GTPase
superfamily than to similarities to RhoA, B or Gcfhandkeet al., 2007). Of most interest
to this study is the role of RhoA in regulatingiagtolymerisation. In the case of RhoA,
activation of the downstream kinase ROCK promotes/ation of LIM kinase (LIMK)
which in turn phosphorylates cofilin. LIMK-mediatguhosphorylation of cofilin on Ser
inhibits the depolymerising activity of cofilin anldus leads to actin filament stability (Fig.
3.12) (Maekaweet al., 1999). In addition, ROCK can phosphorylate artuibit myosin
light chain phosphatase to promote actomyosin aotility and the formation of stress
fibores downstream of myosin light chain kinase \asti (Maekawa et al.,
1999;Papakonstanti & Stournaras, 2008). FinallypRltan activate mDia which also
binds profilin and so promotes F-actin polymerisatidownstream of RhoA activation
(Watanabeet al., 1997). Similar to RhoA, Racl can also promotavatibn of LIMK
through activation of PAKs and subsequently stabilF-actin filamentsia LIMK-
mediated inhibition of cofilin. However, Racl andd?® play very different roles in
modulating cellular morphology which may arise fradifferential targeting to cell

membranes as a result of post-translational madiéin (Ridley, 2006).

Whilst RhoGTPases are able to directly induce agotitymerisation, they also regulate,
and are regulated by, microtubule (MT) function. Missociation is associated with
increased Rho activity due to an increase in GTB;Résulting in bundling of actin into

stress fibres and subsequent cellular contrackalikuth & Catling, 2007). In the case of
RhoA, the GTPase itself does not directly bind Mg is thought to become activated
following association of RhoA GEFs such as pl90REBGwith the MT network.

Consistent with the opposing roles of Rho and Ramembrane protrusion formation, MT
assembly promotes Rac activity and subsequent lipogi formation which may be

mediated by activation of TrioGEF which activatelso, an upstream activator of Rac
and Cdc42. Although neither TrioGEF nor RhoG disedtind MTs, their subsequent
activity is dependent on an intact MT network. A&ation of Rho family proteins can also

promote MT stability through Rho-mediated mDia ation and activation of PAK1 by
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Cdc42 and Rac. PAK1 serves to stabilise MT by kattivating tubulin cofactor B to
promote tubulin heterodimerisation and inhibititge tMT destabilising protein stathmin
(Pullikuth & Catling, 2007). Furthermore, iXenopus oocytes, physical interactions
between the MT network and F-actin have been detradad to dynamically modulate F-
actin characteristics in a process which requiggssolic factors (Waterman-Storetral .,
2000). It is thus possible that RhoGTPases and MY att co-ordinately to regulate actin
cytoskeletal dynamics via MT promotion of RhoGTPas#vity which in turn acts to

stabilise the MT network.

3.8.4 RhoGTPases and cancer

An important event in late-stage malignancies is #mergence of metastatic tumours
which are correlated with increases in cellular ifitpt Given the important role of actin
polymerisation in regulating cellular motility, is unsurprising that Rho GTPases have
been implicated in tumour metastasis. Over-expoassf Racl has been demonstrated in
leukaemias and siRNA against Racl in cell line nsdé leukemia which also over-
expression Racl promoted a decrease in colony fammand proliferation. The Racl
inhibitor NCS23766 mimicked the effects of Racl ¢kalown and also impaired cellular
migration (Wanget al., 2009). Such decreases in cellular migration amdour invasion
are also seen in colorectal carcinoma cells in witecl knock-down has been achieved
(Zhao et al., 2009a), indicating an important role for this tein in regulating tumour
metastasis. In addition to roles in metastasis,ARhas also been implicated in cellular
transformation with TGFmediated activation of RhoA required for efficient
transformation by constitutively active Ras and &-BFleminget al., 2008).

Of particular relevance to this study is the obagon that stimulation of the AGS gastric
carcinoma cell line with IL-6 promotes cell invasithrough Src-mediated activation of
RhoA and is correlated with increased tumour cgljrassion. Furthermore, increased
staining of RhoA was found in later stage tumogsue compared to normal colonic
epithelium in gastric cancer patients (Lebt al., 2007). Ectopic expression of both
constitutively active and wild-type RhoA in humannpary mammary epithelial cells
promoted cellular transformation. Interestinglymatant of RhoA which was unable to
interact with ROCK or mDia was also able to indgedular transformation (Zhae al.,
2009b). Interestingly, over-expression of congirely active or wild-type RhoA also
promotes transcription of STAT3-responsive repogeres/ia a mechanism dependent on
a functional STATS3, indicating that the RhoA sidimeg cascade can also play a role in
STAT3 activation. This hypothesis was confirmed byidence that expression of
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Fig. 3.12: Regulation of signalling pathways by Rho

RhoA is able to phosphorylate mDia to promote atton of profiling and subsequently
promote actin polymerisation. Additionally, RhoA gaphorylates ROCK to promote
LIMK phosphorylation which inhibits cofilin actiytvia phosphorylation on SErROCK

also inhibits myosin phosphatise activity and tipuemotes phosphorylation of myosin

light chain and increased actomyosin contraction.

Taken from Maekawet al (1999)
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constitutively active RhoA promoted an increase pifiyr’>STAT3, indication that
activation of RhoA does indeed promote activatibi®S®AT3 (Aznaret al., 2001). This
observation could, in part, explain the role of Rho cellular transformation as activation
of STAT3 has been shown to be directly oncogeniza@et al., 2007;Brombergt al.,
1999). Inhibition of ROCK impairs nuclear import 8TAT3 whilst expression of active
ROCK potentiates nuclear accumulation of STAT3.tlk@nmore, STAT3 is required for
stress fibre formation, a RhoA-mediated event, dod RhoA-dependent cellular
transformation, indicating a possibly positive feadk loop between STAT3 and RhoA
activation (Debidda&t al., 2005).

Whilst the relevance of the described interactiogtsveen the RhoA and STATS3 signalling
networks has yet to be determinidvivo, they may provide a new route by which to
modulate intracellular signalling in malignant sellmportantly, in addition to possible
roles in cellular transformation, reciprocal activa of the RhoA and STAT3 signalling
pathways may contribute to the cellular metastasd resistance to chemotherapeutics

characteristic of latter stages of cancer.

3.9 Project Rationale

Given the association between various malignaneied aberrant IL-6 or STATS3
signalling, it is possible that attenuation of ST3ABctivation may be of therapeutic
benefit. Of particular interest to this study isdP&s elevation of IL-6 levels is associated
with every stage of the disease and is correlatgobor patient prognosis, patient cachexia
and death (Kurodet al., 2007). Previously, elevation of cCAMP was foundrtbibit IL-6-
induced activation of STAT3 through EPAC-mediateduction of SOCS3 expression
(Sandset al., 2006). Thus, elevation of intracellular cAMP lsvén cell line models of
PCa may also attenuate IL-6-induced activation BAE3. Both anti-apoptotic proteins,
such as Bcl-X, and proteins associated with cell cycle progogsse.g. cyclin D1, are
STAT3-responsive genes, thus blockade of STAT3vatitin should promote apoptosis
and a decrease in proliferation of PCa cell lif@éschetet al., 2006;Leslieet al., 2006;Xu

et al., 2005). Indeed, selective blockade of STAT3 hasnbdemonstrated to increase
apoptosis in cellular models of PCa (Barairal., 2004). However, the approach used in
the Bartonet al. (2004) study utilised a dominant negative and-s@tise oligonucleotides
to inhibit STAT3 signalling. Given that cCAMP eleu@t appears to be an endogenous
inhibitor of inflammatory responses, it is possitilat manipulation of physiological anti-
inflammatory pathways may prove a more suitableajheutic strategy to inhibit STAT3
activation by IL-6.
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To this end, the responses to exogenous cytokireese wharacterised in three prostate
epithelial cell lines representing normal, earlggst and late-stage PCa. Having established
suitable conditions in which to investigate IL-@lucted activation of STAT3 in these cell
lines, the ability of cAMP to inhibit IL-6-inducedncreases in pTYP’STAT3 was
investigated in each cell line. As a result of thexperiments, the ability of cAMP
elevation to modulate the differentiation and maipQy of prostate epithelial cells

formed the focus of the latter part of this study.
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4 Materials

Abcam, Cambridge, UK

Mouse monoclonal antibody to glyceraldehyde-3-phasp dehydrogenase (GAPDH, Cat.
# ab8245), goat polyclonal antibody to mouse Ig§@cplerythrin- (PE-) conjugated (Cat. #
ab7002), rabbit polyclonal antibody to pS&EREB (Cat. # ab30651), rabbit polyclonal
antibody to SOCS3 (Cat. # ab16030),

Addgene, Cambridge, MA, USA
pRK5.MycRhoA.N17 (plasmid 15901)

American Type Culture Collection, Teddington, UK
DU145 prostate epithelial cells, LNCaP prostatethetial cells, PZ-HPV-7 prostate
epithelial cells

American Radiolabelled Chemicals, St. Louis, MO, US
3H-ZM241385

Beckman Coulter, High Wycombe, UK

Ultra-Clear ultracentrifuge tubes
Biolog, Bremen, Germany
8- (4-Chlorophenylthio)- 2'- O- methyladenosine; 8- cyclic monophosphate (8Me-

pCPT-cCAMP)

Biorad Laboratories Ltd, Hemel Hempstead, Hertfordsire, UK
Precision plus protein markers, Mini-protean llinmgel kit

Boehringer Ingelheim, Bracknell, UK
BIX02188

Brandel Inc, Gaithersberg, MD, USA
GF/CGlass fibre filters
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Cell Signalling Technology,

Mouse monoclonal antibody to pFApTyrr*ERK1/2 (Cat. # 9106), rabbit polyclonal
antibody to pTH'®TyrP*ERK5 (Cat. # 3371) mouse monoclonal antibody to
pTyr'®’STAT1 (Cat. # 9171), mouse monoclonal antibodyTgrP°STAT3 (Cat. # 9138),
rabbit polyclonal antibody to STAT1 (Cat. # 917&)bbit polyclonal antibody to STAT3
(Cat. # 9132), rabbit polyclonal antibody to JAKda{. # 3332), rabbit polyclonal antibody
to JAK2 (Cat. # 3772), rabbit monoclonal antibody RhoA (Cat. # 2117), rabbit
polyclonal antibody to phospho-PKA substrate (88621)

Clontech, Sainte-Germaine-en-Laye, France
pEGFP-N1

Inverclyde Biologicals, Bellshill, Lanarkshire, UK

Whatman Protran nitrocellulose membrane

Invitrogen, Paisley, UK

Dulbecco’s PBS, Keratinocyte serum free mediumckittaining bovine pituitary extract
and recombinant epidermal growth factor (Cat. # 187022), rhodamine-conjugate
phalloidin, Lipofectamine 2000 transfection reagé&mtimem, RPMI 1640 medium

Lonza Group Ltd, Basel, Switzerland

Human umbilical vein endothelial cells, Endothegabwth medium 2

Merck Chemicals Ltd, Nottingham, UK

Forskolin (P-Acetoxy-8,13-epoxy-d,60,9a-trihnydroxy-labd-14-en-11-one), H89IN{[2-
(p-bromocinnamyl)amino)ethyl]-5-isoquinoline-sulfona® dihydrochloride), MG132
(Carbobenzoxy-L-leucyl-L-leucyl-L-leucinal), myrestlated PKA inhibitor 14-22 amide
(MyrPKla4.2), N°-Benzoyl-cAMP (6-Bnz-cAMP) rabbit polyclonal antithp to
pSer®RhoA, U0126 (1,4-Diamino-2,3-dicyano-1bis(2-aminophenylthio)butadiene),
Y27632 ((1)-R)-trans-4-(1-aminoethyl)N-(4-pyridyl) cyclohexanecarboxamide
dihydrochloride)

Perkin-Elmer Life Sciences, Waltham, MA, USA

®H-Leucine, Western Lightning Plus Enhanced chemi@scence substrate (Cat. #
NEL103001EA)

69



Qiagen, Crawley, West Sussex, UK
HiPerFect siRNA reagent, Qiagen Maxi Plasmid ki&Brep Spin Miniprep Kit,

R&D Systems
Recombinant human IL-6

Santa Cruz Biotechnology Inc, Santa Cruz, CA, USA

Rabbit polyclonal antibody to ERK5 (Cat. # sc-562fbbit polyclonal antibody to
EPAC2 (Cat. # 9383), Horseradish peroxidise (HR&)njugated swine anti-mouse
Immunoglobulin (Ig) G (sc-2463)

Sigma-Aldrich, Poole, Dorset, UK

30% Acrylamide/bisacrylamide solution, 3-[(3-Choldopropyl)dimethylammonio]-1-

propanesulfonate hydrate (CHAP3)ulbecco’s minimal essential medium, Eagle’s
Minimal Essential Medium, Emetine dihydrochloridendothelial cell trypsin, Foetal

bovine serum, HRP- conjugated goat anti-mouse Inuglabulin (Ig) G , HRP-conjugated
goat anti-rabbit 1gG, Nocodazole, Penicillin/st@pycin solution, Poly-D-Lysine

Hydrobromide, 4-Hydroxytamoxifen, Trypsin-EDTA sban,

Tocris, Avonmouth, Bristol, UK
ZM241385

Universal Biologicals Ltd, Cambridge, UK
Cell-permeable C3 transferase fr@twostridium botulinum (C3T, Cat. # CT04)
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5 Methods

5.1 Cell culture

All cells were cultured at 3T, 5% (v/v) CQ in a humidified atmosphere.

5.1.1 Culture of DU145 cells

DU145 cells were maintained in Eagle’s minimal ess¢ medium (MEM) supplemented
with 10% (v/v) foetal bovine serum (FBS), 1 mM Lutdmine, 100 U/ml penicillin, 100
MM streptomycin and 1 mM sodium pyruvate. Cell papiohs were maintained in tissue

culture sterile 150 cfrflasks and sub-cultured at approximately 80% cm@tity.

During cell passage, tissue culture medium was vech@and retained in sterile 50 ml
centrifuge tubes. DU145 cells were washed with 5Dulbecco’s phosphate buffered
saline (DPBS) lacking both €aand Md*. DPBS was discarded and 2 ml of 1x trypsin-
EDTA added to the cells. DU145 cells were incubdted — 10 min to allow detachment
of the cell monolayer which was aided via gentlpptag. The proteolytic actions of
trypsin were neutralisedia addition of 5 ml of the retained tissue culturedmen and
cells pelleted via centrifugation at 20@>or 5 min at room temperature. Cells were then

resuspended in a suitable volume of fresh, supplesdeMEM and seeded as required.

To store the DU145 cell line, cell pellets wereganeed as described during cell passage
and the pellets resuspended in supplemented MEMtaioomg 5% (v/v)
dimethylsulphoxide (DMSO). Cells were immediatetgzZen at —8%C overnight prior to
transfer to liquid nitrogen for long term storade. resurrect frozen cells, cell stocks were
rapidly defrosted at 3T and centrifuged at 200 for 5 min at 4C to remove traces of
DMSO. The resultant cell pellet was resuspendetDiml of fresh medium and the cells

maintained as described above.

5.1.2 Culture of LNCaP cells

LNCaP cells were maintained in RPMI 1640 mediumpéeimented with 10% (v/v) FBS, 1
mM L-glutamine, 100 U/ml penicillin, 10QM streptomycin and 1 mM sodium pyruvate.
Cell populations were maintained in tissue cultsterile 150 crhflasks and passaged at
approx. 80% confluency. To aid adhesion of LNCaklscall tissue culture plastic was

coated with 0.1 mg/ml poly-D-lysine hydrobromidéoprto use.
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LNCaP cells were passaged and cryopreserved inesuppted RPMI 1640 medium via
an identical process to that described for DU14 ebove.

5.1.3 Culture of PZ-HPV-7 cells

PZ-HPV-7 cells were maintained in keratinocyte serdree medium (KSFM)
supplemented with 5 ng/ml recombinant epitheliabvgh factor, 0.05 mg/ml bovine
pituitary extract, 100 U/ml penicillin and 1Q@M streptomycin. Cell populations were
maintained in tissue culture sterile 150°cflasks and passaged at approximately 80%

confluency.

PZ-HPV-7 cells were passaged and cryopreservedpplemented KSFM via a process
similar to that described for DU145 cells aboveeDa the sensitivity of this cell line to
trypsin, cells were passaged with 0.5x trypsin-EDiWhich was washed briefly over the
monolayer surface and removed prior to incubatibB78C, 5% (v/v) CQ to detach the
cell monolayer. In order to cryopreserve PZ-HPVells; KSFM was supplemented with
10% (v/v) FBS and 5% (v/v) DMSO prior to freezing.

5.1.4 Culture of HEK293 cells

Human embryonic kidney (HEK) 293 cells were maimtai in Dulbecco’s minimal
essential medium (DMEM) supplemented with 10% (\#BS, 1 mM L-glutamine, 100
U/ml penicillin and 100uM streptomycin. Cell populations were maintainedtissue

culture sterile 150 cfrflasks and passaged at approximately 80% confiuenc

HEK293 cells were passaged and cryopreserved iplemented DMEM via an identical
process to that described for DU145 cells aboveeixthat cell lines were frozen in
DMEM supplemented with 10% (v/v) DMSO.

5.1.5 Culture of HUVECs

HUVECs were obtained from commercial sources andnhtaiaed in endothelial cell
growth medium-2 (EGM-2) supplemented with 2% (w/fgetal bovine serum,
hydrocortisone, ascorbate and recombinant grovefofa as recommended by the supplier
in tissue culture sterile 150¢énflasks and passaged at 80% confluency. Passage of
HUVECs was as described for PZ-HPV-7 cells excegt 1 x endothelial cell trypsin was
used to detach HUVECs from the tissue culture #agsk order to prevent passage-related
changes in endothelial cell characteristics, HUVé&glls were not used beyond passage

five.
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5.2 Transfections

5.2.1 Cell transfection with cDNA plasmids

Cells were plated at the density required for eaxgberimental procedure and allowed to
adhere overnight at 32, 5% (v/v) CQ. The following day, plasmid DNA was introduced
to cells using the Lipofectamine 2000 transfectieagent. Briefly, for one well of a 6 well
plate, 10Qul Optimem was mixed with gl Lipofectamine 2000 in a sterile microfuge tube
prior to incubation at room temperature for 5 nima separate, sterile microfuge tube, a
total of 1ug DNA was added to 100 Optimem and mixed by gentle tapping. Following
incubation, the entirety of the Lipofectamine 2@Ptimem mixture was added to the
microfuge tube containing DNA. The contents wergediby gentle tapping and incubated
at room temperature for 20 min. Cell culture medinmncells was discarded and replaced
with 2 ml/well of antibiotic-free, supplemented wibh medium. 200ul of transfection
mixture was added per well and cells incubated gt at 37C, 5% (v/v) CQ. At 24 h
post-transfection, growth medium was discardedrapthced with 1.5 ml of supplemented
growth medium containing antibiotics. Cells wereimta@ined for a further 24 h at 37,

5% (v/v) CQ prior to use in experiments.

5.2.2 Transfection of cells with sSIiRNA

Cells were plated in 6-well tissue culture platad grown to 50 — 60 % confluence in the
appropriate growth medium. On the day of siRNA g¢fantion, transfections were
performed as per manufacturer's recommendationls minhor alterations appropriate to
the cells types used. All volumes stated are f@ragriate for SIRNA transfection of one
well of a 6-well plate. Briefly, cell culture mediuwas replaced with 2.3 ml/well of
supplemented cell culture medium lacking antibmtidTo prepare the transfection
mixtures, 100 pmol/well of the appropriate siRNAsadiluted in 100 pl of Optimem | and
mixed by vortexing. Subsequently, 12 ul of HiPetReansfection reagent was added to
the diluted siRNA and the transfection mixture eadd to ensure uniform mixing of the
reagents. The transfection mixtures were then iatmebfor 10 min at room temperature to
allow formation of transfection complexes and trens$fection mixture added to the cell
monolayer in a drop-wise fashion. Cells were intedavernight at 3, 5 % (v/v) CQ
and culture medium replaced the following day. €elere then incubated for a further 24

h at 37C, 5 % (v/v) CQ and used in experiments at 48 h post-transfection.
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5.3 Molecular biology

5.3.1 Plasmid DNA constructs

pRK5 plasmids encoding Myc-tagged wild-type RhoAd aonstitutively active RhoA

(mycRhoAWT and mycRhoAQG63L respectively) were adkigift from Professor Alan

Hall (University College London, London, UK). A plaid expressing a Myc-tagged
dominant-negative RhoA mutant (mycRhoAT19N) wasaotdd from Addgene.

Plasmids encoding a Myc-tagged Rafl:Oestrogen tecefhimera (mycRafER), a
wild-type ERKS5 and dominant negative ERK5-AEF wargenerous gift from Dr. Simon
Cook (Babraham Institute, Cambridge, UK).

A plasmid encoding an enhanced green fluorescesteipr () EGFP-N1) was obtained

from Clontech.

5.3.2 Bacterial Strains and Media

Eschericia coli XL1 Blue bacteria were used for the propagatioplagmid vectorsE. coli
were grown in sterile Luria-Bertani (LB) media (1%v) bacto-tryptone, 0.5% (v/v) yeast
extract, 1% (v/v) NaCl, pH 7) supplemented witteit50ug/ml ampicillin (LB*™"), 50
ug/ml tetracycline (LB®) or 50 pg/ml Kanamycin (LE®") as appropriate for selection.
Agar plates were prepared by inclusion of 1.5% Jvegar in the appropriate LB media.
Plates were stored a@ prior to use.

5.3.3 Preparation of competent E. coli

Overnight cultures oE. coli XL1 Blue were prepared in 3 ml B and used to inoculate
250 ml LB™ the following day. Cultures were grown at’@7with agitation until Olgye=
0.35.E. coli were transferred to sterile, pre-chilled 250 mitdéuge tubes and incubated
on ice for 60 min. Bacteria were harvested via rifegfation at 6000 xy, 20 min, 4C and
the supernatant discarded. Pellets were washe@l il Gce-cold, sterile 0.1 M Mgglhrior

to centrifugation at 6000 g, 20 min, 4C. Pellets were resuspended in ice-cold, sterile 0.
M CaClk and incubated on ice for 20 min. Compet&ntcoli were then harvested via
further centrifugation 6000 x, 20 min, 4C and resuspended in ice-cold 15% (v/v)
glycerol in 0.1 M CaGl The bacterial suspension was divided into gbaliquots which

were rapidly frozen using dry ice/methanol priostorage at —SC.
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5.3.4 Transformation of competent E. coli

Aliquots of competenE. coli XL1 Blue were thawed on ice for up to 30 min afdélper
transformation transferred immediately to chilleédrise microfuge tubes containing 10 —
50 ng DNA. Cells were incubated on ice for 15 miiipto heat shock at 4€ for 45 sec.
The tubes were returned to ice immediately for 2 mprior to addition of 1 ml per
transformation of LB mediaE. coli were incubated at 8Z, 200 rpm for 1 h prior to
plating of 100pl and 800ul of transformed bacteria onto selective LB agates. Plates
were allowed to dry under sterile conditions anmibrated in a static incubator overnight at
37°C to enable bacterial growth.

5.3.5 Preparation of glycerol stocks

Single colonies were picked from selective LB apktes and grown to mid-log phase
(ODgoo = 0.3) in LB'™ or LB"*" as appropriate. For each glycerol stock, 0.7 ml of
bacterial culture was mixed with 0.3 ml sterile 5@%v) glycerol in a sterile cryovial.

Vials were mixed thoroughly, prior to rapid freegion dry ice and storage at 280

5.3.6 Preparation of plasmid DNA

Plasmid DNA was purified from overnight culturesngseither a QIAPrep Spin Miniprep
kit or a Qiagen Maxi Plasmid kit following manufacgr’s instructions.

5.3.6.1Plasmid DNA preparation using QIAPrep Spin ~ Miniprep

Single colony glycerol stocks were used to inoaiatml of selective LB and cultures
were grown overnight at 8Z, 200 rpm. Bacteria were harvested via centrifogaat 13,
200 xg for 10 min, 4C and the resultant pellet resuspended in |@38uffer P1 (50 mM
Tris.Cl, pH 8.0, 10 mM EDTA, 10Qg/ml RNase A) supplemented with LyseBlue reagent
at a ratio of 1:1000. Bacterial lysis was achieviedaddition of 25Qul buffer P2 (200 mM
NaOH, 1 % (w/v) SDS) and incubation at room tempeeafor a maximum of 5 min.
Lysates were mixed by inversion until a homogenblige colour was achieved. To
neutralise lysis, 350l of buffer P3 (3 M potassium acetate, pH 5.5) wdded and lysates
mixed immediately by inversion. Lysates were thentgfuged at 13, 200 g for 10 min,
room temperature to pellet precipitated potassiundedyl sulphate, SDS-denatured
proteins, genomic DNA and cellular debris. Lysatesre then applied directly to a
QIAPrep spin column and centrifuged at 13, 20@ %or 10 min. Supernatants were
discarded and the column was then washed once T&thpl buffer PE. Following
centrifugation at 13, 200 g for 1 min, supernatant was discarded and resioufér PE
removed via further centrifugation at 13, 20@ for 1 min. DNA was eluted via addition
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of 50 ul sterile DEPC HO and centrifugation of QIAPrep spin columns at 2@) xg for

1 min. DNA preparations were stored at 22@ntil use.

5.3.6.2Plasmid DNA preparation using Qiagen Maxi P lasmid kit

Single colony glycerol stocks were used to inoaatml of selective LB and cultures
were grown for 8 h at 3T, 200 rpm. This starter culture was then usedadaculate 400
ml of selective LB and the culture grown overnight 37C, 200 rpm. Following
incubation, bacteria were harvested via centrifiogagt 6, 000 xg, 15 min, 4C and
pellets resuspended in 10 ml of buffer P1 suppleeterwith LyseBlue reagent as
described above. Cells were lysed via addition @fmdl buffer P2 for up to 5 min as
described in section 5.3.6.1. To neutralise Iysigfer P3 (see section 5.3.6.1) was added,
lysates mixed immediately by inversion and thetigsancubated on ice. Lysates were then
cleared via two centrifugation steps at 20, 00@,x10 min, 4C and the resultant
supernatant applied to a Qiagen-tip 500 which reshlpre-equilibrated with 10 ml buffer
QBT (750 mM NacCl, 50 mM MOPS, pH 7.0, 15 % (v/psopanol, 0.15 % (v/v) Triton
X-100). The supernatant was allowed to enter tkenreia gravity flow and the tip was
then washed twice with 30 ml buffer QC (1 M Nad, mM MOPS, pH 7.0, 15 % (v/v)
isopropanol). DNA was eluted via the addition ofrhbbuffer QF (1.25 M NaCl, 50 mM
Tris, pH 8.5, 15 % (v/v) isopropanol) and precifgth via the addition of 10.5 ml of
isopropanol at room temperature. Following inculrafior 30 min, DNA was pelleted via
centrifugation at 15, 000 ¢, 15 min, 4C. The DNA pellet was then washed with 5 ml of
70% ethanol at room temperature and harvestedevitiifuigation at 15, 000 g, 15 min,
4°C. The resultant pellet was then allowed to airfdryl0 min and resuspended in 440
sterile TE buffer (10mM Tris-Cl, pH 7.5, 1 mM EDTADNA preparations were stored at
—2@C until use.

5.3.7 Determination of DNA purity and concentration

DNA preparations were thawed on ice and dilutedterile, DEPC-treated water. DNA
concentration was determined by measuring the bheoe at 260 nm &) and
calculated based on the assumption that, withlalpagth value of 1, a 50g/ml solution
of DNA has an Ag value of 1. DNA purity was assessed by measutiegabsorbance at
280 nm (Ago) based on the assumption that, for a pure DNAtoIUA6o/A2g0 = 1.8.
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5.4 Generation and maintenance of recombinant adenovirus

5.4.1 Generation of myc-tagged human A ,,AR-expressing adenovirus

Recombinant adenovirus encoding the myc-tagged hufaAR (myc.AcAAR) was
generated by Dr William Sands and Dr. Elaine Str@ogiversity of Glasgow, Glasgow,
UK) using the “AdEasy” system (Het al., 1997) and has been described previously
(Sandszt al., 2004).

The pAdEasyl plasmid contains an open reading fremseding GFP which is maintained
in the recombinant adenovirus and so viral infectd HEK 293 cells can be monitored by
fluorescence microscopy. Three - six days posteiida, HEK 293 cells were harvested
and disrupted by freeze-thawing to release adem®yarticles. Cleared lysate was used to
infect two 150 crh tissue culture flasks of 70 % confluent HEK 293IsceFollowing
successful infection, cells were harvested and pmeticles collected as before in order to
infect twenty 150 crhflasks for a large scale preparation.

Recombinant adenovirus encoding GFP alone was Kkiddhated by Professor Robert
White (Beatson Institute for Cancer Research, @Gas@K).

5.4.2 Large-scale preparation of recombinant adenov  iruses

Pure high titre stocks of recombinant adenovirusewaebtained by amplification and
purification with reference to the method describeg Nicklin and Baker (1999).
Confluent 150 crhflasks of low-passage HEK 293 cells were infeatéth either crude
viral extract from previously infected HEK 293 ebr with plaque-purified recombinant
adenovirus at an MOI of 0.1-10 per flask and intceddor 2-6 days at 37C, 5 % (v/v)
CO,. Once the cytopathic effect of the virus had cdubke cells to detach from the flasks,
cells were harvested and pelleted by centrifuga{@s0 g, 10 min, RT). Pellets were

stored at - 80C, ready for viral harvesting and purification.

Cell pellets from twenty 150 chilasks were defrosted at room temperature andegdoy

resuspension in a total volume of 10 ml room termjpee PBS followed by centrifugation
(250 xg, 10 min, RT). The resultant single pellet was spgmded in 5 ml PBS and cells
were lysed by 5 cycles of freeze/thawing in a dg/methanol bath followed by incubation

with agitation in a 37C water bath. The cell suspension was vortexedreigy for 30
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seconds between cycles to encourage cell break@ipe. lysate was cleared by
centrifugation (7000 x, 10 mins, £C) and the supernatant containing the adenovirss wa

collected for further purification.

Adenovirus obtained by the freeze/thawing methodoistaminated with cellular protein
and viral debris which may be cytotoxic when ugedlitro. To obtain a pure preparation,
the supernatant from the previous step was sepamatea discontinuous CsCI density
gradient. The CsCI gradient was created by undegl@iml of 1.2 g/ml CsCI solution with
1.5 ml of 1.4 g/ml CsClI solution in a 2495 mm Ultra-Clear centrifuge tube (Beckman).
The crude adenovirus extract was applied to thefdpe gradient and centrifuged (90 000
x g, 1.5 h, 8°C) with zero deceleration to produce a transluednte band between the
two layers of CsCl, representing pure adenoviresoZleceleration was selected during
the centrifugation step to prevent disruption o telicate band by turbulence during
braking. The adenovirus band was extracted usisgrimge and a 21-gauge needle to
puncture the side of the centrifuge tube and thliansterred to a 3 ml Slide-A-Lyser
dialysis cassette. The extract was dialysed ovetrag4°C in 600 ml TE buffer (10 mM
Tris, pH 7.4, 1 mM EDTA, pH 8.0) with three chang&se following day, the purified
adenovirus was diluted in an equal volume of stesibrage buffer (10 mM Tris, pH 8.0,
100 mM NacCl, 0.1 % (w/v) BSA, 50 % (v/v) glycerand stored at — 80C in 10 pl

aliquots.

5.4.3 Titration of adenoviruses

Purified adenovirus was titred using a Cell Biolabx QuickTitre Adenovirus

Immunoassay Kit according to the manufacturer'srucsions. HEK 293 cells were seeded
in poly-D-lysine-coated 24-well tissue culture pktand incubated for 1 hour at 37, 5

% (v/v) CQO. A series of 10-fold dilutions of the CsCl-purdli@denovirus preparation was
prepared and used to infect the HEK 293 cells iplidate. Forty-eight hours later, cells
were fixed using ice-cold methanol and then immteiosd using a primary antibody
directed against the adenoviral capsid protein,oheXsupplied) and a secondary
horseradish peroxidise (HRP)-conjugated antibodyichkvhrecognises the anti-hexon
antibody (supplied). Binding of the HRP-conjugatedibody was detected by incubation
with a solution of the HRP substrate, diaminobemadDAB; supplied). DAB undergoes
oxidative polymerisation in the presence of HRPptoduce a dark brown precipitate.
Adenovirus-infected cells stained rapidly and welearly visible under light microscopy

as discrete brown patches in the cell monolayesitively stained cells were counted in
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ten fields at a virus dilution that gave 5-50 pwesitcells/field when viewed using a 0
objective. The mean result was determined and tsedlculate the number of infected
cells per ml of the original adenovirus preparationgive a titre value in infectious

units/ml (ifu/ml).

5.4.4 Infection of LNCaP cells with recombinant ade novirus

LNCaP cells were seeded at a density of 2 XcHls per well into 6 cm tissue culture
plates coated with 0.1 mg/ml poly-D-lysine hydrabide. To allow adherence, cells were
maintained at 3, 5% (v/v) CQ in RPMI 1640 medium supplemented as described in
section 5.1.2 for 24 h. Following adherence, celtire medium was replaced with fresh
RMPI 1640 supplemented as described in sectior ALNCaP cells were infected with
recombinant adenovirus (AdV) containing a constesgiressing either GFP (AdV.GFP)
or a Myc-tagged AAR (AdV.A24AR) at the appropriate MOI. Cells were subsequently
incubated for 24 h at 8, 5% (v/v) CQ to allow recombinant protein expression. At 24 h
post-infection, culture medium was discarded apthaced with fresh, supplemented RPMI
1640 medium. Cells were imaged as described inosebt7.4 and incubated for a further

24 h at 37C, 5% (v/v) CQ prior to use as described in individual experiraent

5.4.5 Radioligand binding assay

LNCaP cells were seeded into 75%tissue culture flasks coated with 0.1 mg/ml poly-D
lysine HBr at a density of 8.3 x 1@ells per flask and allowed to adhere overnighie T
following day, cells were infected with AdV.GFP AdV.A2,AR at an MOI = 6 ifu/cell
and incubated for 24 h at %7, 5 % (v/v) CQ. In order to maintain cell viability, cell
culture medium was replaced at 24 h post-infecéiod the cells incubated for a further 24
h at 37C, 5 % (v/v) CQ. The following day, cell culture medium was remai\and the
monolayer washed 3 times with 7 ml ice-cold PBSI @embranes were prepared on ice
by addition of 7 ml of ice-cold lysis buffer comiimg 10 mM HEPES and 5mM EDTA,
pH 7.5. Cells were transferred to a 7 ml glass Rdaemogeniser which had been pre-
chilled on ice and homogenised by 20 up-and-dowrkes. The membrane fraction was
extracted following transfer to a pre-chilled céatge tube and centrifugation at 1350@ x
at £C for 30 min and the subsequent pellet resuspeimd4d0 pl of 50/10 ligand binding
buffer containing 50 mM HEPES and 10 mM MgQiH 6.8. 50 ul of this suspension was
retained for subsequent determination of proteimceatration. The volume of the
remaining membrane suspension was then adjusteldn with 50/10 ligand binding
buffer which was supplemented with 1 U/ml adenosiieaminase. Membranes were

transferred to a pre-chilled glass Douce homogeiaisd resuspended by 20 up-and-down
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strokes. Membranes were then used immediately enligand binding assay described
below.

In order to accurately assess radioligand bindagjx point ligand binding curve was
performed with each point performed in duplicataitotal volume of 250 pl comprising
50 pul of the radio-labelled ligand, 150 pl of thembrane suspension and 50 pl of either
competing ligand or pD. Concentrations otH-ZM241385, an AnAR-selective inverse
agonist, were prepared in 50/10 binding buffer ased in the assay at final concentrations
ranging from 0.25 — 8 nM. In order to assess natifip binding, membranes were
incubated with 50 uM of the competing ligand NE@Anon-selective adenosine receptor
whilst incubation with 50 pl pO in order to assess total binding #1-ZM241385.
Incubations were performed at °87 for 60 min and samples harveste@d vacuum
filtration using a Brandel harvester and glasséfilfitters pre-soaked in 0.3 % (v/v)
polyethylimine. Filters were washed three timesS®10/1 wash buffer containing 50 mM
HEPES, 10 mM MgGland 1 mM EDTA supplemented with 0.03 % (w/v) CHAFers
were then resuspended in 5 ml scintillation fluitd astored at % overnight to both
maximise radioligand extraction and to decreas&dracnd chemiluminescence. Binding

of *H-ZM241385 was determined by liquid scintillatioounting.

5.5 Stimulation of prostate epithelial cells with exogenous
cytokine

Cells were seeded and grown to appropriate confjuaes described in section 5.1.1-3. In
order to ensure that resultant protein activatiosa& due to the actions of exogenous
agents rather than from growth factors, etc. sedretto the medium during cell growth,
culture medium was removed prior to experiments egulaced with an appropriate
volume of fresh, supplemented growth medium. Tovemé temperature-dependent
alterations in cell responses, medium was pre-watm&7?C prior to use. Cells were then
stimulated as described for individual experimeartd harvested for analysis by western

blotting as described below.

5.5.1 Membrane translocation of RhoA

LNCaP cells were seeded into 10 cm tissue-cultushed and grown to 60 -70 %
confluence. Upon the day of experiment, culture immadwas replaced with 5 ml/dish of
fresh, supplemented RPMI 1640 medium and stimulasddescribed for individual
experiments. Following simulations, cells were vk times in 5ml/dish ice-cold PBS
and harvested into 300 ul of ice-cold PBS. Cellsewelletedvia centrifugation at 300 g
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for 5 min at 4C and subsequently resuspended in 500 pl of iad+€Gl relaxation buffer
containing 100 mM KCI, 50 mM HEPES pH 7.2, 5 mM NaC mM MgCh, 0.5 mM
EGTA, 100 uM PMSF, 2 pug/ml benzamidine, 2 pg/mlaman trypsin inhibitor and a
complete protease inhibitor. Lysates were sonicaie@ x 20 seconds on ice prior to the
removal of unbroken cells and nucléa centrifugation at 700 g for 7 min at 4C. The
resultant supernatant was transferred to a 13 m#&lUIltra-Cleal™ centrifuge tube and
volumes were adjusted to 5 ml in KCI relaxationfeufCell membranes were harvested
by subsequent ultracentrifugation at 50, 00§ for 45 min at 4C. The supertantant was
discarded and the resultant pellet washed in 5f@ relaxation buffer as described.
The washed cell pellet was resuspended in 100 RhofA translocation buffer containing
0.25 M NagHPQ,, 0.3 M NaCl, 2.5 % (w/v) SDS, 100 uM PMSF, 2 pyghenzamidine, 2
png/ml soyabean trypsin inhibitor and a completetgase inhibitor. To ensure sufficient
solubilisation of the cellular membranes, the lgsavere incubated on a rotating wheel at

room temperature prior to determination of prontent and SDS-PAGE-fractionation.
5.6 Analysis of proteins by western blotting

5.6.1 Whole cell lysate preparation

Following incubation with appropriate stimuli, stilation was quenched via discarding
the supernatant and washing cells 3 times in it@-B@BS. Cells were lysed in 100
RIPA" (50 mM HEPES pH 7.5, 150 mM sodium chloride, 1%)Writon X-100, 0.5%
(w/v) sodium deoxycholate, 0.1% (w/v) SDS, 5 mM EDpH 8, 10 mM sodium fluoride,
10 mM sodium phosphate,@/ml benzamidine, 2g/ml soyabean trypsin inhibitor, 100
uM phenylmethanesulphonyl fluoride (PMSF), 1AM sodium orthovanadate, and a
complete protease inhibitor cocktail) and left edubilise on ice for 30 min. Lysates were
transferred to 1.5 ml microfuge tubes and storeeB&tC prior to analysis by SDS-PAGE

fractionation and western blotting.

5.6.2 Determination of protein content

Whole cell lysates were thawed on ice and centeifugt 9500 »g for 15 min at 4°C to
remove insoluble cellular debris. The protein coiaion of each sample was then
estimated using the bicinchoninic acid (BCA) asgasformed in a 96-well plate. Briefly,
2 ul of each sample was added touBof RIPA+ buffer in the absence of protease
inhibitors. Standard protein concentrations (0-Zmigwere prepared by performing serial
dilutions of a stock 2 mg/ml bovine serum albun®84A) in the RIPA+ buffer described

above. All samples were assayed in duplicate.
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BCA reagent (1% (w/v) 4,4-dicarboxy-2,2-biquinolidsodium salt, 2% (w/v) anhydrous
sodium carbonate, 0.16% (w/v) sodium potassiunmatiat 0.4% (w/v) sodium hydroxide
and 0.95% (w/v) anhydrous sodium bicarbonate) wasdnwith 4% (w/v) copper (Il)

sulphate solution in a ratio of 49 parts BCA redgerl part 4% (w/v) copper (1) sulphate.
70ul of this solution was added to each well and tlegepincubated for 15 min at room
temperature. Following incubation, the protein eomtwas quantified by determining the
absorbance at 490nm and extrapolation of protenceaatration from the BSA standard

curve.

5.6.3 Immunoblotting

Following the BCA assay, samples were equalisegfotein content (typically 10 — 50
ug) and volume. Samples were then denatured viagiaddf an equal volume of SDS
loading buffer containing 50 mM Tris pH 6.8, 10%vvglycerol, 12% (w/v) SDS, 0.1 M
dithiothreitol and the tracking dye bromophenoleblprior to fractionation via sodium
dodecylsulphate-polyacrylamide gel electrophoréSiBS-PAGE). In order for efficient
separation of proteins, resolving acrylamide getsenprepared ranging from 8 — 15 %
(w/v) acrylamide. Proteins were separated by lBtedphoresis in a Tris-Glycine buffer
containing 24.7 mM Tris, 0.19 M Glycine and 0.1%/}\SDS at 130 V.

Subsequently, fractionated proteins were translenia electrophoresis to a 042m
diameter Protran nitrocellulose membrane for 45 smid00 mA in transfer buffer
comprising 24.7 mM Tris, 0.19 M glycine and 20%vjuhethanol.

To prevent non-specific antibody binding, membrawese incubated for 1 h with Tris-
buffered saline (TBS) pH 7.6 containing 0.1% (VIween 20 (TBST) and 5% (w/v) non-
fat milk powder (TBST-M). Membranes were then wakhgice for 5 min in TBST prior
to addition of the primary antibody as described’able 4.1. Following incubation with
the appropriate primary antibody, membranes werghea five times for 5 min in TBST
prior to addition of the appropriate secondary baeslish peroxidase- (HRP-) conjugated
antibody. HRP-conjugates were diluted 1 in 1000rBST-M from the stock antibody
solution. Membranes were incubated on a rotatorlfér at room temperature with the
secondary antibody conjugates prior to washingethimes for 5 min in TBST and
visualisation of antibody staining using enhancedngiluminescence (ECL) and X-ray
film (Kodak, UK) are per manufacturer’s instruction
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5.7 Fsk-induced dendrite outgrowth

5.7.1 Fsk-induced NE differentiation in LNCaP cells

LNCaP cells were seeded at a density of 2-3%c#lls per well into 6 cm tissue culture
plates coated with 0.1 mg/ml poly-D-lysine hydraibide. To allow adherence, cells were
maintained at 3, 5% (v/v) CQ in RPMI 1640 medium supplemented as described in
section 5.1.2 for 2 days. Prior to stimulationsuis culture medium was discarded and
replaced with 3 ml per dish of fresh, supplemerR&MI 1640 containing either vehicle
(0.1% EtOH) or 1QuM Fsk. LNCaP cells were incubated in a humidifieéch@sphere at
37°C, 5% (v/v) CQ for 5 h prior to imaging using phase contrasttligticroscopy (see
section 5.7.4) . Cells were incubated for a furth@rh and imaged again at 24 h post-

stimulation prior to harvesting for immunoblottiag described previously.

5.7.2 Effect of inhibitors on Fsk-induced NE differ entiation

BIX02188 was a generous gift from Boehringer Ingeth LNCaP cells were seeded at a
density of 2-3 x 1Dcells per well into 6 well tissue culture platds allow adherence,
cells were maintained at %7, 5% (v/v) CQ in supplemented RPMI 1640 for 48 h. Prior
to stimulation, medium was removed and replacedch wit ml per well of fresh,
supplemented RPMI 1640 containing vehicle (0.1% [OMS0.1% EtOH) or the
appropriate inhibitor. To enable effective inhibitj cells were incubated for 1 h at’G7
5% (v/v) CQ prior to imaging using phase contrast light micaysy (see section 5.7.4).
LNCaP cells were then stimulated with vehicle oM Fsk and incubated for a further 1
h at 37C , 5% (v/v) CQ prior to imaging using phase contrast light micagsy (see
section 5.7.4). In order to assess inhibitor effycacontrol wells were stimulated with the
appropriate agonist in the presence and absenodibftor as indicated in results. LNCaP
cells were then harvested for immunoblotting ascdesd in section 5.6. NE
differentiation was assessed by determining thegbsiin Fsk-induced dendrite outgrowth

as described in section 5.7.4.

5.7.3 *H-Leucine incorporation assay

LNCaP cells were seeded into 24-well plates coatesl density of 4 x focells/well and
allowed to adhere for 48 h. Prior to assay, cultoeglium was discarded and replaced with
500 pl/well of fresh, supplemented RPMI 1640 medium eamihg emetine at
concentrations ranging from 0 — 10@M with all samples performed in triplicate. Cells
were incubated for 2 h at %7, 5 % (v/v) CQ prior to labelling with 7.4 KBg/well ofH-
Leu for 3 h at 37TC, 5 % (v/v) CQ. Following labelling, stimulation was quencheic
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washing of cells 2 times in 25@/well ice-cold 5 % (w/v) tricholoroacetic acid (FJ.
Cells were then washed 3 times in 2&6vell ice-cold dHO. Finally, cells were lysed into
200pl/well 1 M ice-cold NaOH and transferred to 5 mingidlation fluid. Incorporation of

3H-Leu was determineda liquid scintillation counting.

5.8 Microscopy techniques

5.8.1 Determination of dendrite outgrowth

Phase contrast light microscopy images were captatre&Ox magnification using a Zeiss
AxioCam MRc 5 camera attached to a Zeiss AxioveriCFL microscope. Five random
fields per treatment were captured and analysedngusimage J software
(http://rsbweb.nih.gov/ij/). Dendrite outgrowth wedstermined by measuring the greatest
distance between the cell body and the tip of tttereled dendrite. Thirty cells per field
were analysed at random and each experiment weategpthree times to ensure accuracy
and reliability of data.

5.8.2 Immunofluorescence

LNCaP cells were seeded into 6 well plates (appBx. 17 cells/well) and grown on
sterile coverslips coated with 0.1 mg/ml poly-DHyes hydrobromide for 48 h. Culture
medium was discarded and cells treated with agoasstdescribed for individual
experiments. Cell stimulation was halted by washingerslips three times in 2 ml ice-
cold PBS

Cell stimulation was halted by washing coverslipgé times in 2 ml/well ice cold PBS. In
order to fix the cell monolayer, coverslips wereubated for 15 min at room temperature
in 2 ml 4% (w/v) paraformaldehyde in 5% (w/v) susBePBS. Coverslips were washed 3
times in 2 ml PBS prior to solubilisation with 2 @l1% (v/v) Triton X100 in PBS for 2
min at room temperature. Following 3 washes withlZPBS, coverslips were blocked for
30 min at room temperature in the presence of PB% containing 5% (w/v) BSA (5%
(w/v) BSA-PBS) to prevent non-specific antibody isitag. Specific antibodies were
diluted as appropriate in 5% (w/v) BSA-PBS and cehgs stained with 10Qul of this

preparation overnight af@ whilst protected from light.

To remove unbound antibody, coverslips were washeee times in PBS and, where
primary antibodies were not directly conjugatedhe appropriate fluorophore, incubated

with the appropriate secondary antibody at a 1di@ion in 5% (w/v) BSA-PBS for 1 h
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Table 5.1 Antibodies used in immunoblotting

Antibody

pSef**CREB

EPAC1

EPAC2
pThAOpTyr%
ERK1/2

ERK1/2
pThRApTyr?20
ERKS

ERKS
GAPDH

JAK1

JAK2

Myc (9E10)
Phospho-PKA

substrate

RhoA
pTyr'®°STAT3

STAT3
pTyr'®'STAT1

STAT1

Species

Rabbit pAb

Mouse mAb

Goat pAb
Mouse mAb

Rabbit pAb
Rabbit pAb

Rabbit pAb
Mouse mAb
Rabbit pAb
Rabbit pAb
Mouse ascites
Rabbit pAb

Rabbit mAb
Mouse mAb

Rabbit pAb
Rabbit pAb

Rabbit pAb

Company Catalogue Diluent  Dilution
number
Abcam 30651 5% (w/v1:500
BSA-
TBST
Johannes In-house TBST-M  1:500
Bos
Santa Cruz sc-9383 TBST-M 1:1000
CST 9106 5% (w/v)1:1000
BSA-
TBST
CST 9102 TBST-M  1:1000
CST 3371 5% (w/v)1:500
BSA-
TBST
Santa Cruz Sc-1284-R  TBST-M  1:500
Abcam 8245 TBST-M  1:20 000
CST 3332 TBST-M 1:1000
CST 3773 TBST-M 1:1000
In-house TBST-M  1:1000
CST 9621 5% (w/v)1:1000
BSA-
TBST
CST 2117 TBST-M  1:1000
CST 9138 5% (w/v)1:1000
BSA-
TBST
CST 9132 TBST-M  1:1000
CST 9171 5% (w/v)1:1000
BSA-
TBST
CST 9172 TBST-M  1:1000
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at room temperature. Due to the sensitivity of fiyghores to incident light, subsequent
washing and incubation steps were performed inddr&. Coverslips were washed three
times in 2 ml PBS and subjected to nuclear staingigg Hoescht stain diluted 1:1000 in
5% (w/v) BSA-PBS for 5 min. Coverslips were wasleflirther three times in 2 ml PBS

prior to mounting on glass slides using 40% (vAytgrol-PBS. Fluorescent proteins were
visualised on a Zeiss fluorescent microscope ughgobjective and images captured as
described previously.

5.9 Densitometric and statistical analysis

In order to perform densitometric analysis, scannejes of a minimum of three separate
immunoblots were analysed. To ensure that imaged uspresented results acquired in
which the response of film was in a linear relasioip with the signal intensity, multiple
exposures of each immunoblot were collectetages were analysed using the 1D gel
analysis option in TotalLab software and resultsmadised to vehicle stimulated
responses which were given an arbitrary value &. I analyse increases in protein
phosphorylation, the ratio of phosphorylated protei either total protein or to a loading
control was calculated for each sample and thenerted to a percentage of the maximal

response detected.

Statistical analysis was performed using the GraphPrism4 software package. Where
appropriate, normality was assessed using the Kuojomv-Smirnov test and data
subsequently assessed for statistically significgtminges using one way analysis of
variance (ANOVA) with appropriate post-tests. Insea where data failed the
Kolmongorov-Smirnov test, one way ANOVAs were pernied with the Dunn’s

correction for non-parametric distributions and ngfigance compared using the

appropriate post-test.
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6 Characterisation of prostate epithelial cell resp  onses

to exogenous cytokines

6.1 Introduction

Whilst the inflammatory response is a crucial ieniaimune response to infection, chronic
inflammation contributes to the pathophysiology mfmerous disease states including
atherosclerosis, diabetes, rheumatoid arthritisGamter (Deepet al., 2006;Hodgeet al .,
2005;Kallen, 2002;Koeniget al., 2006;Shoudaet al., 2001). Key amongst the pro-
inflammatory signal transduction pathways is theKBTAT pathway which becomes
activated in response to pro-inflammatory cytokiekease and is responsible for signal
transduction downstream of many class Il cytokiemeptors including members of the IL-
6 cytokine family (Heinriclet al., 2003).

The IL-6 cytokines comprise a group of cytokinesichihsignalvia the gpl130 signal
transduction molecule (Heinriokt al., 2003). The IL-6 receptor complex of this family
exists as a tetramer of two monomers of the ILgbgaising receptor (IL-6R) and two
monomers of gp130 which is required for signal $chrction (Bravo & Heath, 2000;Chow
et al., 2001a). Expression of membrane-associated IL{&E@ tetramers (memlIL-6R) is
relatively restricted although many cells have plogential to respond to free IL-6 due to
the fairly ubiquitous expression of gp130 (Schedteal., 2006). In addition to the memlL-
R complex, activated cells can release a solubia faf IL-6R (sIL-6R) which is able to
bind free IL-6 and recruit it to cell-associatedL8f, thus increasing the number of IL-6
responsive cells, a phenomenon knowrtrass-signalling (discussed in detail in section
3.2) (Schelleert al., 2006). Pro-inflammatory stimuli can also promtte release of slL-
6R via ADAM10 and ADAM17 sheddase-mediated cleavafjememlIL-6R (Mezyk-
Kopecet al., 2009;Schelleet al., 2006). Following successful interaction of IL-@&wthe
IL-6R/gp130 complex, activation of intracellulaigsalling is mediated by the action of
JAKs which are constitutively associated with gpiS@helleret al., 2006). The gp130
molecule itself lacks intrinsic kinase activity atttis is reliant on kinase recruitment to
promote intracellular signalling. In reference ted signalling, JAK1, JAK2 and Tyk2 are
all implicated in the activation of STAT1 and STAT8wnstream of IL-6R/gp130 with
STAT3 being the predominant STAT family member \aid in response to IL-6,
although STATL1 is also activated (Heinrigtal., 2003).
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STAT proteins become activated following JAK-meddtphosphorylation of conserved
C-terminal tyrosine residues corresponding to’fyand Tyf% in STAT1 and STAT3
respectively. The tyrosine phosphorylated STAT mmoers then dimerisgia reciprocal
interactions between the central SH2 domain ofranaomer and the pTyr residue of the
other. Dimerised STAT proteins then translocateéht® nucleus where they bind to the
promoters of STAT responsive gene and promote drgot®n via their C-terminal

transactivation domain (Heinrich al., 2003).

6.1.1 STATS3 activation in prostate cancer

PCa is one of the most prevalent male-specific gnalicies in the Western world. In the
UK alone, over 34,000 new cases of PCa are diagnesery year, corresponding to

diagnosis rate of 1 case every 15 minutes (Canese&ch UK, 2005).

Common to many malignancies, development of PCaoiselated with a chronic
inflammatory response. In reference to the IL-6nalting pathway, elevation of IL-6
levels has been correlated with every stage of R@a early hyperplasia through to
patient cachexia and death. As a pre-diagnostic tiee clinical value of circulating IL-6
levels is somewhat controversial as the results fiarge cohort studies are influenced by
multiple factors such as grouping classificatiolmsa study of 22,071 male physicians,
there was no correlation in prediagnostic plasmé levels between patients which later
developed PCa and healthy individuals. However,nvybatients were grouped based on
their BMI, there was a significant correlation beem plasma IL-6 concentrations and
onset of PCa development in healthy weight paditip (Stark et al., 2009). In patients
suffering from early stage PCa, levels of serun6lln excess of 7 pg/ml are associated
with poor patient prognosis (Nakashirgaal., 2000) whilst levels of IL-6 and IL-6R are
increased in non-metastatic tumours (@iral., 2001). In later stages of PCa, levels of IL-
6 are correlated with terminal disease progresgatignt cachexia and death (Kurcala
al., 2007).

As might be anticipated from the importance of 1in@Ca, malignant tissue also displays
hyperactivation of STAT3 which has been demongtrate contribute to Src-mediated
transformation possibly due to the ability of Ssgphosphorylate TY?® of STAT3 (Smith

& Crompton, 1998). Sustained STAT3 activation cilmifes to carcinogenesis in multiple
malignancies including colorectal carcinoma, hepaltalar carcinoma and PCa (Hodge
al., 2005). The pro-oncogenic effects of STAT3 hypevation are principally believed to

arise from the ability of STAT3 to induce expressif both anti-apoptotic proteins and
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those involved in cell cycle regulation (Hodgeal., 2005). Amongst the anti-apoptotic
proteins, STAT3 is thought to contribute to thehhigvels of Bcl-X observed in head and
neck cell squamous carcinomas (Grarefial., 2000). Due to its anti-apoptotic and pro-
proliferative roles, hyperactivation of this siginay pathway is of particular concern in
PCa due to the ability of STAT3 to interact witletN-terminal domain of the androgen
receptor (AndR), enhance AndR transactivation angromote AndR activation in the
absence of androgen (Culgy al., 2005;De Miguelet al., 2003;Uedeet al., 2002) Such
androgen independence is associated with the emergd the androgen refractory stage
of PCa, subsequent failure of conventional therapesirategies and progression to

terminal disease.

There have been many studies linking the importaf&TAT3 activation to PCin vitro.

In the DU145 prostate epithelial cell line, inhibit of STAT3 activation using the JAK
inhibitor AG490 promoted apoptosis, demonstrating anti-apoptotic role of STAT3 in
these cells (Barton et al., 2004). A constitutivatfive mutant of STAT3 (STAT3-C) has
been generated due to cysteine substitution of A&Bd N663, resulting in STAT3
dimerisation and constitutive transactivator atyivin the absence of tyrosine
phosphorylation (Bromberg et al., 1999). Injectiohnude mice with cells expressing
STATS3-C resulted in tumour formation indicating &I AT3-C is directly oncogenic and
that STAT3 activation therefore contribution to @aogenesis (Bromberg et al., 1999).
Similarly, expression of STAT3-C in the RWPE-1 pgeds epithelial cell line promotes
cellular transformation and anchorage-independemwit in vitro. Furthermore, STAT3-
C expression in these cells enhances cell migrabmehicative of an increased metastatic
capacity. However, immunohistochemical (IHC) analysf primary prostate tumours
failed to demonstrate a correlation between inagsTyf®>STAT3 and tumour stage,
Gleason score or PSA levels (Azare et al., 2008vekheless, other studies have
demonstrated clear links between STAT3 activatiod &Ca progressiom vivo. In
prostatic tissues from PCa patients, elevation BrfJ°STAT3 was demonstrated in
comparison to patients without PCa. Within tisstresn PCa patients, it was found that
pTyr'®STAT3 levels were greater in canceragsnormal tissues (Barton et al., 2004). In
a separate study, tissue samples derived from R@nts displayed greater STAT3 DNA
binding activity in comparison to patients with revidence of prostate pathology.
However, within the tissue derived from PCa patgttiere was no significant difference

in STAT3 DNA binding activity between normal andligaant tissue (Dhir et al., 2002).
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6.2 Cell systems

In order to study the effects of CAMP elevationlbr6-induced STAT3 activation, am

vitro cell culture system was used. Although it couldabgued that such a system is not
physiologically relevant, it provides an ideal mbé® studying intracellular responses
directly attributable to rhulL-6 stimulation due tbe lack of other cell or tissue types

which may alter IL-6-mediated signallimp heterotypic signalling.

The cell lines used throughout this study were ehoslue to their rudimentary
representation of different stages of PCa. The PXAA cell line has been used as a
representation of normal prostate epithelial cefiponses to exogenous stimulation and
was produced by transformation of normal prostai¢helial tissue with DNA encoding
the E6 protein of HPV18 (Weijerman et al., 1994)eTLNCaP cell line was derived from
a PCa metastasis to the left supraclavicular lymgde of 50 year old Caucasian man and
represents an androgen-sensitive cell line indieatif early PCa (Horoszewicz et al.,
1983). In contrast, the DU145 cell line, deriveohfra metastatic lesion to the brain of a 69
year old Caucasian man, represents an androgemsitige cell line which is indicative of
late stage PCa (Stone et al., 1978). Regardind Bag8I'3 activation, STAT3 activation
by exogenous IL-6 is thought to be entirely indieiin PZ-HPV-7 cells, somewhat
controversial in LNCaP cells, whilst DU145 celle ahought to display basal STAT3
activation in the absence of exogenous stimulatioe to autocrine production of IL-6
(Okamoto et al., 1997). In order to perform subsaganalysis of any inhibitory effects of
cAMP elevation on STAT activation, the responsesheke cells to exogenous cytokines

were initially investigated.

DU145, LNCaP and PZ-HPV-7 cells were seeded agitesicfor individual experiments,
grown to 80% confluence in the case of DU145 andHPX/-7 cells, and 60-70%
confluence for LNCaP cells. DU145 and PZ-HPV-7 <@lere grown to 80% confluence
to ensure a high protein yield from cell lysates Wware not grown to 100% confluency to
prevent cells from becoming quiescent which midteracellular responses to exogenous
IL-6. This is particularly important when considegi DU145 cells as these cells are
reported to be androgen-insensitive and perpettlzée@ growth in the absence of
androgensvia autocrine release of IL-6 (Okamoto et al., 199Hus, highly confluent
DU145 cells may have sufficiently high endogendu$ land subsequent activation of the
JAK-STAT pathway such that stimulation with exogesaytokine would fail to result in
further activation of the pathway. LNCaP cells wgrewn to a lower confluency as these

cells have a tendency to grow on solid substrataasely adherent clumps. Growing of
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LNCaP cells to a high percentage confluency resulta greater degree of cell clumps
which may affect responses to exogenous cytokieetala decrease in the relative number
of cells which are located on the media-exposedaserof the cell clump. To aid
adherence of LNCaP cells to tissue culture plastiewplates were coated with 0.5 mg/ml
poly-D-lysine hydrobromide. Poly-D-lysine is a pstly charged amino acid polymer
which aids cellular adherence by electrostaticratigon with negatively charged cell
surface molecules such as phospholipids (Jacobddra&ion, 1977).

Given the differences between the cell types useithis study in both the stage of PCa
which they represent and their culture conditiohsyas necessary to characterise the
responses of DU145, LNCaP and PZ-HPV-7 cells tgerous cytokine stimulation. The
results presented in this chapter demonstraterdifées in IL-6-induced STAT signalling
between the cell lines used with the tumour-derigelll lines demonstrating preferential
activation of the oncogenic STAT3 signalling patlywather than the tumour suppressive
STAT1 pathway in comparison to control cells.

6.3 Results

Prior to stimulation, the culture medium was repthavith fresh medium to ensure that
any observed activation of STAT proteins was dueddition of exogenous cytokine
rather than basal STAT activation. In all thred tgbes tested, treatment with 10 ng/ml
recombinant human IL-6 (rhulL-6) resulted in ined detection of STAT3 protein
phosphorylated on TP (pTyr'®STAT3). This residue is critical for STAT3 activarti,
dimerisation and subsequent transcriptional actwafCalo et al., 2003;Kapteinet al.,
1996), thus elevation of pTYPSTAT3 following rhulL-6 treatment indicates actiiat of
STAT3. To ensure that changes in pPY8TAT3 were a result of protein activation rather
than due to changes in the total amount of STAT®rotein loading, cell lysates were
immunoblotted for total STAT3 protein and the laaglcontrol glyceraldehye-3-phosphate
dehydrogenase (GAPDH). The increases in ff$TAT3 could not be explained by
changes in either STAT3 levels or protein loadingss the gel, indicating that the results
seen are a genuine reflection of STAT3 activatioprostate epithelial cells lines. Similar
results were seen for STATL1 activation, with aditva of STAT1 being inferred by an
increase in detected STAT1 phosphorylated at’*fy(pTyr'®’STAT1). Following
normalisation for protein loading, the ratio ofdgme phosphorylated STAT protein to
total STAT protein was calculated and expressed asrcentage of the maximal value

obtained.
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6.3.1 Treatment of prostate epithelial cells with r  hulL-6 results in

tyrosine phosphorylation of STAT3

In order to perform subsequent studies investigagittenuation of JAK-STAT signalling
downstream of the IL-6R, it was first necessargetermine a suitable time point at which
to detect tyrosine phosphorylation of STAT1 and $BAPrevious work in our laboratory
has indicated that STAT protein activation can b&ded downstream of the IL-6/sIL-
6Ra trans-signalling complex at 15 — 30 min post-stimulatidn keeping with this,
DU145, LNCaP and PZ-HPV-7 cells were stimulatechwitulL-6 for 0 — 60 min. Given
expression of both gp130 and the IL-6-binding rémem DU145, LNCaP and PZ-HPV-7
cells (Palmer et al., 2004), it was not necessargtimulate the cells with thrans-

signalling complex and instead only rhulL-6 wasdusestimulate these cells.

Treatment of DU145 cells with 10 ng/ml rhulL-6 réed in an increase in pTyr STAT3

at 15, 30 and 60 min post-stimulation (Fig. 6.1as8 activation of STAT3 was detected
in these cells, consistent with the autocrine s®eaf IL-6, but was sub-maximal as
treatment with 10 ng/ml rhulL-6 resulted in an e&@se in pTYP°STAT3 at 15 min post-
stimulation p < 0.05vs. 0 h) and showed a decline in pT¥BTAT3 back to basal levels
by 60 min post-stimulation (Fig. 6.1). Similar résuwere observed in LNCaP cells, where
treatment with rhulL-6 resulted in an increase Tryp” at 15 min post-stimulation (Fig.
6.2). However, unlike DU145 cells where detectegrPPSTAT3 levels returned to basal
at 30 and 60 min post-stimulation, treatment of ARG ells with exogenous IL-6 resulted
in sustained elevation of pTY'STAT3 at 30 and 60 mirp(< 0.01vs. 0 h) (Fig. 6.2). In
PZ-HPV-7 cells, treatment with 10 ng/ml rhulL-6 ulted in elevation of pTYP*STAT3 at
15 min and 30 min post-stimulation (Fig. 6(8< 0.01vs. 0 h) which declined to basal
levels at 60. Taken together, these results inglitait 15 min post-stimulation with rhulL-
6 is a suitable time point at which to observevatibn of STAT3 as evidenced by an

increase in pTYf°STAT3 in each cell type.

In contrast to the similarities in STAT3 activatibetween the different cell types when
treated with rhulL-6, there were marked differenceSTAT1 phosphorylation between
the tumour-derived DU145 and LNCaP cell lines witempared with PZ-HPV-7 cells
which were derived from transformation of normabgiate epithelium. Whilst treatment
with rhulL-6 resulted in an increase in pTJBTAT1 at 15 min post-stimulation in PZ-
HPV-7 cells (Fig. 6.3p < 0.01vs. 0 h), parallel treatment of DU145 and LNCaP cells
failed to induce a significant increase in p"P8TAT1 (Fig. 6.1 and Fig. 6.3). PZ-HPV-7

cells treated with 10 ng/ml rhulL-6 for 15 min wereluded as a positive control for
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antibody reactivity, indicating that the lack ofteleted pTyf*’STAT1 does not arise due a
failure of the antibody. In DU145 cells, no detédtaincrease in pTYFMSTAT1 was
detected across all repeats of the experiment @ig, indicating a deficiency of DU145
cells to activate STATL1 in response to rhulL-6 stiation. In LNCaP cells a variable and
weak increase in pTY'STAT1 in response to rhulL-6 stimulation was seEiy.(6.2)
which was considerably less robust than that detect PZ-HPV-7 cells and varied from
weakly detectable to completely absent across empats. These results suggest that there
is some defect in the ability of LNCaP cells toiaate STAT1 downstream of IL-
6R/gp130 signalling. Samples were equalised fotepnacontent both across the different
cell types and across gels, thus the differenc&TAT1 tyrosine phosphorylation is
unlikely to arise from differences in protein loagior STAT1 expression as all cell types
tested expressed STATL1 protein with no apparefgrdiices in levels of STAT1 protein.
Furthermore, no difference in the apparent moleculaight of STAT1 was observed
between the cell types, suggesting that the diffege in STATL1 activation following IL-6
treatment do not arise from expression of a trieet&TAT1 mutant which lacks the C-
terminal region containing T{". Cleavage by caspase-3 can truncate STAT1 in pitAs
and is thus unable to become activated due toatle of Tyr® However, due to the
limitations of resolving proteinga 1D gel electrophoresis, it is not possible to edelthe
possibility that DU145 and LNCaP cells express aawh of STAT1 which is resistant to

tyrosine phosphorylation.

6.3.2 Basal activation of STAT3 in prostate epithel ial cell lines

Having determined a suitable time point at which ihwestigate rhullL-6-mediated
activation of STAT3, the basal activation statusSGiAT3 in the prostate epithelial cell
lines was examined. This is particularly importaatDU145 cells are reported to display
constitutive activation of STAT3 due to autocrihed production whilst data surrounding

the basal STATS3 activation status in LNCaP celim@se controversial.

DU145, LNCaP and PZ-HPV-7 cells were seeded intweb- plates and grown to
appropriate confluency with cell culture mediumngeichanged every 48 h in order to
maintain cell growth. Spent culture medium was extibd and retained as conditioned
medium. Prior to stimulation, cell culture medium cells was replaced with either
conditioned medium or fresh growth medium. Cellgevthen stimulated with 10 ng/ml
rhulL-6 for 15 min prior to cell harvesting, SDS-BA fractionation and subsequent

analysis of pTY”>STAT3 levels by immunoblotting.
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Figure 6.1: Treatment of DU145 prostate epithelial cells with 10
ng/ml rhulL-6 induces tyrosine phosphorylation of S TAT3 but not
STAT1

DU145 cells were seeded into 6-well plates andéceavith 10 ng/ml rhulL-6 for 0 —
60 min prior to fractionation by SDS-PAGE and swjusnt immunoblotting. Phospho-
specific antibodies were used to detect PTRTATL and pTyf®STAT3 as indicators
of STAT protein activation whilst total levels offAT1 and STAT3 were used to
demonstrate that changes in detected tyrosine pbogdption of STAT proteins
reflected changes in protein phosphorylation and ptein levels. Blots are
representative ai = 3 individual experiments and densitometry restdpresent mean
values £+ SEM. PZ-HPV-7 cells treated with 10 ngihulL-6 for 15 min were

included as a positive control for antibody reatyivc = p < 0.05vs. 0 h
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Figure 6.2: Treatment of LNCaP prostate epithelial cells with 10 ng/ml
rhulL-6 induces tyrosine phosphorylation of STAT3 b ut not STATL1

LNCaP cells were seeded into poly-D-lysine coatetleB plates and treated with 10 ng/mi
rhulL-6 for 0 —60 min prior to fractionation by SEFSAGE and subsequent immunoblotting.
Phospho-specific antibodies were used to detectr’BFBIAT1 and pTyI*>STAT3 as
indicators of STAT protein activation whilst tofelvels of STAT1 and STAT3 were used to
demonstrate that changes in detected tyrosine pbogption of STAT proteins reflected
changes in protein phosphorylation and not prolkevwels. Blots are representative o= 4
individual experiments and densitometry resultsrespnt mean values + SEM. PZ-HPV-7
cells treated with 10 ng/ml rhulL-6 for 15 min weneluded as a positive control for antibody

reactivity * =p<0.01vs.0 h
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Figure 6.3: Treatment of PZ-HPV-7 prostate epitheli al cells with 10
ng/ml rhulL-6 induces tyrosine phosphorylation of S TAT3 and
STAT1

PZ-HPV-7 cells were seeded into 6-well plates aedtéd with 10 ng/ml rhulL-6 for O —
60 min prior to fractionation by SDS-PAGE and supsnt immunoblotting. Phospho-
specific antibodies were used to detect pPF@TAT1 and pTyf®>STAT3 as indicators
of STAT protein activation whilst total levels ofT&T1 and STAT3 were used to
demonstrate that changes in detected tyrosine pbogdption of STAT proteins
reflected changes in protein phosphorylation and pmtein levels. Blots are
representative af = 7 individual experiments and densitometry restdipresent mean
values + SEM. PZ-HPV-7 cells treated with 10 ngfmlIL-6 for 15 min were included

as a positive control for antibody reactivity *p=< 0.01vs. 0 h
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In all three cell types studied, the ability of H6 to induce phosphorylation of T in
STAT3 was not affected by the medium in which taksowere stimulated (Fig. 6.4 — 6.6).
Cells grown in conditioned medium did not displayreased basal pTYSTAT3,
suggesting that, in this experimental system, aagab STAT3 activation is below the
detection limit if the immunoblotting procedure.i$mesult was particularly surprising in
the case of DU145 cells as these are reportedpamessx autocrine IL-6 (Giet al., 2001)
and thus would be expected to display basal ISTAT3. It may be the case that
autocrine stimulation with IL-6 activates endogemmegative regulatory pathways in
DU145 cells and thus limits basal STAT3 activatibrleed, it was found that treatment of
DU145 cells in conditioned rather than fresh medibad a trend to show a smaller
increase in pTYf°STAT3 following stimulation with rhulL-6 (Fig. 6.4)However, this
difference was found to be statistically insigrafit. In LNCaP and PZ-HPV-7 cells, no
discernible difference between IL-6-mediated tymesphosphorylation of STAT3 was

observed in cells stimulated in conditioned orHregedium (Fig. 6.5 and Fig. 6.6).

6.3.3 The ability of rhulL-6 to induce STAT3 activa tion is concentration

dependent

Ultimately, this study aims to investigate mecharishy which STAT3 activation may be
attenuated, thus it was necessary to ensure thatable concentration of rhulL-6 is used
throughout the study. Stimulation of the cell lin@sder investigation with too high a
concentration of rhulL-6 may result in an inability observe any inhibitory effects of
CAMP elevation due to supra-maximal activation @iA$3. DU145, LNCaP and PZ-
HPV-7 cells were plated as described above andiktted with 0 — 100 ng/ml rhulL-6 for
15 min. In all cell types tested, stimulation withicreasing concentrations of rhulL-6
resulted in an increase in detected pT&TAT3. In DU145 cells, treatment with rhulL-6
concentrations of less than 1 ng/ml failed to irelacdetectable increase in pTYBTAT3
above basal levels (Figure 6.7). Treatment with 108 ng/ml rhulL-6 resulted in a
concentration-dependent increase in PTTAT3 with maximal STAT3 activation being
observed when DU145 cells were treated with 10 hghulL-6 (p < 0.01vs. 0 ng/ml
rhulL-6). A further increase in pT{PSTAT3 was not observed in DU145 cells when
treated with 100 ng/ml, indicating that 10 ng/muilh6 was a suitable concentration of

rhulL-6 to use in future experiments.

97



Figure 6.4:

M, (kDa)

100= o @l < pTyr®°STAT3
e
100
-_—ame ey mme | ¢ STAT3
C C F
Vehicle IL-6
n.s.
**
™Mo
= o
L5 75
207y
e QL
g
< § 50~
w5 . S.
3%
5E 25 T
oS
O- v v
F C F
Vehicle IL-6

Effect of conditioned and fresh medium

on rhullL-6-induced

pTyr "SSTAT3 in DU145 prostate epithelial cells

In order to assess basal tyrosine phosphorylafi@TaT3, DU145 cells were seeded into

6-well plates and grown prior to stimulation witéhicle or 10 ng/ml rhulL-6 for 15 min

in either conditioned medium in which cells had rbggowing for 48 h (C) or in fresh

growth medium (F). Immunoblotting using an antibaghecific for pTYf®STAT3 was

used to determine activation of STAT 3 whilst anitaody against total STAT3 was used

to demonstrate that changes in detected YISTAT3 did not arise due to changes in

STATS3 protein levels. Results are displayed asesgmtative blots and mean values +

SEM for n = 4 separate experiments. = 0.05vs. vehicle, ** p< 0.01vs vehicle, n.s.

=p>0.05
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Figure 6.5: Effect of conditioned and fresh medium on rhullL-6-induced
pTyr ‘®STAT3 in LNCaP prostate epithelial cells

In order to assess basal tyrosine phosphorylattddT&AT3, LNCAP cells were seeded
into poly-D-lysine HBr coated 6-well plates and groprior to stimulation with vehicle or
10 ng/ml rhulL-6 for 15 min in either conditionededium in which cells had been
growing for 48 h (C) or in fresh growth medium (Fpmunoblotting using an antibody
specific for pTyfP°STAT3 was used to determine activation of STAT3Isthan antibody
against total STAT3 was used to demonstrate tharges in detected pTHPSTAT3 did
not arise due to changes in STAT3 protein levebtsuRs are displayed as representative

blots and mean values + SEM io= 3 separate experiments.
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Figure 6.6: Effect of conditioned and fresh medium on rhulL-6-induced

pTyr "%SSTAT3 in PZ-HPV-7 prostate epithelial cells

In order to assess basal tyrosine phosphorylafi@TéT3, PZ-HPV-7 cells were seeded
into 6-well plates and grown prior to stimulatiomttwvehicle or 10 ng/ml rhulL-6 for 15
min in either conditioned medium in which cells Haaen growing for 48 h (C) or in fresh
growth medium (F). Immunoblotting using an antibaghecific for pTYf®STAT3 was
used to determine activation of STAT3 whilst anitaody against total STAT3 was used
to demonstrate that changes in detected §3I3TAT3 did not arise due to changes in
STATS3 protein levels. Results are displayed asemsgmtative blots and mean values +

SEM forn = 3 separate experiments. ***=< 0.001vs vehicle, n.s. > 0.05
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Similar results were obtained in LNCaP cells whitlowed an increase in pTQiSTAT3
levels following stimulation with 1 ng/ml rhulL-6-{g. 6.8,p < 0.05vs. 0 ng/ml rhulL-6),
10 ng/ml rhulL-6 (Fig. 6.8p < 0.05vs. 0 ng/ml rhulL-6) and 100 ng/ml rhulL-6 (Fig. 6.8,
p < 0.001vs. 0 ng/ml rhulL-6). Unlike DU145 cells, stimulatiaf LNCaP cells with> 10
ng/ml did not result in maximal detection of pT§¥8TAT3, indicating that concentrations
of rhulL-6 greater than 100 ng/ml are required taximally activate STAT3 in LNCaP
cells. Stimulation of PZ-HPV-7 cells with 1 ng/ml rhulL-6 resulted in an increase in
pTyr'®STAT3 which increased further when cells were gdatith 10 ng/ml§ < 0.01vs.

0 ng/ml rhulL-6) and 100 ng/mp(< 0.001vs. 0 ng/ml rhulL-6) of exogenous cytokine.
The results obtained in PZ-HPV-7 cells regarding ¢bncentration dependency of rhulL-
6-induced STAT3 Ty phosphorylation were comparable to those obtainedNCaP
cells in that saturation of STAT3 activation wast mioserved even when cells were
stimulated with 100 ng/ml rhulL-6.

However, the ability of concentrations of rhulL-Ggter than 100 ng/ml to induce tyrosine
phosphorylation of STAT3 were not investigated hs twould cause supra-maximal
activation of STAT3 in DU145 cells and may therefanask any inhibitory actions of

CAMP elevation in subsequent studies.

6.3.4 Prostate epithelial cell lines display differ  ent responses to STAT-

activating cytokines

Previously, treatment with rhulL-6 induced an irmwe in pTy®’STAT1 in PZ-HPV-7
cells but not in either of the tumour-derived LNCaid DU145 cell lines. STAT1 has
been described as a putative tumour suppressoit &therefore possible that malignant
cells have uncoupled STAT1 activation from IL-6-naed activation of memlIL-6R in
order to maximise the oncogenic effects of STAT8vaton. However, it is not clear
whether DU145 and LNCaP cells have a defect in SITAdtivation in general or whether

this phenomenon is solely restricted to the ILghalling pathway.

To address this question, DU145, LNCaP and PZ-HR¥Hs were treated in parallel with
1000 U/ml recombinant human interferon- (IFN;)a STAT1 activator, for 15 or 30 min.
Treatment with 10 ng/ml rhulL-6 was included asasifive control for normal cellular

responses to exogenous cytokine as indicated bgases in pTYP°STAT3.

101



M, (kDa)

1007  — —— —— —— e @ | pTYr®STAT3

100e= +—— STAT3

el L RN —
0 0001 001 01 1 10 100 [L-6] (ng/ml)

**

®
P

o
P

N
L

N
e

pTyr ' ®STAT3/STAT3
(% maximal response)

S S
C ) ) ) ) )
Vehicle -3 -2 -1 0 1 2

logollL-6] (ng/ml)

Fig. 6.7: Effect of IL-6 concentration on STAT3 act ivation in DU145
cells

DU145 cells were seeded into 12-well tissue culplages and grown to 80 % confluency
prior to stimulation for 15 min (3T, 5 % (v/v) CO2) with concentrations of rhullL-6
ranging from O (vehicle) — 100 ng/ml. Activation BTAT3 was assessed by
immunoblotting for pTy’>STAT3 whilst equal protein loading was determinegd b
immunoblotting for STAT3. Blots are representatofen = 3 separate experiments and

results shown as mean valueSEM* =p < 0.05vs. vehicle, ** =p < 0.01vs. vehicle
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Fig. 6.8: Effect of IL-6 concentration on STAT3 act ivation in LNCaP
cells

LNCaP cells were seeded into 0.1 mg/ml poly-D-lysht@r coated 12-well tissue
culture plates and grown to 70 % confluency priostimulation for 15 min (3C, 5
% (viv) CQy) with concentrations of rhulL-6 ranging from O (w&@hB) —100 ng/ml.
Activation of STAT3 was assessed by immunoblottingoyr' >STAT3 whilst equal
protein loading was determined by immunoblotting f&TAT3. Blots are
representative ai = 3 separate experiments and results shown as vaéast SEM

** = p<0.01vs. vehicle
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Fig. 6.9: Effect of IL-6 concentration on STAT3 act ivation in PZ-
HPV-7 cells

PZ-HPV-7 cells were seeded into 12-well tissuewelplates and grown to 80 %
confluency prior to stimulation for 15 min &7, 5 % (v/v) CO2) with
concentrations of rhulL-6 ranging from O (vehicle)100 ng/ml. Activation of
STAT3 was assessed by immunoblotting for pT3TAT3 whilst equal protein
loading was determined by immunoblotting for STAT®tB are representative of
n = 3 separate experiments and results shown as vagsestr SEM ** = p < 0.01

vs. vehicle
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PZ-HPV-7 cells treated with 10 ng/ml rhulL-6 for Dhin were included as a positive
control for elevation of pTYP*'STAT1 and pTyf*>STAT3. In DU145 cells, treatment with
1000 U/ml IFNz resulted in an increase in detected PT®TAT1 at 30 min post-
stimulation p < 0.001vs. vehicle at 30 min) but not 15 min post-stimulatiém keeping
with previous results, treatment with rhulL-6 reedlin elevation of pTYP°STAT3 at 15
and 30 min post-stimulatiop & 0.05vs. vehicle at respective time points), indicatingttha
DU145 cellular responses were comparable to thesa 1 previous experiments. The
results obtained indicate that DU145 cells exp®EAT1 which is competent for signal
transduction due to their ability to tyrosine phosgylate STAT1 in response to treatment
with IFNa. Interestingly, although DU145 cells displayed reased pTyP'STAT1
following treatment with 1000 U/ml IF® no increase in pTY¥P'STAT3 was observed.
IFNo has been shown to activate STATS3 in other cekesyHumpolikopB-AdpmkovB et
al., 2009) and it is possible that the lack gT3BTAT3 in response to IFiNstimulation
represents a defect in the l&Nsignalling pathway. However, despite lhediated
increases in pTYF'STAT1, DU145 cells fail to induce STAT1 activatiapon stimulation
with rhulL-6. It is possible, given the oncogenader of STAT3 in prostate cancer and the
hypothesised tumour suppressor role of STAT1, Dai45 cells preferentially activate
STATS3 in response to IL-6 stimulation rather thaPA$1 in order to potentiate cellular
proliferation and survival. It is unclear which rhanism is responsible but may include
defects in STAT1-gp130 interaction.

Similar to DU145 cells, treatment of LNCaP cellsttwilO ng/ml rhulL-6 resulted in
elevation of pTyI®>STAT3 at 15 and 30 min post-stimulatiom € 0.01vs. vehicle at 15
and 30 min post-stimulation). In contrast to DUJ#s, treatment of LNCaP cells with
1000 U/ml IFNy. failed to increase pTY'STAT1 at either time poinip(> 0.05vs. vehicle

at 15 and 30 min). It is therefore possible thatCaR cells display defects in STAT1
activation in response to cytokine stimulation.sThiight arise due to a number of reasons
including defective JAK activity, STAT1/JAK interaon, STAT1/gp130 interaction or
point mutations in STAT1. Unlike DU145 and PZ-HP\&@&lls, LNCaP cells displayed no
increases in pTYF'STAT1 following stimulation with IFN or rhulL-6, suggesting that
there is a global defect in the ability of thesksc® activate STAT1 rather than defects in

specific signalling pathways.
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Fig. 6.10: Effect of STAT activating cytokines on S TAT1 and STAT3

activation in DU145 cells

DU145 cells were seeded into 6-well tissue cultptates and grown to 80 %
confluence prior to stimulation with vehicle (0.1 ®&év) PBS) or 1000 U/ml rhulF&J

10 ng/ml rhulL-6 or 125 ng/ml leptin for 15 min @0 min. Cell lysates were
fractionated by SDS-PAGE and activation of STATH &TAT3 assessed by increases
in detected tyrosine phosphorylation of y8TAT1 and Tyf®®STAT3. PZ-HPV-7
cells stimulated with 10 ng/ml rhulL-6 for 15 mireve used as a positive control (+) for
antibody reactivity. Results are displayed as regmative blots and mean values *

SEM forn = 3 separate experiments. ***p=< 0.001vs. vehicle
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Fig. 6.11. Effect of STAT activating cytokines on S TAT1 and STAT3

activation in LNCaP cells

LNCaP cells were seeded into 6-well tissue culplages and grown to 80 % confluence prior
to stimulation with vehicle (0.1 % (v/v) PBS) or@®U/ml IFNa, 10 ng/ml rhulL-6 or 125
ng/ml leptin for 15 min or 30 min. Cell lysates wdractionated by SDS-PAGE and activation
of STAT1 and STAT3 assessed by increases in detettsine phosphorylation of
Tyr’®'STAT1 and Tyf>>STAT3. PZ-HPV-7 cells stimulated with 10 ng/ml rht8 for 15 min
were used as a positive control (+) for antibodwcteity. Results are displayed as
representative blots and mean values + SEMifer3 separate experiments. **p=< 0.001

vs. vehicle
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Fig. 6.12: Effect of STAT activating cytokines on S TAT1l and
STAT3 activation in PZ-HPV-7 cells

PZ-HPV-7 cells were seeded into 6-well tissue caltplates and grown to 80 %
confluence prior to stimulation with vehicle (0.1 &v) PBS) or 1000 U/ml IFi,

10 ng/ml rhulL-6 or 125 ng/ml leptin for 15 min & min. Cell lysates were
fractionated by SDS-PAGE and activation of STAT1d aBTAT3 assessed by
increases in detected tyrosine phosphorylationyo7 QLSTAT1 and Tyr705STATS3.
PZ-HPV-7 cells stimulated with 10 ng/ml rhulL-6 fd% min were used as a positive
control (+) for antibody reactivity. Results aresplayed as representative blots and

mean values + SEM far = 3 separate experiments. ***p=< 0.001vs. vehicle
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Whilst the densitometric results indicate that th@lwas able to induce pT{ISTAT1 at
15 and 30 min post-stimulation, it is thought thias result might be an experimental
artefact as, when bands are present, the appeaastbint bands which may arise from
cross-reactivity with pTYf°STAT3 in conditions where STAT3 is strongly actit Such

a phenomenon has been observed with this antibodyavious studies (Haagt al.,
2005).

Similarly, in PZ-HPV-7 cells, treatment with 1000/m IFNo failed to induce
Tyr"®phosphorylation of STAT1 at 15 or 30 min post-stiation (p > 0.05vs. vehicle at
15 and 30 min) whilst 10 ng/ml rhulL-6 resultedrabust elevation of pTYF'STAT1 at 15
min post-stimulationd < 0.001vs. vehicle). Similar to previous experiments, treaitne
with 10 ng/ml rhulL-6 resulted in an increase inyg¥°STAT3 at 15 and 30 min post-
stimulation p <0.001vs. vehicle at respective time points). PZ-HPV-7 cedipresent the
normal prostate epithelial responses in this sty display expected STAT1 and STAT3
activation responses to rhulL-6. It is surprisihgttthese cells do not respond to ¢FMith

an increase in either pTYISTAT1 or pTyf®>STAT3 as IFN: is involved in the anti-viral
response and thus should activate STAT1 and STATBast cell types, even in the
absence of STAT tyrosine phosphorylation inducedstaypulation with other cytokines
such as rhulL-6. In all three cell lines used, ¢h&ras no response to leptin at the
concentration used despite this concentration pusly producing robust STAT3
responses in HUVECs (Woolsehal., 2009), suggesting that the cell lines lack exges

of the Ob receptor required for leptin-mediateahalling.

Taken together these results imply that there fsatiee activation of STATL1 in tumour-
derived prostate epithelial cell lines in respotsatimulation with rhullL-6 which is not
observed in cells derived from normal prostate hehim. Such modification of the
cellular responses to IL-6 suggests that tumous aBlinamically modify cell signalling
pathways in order to maximise tumour developmemiwéler, the ability of DU145 but
not LNCaP cells to activate STAT1 in response tNdFsuggests that the mechanism by
which cells uncouple IL-6R activation from signidrisduction to STAT1 is not universal.

6.3.5 Ectopic expression of JAK1 restores the abili  ty of LNCaP cells to

activate STAT1 in response to rhulL-6

It has previously been demonstrated that LNCaPs calé unable to respond to HN
stimulation due to a lack of JAK1 expression. AKJAhas been implicated as a major

activator of STAT1 and thus it is possible that thability of LNCaP cells to activate
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STATL1 in response to rhulL-6 arises due to a latkJAK1 expression. In order to
determine whether this was the case, LNCaP celis aeeded into 6-well plates prior to
transfection with either the empty vector pcDNA3 witd-type JAK1 as described in
Chapter 5. Cells were then stimulated with vehit@)0 U IFNv or 10 ng/ml rhulL-6 for
15 and 30 min prior to SDS-PAGE fractionation andsequent determination of STAT1
and STAT3 activationia immunoblotting.

LNCaP cells transfected with pcDNA3 and JAK1 botiowed increases in detected
pTyr'®STAT3 at 15 and 30 min post-stimulation with rhiL{Fig. 6.13), indicating
normal cellular responses to exogenous cytokine.idoease in pTYP’STAT1 was
observed following stimulation with rhulL-6 in LN®acells transfected with pcDNAS3.
Similar to results obtained in non-transfected s;etteatment with 1000 U/ml IFiNor
vehicle failed to induce STAT1 or STAT3 activatiam LNCaP cells transfected with
vector or the JAK1 construct. However, expressibdAK1 in LNCaP cells resulted in an
increase in detection of pTYSTAT1 following stimulation with 10 ng/ml rhulL-6td5
min post-stimulation. These results indicate thdtilst JAK1 expression is not required
for the ability of rhulL-6 to activate STAT3 in LNEP cells, it is required for IL-6-
mediated activation of STAT1. Interestingly, altigbuexpression of JAK1 restored the
ability of LNCaP cells to activate STAT1 in resperts rhulL-6, expression of JAK1 did
not restore their ability to respond to l&Nsuggesting that defects in STAT1 activation in

these cells differ between stimuli.

6.4 Discussion

PCa is the second largest cancer-related killene in the Western world, with one new
case being diagnosed every 15 minutes in the UKeal@ancer Research UK, 2005).
Many factors contribute to PCa development, inclgddietary intake of saturated fat
(Crowe et al., 2008), body mass index (BMI) (Statrlal., 2009) and chronic inflammatory
conditions such as inflammatory atrophy (de Viseeral., 2005). Concomitant with
sustained inflammation are the presence of prasmfhatory cytokines and subsequent
activation of associated signalling pathways. Intgoatrto this project are the roles which
the cytokine IL-6 and subsequent activation of SHAT3 signalling molecule play in PCa
progression. To this end, three prostate epithekdll lines were characterised for their
ability to respond to exogenous rhulL-6.
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Fig. 6.13: Expression of JAK1 in LNCaP cells restor es STAT1

phosphorylation in response to rhulL-6

LNCaP cells were transfected with g pcDNA3 or JAK1 cDNA prior to
stimulation with vehicle, 1000 U IFiNor 10 ng/ml rhulL-6 for 15 min or 30 min.
Cell lysates were fractionated by SDS-PAGE andratitin of STAT1 and STAT3
assessed by increases in detected tyrosine phgtgimn of Tyr®STAT1 and
Tyr'®STAT3. Results are displayed as representative blodl mean values + SEM
for n = 3 separate experiments. *p= 0.05vs. vehicle, ** =p < 0.01vs. vehicle,

++ =p < 0.01lvs. pcDNA3
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The DU145 cell line was originally isolated fronC&lS lesion in a 69 year-old Caucasian
male suffering from widespread, metastatic PCantet al., 1978). These cells are
representative of a highly aggressive, androgeapgaddent cell line and as such are being
used throughout this study as a late stage modeCaf (Okamoto et al., 1997). It has been
reported that DU145 cells secrete IL-6 which adsbath an autocrine and paracrine
growth factor (Okamoto et al., 1997), thus it miglet expected that DU145 cells should
display basal activation of STAT3 in the absencexaigenous cytokine. However, when
DU145 cells were grown in conditioned medium andlgsed for basal tyrosine
phosphorylation of STAT3 by immunoblotting, no bigsyr'>>STAT3 was observed with
levels of pTyf®>STAT being comparable to those observed in cefhutited in fresh
culture medium (Fig. 6.4). Furthermore, treatmentealls grown in conditioned medium
with 10 ng/ml resulted in an increase in pPY8TAT3 but to a lesser extent than that
observed in cells stimulated in fresh culture mediMVhilst this result was unexpected, it
is possible that the perpetual stimulation of IL46fRsecreted IL-6 in DU145 cells results
in activation of endogenous inhibitors of the ILs@§nalling pathway and thus impedes
further activation of STAT3. Strong candidates $ach endogenous inhibitory signalling
pathways include induction of the SOCS family pimdewhich impede JAK-mediated
STAT activation (Endat al., 1997;llangumaraet al., 2004;Kile & Alexander, 2001) and
activation of the SHP2 tyrosine phosphatase wha lteen reported to dephosphorylate
activated STAT3 in endothelial cells (Ni & Wang,(). Both pathways would result in
the inhibition of STAT3 tyrosine phosphorylation like PIAS3, which specifically
interacts with STAT3, and impairs both the DNA-bmgl and transactivator potential of
STAT3 downstream of Tyf° phosphorylation (Chung et al., 1997).

In contrast to the DU145 cell line, the LNCaP, ukece as a model of early PCa, and PZ-
HPV-7, indicative of normal prostate epithelialpesse, cell lines showed no difference in
the ability of IL-6 to activate STAT3 when cells rgestimulated in conditioneds. fresh

growth medium. Similarly, no basal pT9iISTAT3 was detected in these cells which was

anticipated as there are no current reports of de&etion by either of these cells.

In all three cell lines, the ability of IL-6 to inde STAT3 activation increased with the
concentration of rhulL-6 used above an IL-6 coneditn of 0.1 ng/ml (Figs. 2.7-2.9).
None of the cell types displayed saturation of SBAaEtivation even following treatment
with 100 ng/ml rhulL-6, indicating that the respessbserved are not supramaximal and
may be inhibited in subsequent studies. Whilst D&Jaad PZ-HPV-7 cells demonstrated
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transient increases in pTY'STAT3 (Fig. 2.1 and Fig. 2.2 respectively), thealion of
rhulL-6-induced STAT3 activation was more sustained LNCaP cells (Fig. 2.3),
remaining elevated at 60 min post-stimulation. \&théctivation of STAT3 in response to
rhulL-6 at 15-30 min post-stimulation is expecteud acorrelates with published data
regarding the activation and nuclear accumulatib®DAT3 (Pranadaet al., 2004), this
response is rarely prolonged in cells due to thdudation of endogenous inhibitory
mechanisms required to prevent sustained pro-imflatary signalling and subsequent
tissue damage. It is unclear why the responseoismpged in LNCaP cells compared to the
other cell types but may be associated with theemfasion that chronic IL-6 stimulation
can induce differentiation of LNCaP cells to a m&mdocrine phenotypea activation of
gp130 (Palmeet al., 2005).

Of particular interest was the observation thattreent of PZ-HPV-7, but not DU145 and
LNCaP cells, with rhulL-6 resulted in a transientriease in pTYyP’STAT1. Although
STAT3 is the major STAT family member activated aetveam of IL-6R, STAT1 also
becomes activated by IL-6 (Gerhartz et al., 1998)three cell types express comparable
levels of STAT1 protein of the same apparent mdécweight, excluding the possibility
that the inability of IL-6 to induce STAT1 activahi in DU145 or LNCaP cells arises due
to a lack of STAT1 expression. It is possible thesse cell lines express a variant of
STAT1 that lacks the C-terminal TYf required for activation downstream of cytokine
receptors (Shuai et al., 1992). However, due tordselution limits of one dimensional
SDS-PAGE, only a gross truncation of STAT1 would detectable, which was not
apparent in any of the experiments performed. lEurxperimental data indicated that the
inability of rhulL-6 to induce robust activation 8fTAT1 in the tumour-derived cells lines
arose due to defects in IL-6 signalling rather thanSTAT1 expression. Given the
oncogenic properties of chronic STAT3 activationzéfe et al., 2007;Bartonet al.,
2004;Bromberget al., 1999), it is possible that DU145 and LNCaP cdbsth tumour-
derived cell lines, have potentiated activatiorB®AT3 rather than STAT1 in response to
rhulL-6 in order to promote tumour growth and m&sis. Both cell lines are derived from
metastatic lesions, a process which can be enhabge&TAT3-mediated integrin
switching (Azareet al., 2007) whilst activation of STAT1 is reported toeet a tumour
suppressor effect (Hodge al., 2005) thus preferential activation of STAT3 comguhto
STAT1 activation would clearly be beneficial forethmaintenance of tumour cell
populations. It is also possible that the preseic®TAT3 in the DU145 and LNCaP cell
lines may prevent activation of STAT1 downstreantlef IL-6R as has been shown in
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mouse embryonic fibroblasts (MEFs). Wild-type celts not respond to IL-6 stimulation
with a sustained increase in STAT1 activation amgstdo not increase expression of
STAT1-regulated genes in response to IL-6 stimoiatHowever, when STAT3 knock-out
MEFs are stimulated with IL-6, a sustained incréageTyr®’STAT1 is observed which is
correlated with an increase in STAT1-regulated gé@msta-Pereiret al., 2002).

To assess whether the inability of rhulL-6 to ingliactivation of STATL in the tumour-
derived DU145 and LNCaP cell lines was due to talldefects in STAT1 activation,
cells were treated in parallel with either 2000 UrhulFNa or 10 ng/ml rhulL-6 for 15 or
30 min. The ability of rhulFM to increase detected pTYUSTAT1 in DU145 cells
indicates that these cells express a STAT1 protemch is competent for signal
transduction downstream of cytokine receptors drat the lack of rhulL-6-mediated
increases in pTYP'STATL1 arise due to specific aberrations in the {signalling pathway.
Treatment with 1000 U/ml IFd of either the LNCaP or PZ-HPV-7 cell lines in gkala
experiments failed to induce activation of STATL1lhieh is unexpected given the
importance of this cytokine in the innate immunspanse. PZ-HPV-7 cells retained
rhulL-6-induced Tyf°* phosphorylation of STAT1, indicating that the sefre still
competent to respond to exogenous cytokine andtlieatack of STAT1 activation seen
with IFNa treatment is specific to the IfeNpathway.

In subsequent experiments (see Chapter 7), it weesdrthat LNCaP cells, unlike DU145
and PZ-HPV-7 cells, do not express detectable $e0BJAKL. It has been suggested that
JAK1 is the major JAK family member required for/ITIL activation downstream of the
IL-6 receptor (Haaret al., 2005) and LNCaP cells are reported to be inggadit IFNy
due to a lack of JAK1 expression (Dunn et al., 30@5vas therefore possible that lack of
JAK1 expression may account for the inability ottbohulL-6 and rhulFN to induce
STATL1 activation in this cell line. To assess tHifNCaP cells were transfected with
cDNA encoding either pcDNA3 or wild-type JAK1 angdted with vehicle, rhulFiNor
rhulL-6 for 15 or 30 min. In cells transfected witAK1, but not pcDNA3, LNCaP cells
displayed increased pTYWSTAT1 upon treatment with rhulL-6, indicating thhe JAK1
expression restores STATL1 responses to IL-6. Howesepression of JAK1 failed to
elevate STAT1 tyrosine phosphorylation in respomselFNa treatment, indicating

signalling defects downstream of the d-MNeceptor.
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It is perhaps unsurprising that LNCaP cells dispigfective activation of STAT1 in
response to IF& stimulation as impaired IFN signalling is a featwf many cancers. A
study by Critchley-Thornet al (2009) demonstrated impaired cellular responsdB N
and IFNy from breast cancer, melanoma, and gastrointestarater patients although the
exact nature of this impairment varied between eamygpe. However, it is unusual that
PZ-HPV-7 cells do not respond to IENreatment with an increase in pTYSTAT1 as
these are thought to represent normal prostatbetiit responses to cytokines. As these
cells respond to rhulL-6 stimulation with a robirstrease in detected pTYSTATL, it
would appear that the lack of response todk®Na defect specific to the IfeN\signalling

pathway.

To test whether these cells expressed a functiSRAT1 signalling pathway, DU145,
LNCaP and PZ-HPV-7 cells were treated with vehit@Q0 U IFNx or 10 ng/ml rhulL-6
for 15 and 30 min. All cell types tested respontieéxogenous rhulL-6 with an increase
in pTyr®STAT3, indicating that cells were undergoing normesdponses to exogenous
cytokines. At 30 min post-stimulation, DU145 cedlsowed an increase in pT$iSTAT1
when treated with IFN, indicating that these cells do indeed expressational STAT1
signalling pathway and that there is some defe@TAT1 activation downstream of the
IL-6R. Whilst DU145 cells responded to IBEN treatment with an increase in
pTyr'®’'STAT1, neither PZ-HPV-7 cells nor LNCaP cells shdwesponses to IFiNwhich

is unusual given the essential role of this cytekim the immune response. Treatment of
PZ-HPV-7 cells with rhulL-6 induced the transieptolsine phosphorylation of STAT1 as
described previously, indicating that the inabilitfylFNa to activate STATL1 is not due to
passage-related changes in signalling pathwayis. pbssible that PZ-HPV-7 cells lack
IFNa receptor expression, thus rendering them insgasit IFNx stimulation, although

this would appear to be a rare event.

Whilst the lack of STAT1 activation in LNCaP cedippears to be due to the lack of JAK1
expression, the mechanism by which IL-6-mediated BT activation in DU145 cells is
attenuated appears more complex. The ability ofalfdl induce STAT1 activation in
DU145 cells indicates that there are no defecthemability of JAKs to activate STATL1 in
this cell line nor that these cells express STA3dfdrms which lack TyP’. Given the
observed activation of STATL in response to dilNseems reasonable to presume that the
inability of IL-6 to induce tyrosine phosphorylatioof STAT1 in DU145 cells is a

phenomenon specific to the IL-6R/gp130 signallingdole. Many cancer cells display
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dysregulation of important pathways involved in #rm®suring maintenance of genomic
integrity whilst the microenvironment surroundirtgettumour is often rich in mutation-
promoting factors such as ROS (Dleaal., 2002;Finkel & Holbrook, 2000;Jacksenal.,
2002). As the DU145 cell line is derived directtprh a malignant lesion, it is therefore
possible that these cells may have accumulatedtionsgain the gp130 molecule which
may prevent efficient docking of signalling modulesich as JAK1 or STAT1 to
phosphotyrosine residues within gp130. Use of anehc erythropoietin/gp130 receptor
indicates differences in the docking sites usedHAT1 and STAT3. Whilst STAT3 is
reported to bind to pTY?’ and pTyf*4 STAT1 has been shown to bind to a further two
pTyr residues in this model, corresponding to®and Ty?*® (Gerhartz et al., 1996). It is
possible that DU145 cells have mutations in theSAT3-specific docking sites which
may prevent IL-6-mediated STAT1 activation, whilihding of STAT3 to Tyf*’ and

Tyr814

may sterically hinder STAT1 recruitment to thestess Such a hypothesis is
supported by the observation that deletion of STAMSMEFs promotes sustained
activation of STAT1 rather than the transient aaion seen in wild-type cells (Costa-
Pereiraet al., 2002), suggesting that IL-6-mediated STAT3 a¢tbracan hinder activation

of STAT1.

To summarise, all three cell types phosphorylat& T3 in response to treatment with
exogenous rhulL-6, indicating that the system igable for further use as am vitro
model of IL-6-induced cellular signalling in PCaowever, despite similarities in IL-6-
mediated STAT3 activation, there were clear diffiees in the ability of rhulL-6 to induce
STAT1 with the tumour-derived cell lines failing tactivate STAT1 in response to
exogenous IL-6. It is possible that this phenomeases due to the tumour suppressive
activities of STAT1 activation. In LNCaP cells, thmability of IL-6 to activate STAT1 is
due to a lack of JAK1 expression whilst the mecsranby which this is achieved in
DU145 cells is currently unclear.
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7 Elevation of cAMP attenuates STAT3 phosphorylatio n

in prostate epithelial cells

7.1 Introduction

Elevation of serum IL-6 levels is associated withoar patient prognosis at diagnosis and
with terminal, androgen refractory disease (Kureda., 2007;Michalakiet al., 2004). Of
particular interest is the ability of IL-6 to actie STAT3via phosphorylation of Tyf°
and subsequent increases in expression of praassmciated with cell cycle progression
and the prevention of apoptosis (Hodgeal., 2005). Constitutively active STAT3 is
directly oncogenian vivo (Azareet al., 2007;Bromberget al., 1999) and is of particular
interest in PCa. Both IL-6 and STAT3 can activdite AndR independently of androgen
stimulation and thus may provide a mechanism byckviaictivation of STAT3 signalling
can promote the androgen-independent growth assdaordth terminal PCa (Culigt al.,
2002;Uedaet al., 2002). Bartonet al (2004) demonstrated that inhibition of STAT3
signalling results in apoptosis of PCa cells (Bartbal., 2004) and thus the IL-6/JAK-
STATS3 signalling pathway is of particular interasta therapeutic target for PCa.

Traditionally, inflammatory diseases have beentéeavith steroidal drugs which can have
undesirable side effects such as osteoporosis wked for long periods (Canaks al.,
2007). With reference to STAT3 activation, manyatgies currently exist for inhibiting
STAT signallingin vitro andin vivo including inhibition of JAK activity, disruptionfo
STAT dimerisation (Jing & Tweardy, 2005) and thegance of decoy oligonucleotides to
impede interaction of STAT3 with its genuine prosrst (Seret al., 2009;Zhangget al.,
2007) (see Chapter 3). However, the efficacy o¢hmext generation” inhibitors has not
yet been proven in the clinic although use of demlayonucleotides has shown promise in
non-human primates (Sest al., 2009). One strategy which has demonstrated elinic
efficacy has been the blockade of IL-6R signallimging the humanised anti-IL-6R
antibody Tocilizumab. In April 2008, Tocilizumab sapproved for use in juvenile
idiopathic arthritis and RArt in Japan (Mima & Nistoto, 2009). Monotherapy with
Tocilizumab has proven effective in cases of RAhick respond poorly to conventional
therapies. However, treatment with Tocilizumab ssaxiated with an increase in serum
cholesterol and hyperlipidemia which can be assedi@ardiovascular disease in some
patients (Mima & Nishimoto, 2009). It is possibleat a better mechanism by which to
attenuate IL-6-induced activation of STAT3 may lme rmhanipulate endogenous anti-

inflammatory pathways.
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The anti-inflammatory and immunomodulatory rolescéMP elevation are of particular
interest as this second messenger can play antampaole in a number of inflammatory
diseases. In a murine model of allergic pleuridgyaion of CAMP due to inhibition of
PDE4 activity or treatment with Fsk or cAMP analegudecreased the number of
eosinophils in the pleural cavity and was assodiatéth an increase in eosinophil
apoptosis due to inhibition of the PI-3-kinase @®I&nd NKB pathways (Souset al.,
2009). Inhibition of the cAMP-specific PDE, PDE7rsults in a decrease in NK T (NKT)
-cell function and cytokine production (Gogbal., 2009). NKT cells are required for the
development of airway hyperreactivity in allergsttama, indicating that these cells play
an important role in inflammation-associated diseg&imet al., 2009). Deficiency in the
A,a adenosine receptor (AR), which elevates intratzllaAMP upon interaction with
adenosine (Ado) (see Chapter 10) is associatedimgtieased inflammatory responsas
vivo and impaired tracheal relaxation in murine modefsasthma (Nadeenet al.,
2007;0hta & Sitkovsky, 2001) Inhibition of PDE4 iady has been investigated as a
treatment for chronic obstructive pulmonary disor@@OPD) and other PDE inhibitors
have already been approved for clinical use. llastliis a non-selective PDE inhibitor
which is approved for use in Japan to treat isch@aestroke and bronchial asthma.
Cilomilast is a PDE4-selective inhibitor which hastered phase Il clinical trials as a
treatment for COPD (Brown, 2007). In animal modelsallergic skin disorders, topical
application of the PDE4 —selective inhibitor AWD-281 reversed ovalbumin-induced
allergic skin weals (Hoppmangt al., 2005). It is possible that cAMP elevation in
inflammatory skin disorders, such as atopic dermsatcan attenuate inflammatory cell
infiltration via a decrease in chemokine secretion downstream ef iritial pro-
inflammatory stimulus and prevent the establishmeft a chronic inflammatory
environment. Treatment of the HaCat keratinocytelioe with Fsk resulted in a decrease
in both IFNy and TNFe-induced chemokine secretion and activation ofNReB and p38
MAPK signalling pathways (Qet al., 2009). Given that the establishment of a chronic
inflammatory environment is associated with defectanti-tumour immunosurveillance
and subsequent tumour expansion, it is possible i@dulation of the inflammatory
response downstream of CAMP activation may be efagheutic benefit.

With particular reference to cancer, elevation &M may be of importance when
promoting apoptosis or inhibiting proliferation afalignant cells. Elevation of cAMP
inhibits cell cycle progression of myeloid precurszells following stimulation with

granulocyte colony stimulating factor (G-CSF). Thffect was mediated by a decrease in
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Rb phosphorylation arising from decreased levelgyalins D2 and D3 and the cyclin
dependent kinase 4 (Waetlal., 1996). Phosphorylation of Rb is associated wethase of
transcription factors such as E2F which are reduioe cell cycle progression (Wastlal.,
1996). Treatment of Ewing’'s sarcoma CHP-100 cellth vihe cell-permeable cAMP
analogue 8-chloro-cAMP resulted in a decrease iflulae viability which was
synergistically enhanced when combined with retramid (Srivastavat al., 1998). Such
results suggest that cCAMP elevation may prove #&bl@ therapeutic intervention to
complement existing chemotherapeutic options whreating inflammation-associated

malignancies.

Of particular relevance to this study is the apitift CAMP elevation to attenuate IL-6/sIL-
6Ra-induced activation of STAT3 in HUVECSs. In thesdlgeelevation of intracellular
CAMP resulted in attenuation of STAT3 activatiorlldwing stimulation with the IL-
6/sIL-6Ra trans-signalling complexvia an increase in SOCS3 expression. Activation of
EPAC1, but not PKA, was required for this phenonmeeas cAMP-mediated induction of
SOCS3 was insensitive to PKA inhibition but was apgtulated following selective
activation of EPAC1 (Sandg al., 2006). This response has been shown to requite bo
C/EBBP3 andé as deletion of either isoform abolishes the abitift CAMP elevation to
induce SOCS3 expression in MEFs (Yarwcatdal., 2008). Both cAMP elevation and
selective activation of EPAC promoted an increas€IEBP reporter gene expression,
indicating that activation of C/EBPand C/EBB are required for this phenomenon
(Yarwood et al., 2008). Activation of the ERK1/2 signalling pathwe required for
cAMP-induced SOCS3 expression in COS1 cells. EPA(ated activation of both
PKCa and PKG® is required for cAMP-induced SOCS3 expression vatbvation of
intracellular cAMP promoting activation of PKCsimultaneously with activation of
ERK1/2 (Borlandet al., 2009). It is likely that the effects of PKC actiion are mediated
downstream activation of phospholipase C (PLL)as selective ablation of PEC
expressionvia SiRNA decreased the ability of cAMP elevation taduce SOCS3

expression (Borlanet al., 2009).

Current studies investigating the ability of cAMB attenuate IL-6-induced STAT3
phosphorylation suggest that it is a common modulaf inflammatory signalling in
HUVECs (Sandst al., 2006), MEFs (Sands al., 2006) and the U937 myeloid precursor
cell line (Mullan and Palmer, unpublished obsensa). It is thus anticipated that
elevation of CAMP in the DU145, LNCaP and PZ-HP\¢dll lines will attenuate IL-6-
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induced activation of STAT3 which could be of redage when considering the key role
this signalling pathway plays in PCa developmeick progression.

In order to investigate the role of CAMP elevatiorattenuation of intracellular signalling
downstream of the IL-6R, DU145, LNCaP and PZ-HP¥elis were treated with the AC-
activating compound Fsk for 5 h prior to stimulativith rhulL-6. In all three cell lines,
pre-treatment with Fsk resulted in a decrease i6-ihduced increases in pTISTAT3
via pathways requiring activation of both PKA and ERACDU145 and PZ-HPV-7 cells,
the level of decrease in STAT3 phosphorylation s@selated with increases in detected
SOCS3 expression, indicating that SOCS3 is requdoethis phenomenon. In the case of
LNCaP cells, cAMP elevation did not induce changeSOCS3 expression, suggesting
that a different mechanism is responsible for cAMediated attenuation of IL-6

signalling in these cells.
7.2 Results

7.2.1 Effect of Fsk on IL-6-mediated activation of STAT3

Prostate epithelial cells were seeded into 6-wiskue culture dishes as described
previously and allowed to grow to appropriate coefice. Cells were then stimulated with
either vehicle (0.1 % (v/v) EtOH) orl@M Fsk for 5 h as this has previously been
demonstrated to induce optimal expression of SOCSBHUVECs. Cells were then
stimulated with 10 ng/ml rhulL-6 for O — 240 minander to induce activation of STAT3.
It has previously been demonstrated that expressidhe A, adenosine (Ado) receptor
(A2aAR) in HUVECs can induce a decrease in STAT3 atitwavia promoting the
polyubiquitination and subsequent proteasomal digi@n of activated STAT proteins
(Safhi and Palmer, submitted for publication). As ¥AAR is a Qis-coupled receptor,
activation of the receptor will stimulate AC actwiand so promote elevation of
intracellular cAMP. It is thus possible that treatmh with Fsk could mimic these events
and so promote degradation of activated STAT3. dustl stimulation with rhulL-6 was
undertaken in order to exclude the possibility thay effects of cCAMP elevation on
STAT3 activation did not occur due to degradatib®&BAT 3.

Treatment of DU145, LNCaP and PZ-HPV-7 cells withrig/ml rhulL-6 resulted in an
increase in pTYP°STAT3 in both vehicle and Fsk-stimulated cells (Figl — Fig. 7.3).
However, pre-treatment with M Fsk significantly inhibited IL-6-mediated incressin

pTyr'®STAT3 in all three cell types (Fig. 7.1 — Fig. 7*3; p < 0.05vs. vehicle-treated
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Fig. 7.1: Inhibition of IL-6-induced STAT3 activati  on in DU145 prostate

epithelial cells

DU145 cells were seeded into 6-well plates andwdated with either vehicle (0.1 % (v/v)
EtOH) or 10uM Fsk for 5 h prior to stimulation with 10 ng/mlut.-6 for 0 —240 min.
Cell lysates were fractionateda SDS-PAGE and STAT3 activation assessed
immunoblotting for pTy">STAT3. Results are shown as mean vateS3EM for cells
pre-incubated with vehicle (solid line) or 10M Fsk (dashed line) with blots

representative fan = 3 separate experiments. p= 0.05vs. vehicle-treated cells
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Fig. 7.2: Inhibition of IL-6-induced STAT3 activati on in LNCaP

prostate epithelial cells

LNCaP cells were seeded into 6-well plates andudéitad with either vehicle
(0.1 % (v/v) EtOH) or 1QuM Fsk for 5 h prior to stimulation with 10 ng/ml
rhulL-6 for 0 —240 min. Cell lysates were fractitethvia SDS-PAGE and
STAT3 activation assesseth immunoblotting for pTy®>STAT3. Results are

shown as mean valuesSEM for cells pre-incubated with vehicle (solidd) or

10 uM Fsk (dashed line) with blots representative for= 3 separate

experiments. * 3 < 0.05vs. vehicle, ** =p < 0.01vs. vehicle
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Fig. 7.3: Inhibition of IL-6-induced STATS3 activati
HPV-7 prostate epithelial cells
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PZ-HPV-7 cells were seeded into 6-well plates atichuidated with either
vehicle (0.1 % (v/v) EtOH) or 1AM Fsk for 5 h prior to stimulation with 10
ng/ml rhulL-6 for 0 —240 min. Cell lysates weredtianatedvia SDS-PAGE
and STAT3 activation assessada immunoblotting for pTyi*>STAT3.

Results are shown as mean valtteSEM for cells pre-incubated with vehicle

(solid line) or 10uM Fsk (dashed line) with blots representative fior 3

separate experiments. *p=< 0.05vs. vehicle-treated cells, ** < 0.01vs.

vehicle-treated cell
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cells, * = p < 0.01vs. vehicle-treated cells), indicating that cAMP elgwa can inhibit
STATS3 activation. The ability of Fsk to inhibit I16-induced activation of STAT3 was not
correlated with a change in total STAT3 proteirelevin any of the cell types tested (Fig.
7.1 — Fig. 7.3), suggesting that degradation alvamd STAT3 is not responsible for this
phenomenon. The effect of CAMP elevation on IL-Gdoed STAT3 phosphorylation was
more subtle in PZ-HPV-7 cells in comparison tottimaour-derived cell lines, suggesting a
potential mechanism by which to selectively inhitbitnour cell growth. Given previous
observations in HUVECS, it is possible that theligbof Fsk to attenuate IL-6-induced

activation of STAT3 in prostate epithelial celldise to induction of SOCS3 expression.

7.2.2 The role of de novo protein synthesis in Fsk-mediated

attenuation of STAT3 activation

It was previously demonstrated that the abilityc8MP elevation to attenuate IL-6/slL-
6Ra-mediated activation of STAT3 in HUVECs was assttawith an increase in
SOCS3 mRNA (Sande al., 2006), indicative of a requirement fde novo transcription

and concomitant protein synthesis. In order to sssehethede novo protein synthesis
was important in Fsk-mediated attenuation of STA€Bvation in prostate epithelial cells,
DU145, LNCaP and PZ-HPV-7 cells were seeded asribescpreviously and incubated
with either vehicle (1 % (v/v) DMSO or 1QfM emetine dihydrochloride, an inhibitor of
protein translation (Grollman, 1968), for 2 h priorincubation with either vehicle (0.1 %
(v/v) EtOH) or 10uM Fsk for 5 h. Cells were then stimulated with If¥ml rhulL-6 for 15

min prior to determination of pT{FPSTAT3 levelsvia immunoblotting.

In all three cell types, treatment with rhulL-6 ubted in an increase in pTYPSTAT3,
indicating activation of STAT3. In keeping with preus data, treatment with Fsk
attenuated increases in pTYBTAT3, supporting the hypothesis that cCAMP elevatan
inhibit STAT3 activation (Fig. 7.4 — Fig. 7.6, *** p < 0.001vs. IL-6, ### =p < 0.001
emetinevs. vehicle pre-treatment). Pre-incubation of prosegighelial cells with 10QuM
emetine had no effect on basal levels of tyrosimesphorylated STAT3 but inhibited IL-
6-induced activation of STAT3 in both the preseand absence of Fsk (Fig. 7.4 — 7.6 ***
=p < 0.001vs. IL-6, # =p < 0.05 emetines. vehicle pre-treatment ##p=< 0.01 emetine
vs. vehicle pre-treatment, ### p < 0.001 emetiness. vehicle pre-treatment). It was
therefore not possible to assess whetleenovo protein synthesis was required for the

ability of Fsk to attenuate IL-6-induced increasepTyr' *>STAT3.
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To investigate the mechanisms responsible for emetiediated attenuation of STAT3
activation, the expression of JAK1 and JAK2 waseduined. Of all the receptor-
associated signalling components involved in ILp@/80 signalling, JAKs undergo the
most rapid turnover (Siewest al., 1999). Thus it is likely that the effect of enmetion IL-
6-induced STAT3 phosphorylation arises due to kddekofde novo JAK synthesis. As
expected, in DU145 and PZ-HPV-7 cells, treatmerth wimetine resulted in a decrease in
JAK1 expression in comparison to cells incubatetth wehicle (Fig. 7.4 and Fig. 7.6 #p=

< 0.05 emetinass. vehicle pre-treatment ## p=< 0.01 emetines. vehicle pre-treatment,
### =p < 0.001 emetine@s. vehicle pre-treatment). The decrease in JAK1 esgio@ in
PZ-HPV-7 cells was statistically significant (Fig6 # =p < 0.05 emetin@s. vehicle pre-
treatment ## p < 0.01 emetiness. vehicle pre-treatment, ### p=< 0.001 emetines.
vehicle pre-treatment), indicating that emetine -tpeatment inhibits IL-6-mediated
activation of STAT3via decreasing JAK1 expression. In DU145 cells, adrawards
decreased JAKL1 levels following pre-incubation wetinetine was displayed but this was
not found to be statistically significant. As JAkKSLconstitutively associated with gp130, it
is possible that, particularly in PZ-HPV-7 cell@§K1L is the major JAK associated with
STATS3 activation following IL-6/memlIL-6R interactio In contrast to DU145 and PZ-
HPV-7 cells, LNCaP cells did not express JAK1 dngstexpression of JAK2 in these cells
was determined. Similar to results obtained in DR Télls regarding JAK1 expression,
treatment with 10uM emetine resulted in a trend towards decreasedJépression in
LNCaP cell but this was not statistically signifitgFig. 7.5, # =p < 0.05 emetinerss.
vehicle incubation, ## ¢ < 0.01 emetinass. vehicle incubation). Thus these results are
only suggestive that decreases in JAK2 expressmnegponsible for the decrease in IL-6-
mediated tyrosine phosphorylation of STAT3 in LNG=agfs.

The decrease in JAK expression in prostate epahedills treated with emetine is highly
suggestive that emetine is efficacious in thiseystHowever, in order to truly ascertain
whether emetine was blockimtg novo protein synthesis, LNCaP cells were pre-incubated
with concentrations of emetine ranging from 0 —AAM for 2 h at 37C, 5 % (v/v) CQ.
Cells were then incubated wifki-Leu for 3 h at 3%C, 5 % (v/v) CQ and harvested as
described in Chapter 5. Successful radioisotoperpuration was assesseth liquid
scintillation counting of TCA-precipitated proteingreatment of LNCaP cells with
emetine concentrations in excess giM resulted in a concentration-dependent decrease
in ®H-Leu incorporation, indicative of a decreased@novo protein synthesis (Fig. 7.7).
These results demonstrate that emetine is effioacio this system and that 1M is
sufficient to block protein synthesis. Therefohes effect of emetine on STAT3 activation
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Fig. 7.4. Effect of emetine on Fsk-induced attenuat ion of STAT3

activation in DU145 cells

DU145 cells were seeded into 6-well tissue cultdighes and grown to 80 %
confluence as previously described. Cells were theubated with either vehicle
(1 % (v/v) DMSO) or 10uM emetine (Em) for 2 h at 8, 5 % (v/v) CQ prior to
incubation with either vehicle (0.1 % (v/v) EtOH) ®0 uM Fsk for 5 h. LNCaP
cells were then stimulated with 10 ng/ml rhulL-6r fd5 min and effects on
pTyr'®>STAT3 assessedia immunoblotting (panels A and B). Effects on JAK1
and JAK2 expression were also investigated (pa#elS and D). Results shown
represent mean values SEM for n = 3 separate experiments with blots
representative ai = 3 experiments. *** 9p < 0.001vs. IL-6, # =p < 0.05 emetine
vs. vehicle incubation ### p < 0.001 emetings. vehicle incubation
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Fig. 7.5: Effect of emetine on Fsk-induced attenuat ion of STAT3

activation in LNCaP cells

LNCaP cells were seeded into 6-well tissue cultlisbes and grown to 60 —70 %
confluence as previously described. Cells were thembated with either vehicle
(1 % (v/v) DMSO) or 10uM emetine (Em) for 2 h at 8¢, 5 % (v/v) CQ prior

to incubation with either vehicle (0.1 % (v/v) EtPldr 10 uM Fsk for 5 h.
LNCaP cells were then stimulated with 10 ng/ml th@lfor 15 min and effects
on pTyr®STAT3 assessesia immunoblotting (panels A and B). Effects on
JAK1 and JAK2 expression were also investigatechdfsaA and C) with PZ-
HPV-7 cell lysate (PZ) included as a positive cohtfor JAK1 antibody
reactivity. Results shown represent mean valieSEM for n = 3 separate
experiments with blots representativenof 3 experiments. *** 9p < 0.001vs.
IL-6, ### =p < 0.001 emetings. vehicle incubation
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Fig. 7.6: Effect of emetine on Fsk-induced attenuat ion of STAT3

activation in PZ-HPV-7 cells

PZ-HPV-7 cells were seeded into 6-well tissue caldishes and grown to 60 —
70 % confluence as previously described. Cells weea incubated with either
vehicle (1 % (v/v) DMSO) or 10QM emetine (Em) for 2 h at 8Z, 5 % (v/v)
CO;, prior to incubation with either vehicle (0.1 %\vEtOH) or 10uM Fsk for

5 h. PZ-HPV-7 cells were then stimulated with 3@l rhulL-6 for 15 min and
effects on pTY”°STAT3 assesseda immunoblotting (panels A and B). Effects
on JAK1 and JAK2 expression were also investiggbeahels A and C). Results
shown represent mean valueSEM forn = 3 separate experiments with blots
representative oh = 3 experiments. *** =p < 0.001vs. IL-6, # =p < 0.05
emetinevs. vehicle incubation, ## p < 0.01 emetin@s. vehicle incubation, ###

=p < 0.001 emetings. vehicle incubation
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Fig. 7.7: Efficacy of emetine in LNCaP cells

LNCaP cells were seeded as described previouslynanthated with 0 — 1000M
emetine for 2 h at 3T, 5 % (v/v) CQ prior to labelling ofde novo synthesis
peptides with 2 kBg/welPH-Leu for 3 h at 3%C, 5 % (v/v) CQ. Cells were
harvested by washing in 5 % (w/v) TCA, followed Wwgshing in ice-cold d§D.
LNCaP cells were lysed into 1 M NaOH and radioipetancorporation assessed
via liquid scintillation counting. Results shown arean values + SEM fan = 2

separate experiments
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in prostate epithelial cells is likely due to blade of translation and, most notably,
blockade of JAK synthesis.

7.2.3 Contribution of PKA and EPAC to Fsk-mediated attenuation of
STAT3 activation

It has previously been demonstrated that the ghbilitcAMP elevation to attenuate II-
6/STATS3 signalling in HUVECs is mediated by EPACHited expression of SOCS3
(Sandst al., 2006). To assess whether the ability of cAMPttermuate STAT3 activation
in prostate epithelial cells was PKA-dependent, B&JILNCaP and PZ-HPV-7 cells were
incubated with either vehicle (0.1 % (v/v) DMSO)Idr nM of the PKA-selective inhibitor
myrPKly422 for 1 h prior to stimulation with either vehicl8.{ % (v/v) EtOH) or 1(uM
Fsk for 5 h. In order to assess the role of EPA@is phenomenon, cells were incubated
in parallel with 200puM of the EPAC-selective agonist 8Me-pCPT-cAMP forh5
(Rehmanret al., 2003). Cells were then stimulated with eitherigieh(0.1 % (v/v) PBS)
or 10 ng/ml rhulL-6 for 15 min to induce increasepTyr'*>STAT3. In order to assess
efficacy of myrPKl,.2, cells were incubated in the presence of vehiclée inhibitor as
described above prior to stimulation with (I8l Fsk to induce an increase in pS&REB
as an indicator of PKA activation. The efficacy8We-pCPT-cAMP was determined by
incubating HUVECs with 20uM 8Me-pCPT-cAMP for 5 h in the presence ofu#
MG132 and subsequent immunoblotting for SOCS3 esgiva (Sandst al., 2006).

In DU145 cells, treatment with rhulL-6 resulted iimcreased levels of pT{PSTAT3
which was inhibited by pre-incubation with Fsk astetmined in previous experiments
(Fig. 7.8, * =p < 0.01vs. IL-6). Interestingly, treatment with myrPKl,, alone also
resulted in a significant decrease in IL-6-indueetivation of STAT3 (Fig. 7.8, * p <
0.05vs. IL-6), suggesting that PKA function is required fiptimal activation of STAT3
downstream of the IL-6R complex. Combined treatmétit myrPKh4.., and Fsk resulted
in an increase in IL-6-mediated T9t phosphorylation of STAT3 but this was not found to
be statistically significant. Thus, it is currentiyclear whether PKA activation plays a
significant role in Fsk-mediated attenuation of JBAactivation in DU145 cells. In
contrast, treatment with 20A0M 8Me-pCPT-cAMP resulted in attenuation of STAT3
activation (Fig. 7.8, *** =p < 0.001vs. IL-6), suggesting that EPAC activation is
important in this phenomenon. The EPAC-selectivengj was shown to be efficacious as
expression of SOCS3 in HUVECs, an EPAC-mediatechte{®andset al., 2006), was
detected.
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Fig. 7.8: The contribution of PKA and EPAC to Fsk-m ediated
attenuation of STAT3 activation in DU145 cells

DU145 cells were seeded as previously describedratbated with either vehicle (0.1 %
(v/v) DMSO) or 10 nM myrPKils», for 1 h prior to incubation with vehicle (0.1 %/\(/
EtOH) or 10uM Fsk for 5 h. Cells were incubated in the presesfcEOOuM 8Me-pCPT-
cAMP for 5 h to induce activation of EPAC. Treatrhaiith 10 ng/ml rhulL-6 was used to

induce increases in pTYPSTAT3. Efficacy of myrPKis,, was assesseda 15 min

incubation with 2QuM Fsk to induce increases in pS8EREB (indicated by * ) whilst
HUVECSs incubated for 5 h with 100M 8Me-pCPT-cAMP and &M MG132 (H) to
induce SOCS3 expression served as a positive ¢dioirdBMe-pCPT-cAMP efficacy.
Results and blots shown are representative ef 3 separate experiments with values
displayed as meah SEM. * =p < 0.05vs. IL-6, ** = p < 0.01vs. IL-6, *** = p < 0.001
vs. IL-6
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Fig. 7.9: The contribution of PKA and EPAC to Fsk-m  ediated attenuation
of STAT3 activation in LNCaP cells

LNCaP cells were seeded as previously describedretbated with either vehicle (0.1 %
(v/v) DMSO) or 10 nM myrPKis.»; for 1 h prior to incubation with vehicle (0.1 %/
EtOH) or 10uM Fsk for 5 h. Cells were incubated in the presesfc€00uM 8Me-pCPT-
cAMP for 5 h to induce activation of EPAC. Treatrhaith 10 ng/ml rhulL-6 was used to
induce increases in pTYPSTAT3. Efficacy of myrPKis,,, was assessedia 15 min

incubation with 10uM Fsk to induce increases in pSEEREB (indicated by * ) whilst
HUVECs incubated for 5 h with 10A0M 8Me-pCPT-cAMP and @uM MG132 (H) to
induce SOCS3 expression served as a positive ¢oftro8Me-pCPT-cAMP efficacy.
Results and blots shown are representativen af 3 separate experiments with values

displayed as meah SEM. ** = p < 0.01vs. IL-6, *** = p < 0.001vs. IL-6
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Fig. 7.10: The contribution of PKA and EPAC to Fsk- mediated
attenuation of STAT3 activation in PZ-HPV-7 cells

PZ-HPV-7 cells were seeded as previously descrimeddincubated with either vehicle (0.1
% (v/iv) DMSO) or 10 nM myrPKl.,, for 1 h prior to incubation with vehicle (0.1 %y
EtOH) or 10uM Fsk for 5 h. Cells were incubated in the presesfc@00uM 8Me-pCPT-
cAMP for 5 h to induce activation of EPAC. Treatrheith 10 ng/ml rhulL-6 was used to

induce increases in pTYPSTAT3. Efficacy of myrPKis,, was assessedia 15 min

incubation with 10uM Fsk to induce increases in pS&EREB (indicated by * ) whilst
HUVECs incubated for 5 h with 100M 8Me-pCPT-cAMP and @M MG132 (H) to
induce SOCS3 expression served as a positive ¢ofaro8Me-pCPT-cAMP efficacy.
Results shown are representativenof 3 separate experiments with values displayed as

meant SEM. * =p < 0.05vs. IL-6, ** = p < 0.01vs. IL-6, *** = p < 0.001vs. IL-6
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In LNCaP cells, similar results were obtained wheeatment with Fsk resulting in
attenuation of IL-6-induced STATS3 activation (F§9, ** = p < 0.01vs. IL-6). This effect
could be mimicked by incubation with myrPKb, suggesting a role for PKA in STAT3
activation in these cells (Fig. 7.9, **p< 0.01vs. IL-6). Furthermore, combined treatment
with Fsk and myrPKl.,, resulted in an increase in IL-6-induced tyrosihesphorylation
of STAT3, although this was not statistically sfgrant, as also observed in DU145 cells.
Incubation with 8Me-pCPT-cAMP patrtially recapituddtthe effect of Fsk treatment (Fig.
7.9, ** = p < 0.001vs. IL-6), again suggesting that the ability of CAMR\ation to
inhibit IL-6-mediated activation of STAT3 requir&$AC activation. These results were
also repeated in PZ-HPV-7 cells (Fig. 7.10, p=< 0.05vs. IL-6, ** = p < 0.01vs. IL-6,
*** = p < 0.001vs. IL-6), indicating that there is no difference beem the different PCa
cell lines regarding the role of PKA and EPAC inMR-mediated attenuation of STAT3

activation.

7.2.4 Fsk-mediated decreases in IL-6-induced STAT3 activation

correlate with increases in SOCS3

In previous studies, the ability of CAMP elevatimnattenuate STAT3 activation has been
shown to be mediated by induction of SOCS3 exprastbandst al., 2006). To assess
whether this was the case in prostate epitheliis,ceells were incubated for 5 h at°g7
with either vehicle (0.1 % (v/v) EtOH) or 1M Fsk in the presence or absence i\ of
the proteasome inhibitor MG132. MG132 was included SOCS3 can be
polyubiquitinated on Lysand targeted for degradation (Sasaikil., 2003). Thus blockade
of the proteasome should enable accumulation of &)@ otein and detection of changes
in protein expressiokia immunoblotting. Following incubation with Fsk andMG132,
prostate epithelial cells were stimulated with 1§/nm rhulL-6 for 15 min prior to
assessment of pTYPSTAT3 levelsviaimmunoblotting.

Treatment of prostate epithelial cells with eitliesk, MG132 or a combination Fsk and
MG132 did not alter basal levels of pTYSTAT3 in any of the cell lines tested, indicating
that any effects on STAT3 activation are due te&# on IL-6 signalling and not non-

selective effects.

In DU145 cells, treatment with Fsk alone resultedidecrease in IL-6-induced increases
in pTyr'®STAT3 (Fig. 7.11, panels A and B, ** < 0.01vs. IL-6) which was enhanced
in the presence of MG132 (Fig. 7.11, panels A and*B = p < 0.001vs. IL-6).

Interestingly, treatment with MG132 alone also #igantly attenuated activation of
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STAT3 in response to exogenous rhulL-6 (Fig. 7danels A and B, *** =p < 0.001vs.
IL-6). The degree to which STAT3 activation wasibited in DU145 cells following
treatment with Fsk and/or MG132 was associated waithincrease in detected levels of
SOCS3 protein. Treatment with Fsk alone resulteghimcrease in detected SOCS3 in the
presence and absence of rhulL-6 which was enhanbed cells were co-incubated with
MG132 (Fig. 7.11, panels A and C, *p=< 0.05vs. IL-6, *** = p < 0.001vs. vehicle).
Interestingly, pre-treatment with MG132 alone resiilin a similar increase in SOCS3
levels as that seen following co-incubation witkk Bead MG132 (Fig. 7.11, panels A and
C,*=p<0.05vs. IL-6, *** = p < 0.001vs. vehicle). These results suggest that the ability
of Fsk and MG132 to attenuate STAT3 activation 145 cells may be due to a
combined stabilisation of endogenous SOCS3 and @iomof de novo synthesis arising

from cAMP elevation.

Treatment of LNCaP cells with rhulL-6 induced ausbincrease in pTY#"STAT3 which
was attenuated following MG132 or combined Fsk BI@132 pre-treatment (Fig. 7.12,
** = p < 0.01vs. vehicle). Treatment with Fsk alone showed a teoglén decrease IL-6-
induced pTyf®>STAT3 but this was not found to be statisticallyrsficant, suggesting that
MG132 is potentiating this effect. Of particulatarest is the observation that no SOCS3
expression can be detected in LNCaP cells, even @imbined Fsk and MG132 treatment
which was able to induce SOCS3 expression in HUVERZs 7.12). These results suggest
that the ability of Fsk and MG132 to attenuate SBAdctivation in LNCaP cells is not
mediated via induction of SOCS3 and that another pathway isuired for this

phenomenon.

In PZ-HPV-7 cells, similar results were obtainedheneby treatment with Fsk resulted in a
decrease in IL-6-mediated pT9ISTAT3 which was enhanced in the presence of MG132
(Fig. 7.13, panels A and B, *** p < 0.001vs. vehicle). Comparable to results obtained in
DU145 cells, treatment of PZ-HPV-7 cells with MG18bne resulted in a decrease in
STATS3 activation (Fig. 7.13, panels A and B, ***p=< 0.001vs. vehicle). Treatment of
PZ-HPV-7 cells with Fsk alone did not result in atettable increase in SOCS3
expression, however combined treatment of PZ-HRE with Fsk and MG132 resulted
in a significant increase in detected SOCS3 legely. 7.13, panels A and C, *** p <
0.001vs. vehicle). Incubation of PZ-HPV-7 cells with MG13®one did not result in a
significant increase in SOCS3 levels, suggestiraj fsk treatment is required for this
phenomenon. These results support the hypothesisc&MP elevation induces SOCS3

expression in PZ-HPV-7 cells.
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Fig. 7.11. Fsk-mediated attenuation of STAT3 activa tion in
DU145 cells is correlated with an accumulation of S  OCS3

protein

DU145 cells were seeded as previously described iacgbated with either
vehicle (0.1 % (v/v) EtOH) or 10M Fsk for 5 h in the presence or absence of 6
uM of the proteasomal inhibitor MG132. Cells weranstlated with 10 ng/ml
rhulL-6 for 15 min to induce activation of STAT3.ollowing SDS-PAGE
fractionation, the effect of Fsk and MG132 on detddevels of pTy°STAT3
(panels A and B) and SOCS3 (panels A and C) wassasd/ia immunoblotting.
Results shown are representativenef 3 experiments with values corresponding
to mean values £+ SEM. * p< 0.05, ** =p < 0.01 and *** =p < 0.001vs. IL-6
(panel B) or vehicle (panel C)
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Fig. 7.12: Fsk-mediated attenuation of STAT3 activa tion in LNCaP cells

Is not correlated with an accumulation of SOCS3 pro  tein

LNCaP cells were seeded as previously describednantdated with either vehicle (0.1 %
(v/v) EtOH) or 10uM Fsk for 5 h in the presence or absence pMbof the proteasomal
inhibitor MG132. Cells were stimulated with 10 n¢/rhulL-6 for 15 min to induce
activation of STAT3. Following SDS-PAGE fractiorati the effect of Fsk and MG132
on detected levels of pTYPSTAT3 and SOCS3 was assess& immunoblotting. PZ-
HPV-7 cells incubated with 10M Fsk and M MG132 (PZ) for 5 h were included as a
positive control for SOCS3 antibody reactivity. BkS shown are representativerof 3
experiments with values corresponding to mean gatuU8EM. * =p < 0.05vs. IL-6, ** =

p <0.01vs. IL-6 and *** = p < 0.001vs. IL-6
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Fig. 7.13: Fsk-mediated attenuation of STAT3 activa tion in PZ-HPV-

7 cells is correlated with an accumulation of SOCS3 protein

PZ-HPV-7 cells were seeded as previously descridved incubated with either
vehicle (0.1 % (v/v) EtOH) or 1AM Fsk for 5 h in the presence or absence ph6

of the proteasomal inhibitor MG132. Cells were stiated with 10 ng/ml rhulL-6 for

15 min to induce activation of STAT3. Following SIPAGE fractionation, the effect
of Fsk and MG132 on detected levels of g13BTAT3 (panel A and B) and SOCS3
(panel A and C) was assesseéd immunoblotting. Results shown are representative
of n = 3 experiments with values corresponding to meslnes + SEM. *** =p <
0.001vs. IL-6 (panel B) or vehicle (panel C)
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7.3 Discussion
The ability of CAMP to modulate cytokine signallilgs been described in a number of

systems. It has previously been demonstrated tAdIPc elevation can attenuate
inflammatory cytokine signalling in HUVECs, COSlllseand MEFsvia induction of
SOCS3, an endogenous inhibitor of STAT signalliBgr{and et al., 2009;Sandst al.,
2006). However, this phenomenon is not restrictestascular endothelial cells although
the mechanism of SOCS3 induction may differ betweeh types. The IL-6 family
member LIF plays an important role in signallingthe hypothalamo-pituitary-adrenal
(HPA) axis with sustained LIF signalling being adated with excessive glucocorticoid
expression and subsequent immunosuppression whichpmomote tumour progression
(Bousquetet al., 2001). Treatment of the AtT20 pituitary adenored kne with cAMP-
elevating agonists or CAMP analogues additivelyreased LIF-inducedocs3 mRNA
levels. Unlike HUVECs in which SOCS3 expressiorideing elevation of intracellular
cAMP requires EPAC (Sands al., 2006), cAMP-mediated induction of SOCS3 in AtT20
cells occurrediia a mechanism which required PKA activation (Bousegial., 2001). In
3T3-L1 adipocytes, treatment with isoproterenolnpoted increases isocs3 mMRNA via a
pathway dependent ditadrenergic receptor and subsequent AC activai@asghaueet
al., 2002). Such studies support the hypothesis tAMRc elevation is an important
mechanism by which to induce SOCS3 expression amahsbit specific cytokine receptor

signalling.

In all three cell lines used in this study, it wiasind that Fsk-mediated elevation of
intracellular cAMP resulted in inhibition of IL-6 edliated activation of STAT3. These
results are consistent with previous data idemgytAMP- elevating agents or analogues
as important regulators of inflammatory signallihtgcreases in levels of SOCS3 protein in
DU145 and PZ-HPV-7 cells were correlated with aréase in pTY?°>STAT3, suggesting
that SOCS3 accumulation was responsible for thiyabi Fsk and MG132 to attenuate
IL-6-mediated activation of STAT3. However, it must noted, that whilst these results
strongly suggest that SOCS3 is responsible focAMP-mediated attenuation of STAT3
activation, they do not demonstrate that SOCS3egpansible for this phenomenon.
Selective knockdown of SOCS3 expressuam selective siRNA or construction of stable
shRNA-expressing cell lines would enable the esslematie of SOCS3 in this phenomenon
to be demonstrated. Preliminary attempts to knoakd8OCS3 expression in the prostate
epithelial cell lines have been unsuccessful duecdth death and lack of specific

knockdown (data not shown). It is possible thahdfaction of these cells with a plasmid
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encoding a suitable shRNA may be a suitable alteenatrategy if future siRNA attempts
were ineffective (see section 11.2).

Whilst cAMP-induced attenuation of IL-6-mediated/AB activation was correlated with
increases in SOCS3 expression in both DU145 anHIPZ-7 cells, no detectable levels of
SOCS3 expression could be observed in LNCaP &alis.to the important role of STAT3
activation in various malignancies (Hodge al., 2005), it might be expected that
endogenous inhibitors of STAT3 might be inactivatetlmour-derived cell lines in order
to promote tumour growth and disease progressiodedd, hypermethylation of the
SOCS1 promoter has been shown to prevent SOCSgssx@n in HCC (Miyoshet al.,
2004). Similarly, hypermethylation of both the SAC&d SOCS3 promoters has been
described in head and neck carcinoma and intrasluaf wild-type SOCS3 into cancer
cells is correlated with an increase in cellulap@psis and inhibition of cell growth
(Weberet al., 2005). It is possible that the SOCS3 promotéryermethylated in LNCaP
cells and that treatment with demethylating agenish as 5-aza-2’-deoxycytidine may
restore SOCS3 expression (Wilson & Jones, 1983).

Interestingly, it is apparent that the conditionsvhich LNCaP cells are cultured may play
a role in SOCS3 expression. In LNCaP cells cultunetthe absence of IL-6 in the culture
medium (LNCaP-IL-§ , no basal detection of SOCS3 expression coulddtected
(Bellezzaet al., 2006). However, establishment of the IL-6 refoagtcell line, LNCaP-IL-
6" resulted in detectable levels of basal SOCS3 mRMA protein, although the
SOCS3/GAPDH ratio varied greatly between individexperiments (Bellezzat al.,
2006). The LNCaP-IL-6cell line is generateda culture of LNCaP cells faz20 passages
in the presence of 5 ng/ml rhulL-6. In LNCaP celtt cultured in the presence of IL-6 the
cytokine inhibits cell growth at this concentratighlobisch et al., 2001). However,
LNCaP-IL-6" cells display higher basal proliferation ratesntiaNCaP-IL-6 cells and
decreased binding of IL-6, which may promote resisto the growth inhibitory effects of
IL-6 in LNCaP-IL-6 cells (Hobischet al., 2001). Of particular note in the study by
Belllezaet al (2001) is the observation that treatment with kh@ildid not lead to increases
in SOCS3 expression in either LNCaP-IL-6& LNCaP-IL-6 cells. As IL-6/STAT3-
induced SOCS3 expression is well established dassical negative-feedback loop for
STATS3 inactivation (Staret al., 1997), these results suggest that LNCaP cellsdisgpyay
general defects regarding induction of SOCS3. InChBR-IL-6 cells, treatment with
rhulL-6 did not result in an increase in SOCS3 esgpion above that seen basally whilst in

the LNCaP-IL-6 cell line, no basal or IL-6-induced SOCS3 exprasswas noted
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(Bellezza et al., 2006). The inability of a classical inducer of expression to
promote an increase in protein expression in theCaRHIL-6 cells supports the
observation in the current study that cCAMP elevatjgotentially another common inducer
of SOCS3 expression (Barclagt al., 2007;Borlandet al., 2009;Bousquetet al.,
2001;Fasshauest al., 2002;Sandst al., 2006;Yarwoodet al., 2008), failed to induce
SOCS3 and supports the hypothesis that inductioBQES3 expression is defective in
these cells.

It might be argued that, as SOCS3 expression carnndbgced following long-term
treatment with rhulL-6, the inability of CAMP elew@n to induce increases in SOCS3
expression in LNCaP cells is due to defects in cAMgponsive elements in the SOCS3
promoter of these cells. However, it has been detnaied that treatment of LNCaP-I[-6
cells with dibutryl-cAMP resulted in a concentraiidependent increase in detected levels
of SOCS3 protein (Bellezz al., 2006), indicative that promoter sequences respens
cAMP-regulated transcription factors are functiomalthese cells. However, dibutryl-
cAMP-induced increases in SOCS3 expression in LNICa# cells were analysed at 48 h
and 72 h post-stimulation with the cAMP analoguell@zaet al., 2006) as opposed to
the 5 h post-stimulation used in the current stiilst expression of SOCS3 could be
detected in DU145 and PZ-HPV-7 cells at this tinoenp signalling differences between
the three cell types used might potentially regultemporal variations in cAMP-induced
SOCS3 expression. It is to be noted that the gholitdibutryl-cAMP to induce SOCS3
expression was only investigated in LNCaP-[Leglls and not in LNCaP-IL-6or wild-
type LNCaP cells (Bellezzet al., 2006). It is possible that prolonged exposureNCaP
cells to IL-6 might result in alterations of the 83 promoter rendering it more receptive
to cAMP-mediated activation. Interestingly, chrohie6 signalling has been implicated in
systemic lupus erythematosus as a mediator of prhgpomethylatiowia inhibition of
DNA methyltransferase expression (Garaticl., 2009). It is thus possible that chronic
exposure of LNCaP cells to IL-6 during the prodoctof the LNCaP-IL-6 cells may have
altered the methylation status of the SOCS3 promatel subsequently rendered it
sensitive to CAMP elevation as observed by Bellezzh (2001).

It is currently unclear as to the mechanism by WhidAMP elevation inhibits IL-6-

mediated activation of STAT3 in LNCaP cells. Puidid data predominantly ascribes
cAMP-mediated attenuation of cytokine signalling itmluction of SOCS3 expression
(Borland et al., 2009;Sandst al., 2006;Yarwoodkt al., 2008). It is possible that another
SOCS family member is responsible for this phenamem LNCaP cells. SOCS1
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expression has been described in a number of PICanes including parental LNCaP
cells obtained from the American Type Culture Gallen as used in this study.
Furthermore, unlike SOCS3 expression, treatmentM€aP-IL-6 cells with rhullL-6

results in an increase in detected SOCS1 protelnsaassociated with growth inhibition of
these cells (Neuwirét al., 2009). Although the authors did not investigdte &ffect of

SOCS1 expression on IL-6-mediated activation of B3Ait has previously been
demonstrated that over-expression of SOCS1 cabitrfif AT3 activation downstream of
gp130 (Schmitzt al., 2000). Thus, it is possible that SOCS1 rathen tB@CS3 mediates
the inhibitory effect of CAMP elevation on IL-6-miated STAT3 activation in LNCaP

cells.

An interesting result from this experiment was tieservation that treatment of all three
prostate epithelial cell lines with the PKA-selgetiinhibitor myrPK{4.,, resulted in a
decrease in IL-6-induced activation of STAT3 in #issence of CAMP elevation. This was
unexpected as cAMP elevation induces SOCS3 express activation of EPAC and,
previous data in HUVECs has demonstrated that mwibof PKA had no effect on the
ability of IL-6 to induce tyrosine phosphorylatioof STAT3 (Sandset al., 2006).
However, it is possible that cell type-specificfeience in cell signalling pathways may be
responsible for the observed differences betweeNHTs and the prostate epithelial cell
lines used in this study. The results obtainechis $tudy indicate that activation of PKA
plays an important role in IL-6-mediated activatmfSTAT3. Whilst unanticipated, a role
for PKA in cytokine-induced STAT activation is natithout precedent. In the murine
AML-12 hepatocyte cell line, treatment with T@E-resulted in sustained increase in
pTyr'®STAT3 (Yanget al., 2006). However, either pre-treatment of AML-12Isevith
the PKA-selective inhibitor H89 or vector-mediate@pression of PKI in these cells
resulted in attenuation of TGR-induced STATS3 activation (Yangt al., 2006). These
results corroborate those from the current studychvisuggest that PKA activation can
potentiate tyrosine phosphorylation of STAT3 altfjouhe signalling pathway by which
this is achieved is unknown. Results obtained imimeusplenocytes demonstrate that PKA
activation is required for histamine-induced adiiva of STAT1 downstream of G4
mediated activation of PKC (Sakhalkerr al., 2005). Interestingly, IL-6 was recently
demonstrated to induce an increase in cytosolf¢ Gancentration in the rat carotid body
glomus (Faret al., 2009). Similar results were observed in skelatakcle cells where
treatment with 20 ng/ml IL-6 promoted a transiencrease in intracellular €a
concentration (Weigerét al., 2007). It is possible that IL-6-mediated increage C&"

may promote STAT3 activation in a similar mannerthat observed following STAT1
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activation downstream of histamine stimulation (&dkar et al., 2005). As the latter
observation has a requirement for PKA activatianss-talk between an IL-6/€#PKC
signalling pathway and PKA may potentially expléive requirement for this enzyme in
sustained IL-6-mediated STAT3 induction.

Whilst the effect of PKA inhibition on IL-6-mediateSTAT3 activation in prostate
epithelial cells was unexpected, the ability of tBRAC-selective agonist 8Me-pCPT-
cAMP to inhibit IL-6-induced STAT3 activation cotvorates published data. In HUVECs,
the ability of cCAMP to inhibit IL-6-mediated STAT&ctivation was mediateda EPAC
activation (Sandst al., 2006). Similar results have been observed in C&#% (Borland
et al.,, 2009), indicative that EPAC rather than PKA aation is required for cAMP-
induced SOCS3 expression.

The results in this chapter indicate that cAMP at@n in DU145 and PZ-HPV-7 cells are
mediatedvia induction of SOCS3 expression. However the patlswayolved in this
process have not yet been determined. ActivatioBRRK1/2 and EPAC are required for
cAMP-mediated SOCS3 expression (Saadal., 2006;Woolsoret al., 2009) and, given
the observation that selective EPAC activation oacapitulate the effect of cCAMP in
prostate epithelial cells, it is possible that $amipathways are important in SOCS3
expression in prostate epithelial cells. Treatmeitlh selective inhibitors of the ERK1/2
pathway such as U0126 would help to elucidate tldecnlar pathways involved in
SOCS3 induction in prostate epithelial cells. Blad& of protein translation inhibited IL-6-
induced STAT3 activation in the absence of cAMR/&lien, most likely due to inhibition
of JAK synthesis as these components of the ILg6adiing proteins undergo more rapid
turnover than STAT3 or SHP-2 (Siewettal., 1999). Thus it has not been possible to
determine whethedle novo protein synthesis is required for the ability &P to inhibit
STAT3 phosphorylation. In other cell types, it teeeen demonstrated that CAMP elevation
resulted in an increase socs3 mMRNA (Barclayet al., 2007;Sandst al., 2006). Analysis
of socs3 mMRNA expression following cAMP elevatiovia qRT-PCR would indicate

whether cAMP elevation promotes an increase of SO&3he transcriptional level.

Whilst cAMP elevation appears to be a common madsharby which to inhibit IL-6-

induced STAT3 activation in prostate epitheliallgelthe mechanisms involved vary
between cell type. The ability of cAMP to inhibit-6-mediated STAT3 activation has
been described in a number of cell types, suggeshat it may represent a common

mechanism by which to modulate IL-6 signalling. Hmer, whilst cCAMP elevation is
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associated with protective effects in vascular émel@l cellsvia promotion of barrier
function, the use of this intracellular signallingplecule as a modulator of inflammatory
signalling must be carefully considered in candardpy. Over-expression of PKA has
been described in haematological malignancies analssociated with increases in cell
growth through PKA-mediated activation of CREB (&smt al., 2009;Naviglioet al.,
2009;Shankaet al., 2005). Interestingly the PKI family member, BKis over-expressed
in castrastion-resistant PCa with knockdown of fP&$sociated with inhibition of PCa cell
growth. PKB was found to associate with the catalytic subwfitPKA and promote
nuclear accumulation of PKA, unlike the nuclear axactivities of the related protein
PKla (Chunget al., 2009). Expression of PRIwas correlated with activation of Akt and
may contribute to malignant progression (Chwgl., 2009). Therefore other factors
which promote activation and nuclear accumulatidn P&KA such as elevation of
intracellular cAMP may therefore exacerbate PCamssion. Careful consideration of the
use of cCAMP elevation as a novel therapeutic sisat@ PCa must consequently be

undertaken.
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8 Elevation of cAMP induces LNCaP differentiation

8.1 Introduction

During experiments to determine the effect of cAB€vation on rhulL-6-induced STAT3
activation, it was noted that treatment with Fs#tuced morphological changes in LNCaP
but not DU145 or PZ-HPV-7 cells. It has been putdsthat elevation of cAMP in LNCaP
cells via eithe3,-adrenergic receptor agonists or Fsk treatmentciesldifferentiation of
LNCaP cells from prostate epithelial cells to a neeandocrine (NE) -like phenotype
(Deeble et al., 2001).

The human prostate is a complex gland comprisinhel@l parenchyma embedded in a
matrix of connective tissue. Until puberty, epithktells in the prostate exist as multiple
layers of immature cells which differentiate intdveo-layered epithelium upon reaching
puberty containing columnar secretory epithelidlsceurrounded by outer cuboidal basal
layer comprised principally of basal, secretory ilman and NE cells. The exocrine
compartment of the prostate consists of the tertyid#ferentiated secretory luminar cells
which secrete prostate-specific antigen (PSA) ardle predominant cell type in normal
and hyperplastic prostate epithelium (La@l., 2009). Luminar cells express high levels
of AR and thus are androgen-dependent for growtie Basal cells lie adjacent to the
basement membrane and do not rely on androgengréavth due to low/no AndR
expression. NE cells are predominantly found withie basal compartment of the prostate
and are non-proliferating, terminally differentidteandrogen-differentiated cells (Lang et
al., 2009).

8.1.1 NE cells in the prostate

NE cells represent a group of cells which sharecsiral, metabolic and functional
characteristics with neuronal cells and secretenboes in response to stimulation (Shariff
& Ather, 2006). In the immature prostate, NE call® thought to play an important
paracrine role in governing tissue growth and déifdiation. Unlike NE cells described in
the pituitary and adrenal system, prostatic NEscate thought to arise from an epithelial
stem cell rather than from the neural crest duddoexpression of epithelial markers such
as PSA and AndR (Cox et al., 1999). Although NHscehn be seen scattered throughout
the mature prostate as morphologically heterogenhemlis with irregular dendrite-like
extensions, their role in the mature gland is lesl understood (Cox et al., 1999). It has
been suggested that NE cells may regulate secrietocyions in the mature prostate gland
(Shariff & Ather, 2006).
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Although NE cells comprise a small proportion of tinature prostate gland, expansion of
the NE population indicates a poor patient proghasid has been investigated as a marker
for disease progression (Yuae al., 2007). Due to the reliance of normal prostate
epithelial cells on androgens for growth, tradiibtherapies for PCa typically involve
androgen ablation. However, such therapies setactandrogen-independent cells, the
expansion of which is associated with subsequesgiagie progression due to the failure of
conventional therapeutics. NE cells are such ameie of androgen-independent cells
within the prostate and are resistant not justnidr@gen ablation therapy but also to pan-
malignancy chemotherapies which are only efficagiagainst actively dividing cells.
Furthermore, whilst NE cells represent a non-pecdifing cell population, they are able to
promote the growth of neighbouring cells due to rillease of mitogenic factors such as
bombesin (Noordzigt al., 1996). Tumours comprising solely of NE cells aaee and
represent highly aggressive malignancies. More contyn NE cells are found within
tumours as foci of non-dividing cells surroundedrbypidly proliferating epithelial cells
(Noordzijet al., 1996).

Recently, much research has been conducted inteathe of NE-like cells as a marker for
PCa progression. Currently, established methodsnfmmitoring PCa progression include
measurement of serum PSA levels and Gleason sttoeever, these methods of
screening are not infallible and therefore othethoés of detecting PCa progression have
been investigated. The emergence of NE cells asagkan for PCa is somewhat
controversial with some studies demonstrating arclek between NE emergence and
PCa stage and others finding no correlation betweEncell populations and disease

progression .

8.1.2 LNCaP differentiation to a NE-like phenotype

Due to their importance in PCa progression, museaeh has been conducted into the
mechanisms by which cells undergo differentiatiorNE cells. Many stimuli can induce
differentiation of normal prostate epithelial cells a NE-like phenotype including
androgen deprivation, CAMP elevation and chronimsfation with IL-6 (Chenet al.,
1992;Deeblest al., 2001).

LNCaP cells have previously been used as a mod@lEslike differentiation in response
to a multitude of stimuli. Of particular importané@ PCa patients undergoing androgen

ablation therapy, androgen deprivation can indufferdntiation of LNCaP cells to NE-
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like cells (Saeedt al., 1997). Additionally, chronic stimulation with 16-(Deebleet al.,
2001) or over-expression of constitutively activel80 subunits can induce NE-like
differentiation in LNCaP cells , indicating thatti@ation of the gp130 signalling cascade
plays an important role in the differentiation pges (Palmert al., 2005). It is thus
possible that the ability of IL-6 to induce NE-liki&ferentiation in LNCaP cells arises due
to activation of STATS3. Interestingly, treatmentthvcAMP-elevating agents, which has
been demonstrated to inhibit IL-6-induced activatiof STAT3 (see chapter 7) also

induces NE differentiation of LNCaP cells.

LNCaP cells treated with dibutryl-cAMP and the rsmlective PDE inhibitor IBMX
undergo differentiation to a neuron-like morpholodis change in cellular morphology
is coupled with an increase in neuronal markers siscneuron-specific enolase (NSE) and
the presence of dense-core granules which are atkestiic of differentiated
neurosecretory cells (Barmg al., 1994). Similarly, treatment with Fsk induces Nigel
differentiation in LNCaP cells, the effect of whichn be recapitulated wifly-adrenergic
agonists such as isoprotenolol and epinephrinelleetal., 2001). These results indicate
that CAMP elevation can induce NE-like differentatin LNCaP cells. Further evidence
for the role of cAMP in NE differentiation comesofn the observation that over-
expression of constitutively active catalytic PKAubsinits can induce NE-like
differentiation in LNCaP cells (Coat al., 2000).

Whilst much research has been conducted concelomgterm differentiation of LNCaP

cells to a NE-like phenotype, fewer studies haveussed on the signalling pathways
regulating the morphological change of LNCaP ceilsresponse to cAMP elevation.
Disruption of the early responses involved in NEeldifferentiation may prove to be an
important complementary therapy to androgen alvatemd so prevent NE-like

differentiation and expansion of this cell popuatduring chemotherapeutic regimes.

It was found that treatment with Fsk resulted irardies in LNCaP cell morphology
consistent with differentiation to a NE-like pheyyae, but had no effect on DU145 or PZ-
HPV-7 cells. The changes in LNCaP cell morphologgdpminantly occurred in the first 1
h post-stimulation and, in accordance with publisbata, were mediated by activation of
PKA. Treatment of LNCaP cells with anti-EPAC1 siRN#Alicated that there was no role
for this pathway on Fsk-induced changes in LNCaPpmaogy. Unexpectedly, inhibition
of the RhoA-Rho-associated protein kinase (ROCKhalling pathway mimicked the
effect of Fsk stimulation, indicating that cAMP LNCaP cells acts to inhibit RhoA
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activation. It is hypothesised that Fsk-induced ngfes in LNCaP morphology are
mediated through PKA-mediated inhibition of Rhogmalling and subsequent effects on

the actin cytoskeleton.

8.2 Results
8.2.1 Phase contrast microscopy analysis of changes in LNCaP cell
morphology

Many previous studies have focussed on gross ceandgeNCaP morphology, which are
not quantitative and so may overlook subtle contrdms of various signalling pathways to
this phenomenon. In order to address this isswegeases in the distance between the cell
body and the tip of the longest dendrite-like exiten for each cell was used as a
guantitative assessment of changes in LNCaP cellpmotogy consistent with
differentiation to a NE-like phenotype (Dasal., 2005). However, although the phrase
“mean dendrite length” is used throughout the stiadglescribe this assessment, it should
be stressed that the use of the term dendritewoiteeo describe these projections may not
be entirely accurate because prostatic NE cellshagght to arise from an epithelial rather
than neural progenitor (Shariff & Ather, 2006) ahdNCaP cells do not express
conventional neuronal markers such as glial filanyliacidic protein (GFAP) (Bang al.,
1994). However, in the absence of published methéas quantifying LNCaP
differentiation via histological methods, this is method would app@abe suitable. In
order to ensure sufficiently representative sangptichanges in dendrite length, 30 cells

per field for 5 random will be analysed per treatirfer each time point.

8.2.2 Treatment with Fsk rapidly induces changes in LNCaP
morphology

During the experiments investigating the ability aMP elevation on rhulL-6-induced
increases in pTYP’STAT3, it was noted that LNCaP cells treated fdr &ith 10uM Fsk
displayed changes in morphology consistent witfedéhtiation to NE-like cells. As the
ability of Fsk to inhibit rhulL-6-mediated tyrosinphosphorylation of STAT3 was
universal across the three cell lines tested is $hudy, cells were stimulated with either
vehicle (0.1 % (v/v) EtOH) or 10M Fsk for 0 — 24 h with images captured as desdribe
Chapter 5. DU145 and PZ-HPV-7 cells treated withezivehicle or 1M Fsk displayed

no changes in cell morphology at any of the timéngsoobserved (Fig 8.1, panel A).
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Similarly, LNCaP cells treated with vehicle alsosglayed no change in cellular
morphology at any of the time points investigatedy( 8.1, panels B and C), indicating
that any subsequent changes in LNCaP morpholodyskatreated cells rise due to the
actions of Fsk and not due to vehicle effects.dntast, LNCaP cells treated with L
Fsk displayed a rapid change in cell morphologyictvtwas apparent within 1 h post-
stimulation. This morphology is consistent withfeientiation to a NE-like phenotype and
cells were scored for an increase in mean dentiitgth as an assessment of NE-like
differentiation. The greatest period of increaselémdrite length was observed within the
first hour post-stimulation with mean dendrite ldngncreasing from 18.47 + 0.6dn at 0

h post-stimulation to 29.20 £+ 0.94m at 1 h post-stimulation, rate of increase of
approximately 10um/h (Fig. 8.1, panels B and ®, < 0.001vs. 0 h andvs. vehicle
stimulated cells at same time point). Between hth 24 h post-stimulation, a continued
increase in mean dendrite length was observed méan dendrite length increasing to a
maximum of 39.43 £ 1.2im at 8 h post-stimulation. However, the rate ofréase in
mean dendrite length over this time period corredgao only approximately 1.3m/h,
indicating that the maximum rate of increase in maendrite length occurs in the first 1 h
post-stimulation. Whilst the effects of sustain@di® elevation on LNCaP differentiation
to a NE-like phenotype have long been studied, vemk has focussed on the pathways
mediating the rapid change in morphology arisimgrfrFsk treatment. For this reason,
subsequent studies in this project have focusseatieopathways involved in this change in

cellular morphology.

8.2.3 Early changes in LNCaP cells morphology do no t require de

novo protein synthesis

Many differentiation processes requdenovo protein synthesis arising from altered gene
expression profiles. In order to assess whethentiis the case in Fsk-induced changes in
LNCaP cells, LNCaP cells were seeded as previods$eribed and incubated with 100
uM emetine. Unlike other protein synthesis inhilstsuch as cycloheximide, emetine acts
to irreversibly block protein translation (Grollmal®68) by preventing elongation of the
nascent protein chain (Tscherne & Pestka, 1975)tduactions on the 40s ribosomal
subunit (Jimenezet al., 2002). In order to prevent Fsk-induced changespriotein
expression, LNCaP cells were incubated for 2 hrgnostimulation with 1QuM Fsk and

subsequent assessment of changes in cell morphatodgscribed previously.

In accordance with previous data, treatment of LR Calls with vehicle or emetine in the

absence of Fsk failed to induce any changes inleelmorphology (Fig. 8.2, panels A and
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Figure 8.1: cAMP elevation induces morphological ch anges
in LNCaP cells but not in DU145 or PZ-HPV-7 cells

DU145, LNCaP and PZ-HPV-7 cells were seeded inton® dishes and
stimulated with vehicle (0.1 % (v/v) EtOH or 1M Fsk for 0 —24 h with
images captured at the time points stated (Parfer ®U145 and PZ-HPV-7
cells, panel B for LNCaP cells). LNCaP cell diffeti@tion to a NE-like
phenotype was assessed by measuring increase® imakimum distance
between the edge of the cell body and dendritpeipcell (Panel C). Results
are shown as mean values + SEM ffior 3 separate experiments* = p <
0.001vs. 0 h, ### p < 0.001vs. vehicle at same time point.
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C, p > 0.05), indicating that subsequent increaseseamdendrite length arising from Fsk
stimulation occur due to the actions of Fsk andvatiicle effects. Interestingly, treatment
with emetine slightly increased the mean dendetgyth of LNCaP cells immediately prior
to stimulation, but as the increase was of apprai@hy 5pum, it is not believed to be
biologically significant in comparison to the appimately 20 um increase in mean
dendrite length induced by Fsk treatment.

It was found that treatment with emetine had nectfbn Fsk-induced increases in mean
dendrite length at 1 h post-stimulation (Fig. §2anels B and Cp > 0.05 vehicle pre-
treatments. emetine pre-treatment) with cells pre-treated Wb M emetine displaying

a mean dendrite length of 30.53 £+ 0.69 comparedreean dendrite length equal to 31.09
+ 0.70um in LNCaP cells which had not been pre-incubatéd emetine (Fig. 8.2 panels
B and C, ** =p < 0.001vs. 0 h, ### =p < 0.001vs. vehicle). However, at 3 h and 5 h
post-stimulation with Fsk, LNCaP cells which haehere-treated with emetine displayed
no further increase in mean dendrite length (Fig.pinels B and C, mean dendrite lengths
=33.81 £ 0.87um and 30.74 + 0.94m at 3 h and 5 h post-stimulation respectively, +++
p < 0.001 Fsk + emetines. Fsk at each time point). In contrast, LNCaP cetéch had
been stimulated with Fsk in the absence of prebatian with emetine displayed a further
increase in mean dendrite length at 3 h (mean derldngth = 43.53 £ 0.9im) and 5 h
(mean dendrite length = 50.64 + 1418, Fig. 8.2 panels B and C, *** g< 0.001vs. 0 h,
### =p < 0.001vs. vehicle, $$$ p < 0.001vs. 1 h).

These results suggest that the early response GfaBNcells to Fsk does not requde
novo protein synthesis and such an event is importaiy m later stages of NE-like

differentiation.

8.2.4 Fsk-induced changes in LNCaP cell morphology depends on an

intact microtubule network

Microtubule (MT) transport plays an important rateextension of neurite and dendrite-
like extension from the body with transport of mearous vesicles along MTs classically
considered the most important role of MTs in neueixtension. The shaft of mature
neurite-like structures contain a central MT cor@ich plays an important role in

trafficking between the axon head and the cell bagither through the delivery of

signalling proteins or adhesion molecules requioceaheurite initiation or through delivery

of membranes to promote the growth of the develppieurite (Dehmelt & Halpain,

2004).
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Fig. 8.2: The ability of Fsk to induce prolonged bu t not initial
changes in LNCaP morphology requires  de novo protein synthesis

LNCaP cells were seeded into 6-well plates and grmm40 — 50 % confluence. LNCaP cells
were incubated with vehicle (0.1 % (v/v),®) or 100uM emetine for 120 min prior to
stimulation with vehicle (0.1 % (v/v) EtOH, panélaand C) or 1QuM Fsk (panels B and C)
for 0 -5 h. Results are presented as mean valiSM forn = 3 experiments. *** 9 <
0.001vs. 0 h, ### =p < 0.001vs. vehicle at same time point, +++ p=< 0.001vs. Fsk
treatment., $$$ p < 0.001vs. 1 h. Results are shown for vehicle treated celtsséd squares),

emetine treated cells (open squares), Fsk (claselds) and Fsk plus emetine (open circles).
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Nocodazole depolymerises MT vitro (De Brabandeget al., 1976), thus LNCaP cells
were treated with either vehicle (0.5 % (v/v) DMS®)10uM nocodazole for 30 min to
depolymerise the MT network prior to stimulationthwivehicle (0.1 % (v/v) EtOH) or 10
uM Fsk for 1 h with phase contrast images captusedescribed previously immediately
prior to nocodazole treatment and immediately tistulation. In order to assess
nocodazole efficacy, immunofluorescence was perdornon LNCaP cells plated in
parallel onto poly-D-lysine coated coverslips andireed with anti-tubulin antibody
Successful tubulin staining was visualised usingtgalexaFluor468-conjugated anti-
mouse IgG and images subsequently captured usi@giss CFL-40 epi-fluorescent
microscope as described in Chapter 5, with treatnveith nocodazole completely

abolishing the MT network (Fig. 8.3, panel B).

Treatment with vehicle failed to elicit any changasLNCaP cell morphology whilst
treatment with 10uM resulted in an increase in mean dendrite lengtholaserved in
previous experiments (Fig. 8.3, panel A). Incubatiath nocodazole did not inhibit Fsk
induced changes in LNCaP morphology but Fsk-indutssarite-like structures appeared
to be morphologically distinct following nocodazofwe-treatment to those dendrites
arising in cells which had been pre-incubating ASkidence of damage to Fsk-induced
dendrites following pre-incubation with nocodazolas apparent with dendrites appearing
far thinner and, indeed, almost completely disirdaegd (Fig. 8.3, panel A, arrows indicate
damaged dendrites). These results suggest thantaat IMT network is essential for

maintenance, but not initiation, of Fsk-inducedrayes in LNCaP cell morphology.

8.2.5 The ability of Fsk to induce increases in mea n dendrite length
requires adenylyl cyclase activity

In order to induce intracellular cAMP elevationkFactivates membrane ACs to promote
the conversion of ATP to cAMP. In order to ensurattthe observed effects of Fsk on
LNCaP morphology were indeed mediated through atttim of AC, LNCaP cells were
incubated with either vehicle (0.4 % (v/v) DMSO) X uM of the AC-selective inhibitor
2’,5’-dideoxy-3'-AMP-bis(t-Bu-SATE) (t-Bu-SATE) forl h prior to stimulation with
vehicle (0.1 % (v/v) EtOH) or 10M Fsk for 1 h with images captured immediately prio

to and post-stimulation.

Treatment with vehicle did not result in any disikble changes in LNCaP morphology at

0 h or post-stimulation (Fig. 8.4, panels A and Be-incubation with vehicle followed by
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Fig. 8.3: Fsk-induced changes in LNCaP morphology r equire an intact

microtubule network

LNCaP cells were either seeded onto glass coverslips well tissue culture dished coated
with 0.1 mg/ml poly-D-lysine and grown to 50-60 %nfluence. Cells were treated with either
vehicle (0.5 % (v/v) DMSO) or 10M nocodazole prior to incubation with vehicle (04L(v/v)
EtOH) or 10uM Fsk for 1 h with images captureta phase contrast microscopy at 0 h and
post-stimulation (panel A). Cells for immunofluoteace were washed 3 x 2 ml/well in cold
PBS prior to fixation in 4 % (w/v) paraformaldehyate5 % (w/v) sucrose-PBS. Cells were
permeabilised at room temperature for 15 min in @1(v/v) Triton X100-PBS prior to
blocking with 5 % (w/v) BSA-PBST and incubation owvight with mouse mAb to tubulin
(2:200 in 5 % (w/v) BSA-PBST). Following 3 x 10 mimashes in PBST, LNCaP cells were
incubated with AlexaFluor468-conjugated anti-moigg@ (1:250 in 5 % (w/v) BSA-PBST, 1
h, room temperature) followed by a further 3 x 1 mvashes in PBST and visualisation of
antibody staining using a Zeiss CFL fluorescenceroscope at 40 x objective (panel B,
arrows indicate disruption of the MT network. Résudhown are representative of= 3

separate experimer
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treatment with 1QuM Fsk promoted an increase in mean dendrite lefigth 25.15 + 0.64
um to 32.74 + 0.6um post-stimulation (Fig. 8.4 panels A and B, *** g < 0.001vs. O
h### =p < 0.001vs. vehicle). Similar to treatment with vehicle, ination of LNCaP
cells with t-Bu-SATE in the absence of Fsk failedinduce an increase in mean dendrite
length post-stimulation (Fig. 8.4, panels A anB, 0.05). However, in LNCaP cells pre-
incubated with t-Bu-SATE, the subsequent abilityFsk to induce an increase in mean
dendrite length was significantly decreased withamelendrite length increasing from
24.59 + 0.6Qum to 28.93 * 0.64m post-stimulation (Fig. 8.4, panels A and B, **p=<
0.01vs. 0 h, ### 9 < 0.001vs. vehicle, +++ = 9 < 0.001vs. Fsk).

The above results indicate that selective inhibhitad AC impedes the ability of Fsk to
induce NE-like differentiation of LNCaP cells anttat Fsk-mediated differentiation to a

NE-like phenotype requires AC activation.

8.2.6 Treatment with H89 mimics the effects of Fsk on LNCaP
morphology

Based on published literature which demonstratas Nie-like differentiation in LNCAP
cells is dependent on PKA activation (Cetxal., 2000), it was decided to test whether
selective inhibition of PKA inhibited Fsk-inducetdanges in LNCaP morphology.

LNCaP cells were treated with either vehicle (&)X % DMSO) or 5uM of the PKA-
selective inhibitor H89 for 1 h prior to stimulatiovith vehicle (0.1 (v/v) EtOH) or 10M
Fsk. Images of five random fields were capturedefach treatment immediately prior to
incubation with vehicle or H89 and again followiogll stimulation. LNCaP cells treated
with vehicle displayed no change in cell morphola@gymean dendrite (18.33 = 0.48n
and 18.00 = 0.4@am at 0 h and post-stimulation respectively, Fig @&nels A and B). In
keeping with previous data, LNCaP cells pre-incabawith vehicle and then treated with
10 uM Fsk for 1 h displayed changes in cell morpholagpnsistent with NE-like
differentiation and an increase in mean dendribenfrl9.64 + 0.48m at O h to 33.09 +
0.65 um post-stimulation (Fig. 8.5, panels A and B, ***p=< 0.001vs. O h, ### =p <
0.001 vs. vehicle post-stimulation). Surprisingly, LNCaPllsdreated with 5uM H89
alone displayed an increase in mean dendrite leatdgtie end of the experiment with mean
dendrite length increasing from 19.31 + 068 at O h to 34.11 + 0.78m post-stimulation
(Fig. 8.5, panels A and B, *** p < 0.001vs. 0 h, ### =p < 0.001vs. vehicle post-
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Fig. 8.4. Treatment with the AC-selective inhibitor t-Bu-SATE
inhibits the effect of Fsk on LNCaP morphology

LNCaP cells were seeded into 6-well plates andbated with either vehicle (0.1 %
(v/v) DMSO) or 10uM t-Bu-SATE for 60 min at 3TC, 5 % (v/v) CQ prior to
stimulation with vehicle (0.1 % (v/v) EtOH) or 1M Fsk for a further 60 min at
37°C, 5 % (v/v) CQ. Images of five random fields per treatment weaptared at
each time point and changes in LNCaP morphologgssssl by measuring mean
dendrite length for 30 random cells per field peatment (panels A and B). Results
are presented as mean values + SEMifer3 experiments. ** 3 < 0.01vs. 0 h, ***
=p < 0.001vs. O h, ### =p < 0.001vs. vehicle at same time point, +++p=< 0.001
vs. Fsk at 1 h.
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stimulation). Combined pre-incubation withu H89 and subsequent treatment with 10
uM Fsk induced a similar increase in mean dendeibgth from 18.05 + 0.4im at O h to
39.10 = 0.774um post-stimulation (Fig. 8.5, panels A and B, ¥ < 0.001vs. O h, ### =
p < 0.001vs. vehicle post-stimulation).These results suggeat the ability of Fsk to
induce changes in LNCaP morphology is mediateddilivpays that act independently of
PKA activation and that PKA activity may actuallgt@ao suppress morphological changes
in LNCaP cells consistent with NE-like different@at. These results are surprising and
contravene published data implicating a centrale rdbr PKA in Fsk-induced
morphological changes. It is possible that theltesibtained may arise from non-selective

effects of H89 on targets other than PKA.

8.2.7 Treatment with myr.PKI 14, inhibits the effect of Fsk on LNCaP

morphological changes

In order to assess whether the effects of H89 oGaMR morphology arose from inhibition
of PKA activity or due to non-selective effects nan-PKA targets, LNCaP cells were
incubated with the structurally unrelated PKA-sglex inhibitor PKA inhibitor 14-22
amide (PKl4-29 which had been myristoylated (myrRK},) to aid cellular permeability.
MyrPKli4.22 IS based on an endogenous peptide inhibitor of RiAch is thought to
exclusively bind the catalytic subunits of PKAvivo and mimic the inhibitory effect of
the regulatory subunit (Murray, 2008). Endogenotd B thought to be exclusively
specific for PKA and thus myrPKJ,, is thought to be a more potent inhibitor than H89
which competitively antagonises ATP binding to PAurray, 2008).

LNCaP cells were seeded into 6-well plates as dexstrearlier and incubated with either
vehicle (0.1 % (v/v) DMSO) or 10 nM myrPKl» for 1 h at 37C, 5 % (v/v) CQ prior to
stimulation with either vehicle (0.1 % (v/v) EtOH) 10uM Fsk for 1 h. Images of LNCaP
cells were captured immediately prior to stimulatend immediately post-stimulation as
described in Materials and Methods (Chapter 4)affnent of cells with vehicle failed to
promote an increase in mean dendrite length thrauigthe experiments (Fig. 8.6, panels
A and B, mean dendrite length = 21.86 + Oumi and 20.45 £ 0.6@m at O h and post-
stimulation respectivelyp > 0.05). Similarly, incubation of LNCaP cells wittyr.PKh4.22
followed by incubation with EtOH did not promote Nike differentiation in LNCaP cells
with mean dendrite lengths of 22.50 + Ouf at 0 h and 21.03 £ 0.{dn post-stimulation
(Fig. 8.6, panels A and By > 0.05) Treatment with Fsk in the absence of myiPK
promoted an increase in mean dendrite length fram12+ 0.78um to 33.28 = 0.99m
(Fig. 8.6, panels A and B, *** p < 0.001vs. O h, ### =p < 0.001vs. vehicle). In LNCaP
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Fig. 8.5: Treatment with the PKA-selective inhibito  r H89 mimics the
effect of Fsk on LNCaP morphology

LNCaP cells were seeded into 6-well plates andbated with either vehicle (0.1 %
(v/v) DMSO) or 5uM H89 for 60 min at 37C, 5 % (v/v) CQ prior to stimulation with
vehicle (0.1 % (v/v) EtOH) or 1AM Fsk for a further 60 min at 8¢, 5 % (v/v) CQ.
Images of five random fields per treatment weretwaa at each time point and
changes in LNCaP morphology assessed by measurga rdendrite length for 30
random cells per field per treatment (panles A BhdResults are presented as mean
values + SEM fom = 3 experiments. *** =p < 0.001vs. O h, ### =p < 0.001vs.

vehicle at same time point, +++>= 0.001vs. Fsk at 1 h.
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Fig. 8.6: Treatment with the PKA-selective inhibito r myrPKI 145,
mimics the effect of Fsk on LNCaP morphology

LNCaP cells were seeded into 6-well plates andhbated with either vehicle (0.1 %
(v/v) DMSO) or 10uM myrPKli4,, for 60 min at 37C, 5 % (v/v) CQ prior to
stimulation with vehicle (0.1 % (v/v) EtOH) or 10 Fsk for a further 60 min at 3,

5 % (v/v) CQ . Images of five random fields per treatment weaptured at each time
point and changes in LNCaP morphology assesseddaguning mean dendrite length
for 30 random cells per field per treatment (pafleand B). Results are presented as
mean values + SEM far = 3 experiments. *** 7p < 0.001vs. 0 h, ### =p < 0.001vs.
vehicle at same time point, +++=< 0.001vs. Fsk at 1 h.
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cells pre-incubated with myrPIil,,, treatment with 1@M Fsk was still able to induce an
increase in mean dendrite length from 20.57 + u68to 26.44 + 0.8Gum (Fig. 8.6,
panels A and B, *** 9p < 0.001vs. 0 h, ### =p < 0.001vs. vehicle). However, the ability
of Fsk to induce an increase in mean dendrite kemgts impaired following incubation
with myrPKl 4.2, with mean dendrite length post-stimulation dearepfrom 33.28 + 0.99
um in the absence of myrPKl, to 26.44 + 0.86um following pre-incubation with
myrPKli4.22 (Fig. 8.6, panels A and B, +++p=< 0.001vs. Fsk at 1 h).

The ability of myr.PK]4-22to significantly inhibit Fsk-mediated increasesnean dendrite
length suggests that the ability of cAMP elevatitin promote changes in LNCaP
morphology consistent with NE-like differentiatiorequire activation of PKA. Such
observations are in keeping with the accepted madeLNCaP differentiation but
contradict the previous observation that H89-mediathibition of PKA induced increases
in mean dendrite length in the absence of cAMPatlen. It is thought that, of the two
inhibitors, PKI-based inhibitors represent a mostedive inhibitor family than the
competitors of ATP binding such as H89 or KT 57RMufray, 2008). It is therefore more
likely that myr.PKl4..-mediated inhibition of Fsk-induced dendrite outgtio represents
the true effect of PKA inhibition on cAMP-inducedENike differentiation in LNCaP cells
and that the ability of H89 to induce morphologichanges in these cells arises from non-

selective effects.

8.2.8 Inhibitors affecting cAMP signalling are effi  cacious in the

experimental system used

In order to demonstrate that the used, t-Bu-SATE&) Hnd myrPKi,.», were efficacious

in this experimental system, LNCaP cells were seéeate 6-well plates and grown to 70 —
80 % confluence. In order to obtain sufficienthgtiprotein concentrations, it was not
possible to perform this analysis on LNCaP cellscvinad been plated in order to observe
dendrite outgrowth as these must be grown to aravemfluence in order to allow
dendrites belonging to individual cells to be digtiished. Where possible, analysis of
inhibitor efficacy was done in parallel with dertdrioutgrowth experiments and always
with the same batch of inhibitor used. LNCaP celege pre-treated with the respective
inhibitors for 1 h prior to stimulation with 10M Fsk for 15 min. Inhibitor efficacy was
assessed by a decrease in PS@REB, a downstream substrate of PKA, and aiso
immunoblotting for a decrease in pTHpTyrr®ERK1/2 as a secondary indicator because

multiple kinases phosphorylate CREB on’&&iTherefore inhibitor treatment may not
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Fig. 8.7: Efficacy of inhibitors of cCAMP signalling

LNCaP cells were seeded into 6-well tissue culpledes and grown to 70 %
confluence prior to pre-incubation with vehicle48% (v/v) DMSO), 10uM t-
Bu-SATE, 5uM H89 or 10 nM myrPKI for 1 h. Cells were then stilated with
vehicle (0.1 % (v/v) EtOH) or 1QM Fsk for 15 min prior to immunoblotting
for pSet** CREB and pTH pTyrr®ERK1/2 as indicators of PKA activation.
Equal protein loading was determined by immunolrigtfor ERK1/2. Blots

shown are representative of 3 separate experiments.
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completely abolish serine phosphorylation of CRE®& Inay promote inhibition of
pThr%pTyrr”ERK1/2, thus demonstrating their efficacy. Treattmeith t-Bu-SATE only
partially abolished Fsk-induced phosphorylationGREB and ERK1/2. In preliminary
experiments, this is the only concentration of tBATE which promoted a decrease in
CREB or ERK1/2 phosphorylation (data not shown).t/&&I-SATE is an AC inhibitor, it

iIs possible that the magnitude of Fsk-induced AQivagon in LNCaP cells is
supramaximal and thus cannot be completely inkddite the concentration of t-Bu-SATE
used. Pre-treatment with H89 completely abolishedk-iRduced increases in
pThr%pTyrrERK1/2 but only partially abolished Fsk-induced gpiaorylation of CREB.
However, myrPKis;2, completely abolished Fsk-induced increases in both
pThPr%pTyrr”ERK1/2 and pSer‘CREB. The results shown in Fig. 8.7 suggest that th
inhibitors of cAMP-mediated signalling used aredad efficacious in the experimental

system.

8.2.9 Inhibition of Rho-ROCK signalling mimics the effect of Fsk

treatment

It was previously found that pre-treatment of LNGas with the PKA-selective inhibitor
H89alone was able to simulate the effects of FskLdiCaP morphology and that
combined treatment with H89 and Fsk failed to poeda synergistic increase in mean
dendrite length, indicating that the two are actung a common pathway. Such data
contravenes published data indicating a requirerfoerRKA activation in cCAMP-mediated
NE-like differentiation of LNCaP cells (Coat al., 2000). However, subsequent treatment
with the peptide-based myrPkL, blocked Fsk-induced changes in LNCaP morphology,
indicating that this event is PKA-dependent. Theclhamisms by which H89 and
myrPKly4-22 act to inhibit PKA are very different and so mayplkain their different effects
on Fsk-induced increases in mean dendrite lengtiNidaP cells. Myr.PKi,.>2is based on
an endogenous peptide inhibitor of PKA which minties regulatory subunit of PKA and
holds the catalytic subunits in an inactive st&edogenous PKI is highly selective for
PKA and the catalytic subunits are thought to beoiilyin vivo substrate (Murray, 2008).
In contrast, H89 and the related compound KT 7%28,both competitive antagonists of
ATP binding and may therefore show decreased satgcfor PKA in comparison to
myr.PKli4-20 (Murray, 2008). It has been demonstrated thatrireat of both the 3T3-L1
adipocyte and the NG 108-15 neuroblastoma-glioma lcees with H89, at similar
concentrations to those used in these experimemisced cellular differentiation in the
absence of other stimuli (Ka#ab al., 2007;Leemhuist al., 2002). Of particular note is the
observation that in NG 108-15 treatment with H8% @aduce neurite outgrowthia
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inhibition of Rho-activated kinase (ROCK) (Leemhatsal., 2002). Similarly, H89 was
able to induce differentiation in adipocyt@a a process which could be mimicked by the
ROCK-selective inhibitor Y27632, again indicatirigat H89 is exerting inhibitory effects
on ROCKSs rather than PKA (Katet al., 2007). It is possible that actions of H89 on
ROCKs in LNCaP cells may explain the opposing éfferf myr.PKl4,, and H89 on
LNCaP morphology.

To test this hypothesis, images of LNCaP cells weaptured prior to incubation with
either vehicle (0.1 % (v/v) DMSO) or pM of the ROCK-selective inhibitor Y27632
(Ishizakiet al., 2000) at 37C, 5 % (v/v) CQ. LNCaP cells were then incubated for 1 h in
the presence of either vehicle (0.1 % (v/v) EtOHLOuM Fsk and images captured post-
stimulation. In keeping with previous experimemsubation with vehicle did not result in
a change in LNCaP morphology (Fig. 8.8, panels & Brp > 0.05 at post-stimulatiovs.

0 h) and pre-incubation with vehicle did not inhiBsk-induced increases in mean dendrite
length from 17.86 + 0.4{dm at O h to 32.79 + 0.7@m post-stimulation (Fig. 8.8, panels A
and B, *** = p < 0.001vs. 0 h, ### =p < 0.001vs. vehicle at same time point). As
anticipated, incubation with Y29632 in the absenté-sk induced an increase in mean
dendrite length from 16.42 = 0.48n to 25.40 + 0.57um although the increase in mean
dendrite length was not as great as seen withrEakntent alone (Fig. 8.8, panels A and B,
*** = p<0.001vs. O h, ### 9 < 0.001vs. vehicle at same time point, +++= 0.001vs.
Fsk). However, combined treatment of LNCaP cellshvd uM Y27632 followed by
stimulation with 10uM Fsk did not produce a synergistic increase in mdandrite
outgrowth with mean dendrite length increasing frofm42 + 0.46um to 35.77 £ 0.7im
throughout the experiment (Fig. 8.8, panels A and*B= p < 0.001vs. O h, ### =p <
0.001vs. vehicle at same time point, +++p=< 0.001vs. Fsk). Whilst the increase in Fsk-
induced dendrite outgrowth was found to be sigaiftty greater following pre-incubation
with Y27632, it is unlikely that an increase in madendrite length of &m represents a

biologically significant change and is more a rest@ikhe large number of cells measured.

In order to assess the efficacy of Y27632 in tlxgeeimental system, LNCaP cells were
grown on coverslips coated with 0.1 mg/ml poly-BBthe prior to incubation with Y27632
and Fsk as described above. The actin cytoskele&anthen visualisedia staining with
10 U/ml rhodamine-conjugated phalloidin as descriloe Materials and Methods and
images subsequently captured using a Zeiss PasaateE laser scanning confocal
microscope. Treatment with Y27632 resulted in ardase in punctate regions of actin
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staining, indicative of a decrease in actin polysaion and inhibition of ROCK
signalling (Fig. 8.8, panel D, arrows indicate piae regions)

The ability of Y27632 to mimic the effect of Fsk &NCaP morphology suggests that
inhibition of ROCK signalling can promote NE-likeiffédrentiation in LNCaP cells.
Furthermore, in conjunction with the experimentsnganyrPKh,.2, the results support
the hypothesis that the effects of H89 on cell holpgy arise due to inhibition of ROCK
activity rather than PKA-selective effects. Thehiity of combined Y27632 and Fsk
incubation to exert additive effects on increasesnean dendrite length suggest that the

two agents act through a common pathway.

8.2.10 Inhibition of RhoA activity mimics the effec  ts of Fsk on
LNCaP morphology

Incubation with the ROCK-selective inhibitor Y27632duced an increase in mean
dendrite length in LNCaP cells and failed to patdet Fsk-induced increases in mean
dendrite length. These results indicate that Fsi mhibit ROCK activation to promote
differentiation to a NE-like morphology. Activatioof ROCK occurs downstream of
RhoA, therefore it is possible that inhibition ohé® may also promote the observed
changes in LNCaP morphology seen with Y27632. Taresk this issue, a cell permeable
inhibitor of RhoA derived from the C3 transfera&&3T) of Clostridium botulinum was
used. C3T acts to ADP-ribosylate N41 of RhoA anHikits activation of RhoA by
increasing the steady state GTPase activity of RbpAO — 80 % and thus reducing the
time frame in which RhoA is in its GTP-bound, aetiorm (Mohret al., 1992).

LNCaP cells were seeded into 6-well plates as destrpreviously and grown to
approximately 50 % confluency. Prior to each expent, cell culture medium was
replaced with fresh culture medium containing eithehicle (2 % (v/v) PBS) or 4g/ml
cell permeable C3T. Images were captured at O tiipogbation with C3T and again at 6
h post-stimulation at which point robust inhibiti@h RhoA by C3T should have been
achieved. LNCaP cells were then stimulated withialen(0.1 % (v/v) EtOH) or 1M
Fsk for 1 h and images captured post-stimulatiodessribed previously. Treatment with
vehicle failed to induce any changes in mean dentength at O h (20.04 = 0.5um), 6 h
(20.63 = 0.61um) and post-stimulation (20.94 + 0.%%n, Fig. 8.9, panels A and C),
indicating that any changes in mean dendrite lenigtinot arise from vehicle effects. In
keeping with previous data, LNCaP cells pre-incabawith vehicle show no change in
mean dendrite length at 0 h (23.08 + Oué6) or 6 h (23.48 + 0.7(0m) but stimulation
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Fig. 8.8: Inhibition of ROCK signalling by Y27632 r  ecapitulates the

effect of Fsk on LNCaP morphology

LNCaP cells were seeded into 6-well plates andhbated with either vehicle (0.5%
(v/v) DMSO) or 5uM Y27632 for 60 min at 3T, 5 % (v/v) CQ prior to stimulation
with vehicle (0.1 % (v/v) EtOH) or 1AM Fsk for a further 60 min at 8C, 5 % (v/v)
CO, . Images of five random fields per treatment weaptured at each time point
(panel A) and changes in LNCaP morphology assebgegheasuring mean dendrite
length for 30 random cells per field per treatm&dsults are presented as mean values
+ SEM forn = 3 experiments (panel B). *** p < 0.001vs. 0 h, ### =p < 0.001vs.
vehicle at same time point, +++p=< 0.001vs. Fsk at 1 h. To assess the efficacy of
Y27632, the disruption of stress fibres was vigsi by rhodamine-conjugated
phalloidin staining of the actin cytoskeleton (pa®. Arrows denote regions of
punctate actin cytoskeletal staining, indicativeaoflecrease in polymerised actin and
inhibited ROCK signalling.
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with 10 uM Fsk results in an increase in mean dendrite fet@81.49 + 0.74um (Fig. 8.9,
panels A and C, ** =p < 0.001vs.0 h, ### =p < 0.001vs. vehicle). As expected,
treatment with 4ig/ml C3T resulted in an increase in mean dendeigth from 20.03 +
0.63um at 0 h to 28.45 = 0.8om at 6 h and 31.29 £ 0.86n at the end of the experiment
(Fig. 8.9, panels B and C, *** p < 0.001vs.0 h, ### =p < 0.001vs. vehicle). Similar
results were obtained in the LNCaP cells whichipoetbated with C3T for 6 h with mean
dendrite length increasing from 21.87 + 0465 at O h to 35.30 + 0.88m at 6 h post-
stimulation stimulation (Fig. 8.9, panels B and*€,= p < 0.001vs.0 h, ### =p < 0.001
vs. vehicle). Stimulation with Fsk failed to inducether increases in mean dendrite length
from that seen at 6 h post-incubation with Fsk§34: 0.87um, Fig. 8.9, panels B and C,
*** = p<0.001vs.0 h, ### 9 < 0.001vs. vehicle,p > 0.05vs. 6 h).

Membrane translocation of RhoA is associated witfivation of the protein (Thibaukt

al., 2000), thus to assess whether Fsk was able ¢tiviate RhoA, the presence of RhoA
in LNCaP membranes was detected. LNCaP cells weaged in serum-free medium for 6
h in the presence of either vehicle (0.1 % (v/iv)SPBr 1ug/ml C3T prior to stimulation
with either vehicle (0.1 % (v/v) EtOH) or 1M Fsk for 1 h. Membranes were prepared as
described in Chapter 5 and the presence of RhaAeémmembrane preparations assessed
via immunoblotting. As observed in Fig. 8.9 (panel Dgatment with 1QuM Fsk in the
presence or absence of C3T resulted in a decreasietected RhoA in LNCaP cell
membrane preparations, suggestive that Fsk istabtehibit RhoA activation. It must be
noted however that equal loading could not be detexd due to high background staining
of anti-Gu; antibodies which were used as loading controlsrfembrane fractions.

The ability of C3T to recapitulate the effects @kFon LNCaP morphology suggests that
inhibition of RhoA activity is important in the delpment of this phenotype.
Furthermore, the lack of additive increases in maandrite length following combined
C3T and Fsk treatment imply that the ability ofs@dwo compounds to induce NE-like
morphological changes in LNCaP cells is mediate@ lmpmmon signalling pathway. It is
possible that treatment with Fsk may act to diyecthibit RhoA. Of particular concern is
the observation that TRIO-GEF plays a role in agoidance and is able to activate RhoG
and RhoA/Rac-¥ia its two distinct GEF domains to promote changeseih morphology
(Bellangeret al., 2000). Due to the lack of published data regaydire specificity of C3T
for RhoG in comparison to RhoA, the peptide seqgesnaf all described human Rho
family members were aligned using the clustalW algm (Thompsoret al., 1994) and

examined for the presence of key residues implicateecognition of RhoA by C3T (Fig.
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Fig. 8.9: Inhibition of RhoA causes changes in LNCa P

morphology consistent with NE-like differentiation

LNCaP cells were plated into 6-well plates and bated for 6 h with either
vehicle (2 % (v/v) PBS) (panel A) orig/ml C3T (panel B) prior to stimulation
with either vehicle (0.1% (v/v) EtOH) or 1M Fsk for 1 h. Images were captured
as described at 0 h (0 h), 6 h post-stimulatioh)(énd following stimulation with
Fsk (post-stimulation). Changes in LNCaP morpholagysistent with NE-like
differentiation were assessefh increases in mean dendrite length (panel C).
Activation of RhoA was assesseth an increase in membrane localised RhoA
(panel D). Results are represented as mean valuBEM for n = 3 separate
experiments. *** =p < 0.001vs. 0 h, ### 9 < 0.001vs. vehicle
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8.10). The 90 N-terminal residues of RhoA have bdemonstrated to provide the
minimum sequence required for recognition by C3Thwhe combined presence of the
basic ArgLys® sequence with the acidic GlIGIu>* motif resulting in an increase in C3T-
mediated ADP-ribosylation and promotes binding &R to C3T (Wildeet al., 2000).
Mutation of Rac, a non-C3T substrate, to includeséhmotifs promotes interaction with
C3T but required the inclusion of mutations eithigle of the Asp residue (equivalent to
S43V and M47E of Rac) to enable full ADP-ribosyatiof Rac, indicating that the
equivalent residues are important in C3T-mediat@PAibosylation of RhoA (Wildest
al., 2000). Indeed these residues have been implicetedorrect formation of the
C3T/NAD+/RhoA ternary complex required for ADP-réydation (Wildeet al., 2000). Of
importance is the observation that only RhoA, Rha&d RhoC have the correct
configuration of residues to mediate recognitiord akDP-ribosylation by C3T, thus
providing evidence that the ability of C3T to inéudendrite outgrowth in LNCaP cells
arises due to inhibition of RhoA rather than effemh other Rho family members including
RhoG.

8.2.11 Expression of constitutively active RhoA blo cks Fsk-

induced increases in mean dendrite length

Pharmacological blockade of RhoA/ROCK signallingmus the effect of CAMP elevation
on LNCaP cell morphology. Such results suggestdhavation of RhoA would therefore
block Fsk-induced changes in LNCaP cell morpholdgyorder to address this, LNCaP
cells were transfected withlg of cDNA encoding either vector (pRK5), wild-tygdoA
(myc.RhoAWT), a dominant negative RhoA (myc.RhoAN]1®r a constitutively active
RhoA (myc.RhoAQG3L).

LNCaP cells transfected with either vector or mymRWT displayed no difference in
mean dendrite length, indicating that any effedtsngc.RhoAT19Nor myc.RhoAQ63L
expression are not due to the transfection proeedurto over-expression of RhoA. Fsk
stimulation of LNCaP cells transfected with myc.RN&T resulted in an increase in mean
dendrite length comparable with that seen in vettated cells, indicating that over-
expression of RhoA does not alter cellular respsnse Fsk. Expression of the
constitutively active myc.RhoAQG63L resulted in a&dEse in mean dendrite length in the
absence of Fsk stimulation (Fig. 8.11 panels ABn#H++ =p < 0.001vs. other constructs)
and prevented Fsk-induced increases in mean dendngth (Fig. 8.11 panels A and B,
+++ =p < 0.001vs. other constructs). These results suggest thattion of RhoA is able

to block Fsk-induced changes in LNCaP cell morpgpldn contrast, it was expected that
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Fig 8.10: Identification of residues within the N-t  erminus of human Rho

family members which are important for interaction with C3T

Protein sequences corresponding to the known hidhanfamily members were retrieved
from the UniProt knowledge base and aligned usihgt@/W. The N-terminus of RhoA
was then compared to other family members in otdeassess whether they showed
similar motifs to those implicated in the binding @3T to RhoA and subsequent ADP
ribosylation.l = site of ADP-ribosylation, equivalent to N4 = residues involved in
C3T recognition, equivalent to R5, K6, E47 and B&4 residues involved in correct
ternary complex formation between Rho, C3T and NAE&ofresponding to E40 and V43.

All amino acid positions refer to the position bése residues in RhoA.
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expression of myc.RhoAT19N in LNCaP cells wouldbatimic the effect of Fsk on

LNCaP cell morphology in the absence of other diinamd potentiate Fsk-induced
dendrite outgrowth. However, whilst expression gctRhoAT19N resulted in an increase
in mean dendrite length in some transfected wtlis, effect was minor in comparison to
Fsk-induced changes in mean dendrite length anchatasgniform for all wells transfected

with myc.RhoAT19 (Fig. 8.11 panels A and B, ++$ = 0.001vs. other constructs).

Furthermore, expression of myc.RhoAT19N did noteptiate Fsk-induced changes in
LNCaP cell morphology and caused an increase imrdeadrite length comparable with
that observed in cells transfected with prk5 or RymAWT (Fig. 8.11, panels A and B,
*** = p < 0.001vs. O h, ### = < 0.001vs. vehicle). When comparative expression of the
different myc.RhoA constructs was determineaimmunoblotting for the myc epitope, it
was found that expression of myc.RhoAT19N was lothian that of the other constructs
(Fig. 8.11, panel C).

To determine whether the lack of effect of RhoAT1&bression on Fsk-induced dendrite
outgrowth was a result of lower expression of mhoRT19N, LNCaP cells were
transfected with 1.g of myc.RhoAT19N. To ensure that any effects oCRNOAT19N
expression were not a result of increases in theuatmof cDNA used, LNCaP cells were
transfected in parallel with 1409 of pRK5. LNCaP cells were also transfected witigl
of either myc.RhoAWT or myc.RhoAQG63L @er previous experiments. Whilst LNCaP
cells transfected with pRK5, myc.RhoAWT or myc.RI@@@3L appeared healthy post-
transfection, expression of myc.RhoAT19N resultedcell detachment and death (Fig.
8.11, panel D), indicating that higher expressibrda@minant negative RhoA in LNCaP

cells was not possible.

8.2.12 Actin depolymerisation mimics the effects of Fsk on

LNCaP cell morphology

Given the importance of the RhoA-ROCK signallingthpeay in regulating actin
cytoskeletal dynamics, the ability of Fsk to indutendrite outgrowth in the absence of a
functional actin network was assessed. LNCaP oedlee seeded onto glass coverslips
coated with 0.1 mg/ml poly-D-lysine and grown to-@&D % confluence. Cells were pre-
incubated with either vehicle (1 % (v/v) DMSO) d@d0Lmg/ml cytochalasin B for 1 h at
37°C, 5 % (v/v) CQ in order to disrupt the actin cytoskeleton priorstimulation with
either vehicle (0.1 % (v/v) EtOH) or 1M Fsk for 1 h. Images were captured at 0 h and
post-stimulation. In order to determine the efficaof cytochalasin B, the actin
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Fig. 8.11: Expression of a dominant negative RhoA b  locks Fsk-

induced changes in LNCaP cell morphology

LNCaP cells were plated into 6-well plates andgfacted with ug of either pRK5,
myc.RhoAWT, myc.RhoAT19N, myc.RhoAQ63L as descrilledChapter 5. Cells
were then stimulated with vehicle and 1M Fsk and mages were captured as
described at 0 h (0 h) and 1 h post-stimulation) (panel A). Changes in LNCaP
phology consistent with NE-like differentiation veassesseda increases in mean
dendrite length (panel B). Expression of RhoA mtdganmvas assessedia
immunoblotting for the myc epitope (panel C). Inder to increase cellular
expression of RhoAT19N, LNCaP cells with 11§ of pRK5 and myc.RhoAT19N
(panel D). Results are represented as mean valu8&EM for n = 3 separate
experiments. *** =p < 0.001vs. 0 h, ### =p < 0.001vs. vehicle, +++ 90 < 0.001vs.
pRK5
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cytoskeleton was visualised using rhodamine-congdyphalloidin as described in chapter
4 and images captured using a 63 x magnificatibrinmmnersion objective on a Zeiss

Pascal Exciter 5 laser scanning confocal microscope

Treatment with cytochalasin B promoted morphologiclaanges consistent with Fsk-
induced NE-like differentiation in LNCaP cells imetabsence of Fsk stimulation and failed
to synergise with Fsk to promote an increase inmukndrite length (Fig. 8.12, panels A
and B). Although treatment with cytochalasin B efiecly induced a similar morphology
as that seen with Fsk treatment, it must be noled tlendrites occurring following
treatment with cytochalasin B appeared less raiast those seen following Fsk treatment
as evidenced by gaps in the extensions (Fig. &aRel A, indicated by arrows). As
anticipated, treatment with cytochalasin B effeglyvdisrupted the cytoskeleton with a
decrease in stress fibres observed between vethale 8.12, panel C, arrow a) and

cytochalasin B-treated cells (Fig. 8.12, panel@)a B).

These results suggest that the Fsk is able to ratalaictin cytoskeletal dynamics in a
similar way to that seen with cytochalasin B treatinand indicate that Fsk is able to
inhibit actin polymerisation. Such a result is astent with the hypothesis that Fsk
promotes NE-like differentiation of LNCaP cells dhgh inhibition of RhoA-ROCK

signalling.

8.2.13 Selective activation of PKA recapitulates th e effect of Fsk

on LNCaP cell morphology

Whilst previous results indicate that the abiliyFsk to induce changes in LNCaP cell
morphology is mediated through activation of PKAlaimultaneous inhibition of RhoA
activity. In order to demonstrate that PKA is indethe predominant cAMP sensor
involved in this phenomenon, LNCaP cells were géatith either vehicle (1 % (v/v)
DMSO), 100uM of the PKA-selective agonist®™Benzoyl-cAMP (6-Bnz-cAMP), 1M
Fsk or a combination of Fsk and 6-Bnz-cAMP for 1HRhase contrast images were
captured at O h and post-stimulation in keepinghvtevious experiments and LNCaP

cells assessed for increases in mean dendritenlengt

In keeping with previous data, treatment with véhialone failed to induce a change in
LNCaP cells morphology, indicating that any effecfsFsk or 6-Bnz-cAMP arose from

pharmacological activity of these drugs. Treatnweitih 10 uM Fsk resulted in an increase
in mean dendrite length from 18.14 + 045 at O h to 35.11 + 0.7dm post-stimulation
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Fig 8.12: Disruption of the actin cytoskeleton reca  pitulates the

effects of Fsk treatment on LNCaP cell morphology

LNCaP cells were plated onto glass coverslips coadth 0.1 mg/ml poly-D-lysine
and grown to 60-70 % confluency. Cells were thenlrated with either vehicle (1
% (v/v) DMSO) or 100 mg/ml cytochalasin B for 1 b disrupt the actin
cytoskeleton prior to incubation with vehicle (@4 (v/v) EtOH) or 10uM for 1 h.
Phase contrast images were captured at 0 h andstposiation. Following
incubation, LNCaP cells were fixed in 4 % (w/v) amrmaldehyde prior to
blocking in 5 % (w/v) BSA-PBST for 30 min and staig with 10 U/ml rhodamine-
conjugated phalloidin overnight at@ Successful actin staining was visualised on a
Zeiss Pascal Exciter 5 laser scanning confocal asgope using a 63 x

magnification, oil immersion objective.
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Fig. 8.13: Selective activation of PKA mimics the e  ffect of Fsk on

LNCaP cell morphology

LNCaP cells were plated into 6-well plates and batad for 1 h with either vehicle
(2 % (v/iv) DMSO, 0.1 % (v/v) EtOH), 100M 6-Bnz-cAMP, 10uM Fsk or a
combination of 10uM Fsk and 100uM 6-Bnz-cAMP (panel A). Images were
captured as described at the time points indicaaaed changes in LNCaP
morphology consistent with NE-like differentiatiovere assesseda increases in
mean dendrite length (panel B). The ability of 2BMAMP and Fsk to mediate
increases in phospho-PKA substrates was used tcatedefficacy with a 15 min
stimulation included as a positive control (panglR@sults are represented as mean
values = SEM fom = 3 separate experiments. *** =< 0.001vs. O h, ### =p <
0.001vs. vehicle, ++=p < 0.001vs. Fsk
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(Fig. 8.13, panels A and B, *** § < 0.001vs. O h, ### 9 < 0.001vs. vehicle). Treatment
with 100puM 6-Bnz-cAMP promoted a similar increase in meandifge length from 18.68

+ 0.49um at 0 h to 31.03 £ 0.6om post-stimulation (Fig. 8.13, panels A and B, P <
0.001vs. O h, +++ =p < 0.001vs. vehicle, +++ =p < 0.001vs. Fsk). Co-stimulation of
LNCaP cells with 10uM Fsk and 100uM 6-Bnz-cAMP caused an increase in mean
dendrite length from 18.49 + 0.48n at O h to 32.28 = 1.2@m post-stimulation (Fig.
8.13, panels A and B, *** p < 0.001vs. 0 h, +++ =p < 0.001vs. vehicle, +++ =p <
0.001vs. Fsk). Whilst treatment with 6-Bnz-cAMP and co-silation with Fsk and 6-
Bnz-cAMP resulted in a significant decrease in mdandrite length compared to Fsk
stimulation alone, the difference in mean dendetggths is of approximately gm and

thus is unlikely to be biologically significant.

Selective activation of PKA can entirely recapitalthe ability of Fsk to induce changes in
LNCaP cell morphology, confirming previous obseiwas that PKA activation was the
predominant cAMP effector involved in LNCaP cellffeientiation to a NE-like
phenotype. This conclusion is further supportedh®ylack of additive effects following
co-stimulation with Fsk and 6-Bnz-cAMP, indicatinbat activation of other cAMP
sensing molecules as a result of Fsk-mediated asesein intracellular cAMP plays an
insignificant role in morphological changes in LNEZaells in comparison to the role of
PKA.

8.2.14 Investigation into a role for EPAC in Fsk-me  diated changes

in LNCaP cell morphology

Whilst it is likely that the changes seen in LNCeélls during the first hour post-
stimulation with Fsk are PKA driven, given the laokadditive effects between 6-Bnz-
cAMP and Fsk, a role for EPAC activation must beledted from this model. In order to
establish this, LNCaP cells were treated with 10lpof either control or EPAC1 siRNA
for 48 h prior to stimulation with either vehicle @0 uM Fsk for 1 h. Phase contrast
images of LNCaP cells were taken at 0 h and imntelgi@ost-stimulation as described in
previous experiments. There was no initial diffeerbetween mean dendrite length in
control and EPAC1 siRNA treated cells, indicatitgitt knockdown of EPAC1 had no
effect on cellular morphology. Treatment of eith&CaP cells treated with either control
or EPAC1 siRNA with 1QuM resulted in an increase in mean dendrite lengtinf12.48 +
0.79um at 0 h to 26.76 £ 2.7pm post-stimulation and from 12.79 + 0.46 to 26.83 +
1.23um for control and EPAC1 siRNA treated LNCaP cefipectively (Fig. 8.14, panels
A and B, *** = p < 0.001vs. O h, ### 9 < 0.001vs. vehicle). These results suggest that
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Fig. 8.14. Effect of EPAC1 siRNA on Fsk-induced cha nges in LNCaP
cell morphology

LNCaP cells were seeded into 6-well tissue cultlishes and transfected with 100 pmol
of either control or EPACL1 siRNA as described iraflier 5. Cells were stimulated at 48 h
post-transfection with either vehicle (0.1 % (vBfOH) or 10uM Fsk for 1 h and phase
contrast images captured at O h and 1 h post-sditonlas described previously (panel A).
Mean dendrite length was assessed as describexttiors 8.2.1 and results presented as
mean = SEM fon = 3 separate experiments (panel B). **p=< 0.001vs. O h, ### p <
0.001vs. vehicle Successful knockdown of EPAC1 was assegseidnmunoblotting for
EPAC1 with HUVEC cell lysates (H) included as aipwes control for antibody reactivity
(panel C). Expression of EPAC2 was assessed selyamatLNCaP cells stimulated with
either vehicle (0.1 % (v/v) EtOH) or M Fsk for 5 h and lysates of rat brain cortex
included as a positive control for antibody reatgi(panel D). Non-specific bands

indicate equal protein loading (*)

204



activation of EPAC1 has no role in Fsk-induced g®mnin LNCaP cell morphology.
However, when cell lysates were immunoblotted foodkdown of EPAC1, detection of
the protein in LNCaP cells was not robust, desluiéeling 100ug of protein and strong
detection of EPAC1 in a HUVEC cell lysate used apoaitive control for antibody
reactivity (Fig. 8.14, panel C). Therefore, it istrpossible to conclude whether EPAC1
was successfully knocked down in LNCaP cells and sale for the EPAC proteins in this
phenomenon cannot be excluded. Importantly, it demonstrated that LNCaP cells also
express EPAC2 (Fig. 8.14, panel D) which may playare dominant role than EPACL1 in
Fsk-induced changes in LNCaP cell morphology andctee knockdown of EPAC2
should be performed to address this. However, #gtrba stressed that the data obtained in
section 8.2.13 indicate no synergistic or additaetions between 6-Bnz-cAMP and Fsk,

suggesting that any role for EPAC in this phenomemay be minor in nature.

8.3 Discussion

During work investigating the ability of Fsk-mededt CAMP elevation to inhibit IL-6-
induced STAT3 phosphorylation, it was noted thatQa® cells displayed an altered
morphology when stimulated with 10M Fsk in comparison with vehicle-stimulated
LNCaP cells. Following a time course of Fsk stiniola, it was apparent that this
phenomenon was restricted to LNCaP cells and didoxur in DU145 or PZ-HPV-7 cells
(Fig.8.1). In LNCaP cells, Fsk-induced changeseah morphology were associated with
rounding of the cell body, dendrite extension aeddtitic branching and are consistent
with LNCaP cell differentiation to a NE-like phegpe. Whilst much work has focussed
on the ability of Fsk to induce long-term, funcimrchanges in LNCaP cells by promoting
NE-like differentiation, less work has examined thechanisms by which LNCaP cell
morphology becomes so dramatically altered. Dataioed in this study indicates that,
using an increase in mean dendrite length as ass®sent of NE-like differentiation, the
majority of morphological changes in LNCaP cellideaing Fsk treatment occur within
the first hour post-stimulation with Fsk (Fig. 8.This time point was therefore chosen for
subsequent studies of Fsk-induced changes in LM€kPhorphology.

8.3.1 The roles of PKA and EPAC in LNCaP differenti ation

It was found that treatment of LNCaP cells with Bi€A-selective inhibitor myr.PKk »,

effectively inhibited the ability of Fsk to inducecrease in mean dendrite length,
indicating that PKA activation is important for shphenomenon. This observation is
consistent with previous work by Cat al (2000) who demonstrated that treatment of

LNCaP cells with agents, including @M Fsk, which induce NE-like differentiation
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promoted a significant increase in PKA activityrasasured by increased phosphorylation
of the synthetic substrate malantide (Cetxal., 2000). Furthermore, expression of
constitutively active PKA catalytic subunit (PKA-Gputants encoding single codon
changes at positions 87 ) and 196 (W— R) (Orellana & Mcknight, 1992) promoted
NE-like differentiation in LNCaP cells in the abserof any other stimulus. The ability of
PKA-C to be activated in the absence of stimulatiath cAMP-elevating agents appears
to be due to loss of regulation by the regulatayusits of PKA (Orellana & Mcknight,
1992) which would normally bind cAMP in order tdaase the active catalytic subunits.
Combined with data obtained in this study, it woajpear that the ability of Fsk to induce
NE-like differentiation in LNCaP cells is dependent PKA activity.

However, whilst PKA activation has been shown to dudficient to induce NE-like
differentiation in LNCaP cells, it was necessaryestablish a role for the more recently
described EPAC in this phenomenon. In PC12 celisylsaneous activation of EPAC and
PKA is associated with neuronal differentiation lshiexclusive activation of PKA is
associated with proliferation of PC12 cells throlRjKA-mediated phosphorylation of the
EGFR and subsequent transient but robust activafi@tRK1/2 (Kiermayeset al., 2005).
These results suggest that activation of both ERAG PKA is important for mediating
cAMP-induced neuronal differentiation. Indeed ish@een shown that treatment of PC12
cells with 8Me-pCPT-cAMP synergistically enhancesiite extension induced by both 6-
Bnz-cAMP and NGF, indicating the important role BPAC in this phenomenon
(Christensenet al., 2003). Such interactions between EPAC and PKA ralsp be
applicable in the case of cAMP-induced NE-like eliéntiation in LNCaP cells, although
cell line-specific responses cannot be discounted?C12 cells, selective activation of
either PKA via the PKA-selective cAMP analogue 6-Bnz-cAMP fails tnduce
neuritogenesis except in the presence of the ERA&tsve CAMP analogue 8Me-pCPT-
CAMP. Similarly, treatment with 8Me-pCPT-cAMP alorfailed to induce neurite
outgrowth but promoted strong increases in the raundf cells with neurites when
combined with 6-Bnz-cAMP (Christensehal., 2003). In contrast to PC12 cells, active
PKA alone appears necessary to induce NE-like réiffigation of LNCaP cells with
expression of PKA-C promoting NE-like differentmti in the absence of other stimuli
(Cox et al., 2000). However, this study only investigated grosorphological changes,
which are not a quantitative measure of differdiarg and did not compare the abilities of
Fsk and PKA-C to induce LNCaP cell differentiatidmerefore, subtle differences in the
respective abilities of PKA-C and Fsk to induce raes in LNCaP cell morphology

arising may have been overlooked. In this studgstpratment of LNCaP cells with 10 nM
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myrPKli422 significantly but incompletely inhibited Fsk-indedt increases in mean
dendrite length despite completely blocking Fsk-iaed phosphorylation of SEICREB

at this concentration. These results suggestialst PKA may play the predominant role
in Fsk-induced changes in LNCaP cell morphologyAERactivation may contribute to

this phenomenon.

Indeed, in HUVECSs, treatment with 8Me-pCPT-cAMP bagn reported to promote actin
polymerisation co-ordinately with increased mictatle growth, indicating that EPACL1 is
important in mediating cross-talk between the acttoskeleton and the MT network
(Sehrawatt al., 2008). As depolymerisation of the MT network iNCaP cells prior to
stimulation with Fsk resulted in dendrites whichrevenorphologically distinct from those
seen in cells pre-incubated with vehicle (Fig. 8i8)s possible that EPAC may play a role
in governing dendrite integrity. However, incubatiof LNCaP cells with 6-Bnz-cAMP
totally recapitulated the effects of Fsk treatm@micellular morphology and no additive or
synergistic actions were seen between Fsk and &BMP (Fig. 8.13). These results
support the hypothesis that activation of PKA ig firedominant effect in governing
changes in LNCaP cell morphology following cAMP\&&on and indicate that any role
played by EPAC1 is more minor at the early timenpostudied. However, a role for the
EPAC proteins later in LNCaP differentiation canhetdiscounted and it must be stressed
that only a role for EPAC1 has been investigatesiLNCaP cells also express EPAC2, it
is possible that this protein may play a greatée no governing Fsk-induced changes in
LNCaP cell morphology (Fig. 8.14).

It is important to note that, at the time pointsdstd, it is unlikely that any contribution of
de novo protein synthesis to changes in LNCaP cell mominolwill be detected. Indeed,
pre-treatment with 100M emetine did not inhibit Fsk-induced increasesigan dendrite
length at 1 h post-stimulation with effects on Hs#tticed increases in mean dendrite
length observed at 3 and 5 h post-stimulation (8i8). Given the rapid increase in mean
dendrite length observed within the first hour pstsnhulation with Fsk (Fig. 8.1), it is
more likely that the changes in cellular morpholage due to immediate cytoskeletal
alterations rather than as a resultlehovo synthesis. It is therefore unlikely that any gene
products regulated downstream, EPAC proteins widkenany significant contribution to
the phenotype measured at 1 h post-stimulation Réth Extension of these experiments

to look at later time points may well reveal a fde EPAC proteins in this phenomenon.
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Such predominance of PKA in this effect may be fiecgon of the greater ability of
CAMP to activate PKA in comparison to EPAC. Whiksith human EPAC1 and PKA
holoenzyme display similar affinities for ;CAMP (Dabal., 2006), half-maximal activation
(EGs0) of EPAC occurs at CAMP concentrations in the oneolar range (E€ = 45uM,
(Rehmanret al., 2003). In contrast, the purified PKA holoenzyneé$oth honeybees and
Candida albicans show EGp values of approximately 0.1 nM (Leboulle & Muller,
2004;Zeladeet al., 1998), indicating that the cAMP is 500 times mpo¢ent at activating
PKA than it is EPAC1.

Whilst the results obtained strongly support thpdiliesis that the ability of Fsk to induce
NE-like differentiation in LNCaP cells is largelyKR-dependent, the fact that neither
combined inhibition nor activation of EPAC and PKaAs been investigated in the current
study cannot be ignored. It is possible that comatbiactivation of EPAC and PKxia
treatment with 8Me-pCPT-cAMP and 6-Bnz-cAMP respety may act to induce
changes in LNCaP cell morphology. Preliminary irigegions of the ability of 8Me-
pCPT-cAMP alone to induce increases in LNCaP celtphology failed to indicate a role
of EPAC in this phenomenon (data not shown). Howeweorder to accurately assess
changes in mean dendrite length, it is necessagrde LNCaP cells to sub-confluence
which may affect the efficacy of 8Me-pCPT-cAMP as taboratory has previously noted
that the ability of 8Me-pCPT-cAMP to induce SOCS®ression (Sandd al., 2006) is
reduced at lower cell confluences (unpublished oagi®ns). Therefore, a better
experimental strategy to determine whether therdnntons of PKA and EPACL1 to Fsk-
induced increases in mean dendrite length are gigtier or additive may well be to
determine the effect of combined EPAC1 siRNA witkAPinhibition on Fsk-induced

dendrite outgrowth.

8.3.2 Inhibition of RhoA mediates Fsk-induced chang  es in LNCaP cell
morphology

Whilst elucidating the role of PKA in Fsk-mediatelianges in LNCaP morphology, it was
found that treatment with the PKA-selective inhobitH89 at a concentration of jgM
could induce increases in mean dendrite lengtthénabsence of cCAMP elevation. The
ability of low micromolar concentration of H89 tnduce changes in cellular morphology
is not unprecedented as treatment of both 3T3-Lipoagites and NG 108-15
neuroblastoma cells can induce changes in cellarphology due to non-selective
inhibitory effects of H89 on the ROCK pathway (K&tal., 2007;Leemhuist al., 2002).

In the case of NG 108-15 cells, treatment with H88uces neurite outgrowth, a
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phenomenon similar to that seen in LNCaP cellsjcatthg that inhibition of ROCK
signalling can induce dendrite outgrowth in LNCad#sc(Leemhuiset al., 2002). This
hypothesis was supported by the observation thettsee inhibition of ROCK signalling
with Y27632 (Ishizakiet al., 2000) could recapitulate the effects of Fsk treatt on
LNCaP morphological changes. Furthermore, selectnfebition of RhoA, a major
upstream activator of ROCK, could also mimic thie@k of Fsk treatment, indicating that
Fsk acts to inhibit RhoA. In order to assess tasa genetic approach, LNCaP cells were
transfected with cDNA encoding either vector, wijgbe, a dominant negative or
constitutively active RhoA. Expression of vectorwitd-type RhoA failed to affect the
ability of Fsk to induce increases in neurite oowgh. Expression of constitutively active
myc.RhoAQG63L effectively blocked Fsk-induced in@es in mean dendrite outgrowth.
However, expression of the dominant negative myacAJH9N failed to recapitulate the
effect of Fsk in the absence of stimulation ordaling treatment with 1QM Fsk for 1 h.
However, expression of this mutant was lower thdmat tof myc.RhoAWT or
myc.RhoAQ63L, which may explain the lack of phempaty associated with
myc.RhoAT19N expression. Subsequent attempts tease myc.RhoA.T19N expression
were unsuccessful due to cell death following tiactson of the myc.RhoA.T19N cDNA.
It is hypothesised such effects arose due to isect@xpression of a dominant negative
RhoA which may act to impede normal cellular adheeeand so promote cell death
through detachment from the substratum. Cells teatesd with equal amounts of vector
cDNA did not display such pronounced decreaseselh ability, indicating that the
effects seen are specific to the expression of Rl\@AT19N and not due to effects of
increasing the amount of cDNA used in the trangsact

Although expression of myc.RhoAT19N failed to pdiate Fsk-induced increases in
mean dendrite length, the ability of constitutivelgtive myc.RhoAQ63L to block the
effects of Fsk-induced increases in mean dendetggth in LNCaP cells and the
observation that incubation with C3T can mimic ks#tuced changes in LNCaP
morphology strongly suggest that inhibition of RHBACK signalling is an important
requirement for this phenomenon. Furthermore, thability of Y27632 or C3T to
potentiate Fsk-induced increases in mean dendnigthh in LNCaP cells suggest that the
two mechanisms are acting through a common pattamdythat Fsk acts to inhibit RhoA

activation.

This hypothesis is further supported by the eadigservations that the ability of Fsk to

induce NE-like differentiation in LNCaP cells is RKlependent. It has been demonstrated
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in multiple cell types that cAMP elevation can ioihiRhoA activatiorvia PKA-mediated
phosphorylation of S&F. Indeed, in the SH-EP neuroblastoma cell lineniak&
substitution of Séf® is protective against Fsk-induced changes in naggy similar to
those seen in LNCaP cells (Doegal., 1998). In the SGC-7901 gastric carcinoma cell
line, treatment with the cell-permeable cAMP anal@PT-cAMP was associated with a
decrease in the ability of lysophosphatidic aciBAl. to activate RhoA and concomitantly
with an increase in pSERhoA (Cheret al., 2005). Of particular reference to this study is
the observation that expression of a S188A RhoAantuin the PC3 prostate cancer cell
line prevented CPT-cAMP-mediated antagonism of Lifduiced RhoA activation (Chen
et al., 2005). These results suggest that the abilitgA AP to inhibit RhoA activation
requires phosphorylation of RhoA on 8&rPhosphorylation of this residue is thought to
inhibit RhoA activity by promoting interaction of lRA with the GDP dissociation
inhibitor (GDI) (Ellerbroeket al., 2003). GDI binds to the C-terminus of RhoA and ca
inhibit both GDP dissociation from RhoA and GTP fofgsis by RhoA (Hakoshimet al .,
2003). GDI also plays a crucial role in shuttlingd® between the cytoplasm and the
membrane and interaction with GDI is thought tousster GDP-bound RhoA in an
inactive cytosolic complex (Forget al., 2002;Qiaoet al., 2003). This mechanism of
RhoA inhibition may well be conserved in higher awjotes as phosphorylation of yeast
cellular membranes with the catalytic subunit ofAPgromoted extraction of Rhofia a
GDI-dependent mechanism and is associated withesphiosphorylation of RhoA (Forget
et al., 2002).

In addition to direct inhibition of RhoAia Sef®® phosphorylation and subsequent
interaction with GDI, serine phosphorylation of Rhalso impedes interaction with
ROCK, thus preventing downstream activation offies (Donget al., 1998). In addition
to inhibiting activation of ROCK it is also pos®bthat activation of PKA affects other
downstream effectors of RhoA. MEFs in which theety\ regulatory subunit of PKA has
been knocked outPtkarla’) show increased motility with treatment of cellsthnFsk
resulting in an increase in pSeofilin, indicative of activation of LIMK (Nadell&t al.,
2009). As activation of LIMK occurs downstream oDBK, it may initially appear that
this data contravenes previous publications inthgathat PKA activation inhibits RhoA-
ROCK signalling. However, LIMK has two sites at 82and Set’ which are thought to
be targets of PKAN vivo suggesting that PKA can directly modulate thevigtiof RhoA
effectors (Nadellaet al., 2009). It has been proposed that activation ofAP&nhd
subsequent phosphorylation of RhoA on'&emay only affect activation of ROCK-
dependent pathways as treatment with PKA inhilstoaiation of RhoA with ROCK but
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not protein kinase novel (PKN) (Nussaral., 2006). PKN is a protein kinase showing
homology to yeast protein kinase C-related proteamsl has been implicated in

morphological roles during development (Zhao & Mam&005).

In addition to selective inhibition of RhoA effec$p activation of PKA may also affect
other small GTPase signalling pathways. In additionRhoA, PKA is also able to
phosphorylatg;Pix, a GEF for Cdc42 and Racl. PKA-mediated phosétoon of B1Pix

is associated with interaction with 14-B;3and subsequent inhibition @hPix GEF
activity towards Racl and so impaired Racl-mediatgdalling in HEK293 cells (Chahdi
& Sorokin, 2007). In contrast, PKA activation haal @ffect on the GEF activity ¢f;Pix
towards Cdc42 (Chahdi & Sorokin, 2007), indicatinigat cAMP elevation can
differentially regulate the Rho family GTPases.ded, it has been shown that endothelin-

1 can activate Cdc42a a PKA-dependent pathway .

Given the current observations, it is believed thsk-mediated elevation of cAMP in
LNCaP cells results in activation of PKA which thents to inhibit RhoAvia Ser®®
phosphorylation. Subsequent inhibition of ROCK sitjing may therefore potentiate the
extension of cellular process such as dendritesufir Racl/Cdc42-mediated pathways
rather than the adhesive pathways associated witbARand result in the NE-like

differentiation of LNCaP cells.
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9 The role of ERK activation in Fsk-induced changes in
LNCaP morphology

9.1 Introduction

In the previous chapter, the pathways by which cA&@ation induced morphological
changes in LNCaP cells were investigated. The tessliggest that PKA-mediated
inhibition of RhoA activity was a major contributtd cAMP-induced dendrite extension
in these cells. However, other signalling pathweets modulate cytoskeletal dynamics and
dendrite outgrowth in particular. Key amongst thissactivation of the ERK1/2 signalling

pathway.

9.1.1 NGF-induced neurite extension

The PC12 phaeochromacytoma cell line has long keenmodel of choice when
investigating neuronal differentiation. PC12 celiglergo differentiation to neuronal cells
following treatment with a number of stimuli incind the neurotrophin nerve growth
factor (NGF) (Greene & Tischler, 1976), basic fiiasst growth factor (FGF) (Polloadt
al., 1990), cAMP analogues (Schubert & Whitlock, 19@Al pituitary adenylyl cyclase
activating peptide (PACAP) -38 (Deutsch & Sun, 19®GF-mediated differentiation of
PC12 cells is mediated by altered gene transcriptiownstream of the NGF receptor
(TrkA). The NGF receptor belongs to the tropomyeasiceptor-kinase (Trk) family and,
following binding of NGF, is activatedvia tyrosine phosphorylation on residues
corresponding to TYf° Tyr*® and TyP®* of the rat NGF receptor (Gryz & Meakin,
2000;Nget al., 2009). In addition to T¥#* and Tyf®* phosphorylation of Ty of the rat
TrkA enables recruitment of Grb2 and so act as @api@r to intracellular signalling
pathways (MacDonaldt al., 2000).

One of the pathways activated downstream of TrkAhes ERK1/2 signalling pathway.
Treatment with NGF results in a sustained activatd both Ras and ERK1/2 which is
required for the differentiation of PC12 cells (@uGreen, 1992).

Dexamethasone-induced expression of oncogenic NaResotes neuronal differentiation
of PC12 cells in the absence of NGF stimulatiomcRade of ERK activity in PC12 cells
expressing N-Ras prevents the neurone outgrowdicating that Ras-mediated activation
of ERK1/2 signalling is required for this phenomen®iu & Green, 1992). Furthermore,
it appears that sustained rather than transientaticn of ERK1/2 signalling is required
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for neuronal differentiation of PC12 cells. EGFldaio differentiate PC12 cells and is
associated with transient activation of both MEK&f& ERK1/2. In contrast, treatment
with NGF resulted in sustained activation of ERKWhich was coupled with neurite
extension (Traversest al., 1992). The essential role of ERK activation in 1RC
differentiation was demonstrated by Cowgtal (1994). Over-expression of constitutively
active MEK1 alone in PC12 cells resulted in chariganorphology consistent with NGF-
induced neuronal differentiation. The ability ofnstitutively active MEK1 to induce
neurite outgrowth in PC12 cells requires functioBRK1, which lends further support to
the essential role of ERK1/2 signalling in neuotdgrowth (Cowleyet al., 1994). Similar
results were obtained in PC12 cells in which a thnsely active, nuclear-localised form
of ERK2 was expressed (Robinseral., 1998).

Member of the Ras superfamily are important upstreativators of ERK1/2 (see section
3.4) and much research has been directed towasgifng the signalling pathways
required for sustained activation of ERK1/2 durimeprite outgrowth. Phosphorylation of

Tyr490

within TrkA acts as a recruitment site for the @tda protein Shc. Upon
phosphorylation of Shc, this protein can then assewvith the Ras/SOS complex and so
promote activation of the Ras-Raf-MEK1/2-ERK1/2 msilling cascade (Huang &
Reichardt, 2003). A role for Rapl in NGF-mediatedivation of ERK1/2 has been
proposed as treatment of PC12 cells with NGF premastistained activation of ERK1/2
and also transiently increases GTP-associated Rdinbugh transient, the ability of NGF
to induce activation of Rapl was more sustainetlE&-induced increases in Rap1-GTP,
suggesting that activation of Rapl may contributethe sustained ERK1/2 response
(Obaraet al., 2004). Further studies into the respective rofeRas and Rapl in promoting
sustained activation of ERK1/2 indicate that it Res activation which dictates the
amplitude of the initial ERK1/2 response and thapR activation is important the
sustained activation of this signalling pathway ({Bchetet al., 2003;Yorket al., 1998).
However the role of Rapl in neurite outgrowth iclaar as expression of the Rapl
interfering mutant, Rap1N17, blocks sustained ERKdlgtivation in response to NGF, but
does not inhibit NGF-induced neurite outgrowth i@1R cells. These results suggest that
neurite outgrowth does not require Rapl (Yerlkl., 1998). In a recent study, expression
of constitutively active mutants of H-Ras and M-Rag not Rapl could induce neurite
outgrowth in PC12 cells (Suat al., 2006). Similarly, expression of the two Ras mtgan
but not active Rapl, was associated with an inereias phosphorylated ERKZ1/2.
Interestingly, expression of dominant negative migtaof all three GTPases inhibited
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NGF-induced neurite outgrowth. Selective inhibitiohM-Ras protein expression using
SiRNA effectively blocked NGF-induced neurite owtgth, indicating that this protein is
required for neurite outgrowth in PC12 cells. NGBmoted sustained activation of only
M-Ras but not three other classical Ras isoformatetk suggesting that this Ras isoform
may be important in mediating the sustained actmabf ERK1/2 in response to NGF
(Sunet al., 2006). M-Ras is highly expressed in the brain wad originally identified as
promoting the formation of microspikega reorganisation of the actin cytoskeleton in
Swiss 3T3 fibroblasts (Matsumogbal., 1997). Thus, it is hardly surprising that M-rash

been implicated in neuronal differentiation.

Whilst NGF has been predominantly studied as amaded of neuronal differentiation,
other factors can also promote neurite outgrowtteaiiment with the 38 amino acid
peptide, PACAP-38 can induce neuronal differerdrain a number of neuronal cells and
Is associated with activation of AC (Deutsch & Sui892;Hoshincet al., 1993). PACAP-

38 induces neurite outgrowth in SH-SY5Y cella elevation of CAMP and subsequent
activation of ERK and p38 MAPK. Furthermore, it wagygested that these events were
found to be PKA-independent as selective activabbrePAC in these cells promoted
ERK1/2 activation and increased the number of meuearing cells (Monaghaat al.,
2008).

9.1.2 The role of cAMP elevation in neurite outgrow  th

The results obtained by Monaghah al (2008) demonstrate that activation of AC
downstream of the PACAP receptor induces increasedracellular cAMP required for
neurite outgrowth in PC12 cells. The ability of c/RMo induce neurite outgrowth has long
been described (Schubert & Whitlock, 1977). It hasn found that, in the early stages of
neuronal differentiation, CAMP analogues synergig both NGF and FGF to promote
neurite outgrowth (Ho & Raw, 1992;Richter-Landsbé&rdastorff, 1986). In the Richeter-
Landsberg study (1986), cCAMP analogues and Fskdidnduce neurite extension in the
absence of NGF, however it has been demonstratesthigy groups that treatment with
cAMP elevating agents such as Fsk can induce eeoutgrowth in the absence of other
stimuli (Chijiwaet al., 1990). Similar to NGF, treatment of PC12 cellshwiksk or cCAMP
analogues can result in ERK1 activation which remalevated at 2 h post-stimulation
(Yao et al., 1998a). However, it must be stressed that, wisilsttained activation of
ERK1/2 is important in neurite outgrowth, the dlilof CAMP to activate this pathway
differs between cell types (Creedetral., 1996).
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9.1.3 The roles of cAMP in ERK1/2 activation

The ability of CAMP to activate ERK1/2 differs beten cell types. In the Wistar rat
thyroid cells, Fsk-induced cAMP elevation activateas by a mechanism which is
independent of PKA activation (Tsygankoeh al., 2000). In B16 melanoma cells,
increases in ERK1/2 phosphorylation and both B-Radl Ras activity were observed
following treatment of cells with a combination &Sk and isobutylmethylxanthine
(IBMX), a PDE inhibitor which non-selectively targeall members. Similar to results
obtained by Tsygankow al (2000), the ability of Fsk and IBMX to induce aetiion in
these cells was found to occur independently of RRAscaet al., 2000). However, the
signalling pathways responsible for cAMP-inducedkBR activation differ between cell
types and stimuli. For example, treatment of PCal’savith a combination of Fsk and
IBMX activates ERK1/2 through Rapl rather than RBsscaet al., 2000). However,
when these cells were stimulated with NGF, increasective Ras were observed (Busca

et al., 2000), suggesting that the mechanism of ERK1ti2atwon differs between stimuli.

There is disparity within current data as to thatree requirement for PKA and EPAC in
the sustained activation of ERK1/2 during neuritségoowth. The results of Monaghah

al (2008) suggest that PACAP38-mediated neurite outthr arises due to activation of
EPAC rather than PKA. The EPAC-dependency of tlesult is corroborated by the
observation that activation of EPAC induces a rapigstained activation of ERK1/2 in
PC12 cells and was associated with increases int@eautgrowth (Kiermayewt al.,
2005). In the study by Kiermayet al (2005), activation of PKA was associated with a
proliferative response rather than the differerdratsignal mediated by EPAC activation
(Kiermayeret al., 2005). However, the role of EPAC and PKA appearsary between
experimental designs as treatment of PC12 cellb wither EPAC or PKA-selective
agonists alone fail to induce neurite outgrowth anty do so when cells are treated with
both agonists simultaneously (Christenseral., 2003). However, when considering the
requirement for sustained activation of ERK1/2 eunte outgrowth, it unsurprising that
activation of EPAC following cAMP elevation is liell to neurite outgrowth. EPAC2 is
highly expressed in neuronal tissue and, followinggraction with cAMP, is able to
interact with activated Ras (let al., 2006b). The interaction between EPAC2 and Ras
recruits EPAC2 to the plasma membrane where itnpates activation of membrane-
bound Rapl and subsequent activation of ERK1/Zt(ki., 2006b). Indeed, loss of Ras-
binding prevents EPAC2 from activating Rapl (kual., 2008), which may explain the

roles of both of these GTPases in neurite outgrowth
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However, although the above studies suggest a predot role of EPAC in cAMP-
induced neurite outgrowth, a role for PKA cannotdiseounted given the observation that
activation of both PKA and EPAC is required for neuoutgrowth in response to cAMP
elevation (Christensert al., 2003). Interestingly, a link between NGF and cAMP
elevation has been identified whereby NGF can iedactivation of a soluble A@ia a
calcium-dependent mechanism (Stesgtiral., 2006). Activation of PKA is required for
sustained activation of ERK1/2 and gene expres&tbowing NGF stimulation (Yacet

al., 1998a). However, given the observations by Kigmnat al (2005), the relative
contributions of EPAC and PKA to NGF-induced neuréxtension in PC12 cells are

currently unclear.

Previous work in LNCaP cells demonstrated thatathiéty of CAMP to induce changes in
cellular morphology arose due to PKA-mediated irttab of RhoA. However, the role of
ERK1/2 activation in this response has not beereshgated. Activation of ERK1/2
signalling using heparin-binding EGF-like factorBHEGF) induces NE differentiation of
LNCaP cells in the absence of STAT3 phosphorylatorandrogen deprivation (Kiret
al., 2002). Similarly, vasoactive intestinal peptidélR) induces NE differentiation of
LNCaP cellsvia a PKA-dependent pathway . Such results indicaeERK1/2 activation

is an important inducer of NE differentiation in CidP cells.

In this study, LNCaP cells were found to rapidlyisate ERK1/2 upon stimulation with
Fsk and treatment with U0126 blocked the effecEsk on cell morphology at 1 h post-
stimulation. However, selective activation of ERKiiduced an increase in mean dendrite
length only at 8 h post-stimulation, suggesting tha rapid effects of Fsk are mediated by
another pathway. Along with MEK1/2, treatment witf0126 can also block MEK5
activation and subsequent ERKS5 signalling pathw&ygression of a dominant-negative
ERKS5 construct mimicked the effect of U0126 on ksiticed changes in LNCaP cell
morphology. A predominant role for ERKS5 in early mploological changes in LNCaP cells
was further supported by the observation that tHeKBtselective inhibitor BI1X02188
blocked Fsk-induced dendrite outgrowth at 1 h gtistulation. The results suggest that it
is CAMP-mediated activation of ERK5 rather than ERRKthat is required for the early

changes in cell morphology in LNCaP cells upon station with Fsk.
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9.2 Results

9.2.1 Fsk induces Thr %2 and Tyr?** phosphorylation of ERK1/2 in
LNCaP cells

In PC12 cells, stimulation with NGF induces neuntggrowth associated with sustained
ERK1/2 activation and can be reversed followingatimeent with the MEK1/2-selective
inhibitor PD 98059 (Waetzig & Herdegen, 2003). PKAn mediate the sustained
activation of ERK1/2 in these cells (Yab al., 1998a) and it is possible that there are
similarities between the cellular pathways employe®C12 and LNCaP cells. To assess
whether a similar pathway holds true in LNCaP c¢edle ability of CAMP elevation to
activate ERK1/2 was determined. LNCaP cells weegleé into 6-well plates coated with
0.1 mg/ml poly-D-lysine HBr and grown to 70 % carghcy. Prior to stimulation with
Fsk, LNCaP cells were serum-starved for 2 h to elsw basal activation of ERK1/2.
Under normal growth conditions, serum present ii celture medium can activate
ERK1/2 (Scimecaet al., 1991) which can potentially prevent agonist-inrethchanges in
ERK1/2 activation from being observed. Thus, folilogvserum starvation, LNCaP cells
were stimulated with 10uM Fsk for O — 30 min prior to immunoblotting for
pThP%pTyr”ERK1/2. These residues are phosphorylated by tseegm MEK1/2 and
are required for the activation of ERK1/2 (Segar al., 1992). The extent of
phosphorylation of ERK1/2 correlates directly wikimase activity as determined by
comparing the ability of immunoprecipitated ERK1pisosphorylate myelin basic protein
(Cook et al., 1997). Therefore, assessment of FTPTYr>ERK1/2 levels via
immunoblotting acts as an indirect readout for ERXKActivity. Equal protein loading was
assessed by immunoblotting for total ERK1/2 andaiiéity of Fsk to induce increases in
intracellular cAMP was determined by detection ofcreases in pSEFCREB, a

downstream substrate of PKA.

Treatment with 1QuM Fsk induced an increase in pTHpTyrr*ERK1/2 in LNCaP cells
which was apparent at 5 min post-stimulation ardhed maximal levels at 10 min post-
stimulation (Fig. 9.1, ** 9p < 0.01vs. 0 min). Continued stimulation of LNCaP cells with
Fsk for longer than 10 min resulted in no furthecrease in detected levels of activated
ERK1/2 and levels of pTAPpTYrr**ERK1/2 did not decrease throughout the remainder of
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Fig. 9.1: Treatment with Fsk activates ERK1/2 in LN  CaP cells

LNCaP cells were plated into 6-well plates coateth W.1mg/ml poly-D-lysine HBr
and grown to 70 % confluency. Cells were serunwstarfor 2 h prior to stimulation
with 10 uM Fsk for 0 — 30 min. ERK1/2 activation was assdsga immunoblotting

for pTh°pTyr’® ERK1/2 whilst the ability of Fsk to induce increasn intracellular
cAMP was determined by immunoblotting for pS&REB. Blots shown are
representative ofi= 3 experiments. Results are displayed as nie&&EM forn = 3

experiments. ** 90 < 0.01vs. 0 min time point.
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the experiment (Fig. 9.1). The increase in FipTyrr®ERK1/2 was accompanied by
parallel increases in pS&ICREB, consistent with the hypothesis that this pheenon is
mediated through elevation of intracellular cAMRY(F.1).

9.2.2 Selective inhibition of the ERK1/2 pathway im  pairs Fsk-induced
changes in LNCaP morphology

Having demonstrated that treatment with Fsk camgeadactivation of ERK1/2 in LNCaP
cells, the role of this signalling protein in thekFinduced changes in LNCaP morphology
was then assessed. LNCaP cells were plated intelleplates as described and grown to
50 % confluence in order to reliably assess changédgndrite length. Images of LNCaP
cells were captured as described prior to incubawdth either vehicle (0.01 % (v/v)
DMSO) or 10uM of the MEK1/2-selective inhibitor U0126 (Favadiaal., 1998) for 1 h at
37°C, 5 % (v/v) CQ. Cells were then stimulated with either vehicle€d{0% EtOH) or 10
UM Fsk for 1 h and further images captured in ondeassess changes in mean dendrite

length as described previously.

In order to assess the efficacy of U0126, LNCals aeere plated in parallel and serum-
starved for 2 h prior to incubation with U0126 asctibed above. These cells were then
stimulated for 15 min with 1QM Fsk as this was previously shown to be a suitéibie
point at which to determine ERK1/2 activation in CAP cells. It is necessary to serum-
starve LNCaP cells prior to assessment of ERK1ti®at®mn due to the ability of serum to
activate this signalling cascade. However, serwarvation of LNCaP cells also induces
differentiation to a NE-like morphologya androgen deprivation (Chehal., 1992) , and
thus serum starvation may mask the ability of Fskmodulate this process. It was
therefore necessary to determine U0126 efficacprsegly from the effect this inhibitor
may have on Fsk-induced dendrite outgrowth. Efficad U0126 was assessed by
immunoblotting for a decrease in Fsk-induced p¥pTyrrERK1/2 in the presence of
U0126. It was found that pre-incubation with U0Z®lished the ability of Fsk to induce
an increase in pTAPpTyr*®ERK1/2 in LNCaP cells, indicating efficacy of thehibitor
(Fig. 9.2, panel C).

Treatment of LNCaP cells with either vehicle or i U0126 had no apparent effect on
LNCaP cell morphology (Fig. 9.2, panels A and B). Keeping with previous data,
treatment with 1M Fsk for 1 h induced an increase in mean dentiiigth from 16.53

+ 0.41pm to 30.29% 0.67um (Fig. 9.2, panels A and B, *** p < 0.001vs. O h, ### 9p <
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0.001vs. vehicle). LNCaP cells pre-incubated with 180l U0126 displayed an increase in
dendrite length when treated with ¥ Fsk from 16.20t 0.40pum to 23.90+ 0.57 um
(Fig. 9.2, panels A and B, *** p < 0.001vs. 0 h, ### =p < 0.001vs. vehicle). However,
the ability of Fsk to induce an increase in meamddée length was reduced by
approximately 44 % in the presence of U0126 (Fig, Panels A and B, +++ p< 0.001
vs. Fsk at 1 h), indicating MEK1/2 activity is requireat least in part, for this

phenomenon.

These results suggest that activation of ERK1f2agiired for the ability of Fsk to induce
morphological changes in LNCaP cells consistenth wdifferentiation to a NE-like
phenotype. However, these experiments do not asldsether activation of ERK1/2

alone is sufficient for this phenomenon.

9.2.3 Selective activation of ERK1/2 does not mimic the effect of Fsk

treatment in LNCaP cells

It was been demonstrated that selective inhibibbfERK1/2 activation in LNCaP cells
inhibits the ability of Fsk to induce morphologiaadianges in these cells, indicating that
activation of ERK1/2 is required for this phenomenblowever, the question of whether
activation of ERK1/2 is sufficient to induce thedganges in morphology has not been
addressed. Due to the essential nature of ERK1f2gualating cellular survival, it is not
possible to address this problevia siRNA approaches, thus selective activation of
ERK1/2 via a myc-tagged Rafl.oestrogen receptor (ER) chinfeng.RaflAER) was
employed. The chimera encodes amino acids 305 -ebA8man Rafl which encodes the
CR3 kinase region fused to the hormone binding donwd the oestrogen receptor
(Samuelset al., 1993;Westoret al., 2003). Treatment of cells expressing myc.REER
with 4-hydroxytamoxifen (4OHT) results in activatiof ER and subsequent activation of
Rafl which can then activate the MEK1/2-ERK1/2 sifing pathway.

In order to assess whether treatment of LNCaP treltsfected with myc.RafAER could
induce changes in LNCaP morphology through seleditivation of ERK1/2, it was first
necessary to demonstrate that 40HT was able tacéngThf*pTyrr*ERK1/2 in these
cells. LNCaP cells were transfected witlud. of either vector (pCMV5) or myc.RallER
as described previously and serum-starved fot@decrease basal pFpTyr>ERK1/2
prior to stimulation with 4OHT. LNCaP cells werenstilated with 100 nM 40HT for 0 —
60 min and the ability of 40HT to induce activatiomf ERK1/2 assessed by
immunoblotting for pTH°pTyrr**ERK1/2.
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Fig. 9.2: The ability of Fsk to induce changes in L  NCaP morphology
requires MEK1/2 activity
LNCaP cells were seeded into 6-well plates and gra#/ described. In order to block
activation of ERK1/2, cells were pre-incubated witkhicle (0.1% (v/v) DMSO) or 10
uM of the MEK1/2-selective inhibitor U0126 for 60 miprior to stimulation with
vehicle or 1QuM Fsk for 1 h. Cells were assessed for changese@mnndendrite length as
an indicator of differentiation to a NE-like morpbgy (panels A and B). U0126
efficacy was established in parallel experimenteNiCaP cells seeded as described and
serum-starved for 2 h prior to incubation with vadéior 10 uM U0126 for 60 min and
subsequent stimulation with vehicle (0.1% EtOHLOmM Fsk for 15 min. the ability of
U0126 to inhibit MEK1/2 was assessed by a decr@agelhr202pTyr204ERK1/2 as
detectedvia immunoblotting (panel C) Results are presenteth@an values = SEM for
n = 3 experiments. *** =p < 0.001vs. 0 h, ### =p < 0.001vs. vehicle at same time
point, +++ =p < 0.001vs. Fsk at 1 h.
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Figure 9.3: Expression of Myc.Rafl: AER allows selective activation of
ERK1/2

LNCaP cells were transfected withugy of vector (pCMV5) or myc.RafAER and
serum starved for 2 h prior to simulation with @ 4OHT for 0 — 60 min. The
ability of 40HT to induce activation of ERK1/2 wassessedia immunoblotting for
pThP®pTyrr”ERK1/2 and successful expression of myc.REER determinedvia
immunoblotting for the myc epitope. Results for L& cells transfected with
pCMV5 are represented by open circles whilst redolt LNCaP cells transfected with
pCM5.Myc.RaflAER are represented by closed circles. Blot is sspri@tive oh = 3
experiments. Results are represented as mean wabieM forn = 3 experiments. * =
p <0.05, * =p < 0.01vs. 0 h treatment.
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LNCaP cells transfected with pCMV5 displayed norémse in pTHPpTyr“ERK1/2
following treatment with 100 nM 40HT (Fig. 9.3) dicating that any changes in ERK1/2
activation result from activation of myc.RaAER and not from non-selective effects on
endogenous steroid hormone receptors. In contmastells transfected with pCMV5,
LNCaP cells transfected with myc.RatER displayed a robust increase in
pThP%pTyrrERK1/2 at 5 min post-stimulation which increasedraximal levels by 20
min post-stimulation (* 3 < 0.05vs. 0 h, ** =p < 0.01vs. 0 h). These results indicate that
treatment of LNCaP cells expressing myc.RaER is able to selectively activate ERK1/2

in response to 40HT stimulation.

To assess whether selective activation of ERK1/2 wafficient to induce changes in
LNCaP morphology, LNCaP cells were plated into 6hpkates and transfected withyly
CMV5 or myc.RaflAER as described. On the day of experimentatiohcaélire medium
was replaced with 1 ml of fresh medium and imaddd\N&CaP cells captured as described.
Cells were then stimulated with vehicle (0.1% (vBtOH) or 100 nM freshly prepared
40HT for 18 h with images captured at the appropriane points post-stimulation. In
order to assess efficacy of 4OHT, LNCaP cells feanted with pCMV5 or myc.RafAER
were stimulated with 100 nM 40HT for 15 min immedlg prior to the end of the
experiment and activation of ERK1/2 assessed by unwhblotting for
pThP%pTyr”ERK1/2. Expression of myc.RafiER was confirmed by immunoblotting

against the myc epitope.

Treatment with vehicle did not alter cellular moofdgy in LNCaP cells transfected with
either pCMV5 or myc.RafhER (Fig. 9.4, panels A, B and §£>0.05). SimilarlyLNCaP
cells transfected with pCMV5 showed no changes arpimology when stimulated with
100 nM 40HT for 0 — 18 h (Fig. 9.4, panels B angG, 0.05). In contrast, LNCaP cells
transfected with myc.RafAER displayed an increase in mean dendrite lengghhapost-
infection with an increase in dendrite length fra#h93 + 0.399um at 4 h post-stimulation
to 22.07 + 0.58um at 8 h post-stimulation (Fig. 9.4, panels B and*€= p < 0.001vs.

0 h, ### =p < 0.001vs. pCMV5 at same time point, +++ g < 0.001vs. vehicle-
stimulated myc.RafAER). Successful expression of myc.RAHR and efficacy of
AOHT was confirmedia immunoblotting for the myc epitope and piRoTyr**ERK1/2
respectively (Fig. 9.4, panel D). The results sstjtfeat selective activation of ERK1/2 can
induce changes in LNCaP morphology consistent WHhlike differentiation. However, it

must be noted that selective activation of ERKb/Ehiese cells does not induce a
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Fig. 9.4: Selective activation of ERK1/2 results in changes in LNCaP

morphology but at later time points than seen follo wing Fsk treatment

LNCaP cells were seeded into 6-well plates coatéth @.1 mg/ml poly-D-lysine and
transfected with Jug of either pCMV5 (panels A and B) or myc.R&ER cDNA (panels C
and D). Cells were then stimulated with either e&h{0.1% (v/v) EtOH, panels A and C) or
100 nM of freshly prepared 40HT for O — 18 h (panBland D) with images captured at
appropriate time points. Differentiation to a NEeliphenotype was determined by an increase
in mean dendrite length (panel C) with results @spnted as mean valuesSEM forn = 3
separate experiments. LNCaP cells expressing pClé5shown as open or closed squares
for vehicle and 100 nM 40HT-stimulated cells respety whilst results for cells expressing
myc.RaflAER are shown as open (vehicle) or closed (100 nMBircles (panel E). *** =

p < 0.001vs. O h, ### 9 < 0.001vs. pCMV5 at same time point, +++ p < 0.001vs. vehicle
stimulated cells at same time point. In order teeas 40HT efficacy, LNCaP cells were
stimulated with 100 nM 40HT for 15 min immediatglsior to the end of the experiment and
cell lysates immunoblotted for pFAPTYr***ERK1/2 (panel F). Expression of myc.RafER
was confirmed by immunoblotting for the myc epitdpanel F). Blot shown is representative

of n = 3 separate experiments.
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detectable change in cellular morphology until @dst-stimulation (Fig. 9.4, panels B and
C), whilst it has previously been demonstrated the majority of Fsk-induced

morphological changes in LNCaP cells occur witlhia first 1 h post-stimulation.

These data suggest that activation of ERK1/2, wlippears important for later stage
dendrite extension, may not be a key pathway inaporin the early stages of dendrite
outgrowth. It could be argued that this conclustontradicts the earlier observation that
pre-incubation with U0126 patrtially blocks the &ibf Fsk to induce dendrite outgrowth
in LNCaP cells (Fig. 9.2). However, this may nottbe case when considering published
data demonstrating that many inhibitors which wpreviously thought to selectively
inhibit the MEK1/2-ERK1/2 pathway also have inhdmy effects on the MEK5-ERK5
pathway (Modyet al., 2001). U0126 numbers amongst such inhibitorss this possible
that the inhibitory effect of U0126 on Fsk-inducddndrite extension arises not from
blockade of ERK1/2 activation but from inhibitorffexts on ERK5.

9.2.4 Expression of a dominant negative ERKS5 inhibi  ts Fsk-induced

increases in mean dendrite length

In order to test the hypothesis that the abilityld126 to inhibit early Fsk-induced
morphological changes in LNCaP cells arose dudfexts on the ERKS pathway rather
than blockade of MEK1/2-mediated ERK1/2 activati@n,genetic approach was first
adopted. LNCaP cells were transfected witig Either vector cDNA (pBabePuro), cDNA
encoding wild-type ERK5 (ERK5) or cDNA encoding anmtnant negative mutant of
ERK5 (ERK5-AEF) as described previously. Vector dbMas used as a control to
demonstrate that any effects of expressing the E€IStructs on Fsk-induced changes in
LNCaP morphology did not arise as a result of cDMansfection. LNCaP cells were
transfected with wild-type ERK5 to demonstrate thiay effect of expressing a dominant
negative ERK5 was not due to an effect of over-esging ERK5. The dominant negative
ERK5 used in this experiment represents ERK5 inctvtthe Th*%GIu?**Tyr??° (TEY)
activation motif has been mutated to Af&SIU***Ph?° (AEF) and is thus resistant to
MEKS5-mediated activation (Katet al., 1997).

Prior to stimulation, culture medium on LNCaP cellas replaced with 1 ml of fresh

culture medium and images of cells captured asritest previously. Cells were then

stimulated with either vehicle or 1M Fsk for 1 h and images captured at the end ef thi

time period. Cells were harvested as described amtigdgation of ERK5S confirmedia
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immunoblotting for pTH ¥ Tyr**®ERK5 (Fig. 9.5 panel C). Successful expressiorhef t
ERKS constructs was confirmed by immunoblottingtfual ERKS.

As seen previously, treatment of cells with vehieied to elicit any changes in LNCaP
morphology whilst treatment of vector-transfecteallsc with 10 uM Fsk promoted an
increase in mean dendrite length from 1590.4315um at O h post-stimulation to 28.09
+ 0.5572um at 1 h post-stimulation (Fig. 9.5, panels A and*8= p < 0.001vs. 0 h, ###

= p < 0.001vs. vehicle-stimulated cells at 1 h). TransfectiorLBCaP cells with wild-type
ERKS did not enhance Fsk-induced increases in rdeadrite length with mean dendrite
length increasing from 16.260.4003um at 0 h post-stimulation to 27.5320.5757um at

1 h post-stimulation (Fig. 9.5, panels A and B, 2P < 0.001vs. 0 h, ### 9 < 0.001vs.
vehicle-stimulated cells at 1 h). In contrast, @gsion of ERK5-AEF partially inhibited
the ability of Fsk to induce increases in mean démndength with an increase in mean
dendrite length from 18.2% 0.5205um at O h to 22.9% 0.4819um at 1 h post-
stimulation (Fig. 9.5, panels A and B, ***z< 0.001vs. 0 h, ### =p < 0.001vs. vehicle-
stimulated cells at 1 h, +++ p < 0.001vs. vector and wild-type ERK5 at 1 h post-
stimulation with Fsk). This corresponds to an alh&s% decrease in the ability of Fsk to
induce dendrite outgrowth in the presence of ERK3-AThe fact that expression of wild-
type ERK5 had no effect on the ability of Fsk tduce morphological changes in LNCaP
cells indicates that the inhibitory effect of ERK&F on Fsk-induced changes in LNCaP
morphology is due to the dominant negative effdcEBRK5-AEF. When detected by
immunoblotting, comparable levels of ERK5 were obsd, indicating equal expression of
the recombinant proteins. However, it must be naked when for pTHSTYrPERKS
was detected by immunoblotting, it appeared thresitinent with Fsk promoted a decrease
in dual-phosphorylated ERK5 whilst an increase Thip'®pTyr’?ERK5 was seen in
LNCaP cells transfected with ERK5-AEF, suggestiveERKS activation. Whilst these
results suggest that the ERK5-AEF is unsuitableut® as a dominant-negative construct,

it is also possible that the results seen are parerental artefact (see Discussion).

These results suggest that expression of a domnegative ERKS can impair the ability
of Fsk to induce morphological changes in LNCaRscatdicating that ERK5 activity is

important for this phenomenon. It is therefore guesthat the observed inhibitory effects
of U0126 on Fsk-induced changes in LNCaP morpholagge due to impairment of
ERKS5 activation rather than ERK1/2 as was previpsspposed.
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Fig. 9.5: Ectopic of dominant ERK5 impairs the abil ity of Fsk to

induce morphological changes in LNCaP cells

LNCaP cells were seeded into 6-well plates andsfesmted with fug either vector
cDNA (pBabePuro), cDNA encoding wild-type ERK5 (ERKor cDNA encoding a
dominant negative mutant of ERK5 (ERK5-AEF) as désgd previously. Cells were
then stimulated with either vehicle (0.1 % (v/v)OEt) or 10 uM Fsk and images
captured at 0 h and 1 h post-stimulation (panel Bifferentiation to a NE-like
morphology was assessei@ an increase in mean dendrite length (panel B)vahaes
represent mean valuasSEM forn = 3 separate experiments. ***p=< 0.001vs. O h,
### =p < 0.001vs. vehicle, +++ =p < 0.001vs. vector and wild-type ERKS5. Activation
of ERK5 was determineda immunoblotting for pTH$Tyr**ERK5 whilst successful
construct expression was determingd immunoblotting for ERK5. Blot shown is
representative fan = 3 separate experiments.
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9.2.5 Selective inhibition of MEK5 blocks Fsk-media ted changes in

mean dendrite length in LNCaP cells

Whilst over-expression of dominant negative ERKfedfvely blocked the ability of Fsk
to induce increases in mean dendrite length, teeotiprotein over-expression alone is not

the ideal method by which to dissect the roleswobcellular signalling molecules. It is

possible that temporal or spatial separation afialgng partners may be disrupted or that
signalling pathways may be altered due to supraploggcal levels of a particular protein.
In order to verify the role of ERKS in Fsk-inducddndrite outgrowth in LNCaP cells, the
MEKD5-selective inhibitor BIX02188 was used. Ungkently, no selective inhibitors of the
MEK5-ERK5 pathway were available, with pharmacodadjiinhibition of this pathway
only achievablevia inhibitors such as U0126 which were previouslyutjiit to act
exclusively on the MEK1/2-ERK1/2 signalling pathway date, BIX02188 and its sister
compound BI1X02189 are the only published MEKS5-s@becinhibitors demonstrating
high selectivity for MEK5in vitro (ICso = 4.3 nM and 1.5 nM for BIX02188 and
BIX02189 respectively) (Tataket al., 2008). In comparison, the 4¢€vs. MEK1 and
MEK2 was in excess of 6000 nM, indicating the hdgygree of selectivity of BIX02188
and BIX02189 for the MEK5-ERK5 pathway in companstm ERK1/2 (Tatakest al.,
2008). However, these studies determined the i@ BI1X02188 against purified kinases
and thus concentrations required for inhibitionMEKS5 in intact cells are likely to be
higher. It has recently been published that treatm&h 30uM BIX02189 inhibited NGF-
induced neurite outgrowth in PC12 cells (Obataal., 2009). To assess if this
concentration of BIX02188 inhibited Fsk-mediatedreases in mean dendrite length in
LNCaP cells, cells were plated into 6-well tissudture plates and incubated with either
vehicle (0.3 % (v/v) DMSO) or 3(0M BIX02188 for 1 h at 37TC, 5 % (v/v) CQ prior to
incubation with either vehicle (0.1 5 (v/v) EtOH) ®0 uM Fsk for 1 h. Phase contrast
images were captured at 0 h and immediately postigtion and analysed for changes in

mean dendrite length as described previously.

As found previously, treatment with vehicle did radtect mean dendrite length (mean
dendrite length = 17.43 £ 0.50m and 15.80 + 0.42zm at 0 h and post-stimulation
respectively, Fig. 9.6, panels A and B). Similathgatment with BIX02188 alone had no
effect on mean dendrite length with mean dendeitgyths measuring 17.78 + 0.6th at O
h and 15.46 = 0.41m post-stimulation (Fig. 9.6, panels A and B). Tme@nt with Fsk

resulted in an increase in mean dendrite lengtin ft@.93 + 0.42um at O h to 33.80 £ 0.61
234
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Fig. 9.6: The abilty of Fsk to induce changes in L NCaP
morphology requires MEKS5 activity

LNCaP cells were seeded into 6-well plates and grasvdescribed. In order to block
activation of ERKS5, cells were pre-incubated witthicle (0.3 % (v/v) DMSO) or O
uM of the MEKS5-selective inhibitor BIX02188 for 60imprior to stimulation with
vehicle or 10uM Fsk for 1 h. Cells were assessed for changese&anndendrite
length as an indicator of differentiation to a NE2lmorphology (panels A and B).
B1X02188 efficacy was established in parallel expents in LNCaP cells seeded as
described and transfected withufy ERK5 cDNA prior to incubation with vehicle
(0.3 % (v/iv) DMSO) or 30 uM BIX02188 for 60 min amstibsequent stimulation
with vehicle (0.1% EtOH) or 10 uM Fsk for 15 minredtment with B1X02188 did
not alter the ability of Fsk to activate ERK1/2detectedvia immunoblotting (panel
C) Results are presented as mean values + SEM foB experiments. *** —p <
0.001vs. O h, ### =p < 0.001vs. vehicle at same time point, +++H= 0.001vs. Fsk
at1h.

236



um post-stimulation (Fig. 9.6, panels A and B, **p= 0.001vs. 0 h, ### =p < 0.001vs.
vehicle). The ability of Fsk to induce an increasenean dendrite length was attenuated
following pre-incubation with 3QuM BIX02188, with mean dendrite length increasing
from 17.63 £ 0.41um at O h to just 20.54 + 0.4 post-stimulation (Fig. 9.6, panels A
and B, *** = p < 0.001vs. 0 h, ## =p < 0.001vs. vehicle, +++ =p < 0.001vs. Fsk).
These results demonstrate that pre-incubation BiK02188 blocks the ability of Fsk to
induce changes in LNCaP cell morphology and suppoelvious data in this study
suggesting that activation of the ERK5 signallireghpvay is an important effector in Fsk-

mediated changes in LNCaP cell morphology.

Although BIX02188 is thought to be at least 3 osdef magnitude more selective for
MEKS5 in comparison to MEK1 or MEKZ2, it is possiliieat, at the higher concentrations
used in intact cells, the inhibitor may be exertirap-selective effects on other signalling
pathways. Of particular concern given the non-$eleceffects of MEK1/2-selective
inhibitors such as U0126 on MEKS is the possibithgt ERK1/2 signalling may also be
inhibited when using BIX02188 at a concentratiorB6fuM. To assess whether this was
indeed the case, LNCaP cells were seeded into l6tisglie culture dishes as described
previously and grown to 70 % confluency prior touse starvation overnight to reduce
basal activation of both ERK1/2 and ERK5. The feilog day, growth medium was
replaced with fresh serum-free RPMI and LNCaP critsibated for 1 h with either
vehicle (0.3 % (v/v) DMSO) or 3GM BIX02188 at 37C, 5 % (v/v) CQ. Cells were then
stimulated with either vehicle (0.1 5 (v/v) EtOHJ @0 uM Fsk to induce ERK1/2
activation. Unfortunately, the amount of proteintadbed from these experiments was
insufficient to determine increases in pTHITYr"*ERK5, it was possible to determine
that pre-incubation with BIX02188 had no disceraibffect on Fsk-induced increases in
pThP%pTyrr”ERK1/2 (Fig. 9.6, panel C). These results indictitat the effects of
BIX02188 on Fsk-induced changes in LNCaP cell molpdpy are due to selective
inhibition of the MEK5-ERKS5 signalling pathway ambt due to effects on ERK1/2

signalling.

9.3 Discussion

Treatment with NGF, cAMP analogues and Fsk all lteasuneurite outgrowth in PC12
cells. All of these stimuli induce sustained adiwa of ERK1/2, a process which has been
shown to be required for neurite outgrowth in P@&Hs. Activation of both PKA and

EPAC has been implicated in this phenomenon witlA RKtivation being required for the
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sustained activation of ERK1/2 (Yae al., 1998b). In the previous chapter, it was
demonstrated that selective activation of PKA cauldhic the effects of Fsk treatment on
LNCaP cell morphology, suggesting that this phenuoneis PKA dependent. However,
the effect of cAMP elevation on ERK1/2 activation LNCaP cells has not been
investigated. In this chapter, CAMP elevation prtedoan increase in ERK1/2 activation
as detected by an increase in F¥pThrP®*ERK1/2 and treatment with the MEK-selective
inhibitor U0126 inhibited Fsk-induced changes in Q&P cell morphology. However,

whilst selective activation of ERK1/2 induced chasgn LNCaP cell morphology, an

increase in mean dendrite length was observedair8yh post-stimulation, suggesting that
activation of ERK1/2 is not the primary pathway ahxed in Fsk-induced changes in
LNCaP cell morphology.

In addition to MEK1/2, U0126 can also inhibit MEK& concentrations similar to those
used in this study. In PC12 cells, it has recelnélgn demonstrated that activation of ERK5S
plays an important role in neurite outgrowth (Obetral., 2009), thus there may be a role
for the MEKS5/ERK5 signalling pathway in Fsk-inducethanges in LNCaP cell
morphology. To address this, ERK5-AEF, a dominagative ERK5 was expressed in
LNCaP cells. Treatment with Fsk promoted an in@eagnean dendrite length in LNCaP
cells transfected with vector or wild-type ERK5 gt in those expressing ERK5-AEF,
indicating that ERK5 activation is important in shphenomenon. However, over-
expression studies are not the ideal strategy bighMo address the roles of signalling
proteins as high levels of expression could indpicgein interactions which would not
happen physiologically. Thus, LNCaP cells weret&éavith the MEK5-selective inhibitor
BI1X02188 prior to stimulation with Fsk. Pharmacata) blockade of MEKS signalling
prevented an increase in mean dendrite lengthwiollp Fsk treatment, indicating that the
MEKS5/ERKS signalling pathway is of importance inishphenomenon. At the
concentration of BIX02188 used in this experimaat effects on ERK1/2 activation were

observed, indicating that the phenomenon is metliayeactivation of ERKS5.

In addition to MEK1/2, U0126 can also inhibit MEK& concentrations similar to those
used in this study. In PC12 cells, it has recelnélgn demonstrated that activation of ERKS
plays an important role in neurite outgrowth (Obetral., 2009), thus there may be a role
for the MEKS5/ERK5 signalling pathway in Fsk-inducethanges in LNCaP cell

morphology. To address this, ERK5-AEF, a dominagative ERK5 was expressed in
LNCaP cells. Treatment with Fsk promoted an in@easnean dendrite length in LNCaP

cells transfected with vector or wild-type ERK5 gt in those expressing ERK5-AEF,
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indicating that ERK5 activation is important in shphenomenon. However, over-
expression studies are not the ideal strategy bghmo address the roles of signalling
proteins as high levels of expression could indpiaein interactions which would not
happen physiologically. Thus, LNCaP cells weretaeavith the MEK5-selective inhibitor
BI1X02188 prior to stimulation with Fsk. Pharmacata) blockade of MEK5S signalling
prevented an increase in mean dendrite lengthwiollp Fsk treatment, indicating that the
MEKS5/ERKS signalling pathway is of importance inishphenomenon. At the
concentration of BIX02188 used in this experimaat effects on ERK1/2 activation were

observed, indicating that the phenomenon is metliayeactivation of ERKS5.

It cannot be ignored that in Fig. 9.5, determimaind ERK5 phosphorylation demonstrated
that treatment with Fsk resulted in an increas@Thr*®Tyr*ERK5 in LNCaP cells
transfected with ERK5-AEF, suggestive that the troies is not functioning as a true
dominant negative. Furthermore, treatment with pigkmoted a decrease in endogenous
pTh%TyrP*ERK5 which suggests that Fsk is not able to aaiRKS5 in these cells.
However, whilst such observations dispute the amich above that ERK5 activation is
an important mediator of Fsk-induced dendrite camigh in LNCaP cells, the
immunoblotting results obtained may be experimeattdfacts. Due to the poor quality of
anti-pThA%Tyr**°ERK5 antibodies or low abundance of ERKS5, cellsenlgsed directly
into 12 % SDS sample buffer to maximise the amainprotein used for SDS-PAGE
fractionation. Thus it was not possible to equabsenples for protein content prior to
SDS-PAGE and subsequent immunoblotting. Due to démi-quantitative nature of
immunoblotting, it is possible that, particulariythe high levels of ERK5 expression seen
in the transfected LNCaP cells, differences ingirotoading would be masked by the high
intensity of the protein signal. Therefore, therdes in ERKS phosphorylation detected
may be a simple result of changes in protein lagdiurthermore, it would be expected
that only a fraction of the pool of cellular ERK®wud be activated in response to stimuli,
thus the level of total ERK5 should be in excessp&hrpTyrP*ERK5. This is
particularly relevant when considering the obseovatthat Fsk inhibits endogenous
pTh%TyrP*ERKS5 (Fig. 9.5, panel C). The endogenous level BirpSTyr*>ERK5
detected appears comparable to that seen in lyfat@sLNCaP cells transfected with
ERK5 or ERK5-AEF. However, in vector-transfecteds;eendogenous ERK5S cannot be
detectedvia immunoblotting. If there is insufficient endogesoiERK5 to detect by
immunoblotting, these results question whetherattie: pThf%HTyr**ERK5 antibody is
reliably detecting dual phosphorylated ERKS.

239



These results suggest that ERK5 activation is redqufor cAMP-induced changes in
cellular morphology. However, the ability of cCAMReeation to activate ERK5 in LNCaP
cells has not been demonstrated due to problenectde endogenous ERK5 and its
activated form (data not shown and above) In Hedlks celevation of CAMP is associated
with a decrease in EGF-induced activation of ERK® tb PKA-mediated inhibition of
MEKK2, an upstream kinase involved in ERK5 actiwatiPearsoret al., 2006). In rat
neonatal ventricular myocytes, it has been dematestrthat increases in cAMP can inhibit
serum-induced activation of ERKba activation of EPAC rather than PKA, suggesting
that the mechanisms by which cAMP elevation mo@uEERKS5 differs between cell type
(Dodge-Kafka et al., 2005). In DIV5 cortical neurones, treatment whkikk induced
activation of ERK1/2 but not ERK5 (Cavanaughal., 2001). These results apparently
contradict the observations in this chapter wheig suggested that treatment with Fsk can
activate ERK5. However, an important differencensen this study and previous data is
that, in order to accurately measure mean denkdnigth, LNCaP cells are stimulated at
sub-maximal confluence. It has been demonstrat®dH3T3 cells, that treatment with 8-
Bromo-cAMP and theB,-adrenoceptor agonist isoproteronol can inducevaiibn of
ERKS in 80 % confluent cells (Pearson & Cobb, 2002)50 % confluent NIH3T3 cell,
treatment with a combination of Fsk and IBMX reedlin a transient activation of ERKS.
However, in confluent NIH3T3 cells, cAMP attenuate@F-induced activation of ERK5
and treatment with cAMP alone failed to induce ERiCEvation (Pearson & Cobb, 2002).
Taken together, these results suggest that thyadfilcAMP to induce ERKS5S activation is
dependent on cell conditions. Therefore, whilst dAKlevation may be able to decrease
ERKS activation in response to cytokine stimulatidnis possible that, Fsk is able to

activate ERK5 in sub-confluent LNCaP cells.

In PC12 cells, treatment with di-butryl-cAMP doest ninduce activation of ERKS5
although robust activation of ERK5 can be inducgdisF. Treatment with NGF induces
neurite outgrowth and is inhibited either by pretbation with BIX02189 or over-
expression of dominant negative ERKS5, indicatingucial role for ERKS in this process
(Obaraet al., 2009). Although ERKS5 activation appears to béaai in neurite outgrowth

in PC12 cells and LNCaP cells, it is likely thae thechanism by which ERKS activation
is achieved varies between the cell types. Thithgsis is strengthened by observations
in chapter 8 suggesting that the ability of Fskatter LNCaP cellular morphology is
mostly mediated by activation of PKA and that EPAivation may play a minor role in
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this phenomenon, unlike the synergistic roles wiH&A and EPAC are thought to play in
PC12 cells.

It is hypothesised here that cAMP-mediated activatf ERK5 is important in NE-like
differentiation of LNCaP cells; however, ERK5 aetion has not been satisfactorily
demonstrated. The ability of BIX02188 to inhibitkHaduced dendrite outgrowth in
LNCaP cells corroborates data demonstrating thptession of ERK5-AEF can inhibit
Fsk-induced changes in LNCaP cell morphology. Hawesalthough the concentration of
BIX02188 used is consistemtith previously published data (Obaenal., 2009), it is
possible that this compound is having non-selectiffects on other pathways. Whilst an
inhibitory effect of BIX02188 on MEK1/2 activatidmas been excluded it is possible that
the compound may be acting on other kinases su@r@asBIX02188 shows far greater
selectivity for Src in comparison to MEK1/2 at atteoncentration of 3 uM (Tataleeal.,
2008) and inhibition of Src could provide an altdive explanatiorfor the BIX02188-
mediated inhibition of Fsk-induced dendrite outgtiowbserved in this study. In PC12
cells, NGF induces neurite outgrowtlia a signalling pathway which involves Src-
mediated activation of Ras and subsequent Raf aitiv (D'Arcangelo & Halegoua,
1993). Furthermore, as it has been proposed thataton of Rapl is required for
neuritogenesis, PKA-mediated activation of Src anbbsequent activation of Rapl has
been demonstrated in PC12 cells in response toNdGth and cAMP elevation (Obash
al., 2004). If such a pathway was present in LNCdR,deis possible that PKA-mediated
activation of Src could provide a mechanism by WHdRK1/2 is activated in response to
Fsk and by which cAMP elevation induces dendritegeawth in these cells. To address
whether BIX02188 is acting to inhibit Src activatjathe phosphorylation status of Src
substrates, such as Sin and Cas, which have bexicated in neurite outgrowth could be
assessed (Yangt al., 2002). Additionally, the role of Src activation Fsk-induced
changes in LNCaP cell morphology could be demotestraa treatment with Src-selective
inhibitors such PP1. Whilst it is possible that BR488 is actingia inhibition of Src, it is
still possible that ERK5 activation may play a roid=sk-mediated changes in LNCaP cell
morphology as ERK5 has been implicated in the atbm of Src and subsequent
limitation of RhoA in NIH3T3 cells (Schramgt al., 2008).

The observation that selective activation of ERKfded to induce early changes in
LNCaP cell morphology was surprising as it was destrated that both Fsk and 40HT
treatment resulted in rapid activation of ERK1/#jicating that it is important in the early

stages of neurite outgrowth. It is possible thatglgnalling pathway which contributes to
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ERK1/2 activation may play an important role in govng neuritogenesis. It has been
proposed that sustained activation of B-Raf is irtgpd in neurite outgrowth as inhibition
of p38 MAPK activity downstream of the EGFR resutissustained B-Raf and ERK1/2
activation. Of particular relevance is the obsaorathat this sustained activation of B-Raf
is associated with the conversion of EGF to a mbfidation stimulus on PC12 cell,
suggesting that activation of B-Raf, rather tharilRa important for neurite outgrowth
(Yoon et al., 2004). Yorket al (1998) demonstrated that sustained activationRKH?2
following NGF treatment required Rapl activationdathis was associated with
downstream activation of B-Raf (Yost al., 1998). Indeed, treatment with NGF induces
activation of B-Raf rather than Rafl in PC12 céllaiswalet al., 1996) and supports the
suggestion that B-Raf activation is key to neuotggrowth. Thus, the role of ERK1/2 in
this phenomenon cannot be excluded and use of afBHER chimera to selectively
activate ERK1/2 may better delineate the role a$ tkignalling pathway in neurite
outgrowth. However, temporal differences in acimatof the different ERK signalling
cascades cannot be ignored and it may simply bedke that activation of ERK1/2 is

necessary for later-stage processes necessarttik@differentiation in LNCaP cells.

It could be reasonably suggested that treatmemt Mgk could induce sustained activation
of ERK1/2 in LNCaP cellsvia EPAC2-mediated activation of Rapl and subsequent
activation B-Raf to promote neurite outgrowth. Hoee the previous chapter suggests
that the effects of Fsk on changes in LNCaP celipmalogy are mediated solely by the
actions of PKA. Interestingly, PKA activation isquered for Fsk-induced activation of
Rapl in PC12 cells through activation of the C3@RG&GEF (Wangt al., 2006). Thus it

is possible that a cAMBPKA—C3G—Rapl-B-Raf~ERK1/2 signalling cascade exists
in LNCaP cells which is important in Fsk-inducedwbes in LNCaP cell morphology.

It is currently unclear as to whether Raf protguesy a role in mediating activation of
ERKS5 following elevation of intracellular cAMP. has been reported that activation of
ERKS5 downstream of Ras requires Rafl and that EBa¢bbind full-length Rafln vitro
and in cells (Englistet al., 1999). However, in order to demonstrate thislscekre co-
transfected with both the Rafl and ERK5 constratiaterest (Englistet al., 1999). Thus

it is hard to ascertain whether the functional rnaté#on of ERK5 and Rafl is
physiologically relevant as these results repredéet interaction of over-expressed

proteins.
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It is possible that the predominant role of ERK5 aarly changes in LNCaP cell
morphology is mediated by the kinase exerting ¢ffelrectly on the cytoskeleton. Given
the critical role of the actin cytoskeleton in r&gung cellular morphology, the ability of
ERKS5 to regulate actin polymerisation is of intéredSRK5 contains two proline-rich
regions which are believed to target ERK5 to theénacytoskeleton (Zhowt al., 1995)
and, importantly, are absent in ERK1/2 (Fig. 974).date, there is no published data to
demonstrate that ERK5 can interact with the acyitoskeleton, although this could be
readily determined by immunofluorescence to dematestcolocalisation of ERK5 and
actin. A Cdc24-like motif in MEKS5 is associated wian increase in GTP> GDP
exchange following interaction of CDC24 and CDC4R Saccharomycese cerevisiae
(Zhouet al., 1995) and thus the MEK5/ERKS5 pathway may dynallyicagulate the actin
cytoskeleton by acting to inhibit Cdc42 activityf Qarticular interest to this study is the
observation that ERK5 can directly limit RhoA aetivwn via induction of RhoGAP7
expression (Schramg al., 2008). It is therefore possible that activatidnERKS as a
result of CAMP elevation in LNCaP cells can inhiRhoA activity in conjunction with
PKA, although given the rapid changes in LNCaP cabrphology following Fsk
stimulation, it is likely that induction of RhoGAR¥ould play a minor role in changes in

cellular morphology.

Whilst a role for PKA activation in the effects BRK5 on changes in cellular morphology
has not yet been determined, it is possible thaf RKuld directly activate MEKKS3,
MEK5 or ERK5. PKA phosphorylation sites for bothof@ins have been predicted in
LNCaP cells (Table 9.1) although these need toonéirmmed experimentally. Furthermore,
as these sites are only predicted, it might bettiet have no impact on ERKS5 activity and
thusin vitro andin vivo studies need to be performed to assess whethes Hites exert
regulatory roles on ERKS5 activity. Interestinglyotifis for PKC-mediated phosphorylation
were more frequently identified than PKA phosphatigh motifs and it might be that
cAMP elevation can mediate activation of PKC in L&Ccells as has been previously
described in HUVECs (Borlangt al., 2009), neurones (Hucheb al., 2005) and myocytes
(Oestreichet al., 2009). It is thought that cAMP-mediated activatiof PKC occurs
primarily through activation of EPAC (Borlare al., 2009;Huchoet al., 2005) but it is
possible that the precise signalling networks rasjibe vary between cell types.

To summarise, data presented in this chapter stiggesthe ability of CAMP elevation to
induce early changes in LNCaP cell morphology neguires activation of ERK5 and not

ERK1/2 as was previously proposed. However, thecipeenature of the signalling
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pathways regulating ERK5S activity following cAMPeghtion have not yet been defined
and further work to delineate these may prove beiaéfvhen investigating the emergence
of NE cells in PCa.
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Fig. 9.7: Sequence alignment of ERK1, ERK2 and ERK5
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Site Ki nase

S-9 PKA
T-30 PKC
S-39 PKC
S-43 PKC
S-61 PKC
T-74 cdc?2
T-75 PKC
S-111 PKC
S-111 cdc2
S-112 RSK
S-122 DNAPK
S-122 ATM
S-122 PKC

S-122 cdc2
S-129 cdc2
S-130 cdc?2
S-131 cdk5
S- 145 DNAPK
S- 145 PKA
T- 153 PKC
Y- 155 EGFR
S-162 GSK3

S- 166 RSK
S- 166 PKB
S- 166 PKC
S- 166 PKA

S-168 cdc?2
S-169 DNAPK
S- 169 cdc2

S-175 PKG
S-176 cdk5
S-194 RSK
S-194 PKA
Y- 195 I NSR
S-200 CKI |
S-200 CK
S-209 CKI |
S-218 CKI |
S-223 CK

S-223 DNAPK
S-223 cdc?2
S-225 cdc?2
S-230 cdc2
S-237 GSK3

S-239 PKC
S-239 cdc?2
S-243 PKA

H ghest score

COOOOOOO0O000000000000000000000000000O0000O00O0O00000

Scor e Site
54 S-243
78 S- 246
63 S- 246
53 S- 246
76 S- 250
51 S- 250
78 S- 259
51 T-263
52 T-263
57 Y- 266
55 T-274
54 S-282
79 S-289
55 T- 307
52 S-312
51 S- 316
56 T-317
59 S-337
58 S-337
54 S-337
58 S- 337
50 S- 345
67 S- 355
72 T-384
54 S-399
62 S- 399
55 S- 399
64 T- 402
60 S- 407
51 S- 450
62 T-470
54 T-470
62 S-478
51 S-482
59 S- 499
51 S-511
51 T-516
59 T-516
58 T-522
55 T-528
51 T-530
55 T-530
55 S-535
51 S-552
74 Y-570
53 T-581
68 S-590

S-593
S-612

Ki nase

p38MAPK
GSK3
CKI |
CKI |
PKC
PKA
PKG
cdc?2
PKC
PKA
PKC
PKC
PKA
PKC
PKG
GSK3
cdk5
cdk5
PKA
SRC

DNAPK
PKC
cdc?2
PKA

.80 PKA at position 612
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Ki nase

PKA
CKl |
CKl |

PKG

PKC
CKl |

PKC

PKA

PKC

PKC
cdc2

p38MAPK
GSK3
cdk5
cdc?2

PKC

PKC
CKl |

PKG

PKA

PKC

. 63
H ghest score

Site

Ki nase

247

PKA
p38MAPK
ATM
DNAPK
ATM

0. 84 PKC at

COOLOOO0O0O00000000000

position 83



Ki nase

p38MAPK
DNAPK
PKC
GSK3
EGFR
DNAPK
PKC
SRC
EGFR
PKC
cdc?2
PKA
PKG
PKC
GSK3
cdc?2
GSK3
cdk5
CKlI |

COOOO0OO00000000000000O0000000000000 0O

H ghest score

Ki nase

248

p38MAPK
PKG
GSK3
cdk5
p38MAPK
cdk5
p38MAPK
GSK3
cdk5
p38MAPK
GSK3
cdk5
cdc?2
PKC
cdc?2
PKG
cdc?2
cdc?2
cdc?2
cdc?2
cdk5
CKI |
cdc?2
CKI |
ATM
p38MAPK
GSK3
cdk5
PKG
cdc?2
DNAPK

0. 63
0.52
.50
67
59
52
55
57
57
55
59
52
52
56
51
56
53
51
53
. 60
0. 58
51
54
53
51
.55

Coooo0o0000000000000

coooo

0.92 PKC at

position 31



Table 9.1: Prediction of kinase phosphorylation sit es within members

of the ERKS5 signalling cascade

The protein sequences for MEKK3, MEK5 and ERK5 wanalysed for the presence of
canonical phosphorylation sequences for a numbk&makes using NetPhos 1.0 (Blaatn
al., 2004). The presence of kinase phosphorylati@s sitere scored from 0 — 1 based on
their identity to canonical sites with a score agghing 1 indicative of homology with
known kinase phosphorylation sites. Key: ATM = aatelangiectasia mutatednase,
cdc2 = cell division cycle 2, cdk5 = cyclin depent&inase 5, ckll = casein kinase I,
DNAPK = DNA-activated protein kinase, EGFR = EGFaptor, GSK3 = glycogen
synthase kinase 3, INSR = insulin receptor kinp88MAPK = p8 MAPK, PKA = protein
kinase A, PKB = protein kinase B, PKC = proteindsa C, PKG = protein kinase G, RSK

= ribosomal 6S kinase, SRC= Src kinase
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10 Expression of the adenosine A 4 receptor alters
LNCaP morphology

10.1Introduction

Previously it was demonstrated that Fsk-mediatedaglon of cCAMP in LNCaP cells
induced differentiation of this cell line to a Nikd phenotype through simultaneous
inhibition of RhoA and activation of PKA and ERK5Hist a useful tool to investigate the
effect of CAMP elevation on intracellular signafiipathways, treatment with Fsk globally
activates membrane-associated adenylyl cyclaseorissf (Pinto et al., 2009). It is
therefore possible that this strategy has limitegsplogical relevance due to the loss of
temporal or spatial regulation of AC activationhéts previously been demonstrated fhat
adrenergic receptor agonists such as isoprotereaal induce PKA-mediated NE
differentiation of LNCaP cells (Cox et al., 2000)dicating that the effects of Fsk can be
mimicked by endogenousos coupled GPCR activation .

GPCRs represent a diverse range of cell surfaceptexs involved in recognition of

extracellular stimuli and subsequent activation infracellular signal transduction

pathways. GPCRs comprise an N-terminal extracelld@main, seven transmembrane
domains connected by three intracellular and tlewdeacellular loops and a C-terminal
intracellular domain required for efficient sigrtehnsduction (Heilker et al., 2009). The
intracellular regions of GPCRs are important fongng to signalling modules within the

cell, including the hetero-trimeric G-proteins fromhich this receptor superfamily get
their name (Heilkeet al., 2009;0lah, 1997).

Intact G-proteins comprise of thenGGB and G subunits and cycle between the active,
GTP-bound form and the inactive, GDP-bound complexhe inactive conformation, the
Ga subunit is GDP-associated and is found in a compligh the @/Gy heterodimer.
Receptor activation results in exchange ef-&sociated GDP for GTP and subsequent
dissociation of active &GTP from @/Gy. Ga proteins are directly able to regulate AC
activity with four distinct families of @ proteins described. Of these, thes@nd Gy
proteins are most relevant to this study as i@hibits whilst Gis promotes AC activation
(Birnbaumeret al., 1990;0ldham & Hamm, 2006).

As with all signal transduction pathways, it is eggary to negatively regulate GPCR-
mediated signalling in order to maintain effectivellular homeostasis. This is partly

intrinsic to the nature of G-protein signalling @s subunits possess GTPase activity and
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SO act to attenuate their own activation. The retwfr GTP-associated d5to the GDP-
bound conformation can be acceleratadinteraction of @& with regulators of G-protein
signalling (RGS) which enhance the GTPase actiwftysa (Oldham & Hamm, 2006).
GDP-Gu subunits are then able to reassociate wily, @Geady for further cycles of G-

protein activation (Oldham & Hamm, 2006).

It is possible that tumour-specific expression divation of Gis-coupled GPCRs may be
of therapeutic benefit in malignancies associatétth whronic inflammation due to the
ability of these receptors to activate AC and prtarotracellular cAMP accumulation. In
the case of PCa, it is possible that such an effegt be useful in impeding IL-6/STAT3
signalling in a similar fashion to that seen withMP elevation (see Chapter 7). Whilst it
could be argued that activation of anyeotein coupled GPCR could be therapeutically
beneficial, the coupling of these receptors to ipldtsignalling pathways guarantees that

caution must be exercised in selecting approp@GRERS as potential therapeutic targets.

10.2The A,, adenosine receptor

One GPCR with potential for use in cancer-treatnsénategies is the A adenosine (Ado)
receptor (AsAR). The Ado receptor (AR) family comprises the Aka, Azs and A ARSs.
A;AR and AAR inhibit AC whilst Ac)AR and AgAR promote AC activation and
subsequent accumulation of intracellular cAMP. Wthilssue levels of Ado are typically
low, with interstitial concentrations ranging beemel and 50 nM, respiratory activity,
inflammation or hypoxia can rapidly promote Ado w@wwlation of concentrations
reaching 1000 nM (Rivkees et al., 2001). Accumatlatof Ado is ubiquitous amongst
tissues and thus activation of downstream sigrialbathways is achieved by regulation at
the receptor level with an affinity hierarchy ofAR>A,AAR>A8AR>>A3AR (Rivkees et
al., 2001). Generation of extracellular Ado occurgler conditions of tissue hypoxia,
inflammation and as a by-product of respiratiwa the conversion of released ATP to
AMP by the CD39 ecto-pyrase and subsequently to B®\dthe CD73 ecto-5' nucleotidase
(Kaczmarelet al., 1996;Lennoret al., 1998)

10.2.1 As5AR structure

The gene structure of the humapAR is similar to the other ARs comprising two exons
with a single intron between the third and fourthnsmembrane domains. The open
reading frame (ORF) of Exonl of, /AR spans from +281 to +612 with the ORF of Exon
2 spanning from +7549 to +8362 (Fredholm et alQ@®0 The A,AR contains seven

transmembrane helices characteristic of GPCRs arelghth helix which does not span
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the membrane and is stabilise interaction with helix | (Jaakola et al., 2008her
transmembrane domains are separated by threedtiiac loops spanning residues Leu33
- Val40, 11e108 - Gly118 and Leu208 — Ala221 andethextracellular loops extending
from Thr68 to Cys74, Leul4l to Metl74 and Cys259rfa268 (Jaakola et al., 2008).

The ALAR is a prototypical Gcoupled GPCR and is able to activate adenylyl asel
following receptor activation. Many GPCRs are thautp collide randomly with their
cognate G-protein as they migrate through the lipidyer, a process known as collision
coupling. However, AAR displays restricted coupling withagwith the two proteins
displaying an extremely tight association whichuag for precoupling of AAR and G
(Charalambous et al., 2008). Restricted movemeALAR through the cell membrane is
required for this precoupling effect and can be rel@sed following cholesterol
sequestration. Cholesterol sequestration impagsaHtility of AAAR to couple to Gs but
has no impact on agonist/antagonist binding (Charhbus et al., 2008). In addition to
activation of G and cAMP signalling, A&AR can activate signalling through the ERK1/2
pathwayvia a mechanism independent ofiactivation (Sexl et al., 1997), although the
dependency on &z signalling varies between cell type (Seidel et£99).

Activation of the receptor promotes accumulatiomacellular cAMP due to € activity
which couples to AAR through the amino-terminal region of intraceduloop three of
the receptor (Olah, 1997). In comparison to theelot®R family members, the AAR
possesses an unusually long C-terminal tail, apprately 80 amino acids greater in
length than the other described AR, including tlestclosely related AAR. This region
appears not to be involved in governing the figetif Gas-A2aAR coupling but may be
involved in coupling of the receptor to other imglular signalling pathways including the
ERK1/2 pathway (Schulte & Fredhohn, 2003). Actiwatiof the AsAR results in
promotes AC activity and the subsequent increaseastiacellular cAMP concentrations

can exert a number of effects, many of which an@imomodulatory.

Of interest in this study are the anti-inflammatprgperties of AWAR activation with the
receptor displaying non-redundant anti-inflammataiges bothin vitro andin vivo. Ohta
and Sitovsky (Ohta & Sitkovsky, 2001) demonstratbdt mice deficient for AAR
(A2aAR™) were hypersensitive to endotoxin challenge. Sptirwl dosing ofA2aAR”
mice resulted in 40% mortality, in comparison td% survival in wild-type littermate
controls. These effects were shown to be indepéndeltered function of other &

protein coupled receptors indicating a crucial -arftammatory role for AsAR in vivo
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(Ohta & Sitkovsky, 2001). Additionally, the,AAR has also been implicated in inhibiting
pro-inflammatory leukocyte recruitment followingsue trauma. Selective stimulation of
A2xAR resulted in a 77% decrease in macrophage atiiiin and decreased adhesion
molecule expression inflammation in anvivo model of carotid ligation (McPherson et
al., 2001).

In a feline model of ischaemic/reperfusion injuiytravenous treatment with the, /AR
agonist ATL313 inhibited apoptosis in the lung,ediect that was abolished following pre-
treatment with the AAR-selective inverse agonist ZM241385 (Rivo et aDQ7). The
protective effects of AAR activation in this model are thought to arise @uconcurrent
increase in Bcl-2 and decrease in Bax protein $eveATL313-treated specimens (Rivo et
al., 2007). ApAR activity can also prevent other responses aasmtiwith tissue damage
and inflammation, including T-cell activation (Hupet al., 1997), airway inflammation in
murine models of allergy (Nadeeah al., 2007) and inhibition of the NdB signalling
pathway (Sands et al., 2004). In human neutropt@®)P elevation resulting from AAR
occupancy reduced the ability of fMet-Leu-Phe tduice actin polymerisation. It was
subsequently demonstrated thaiaAR occupancy decreased the ability of fMLP to
activate phospholipase D (PLD) and translocateald RhoA to neutrophil membranes
through a PKA-dependent pathway (Thibault et &102). Given that RhoA translocation
to membranes is indicative of RhoA activation, #mak inhibition of actin polymerisation
arises from AnAR occupation, it is possible that,AAR acts to inhibit RhoA. The
similarities between the pathways involved isnAR-mediated inhibition of fMLP effects
(Thibault et al., 2002) and those seen in Fsk-mediahanges in LNCaP morphology, it is
possible that AWAR expression and activation in LNCaP cells migiduce a NE-like

morphology in LNCaP cells.

To this end, we infected LNCaP cells with recomhinAdV expressing a Myc-tagged
A22AR (AdV.A2xAR) which contained a second open reading frameding GFP in
order to monitor infection. Infection of LNCaP eeivith AdV.A:xAR, but not a control,
GFP-expressing AdV (AdV.GFP) resulted in morphatagichanges in LNCaP cells
consistent with those seen following Fsk treatm@&iiese effects could be inhibited by
treatment with the AAR-selective inverse agonist ZM241385, indicatihgttreceptor

activation is required for the phenomenon.
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10.3Results

10.3.1 Titration of AdV.A 5,AR in LNCaP cells

In order to investigate the effects of AdV-mediategbression of the AAR, it was first
necessary to determine a suitable MOI at whichdtea A AR expression. The ideal
MOI is the minimal value at which robust expressafrihe A,AR is detected but which
in not associated with cytopathic effects (CPE®CRBP cells were seeded into 0.1 mg/mi
poly-D-lysine coated 6-well tissue culture platésaadensity of 3 x IDcells/well and
infected with AdV.A,AR at MOls ranging from 0 — 20 ifu/cell. MOls greatthan 20
ifu/cell were not used as these were associated @REs in LNCaP cells as indicated by
cellular detachment and membrane blebbing (datahmmin). In order to maintain LNCaP
cell survival, culture medium was replaced at 2golst-infection and cells harvested for
SDS-PAGE fractionation and subsequent immunoblpti 48 h post-infection. The
A2AAR construct used to generate the recombinant Ad¥ & C-terminal Myc tag, thus,
immunoblotting using an in-house anti-Myc antiboggs used to detect AdV-mediated

A2xAR expression.

As expected, immunoblotting against Myc did notedetany appropriate bands in LNCaP
cells which had not been infected with Ad,AR, thus verifying that all subsequent
results are the result of genuine receptor exprasasnd not due to non-specific antibody
binding (Fig. 10.1). Infection of LNCaP cells wiiOI > 2 ifu/cell resulted increased
A2aAR expression, as detected by the C-terminal Myitopp, with MOI = 6 ifu/cell
resulting in consistently high AAR expression (Fig. 10.1, ** < 0.01vs. MOl = 0
ifu/cell). Further increases in MOI did not resaliparallel increases inAAR expression,
indicating that MOI = 6 is optimal for AdV-mediat&&hpAR expression in LNCaP cells
and this MOI was chosen for subsequent studies WidN.A AR expression. The
changes in detected, /AR were independent from changes in GAPDH leveldicating
that the results do not arise from changes in prdeading. The detection of a double
band at approximately 40 kDa following immunoblogtifor the Myc epitope is likely due
to differently glycosylated forms of the recept@r @bserved by others (Palmer & Stiles,
1999;Piersemt al., 1994).
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Fig. 10.1: Titration of the AdV.A ,,AR in LNCaP cells

3 x 1¢ LNCaP cells per well were seeded into poly-D-lgsovated 6-well tissue
culture dishes and infected with AdVLMAR (panel A) (MOl = 0 - 20 ifu/cell).
Medium was replenished at 24 h post-infection tonpote cellular survival and
infection was monitored by eGFP fluorescence.AR expression was detecteth
immunoblotting for the C-terminal Myc tag (panel ®esults are representativenct

3 separate experiments with theaAR/GAPDH ratio displayed as mean values *
SEM. * =p < 0.05vs. MOI = 0 ifu/cell, ** = p < 0.01vs. MOI = 0 ifu/cell
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10.3.2 Ligand binding assay

In order to determine subsequent effects gfAR expression on cellular morphology, the
levels of expression of the,AAR were assessed following infection with Ad\(sAR or
the control AdV.GFP recombinant AdV. AdV.GFP ent®dbe second ORF encoding
eGFP but not the Myc-tagged MR, thus allowing any effects of AdVAAR expression
to be attributed to expression of thesaAR and not due effects of AdV infection. To
determine comparative receptor numbers, 16.6°%_NCaP cells/flask were seeded into
0.1 mg/ml poly-D-lysine HBr coated 150 erissue culture flasks prior to infection with
either AdV.GFP or AdV.AxAR. At 48 h post-infection, cell membranes werepared as
described in Chapter 5 and incubated immediatetig ¥{-ZM241385 in the presence of
either de-ionised water (dB) or 50uM of the non-specific agonist NECA to assess total
and non-specific’H-ZM241385 binding respectively. Following harvestiand liquid
scintillation counting, the number of receptors per of protein was calculated as

described in Chapter 5.

In LNCaP cells infected with AdV.GFP, no specifimding of *H-ZM241385 could be
detected, indicating that LNCaP cells do not bgsatpress the AAR. In cells infected
with AdV.A2,AR a concentration-dependent increase’tzZM241385 was detected,
indicative of an increase in ,AAR expression. Using the B« values for individual
experiments, the number of bound ZM241385 moleccbesd be determined. Based on a
1:1 stoichiometric ratio of binding between ZM24%38nd the AnAR the number of
bound ZM241385 molecules could be directly equatetthe number of receptors in each
reaction. The protein content for each ligand mgdassay was determined using the BCA
assay described in chapter 5 and thus the numbreceptors peng of protein calculated.
Infection of LNCaP cells with AdV.AAR resulted expression of 7.615 + 1.64.AR/ug

protein.

10.3.3 A>AAR expression induces changes in LNCaP morphology

LNCaP cells were seeded into poly-D-lysine coatedel plates and infected with
recombinant AdV at MOI = 6 ifu/cell as describedsiction. To ensure that any changes
in LNCaP morphology arising from infection with AdMV:,AR occur due to AWAR
expression and not as a result of AdV infectioflscsere infected in parallel with AdV
expressing eGFP but not,/R. Images were captured using phase contrast and

fluorescence microscopy for each recombinant AdY, &4 and 48 h post-infection.

256



0.3

T v '
0.5 1.0 1.5 2.0 258
0014 [H-ZM241385] (nM)

[Bound *H-ZM241385] (nM)

—_~ 0.20'

=

=

0 0.15-

4 ] BMAX | 02186
s KD 0.5825
S 0.10-

N i, u

- 0.05

el

= |

(=]

)

—_ 0.00 L} v | | J . L}

L ' v ' L
0.0 0.5 1.0 1.5 2.0 2.5
[*H-ZM241385] (nM)

Fig. 10.2: Binding curve of °H-ZM241385 in LNCaP cells
infected with AdV.GFP or AdV.A >, AR

LNCaP cells were seeded into a 75 dissue culture flask at a density of 8.3 x
10 cells/flask and infected with either AdV.GFP or\Ad,,AR at MOI = 6
ifu/ml. Cells were harvested at 48 h and membrarspensions preparada
homogenisation. Membranes were incubated in duplwéh serial dilutions of
3H-ZM241385 for 1 h at 3T in the presence of either bl or 50uM of the
competing ligand NECA to determine total and noeesiic binding
respectively. Membranes were harvested using a dBtamarvester and
subsequent radioligand incorporation deternviadiquid scintillation counting.
Subsequent determination of the binding curve apgk Balues allowed the
number of receptors pag of protein to be determined following infectioithv
either AdV.GFP (top) or AdV.AAR (bottom).
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Prior to infection, AdV.GFP and AdVAAR-infected cells displayed no discernable
difference in cell morphology (Fig. 10.3). Mean dete lengths for cells were 10.43 +
0.22um and 11.32 £ 0.2@m for AdV.GFP and AdV.A.AR infected cells respectively.
Whilst LNCaP cells infected with AdV.GFP displayet changes in morphology
throughout the experiment with mean dendrite lesgth14.08 + 0.26um and 12.95 +
0.24um at 24 h and 48 h post-infection respectively (E@3). In contrast, AdV.AAR-
infected LNCaP cells displayed altered morphologthvdendrite lengths increasing to
19.72 £ 0.45um at 24 h post-infection and 26.20 + 0.72 at 4®$tfinfection (Fig. 10.3).

These results suggest that AdV-mediatedMR expression is sufficient to induce changes
in LNCaP cells to a NE-like morphology.

10.3.4 Expression of the A ,,AR is associated with NE-like

morphological changes in LNCaP cells

It was demonstrated above that infection with AMAR and not AdV.GFP promoted
changes in cell morphology consistent with NE-ltkfferentiation. However, this result
does not truly show that those cells expressingAh@R are those that have undergone
morphological changes, only that there is a tengleimc A;nAR expression to be
associated with increases in mean dendrite ledgtttonclusively determine a correlation
between AAAR expression and changes in cell morphology, thghb field and
fluorescence images used above were merged ar@h86m cells per field per experiment
(750 cells in total) at the 48 h post-infection ¢impoint analysed. Cells were scored for
both eGFP fluorescence, indicating successful Adfiéction and recombinant protein
expression, and also for changes in LNCaP cell hwggy consistent with NE-like
differentiation including rounding of the cell bgdyncrease in dendrite length and
presence of dendritic branching. The scoring dsdelr eGFP fluorescence also enabled a

comparison of the relative infection efficiencidssach recombinant AdV.

As expected, infection with AdV.GFP, was not asatad with acquisition of a NE-like
morphology with only 12 of the 312 eGFP-positiv& k) cells displaying morphology
resembling that of NE-like cells (Table 10.1, n=sp >0.05 ¢ = 0.76)). In contrast,
infection of LNCaP cells with AdV.AAR resulted in a highly significant association
between eGFP fluorescence and NE-like differentiagis determined by thé test (Table
10.1, *** = p < 0.001). 440 cells were found to be eGEPwhich 251 displayed a NE-
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Phase contrast Fluorescence Merge
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Fig. 10.3: Expression of the A ,,AR in LNCaP cells mimics Fsk-

induced morphological changes

6 x 10 LNCaP cells were seeded into poly-D-lysine-coafedm tissue culture
dishes and infected with AdV.GFP or AdGMR (panel A) (MOI = 6 ifu/cell).

Medium was replenished at 24 h post-infection tonpste cellular survival and

infection was monitored by eGFP fluorescence. Miamdrite length was assessed at

0 h and 48 h post-infection as an indication of IME-differentiation (panel B) whilst

A2AAR expression was detectada immunoblotting for the C-terminal Myc tag

(panel C). Results are representative ef3 separate experiments with mean dendrite

lengths shown as mean values + SEM. **H= 0.001vs. O h, ### =p < 0.001vs.

AdV.GFP
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AdV.GFP

AdV.A AR

NE*™ NE  Total
eGFP" 12"% 300 312

(11.2) (300.8)
eGFP 15 423 438

(15.8) (422.2)

NE" NE  Total
2517 189 440
(211.2) (228.8)

109 201 310

(148.8) (161.2)

Total 27 723 750 360 390 750

Table 10.1: Association between eGFP fluorescence a nd NE-like

morphology in LNCaP cells
LNCaP cells were infected with either AdV.GFP or\Ad,,AR (MOI = 6 ifu/cell) and

maintained for 48 h post-infection. Five randonidiseper recombinant AdV were captured
for n = 3 separate experiments and the fluorescencglaask-contrast images merged to
allow simultaneous assessment of eGFP fluoreso@@EP) and NE-like differentiation
(NE") for 50 random cells per field. The results of theee experiments were pooled and
the association between eGF&hd NE determinedvia ay® test for association. Results
are represented as the observedexpected values for the pooled daf&=p > 0.05 " =

p < 0.001)
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Fig. 10.4: Infection percentages for AdV.GFP and
AdV.A,,Ar in LNCaP cells

LNCaP cells were infected with either AdV.GFP onNA4,,AR (MOI = 6
ifu/cell) and maintained for 48 h post-infectionvé random fields per
recombinant AdV were captured far= 3 separate experiments and the
fluorescence and phase-contrast images mergedaw aksessment of
eGFP fluorescence for 50 random cells per fielde Tibmber of eGFP
cells was calculated as a percentage of the totaber of cells analysed.
Results are represented as mean values + SEMnhfer 3 separate

experiments, n.s. p> 0.05
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like morphology in comparison to 109 eGIeRlls which displayed morphological changes
consistent with NE-like differentiation. These rksuconfirm that AdV-mediated
expression of the AAR in LNCaP cells is indeed associated with NE-ld#teanges in

morphology.

In order to determine relative abilities of the trawombinant AdV, the number of eGFP
was calculated as a percentage of the total nuofbeells analysed. The mean percentage
infection with AdV.GFP was 41.60 = 5.00 % whilst #&dV.A2,AR the mean percentage
infection was 58.67 + 3.42 %. Whilst there was redency for AdV.GFP to have lower
percentage infection than AdV,RAR this was not found to be statistically signifitas
determined by an unpaired t-test (Fig. 10.4, njg>=0.05 f = 0.639)), indicating similar

infection efficiencies between the two recombinady/ .

10.3.5 The A, AR-selective inverse agonist ZM241385 blocks
AdV.A,AR-mediated changes in LNCaP cell morphology

Although expression of AAR alone in LNCaP cells induced differentiation ldfiCaP
cells to a NE-like phenotype, it was necessarydmahstrate that a functional receptor
was required for this phenomenon and that the pusviesults were not simply an effect
of receptor over-expression. To this end, LNCals ceére seeded as described above and
infected with either AdV.GFP or AdVAAR and grown for 48 h in the presence of
vehicle or 1uM of the ApAR-selective antagonist ZM241385 (Pouclkeeal., 1995). In
order to retain ZM241385 activity over the cour$¢he 48 h infection period, cell culture
medium was replaced at 24 h post-infection witlslreulture medium containing either
vehicle or 1uM ZM241385. In order to monitor morphological chasg LNCaP cells
were photographed at 0 h and 48 h post-infectiongusoth phase contrast microscopy
and fluorescence microscopy to detect GFP fluoreszeAt 48 h post-infection, LNCaP

cells were harvested and immunoblotted to confirgAR expression.

At 0 h post-infection, the mean dendrite length wamparable across all experimental
groups, indicating that any subsequent changes eanndendrite length arise due to
experimental procedures and not as a result oferthf morphology prior to

experimentation. At 48 h post-infection, LNCaP satifected with AdV.GFP displayed no
discernable difference in mean dendrite length tdretells were treated with vehicle or
ZM241385. The mean dendrite length for AdV.GFP dtdd cells treated with vehicle for
48 h was 20.60 £ 0.58m at 0 h and 17.97 £ 0.38n at 48 h whilst for AdV.GFP-infected
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Fig. 10.5: Treatment with the A ,,AR-selective inverse agonist ZM241385 inhibits
AdV.A,,AR-mediated changes in LNCaP morphology

6 x 1@ LNCaP cells were seeded into poly-D-lysine-coateslue culture dishes and infected with
AdV.GFP (panel A) or AdV.AAR (panel B) (MOI = 6 ifu/cell) in the presence ether vehicle
(0.1% DMSO) or 1 uM ZM241385, an,pAR-selective inverse agonist. Medium was replerdshte
24 h post-infection to ensure continued activityZdd241385 and infection was monitored by eGFP
fluorescence. Mean dendrite length was asses$e¢t and 48 h post-infection as an indication of NE-
like differentiation (panel C) whilst AAR expression was detecteth immunoblotting for the C-
terminal Myc tag (panel D). Results are represevdatf n = 3 separate experiments with mean
dendrite lengths shown as mean values + SEM. *p*<=0.001vs. O h, ### p <0.001vs AdV.GFP,

+++=p < 0.001vs. vehicle
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LNCaP cells treated with ZM241385 for 48 h, meanditige length was found to be 19.91
+0.54um at 0 h and 18.58 + 0.46 at 48 h post-infection.

In contrast to LNCaP cells infected with AdV.GFRehicle-treated LNCaP cells infected
with AdV.A2,AR displayed an increase in mean dendrite lengtim f£7.45 + 0.4um at O

h post-infection to 103.40 + 5.80m at 48 h post-infectionp(< 0.001vs. 0 h and GFP-
infected cells), supporting previous results thataAR expression can induce
morphological changes in LNCaP cells. However, tinemt with 1 uM ZM241385
blocked the ability of AWAR expression to induce morphological changes iIiCaR cells.
In these cells, initial dendrite length was 20.50.63 at O h post-infection and 18.00 *
0.45 at 48 h post-infection, indicating that selectantagonism of AAR inhibits
morphological changes in LNCaP cells. These ressiitsngthen the hypothesis that
A2AAR expression induces differentiation to a NE-I|gteenotype in LNCaP cells.

10.4Discussion

LNCaP cells have frequently been reported to uraalifferentiation to NE-like cells
following a number of treatments including androgeleprivation, chronic IL-
6/gp130/STAT3 signalling and elevation of intracdl cAMP levels. Typically,
intracellular accumulation of CAMP has been achiebg treatment with Fsk or witp-
adrenergic receptor agonists, indicating that piggical stimuli can induce NE-like
differentiation (Coxet al., 2000;Deeblet al., 2001). In order to further establish a role for
cAMP elevation in LNCaP differentiation, thengcoupled A AR was expressed in these
cells. It was found that AdV-mediated expressiomAgfAR could induce morphological
changes in LNCaP cells consistent with differerdgrato a NE-like phenotype and that this
effect was blocked by the,AAR-selective inverse agonist ZM241385.

The ability of ZM241385 to block AAR-mediated changes in LNCaP morphology
indicates that this effect is mediated by activafedAR due to the greater affinity of
ZM241385 for the AWAR vs. the other adenosine receptor sub-types. ZM241885n0n-
xanthine AsAR-selective antagonist, displaying pAalues two orders of magnitude
greater than at the closely relatedsAR and approximately four orders of magnitude
greater than at the;fand A adenosine receptors (Poucher et al., 1995). Tmslasion is
supported by the association of infection with AAMAR but not AdV.GFP with an

increase in mean dendrite length.
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It is unclear why expression of,AAR induces changes in LNCaP morphology in the
absence of an agonist. One possible explanatitiratsadenosine released into the culture
medium as a result of normal cellular respiratiar(ds & Palmer, 2005) causes activation
of the receptor which is blocked by the binding £¥1241385. This matter could
potentially be addressed by the addition of ademosieaminase to the tissue culture
medium during the infection period (Thibaettal., 2002). However, it may also be the
case that the apparent basal activation of AdV-esged AWAR may arise from simple
over-expression of the receptor. It has previolldgn demonstrated that over-expression
of the A»,AR can result in constitutive activity in dog thgstes with increased AC
activity in the absence of agonist (Maenhetwdl., 1990). Similar observations were made
in vivo with thyroid-specific expression of the caningsAR in mice resulting in severe
hyperthyroidism (Ledenét al., 1992). This phenomenon is not restricted AR as
other class A GPCRs also display constitutive #gtias a result of receptor over-
expression. For example, expression of fa@drenoceptor in the NG108-15 cell line
resulted in an increase in basal AC activity onlyew high levels of receptor expression
were achieved (Adie & Milligan, 1994). Treatmentthwihe B,-adrenoceptor antagonist
propranolol partially decreased the basal AC agtidisplayed in cells expressing high
levels of Bo-adrenoceptor (Adie & Milligan, 1994). Similarlyyver-expression of splice
variants of the metabotropic glutamate receptom&GIUR1) in porcine kidney epithelial
and HEK 293 cells demonstrated that over-expressioine mGluR1a isoform, but not the
MGIuR1b or mGIluR1c, resulted in elevated basaligtof the receptor as determined by
downstream generation of inositol phosphate geioerdty phospholipase C (Prezeetu
al., 1996). This observation is of particular interestthis study as mGluR1a has a far
longer C-terminal domain in comparison to mGIluRI¥bntGluR1c, which may act to
promote better coupling efficacy to either G-progeor other modulatory protein families
and so promote agonist-independent receptor aicivéfngoet al., 2001;Prezeast al.,
1996). Given the unusually long C-terminal domaie,AR, it is possible that a similar

mechanism is employed by this receptor to promctigation in the absence of agonist.

Agonist-independent activation of G-protein sigmgjl has been described for multiple
GPCRs and is not necessarily dependent on supriafdgisal expression of the receptor
of interest but may arise due to mutations witlie teceptor (Seifert & Wenzel-Seifert,
2003). A two-state model of GPCR activity has bdescribed which goes some way to
explain the basis of constitutive GPCR activatiothie absence of agonist and the increase
in basal activation seen when GPCRs are over esgule$t has been proposed that GPCRs

switch between an active (Rec*) or inactive (Remformation, with the Rec* state being
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stabilised by interaction with agonist and the R&te stabilised by inverse agonists
(Seifert & Wenzel-Seifert, 2003). Supraphysiologiexpression of a GPCR, whilst
unlikely to alter the Rec/Rec* equilibrium, willrsply increase the number of receptors in
the Rec* state and thus increase the likelihoodgahist-independent effects. This effect
may be more pronounced following expression of AR or other GPCRs which
display tight coupling betweendogand the receptor. In the traditional collision pling
mode, receptors in their active conformation aentteliant on random collision with their
cognate G-protein in order to activate intraceludggnalling, an event which may not
occur before the receptor reverts to its inactitaes In the case of receptors, such as
A2,AR, where the GPCR is thought to be pre-coupledst@-protein (Charalamboues

al., 2008), switching of the receptor to its activefoomation has a far greater probability
of activating downstream, signalling pathways aondressult in the observed changes in

LNCaP morphology.

It is also possible that receptor over-expressi@y Bnhance agonist-independenhAR
signalling through promoting dimerisation of theceptorvia the fifth transmembrane
domain (Thevenin & Lazarova, 2008). Dimerisatioroligomerisation of GPCRs has been
associated with more efficient G-protein activatigreater agonist affinity and enhanced
signal transduction (Baneres & Parello, 2003;Fadi&tl al., 2006;Milligan, 2007). It is
possible that the high level ohb, RAR expression arising from AdV-mediated gene transf
may promote high levels of receptor dimerisatioewen oligomerisation. Such a response
may potentiate basal activation of the receptarmore effective G-protein signalling and
promote the activation of intracellular signallipgthways involved in changes in LNCaP
morphology.

Previous studies using this recombinant AdV indictitat expression of the receptor is
sufficient to induce anti-inflammatory effects hretabsence of ligand stimulation (Sands et
al., 2004). It is possible that further enhancenoérihe morphological changes associated
with AdV.A2,AR expression might be seen with treatment with AgAR-selective
agonist CGS21680 as has been observed in otherimgogal systems. CGS21680 is a
highly selective agonist for Aadenosine receptors, displaying minimal effect&#&R
(Jarvis et al., 1989) and no effects at eitherAhgAR (Yakel et al., 1993) or #/AR (Zhou

et al.,, 1992). In previous studies, the effect AR expression could be enhanced by
treatment with CGS21680 (Sands et al., 2004). Heweduring preliminary studies in
LNCaP cells expressing -AAR, treatment with 10uM CGS21608, a concentration

previously shown to be efficacious in numerous ot&dl lines in our laboratory, failed to
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elicit an increase in ERK1/2 activation or to pdiate effects on LNCaP dendrite length
(data not shown), suggesting that AdV-mediated e&sgion of the receptor is sufficient to
induce these effects.

Whilst expression of AR alone appears to mimic the effect of CAMP el@raton
LNCaP morphology, the signalling pathways by whtbis is achieved are yet to be
elucidated. As the AAR is a Gis-protein coupled GPCR, it is likely that activatiohthe
receptor induces changes in LNCaP morphology thr@agivation of @s and subsequent
activation of AC leading to increased intracellu@MP concentrations. It is to be
anticipated that a similar pathway is activatetiNCaP cells following AsAR expression
as that which follows Fsk treatment as both rasutC activation.

In addition to the hypothesisedn@mediated activation of AC downstream 0fsAR in
LNCaP cells, other pathways activated byaAR may also play an important role in
promoting differentiation to a NE-like phenotyp& &ddition to AC, AsAR can also
promote activation of ERK1/2 in a manner independ&#nGos activation (Sexlet al.,
1997). In the previous chapter, it was found theledive activation of ERK1/2 could
promote changes in LNCaP morphology but this payha@peared to play a role later in
the morphological changes associated with cAMPatien. It is possible that the same
holds true in the case of; /AR expression in these cells although it is morféadilt to
ascertain the contributing role of ERK1/2 in thisstance as the separation 06sG
dependent and -independent signalling pathwaysnbéseen achieved. Thus it is not
possible to ascertain, at this stage, whethereafosl ERK1/2 may arise due to activation
directly downstream of AAR (Sexl et al., 1997) or as a later effect ais@Gediated
cAMP elevation (Seidel et al., 1999) as holds tiueghe previously described model.
Future experiments involving the use of the MEK&éPective inhibitor U0126 and
inhibitors of adenylyl cyclase activity such asu-BATE may help to delineate the roles
of Gos and ERK1/2 in this phenomenon.

In addition to impact on the ERK1/2 pathway,aAR occupancy may also impact on the
activation of RhoA, a process which appears todygral to the early changes in LNCaP
morphology observed as a result of Fsk treatmerthénprevious chapter. It has been
demonstrated in human neutrophils that treatmeth #ie chemotactic reagent fMLP
promoted activation of phospholipase D, a procebgtlwrequires Rho activation and
associated translocation of RhoA to the cell memdrgensome et al., 1998). The PLD

isoform PLDL1 is believed to play an important risieneutrophil responses to agonists such
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as fMLP due to its ability to generate the secomssenger phosphatidic acid (Fensome et
al., 1998). Adenosine deaminase-mediated inhibiddnadenosine receptor signalling
enhanced RhoA translocation to the cell membratiewiong fMLP treatment indicating
that AR signalling inhibits RhoA membrane transtoma As might be anticipated,
CGS21680-mediated activation of,#AR signalling promoted a decrease in fMLP-
mediated activation of PLD which is indicative of apstream decrease in RhoA activity
and supported by the observation that treatmenh v@(GS21680 impaired RhoA
translocation to the cell membrane. These effectddcbe reversed following treatment
with AzaAR-selective antagonists, suggesting thakAR signalling acts to negatively
regulate RhoA membrane translocation (Thibault.e2@00). In later experiments, it was
determined that the ability of AAR signalling to impair RhoA membrane translocation
and subsequent PLD activation could be mimickedgughe cCAMP analogue Sp-cAMP,
indicating a cCAMP dependency of this phenomenore PKA-selective antagonists H89
and Rp-cAMP-S could reverse ;#MR-mediated inhibition of RhoA membrane
translocation (Thibault et al., 2002). Given tha factivation of RhoA is associated with
translocation of the protein to the cell membratieese results suggest thabaAR
activation inhibits RhoA activatioia a PKA-dependent pathway, an effect comparable to
the pathway elucidated in Chapter 8. It is therefamobable that the pathways important in
Fsk-mediated changes in LNCaP morphology may piaylas roles in AsAR-mediated
morphological changes and represent a conservddvagtimportant in early NE-like

differentiation in PCa.
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11 Final discussion

Cancer is a universal condition resulting in abredreellular proliferation and survival.
Whilst many factors can contribute to carcinogesiesilarge number of these potentiating
factors unite in their ability to inappropriatelggulate intracellular signalling pathways
involved in key cellular process such as cell cymegression and apoptosis (Hanahan &
Weinberg, 2000). Of particular interest to thisdstuvas the role of chronic inflammatory
responses in carcinogenesis, particularly the wdlethe IL-6/JAK/STAT3 signalling
cascade in PCa. Elevation of serum IL-6 has besocaged with every stage of PCa from
initial diagnosis to terminal disease. (Barwral., 2004;Kurodeet al., 2007;Michalakiet

al., 2004;Starlet al., 2009). IL-6 mediates its intracellular effectsoiigh activation of the
JAK/STAT pathway (Heinrichet al., 2003) and hyperactivation of STAT3 has been
described in a number of malignancies (Hodgjeal., 2005;Jing & Tweardy, 2005),
concomitant with the oncogenic effects of this enmot (Bromberget al., 1999).
Inappropriate activation of STAT3 is associatedhwiioth an increase in cell cycle
progressiorvia induction of genes such as cyclin D1 and protectiom apoptotic effects
and Bcl-X (Bartonet al., 2004;Grandiset al., 2000;Hodgeet al., 2005;Zhanget al.,
2007). Direct inhibition of STAT3 has been shownirtduce apoptosis in PCa cell lines
(Barton et al., 2004), suggesting that targeting of this pathwaeuld be of therapeutic
benefit. Previously, it was demonstrated that dleweof intracellular cCAMP can decrease
STAT3 activation in vascular endothelial cella induction of SOCS3 expression (Sands
et al., 2006). This is of therapeutic interest as chrdhi6 signalling is associated with
unstable atherosclerotic lesions and increasedafidkrombosis and stroke (Kes al.,
2008).

In the current study, it was demonstrated that igation of cells with exogenous IL-6
resulted in increases in tyrosine phosphorylatibB DAT3 in all cell lines tested but only
induced activation of STAT1 in the control celldinsed. The tumour-derived LNCaP and
DU145 cell lines displayed no activation of STATLresponse to IL-6 stimulation due to
a lack of JAK1 expression and currently undefineghalling defects specific to IL-6
signalling respectively. Prolonged activation of B is an oncogenic event whilst
STATL1 activation is generally ascribed a tumourpsapsor function (Yu & Jove, 2004).
Thus selective activation of STAT3 rather than STAMay act to promote tumour cell
survival during initial carcinogenesis and subsegusuppression of anti-tumour

immunosurveillance (Nefedowa al., 2004;Yu & Jove, 2004). Given the association of
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both elevated IL-6 levels and chronic STAT3 acimatwith numerous malignancies
(Azareet al., 2007;Hodgeet al., 2005;Jing & Tweardy, 2005;Liet al., 2007;Nefedovaet
al., 2004;Toet al., 2004;Yu & Jove, 2004), preferential activation $TAT3 versus
STAT1 in response to exogenous IL-6 may be a comreature of cancer cells.
Expansion of this study to investigate other maligries associated with hyperactivation
of IL-6 or STATS3 signalling such as colorectal oasgric carcinoma (Esfandit al.,
2006;Toet al., 2004) might indicate whether defective STAT1 \ation in response to
IL-6 is a general feature of inflammation-assodanealignancies. Furthermore, it might
be that modulating the balance between STAT1 andTS3Tactivation following IL-6

stimulation in favour of STAT1 activation may repeat a future avenue of research.

Currently however, strategies which inhibit IL-6-gieted STAT3 activation are being
pursued as potential therapeutics (Jing & Twea2095). Previous work has demonstrated
that elevation of intracellular cAMP can decrea3$& B3 activation in vascular endothelial
cellsvia induction of SOCS3 expression (Samtal., 2006). This is of therapeutic interest
as chronic IL-6 signalling is associated with ubktaatherosclerotic lesions and increased
risk of thrombosis and stroke (Kesal., 2008). Furthermore, SOCS3 expression has been
demonstrated to decrease inflammatory disease p&enin models of inflammatory
RArt, suggesting that expression of this proteia suitable anti-inflammatory therapy
vivo (Shoudaet al., 2001). In the current study, elevation of cAMPpirostate epithelial
cell lines was able to decrease activation of STAd@nstream of the IL-6R. However,
whilst the data obtained strongly suggests thateffect is mediated by SOCS3 expression
in DU145 and PZ-HPV-7 cells, in LNCaP cells no iotlon of SOCS3 expression was
observed. The combination of previous observatibasCAMP elevation can attenuate IL-
6-induced STAT3 activation in HUVECs, MEFs (Samtlsl., 2006), COS1 (Yarwooet

al., 2008) and monocytic precursor cells (Mullen amdhter, unpublished observations),
the observations in this study that cCAMP elevattan mediate similar effects in prostate
epithelial cells suggest that this is a universachanism by which to attenuate
inflammatory signalling. Whilst it has previouslgdn demonstrated that cAMP elevation
in HUVECs can attenuate IL-6 signallimp SOCS3 induction (Sands al., 2006), the
results obtained in this study indicate that thesymot be a universal pathway. The ability
of cCAMP elevation to inhibit STAT3 activation in 045 and PZ-HPV-7 cells was
correlated with increases in SOCS3 protein expsassHowever, in LNCaP cells,
elevation of intracellular cAMP attenuated IL-6-tmétd STAT3 activation but did not
alter SOCS3 protein levels, indicating the preseoicether inhibitory pathways. It has

been demonstrated in this study that elevationAde acts to inhibit RhoA activity in
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order to promote NE-like differentiation in LNCaPBlls (Chapter 8). Published data have
shown that RhoA activity can regulate tyrosine giagylation, and thus activation, of
STAT3 (Aznaret al., 2001;Debiddaet al., 2005) and thus it is possible that cAMP
elevation inhibits STAT3 activation in LNCaP celis inhibition of RhoA activation. In
combination with previous data, the results obthimethis study strongly support the use

of CAMP elevating agents as inhibitors of IL-6/STASignalling.

However, the use of CAMP elevation to manipulatelogenous anti-inflammatory
pathways may not represent a suitable strategglfonflammatory conditions. This is of
particular relevance in PCa as elevation of inftalz@ cAMP or over-expression of the
A20AR, a Gugscoupled GPCR, promoted NE-like differentiation iiNCaP cells.
Emergence of a NE cell population is associatet wipoor patient prognosis and terminal
disease (Shariff & Ather, 2006). Whilst tumoursidieig solely from prostatic NE cells
represent a rare and highly aggressive malignahegge cells are frequently seen as foci of
non-proliferating cells surrounded by a region widing epithelial cells due to the release
of mitogenic factors such as bombesin (Noordtipl., 1996). Due to their senescent
nature (Noordzij et al., 1996), NE cells are often resistant to convemtion
chemotherapeutics which target actively dividingllsceand, due to the androgen-
independent nature of their growth, NE cells alesist the androgen ablation therapy
conventionally used to treat PCa (Cletial., 1992). Thus whilst treatment of PCa patients
with therapies which modulate intracellular cAMPcentrations may be therapeutically
beneficial when considering one aspect of intratailsignalling or one disease it may not
represent a universal strategy. This is particulile when considering malignant disease
as PKA is frequently over-expressed in cancer &od,twhilst elevation of cCAMP may
attenuate cell proliferation and survival mediabgdSTAT3 activation, the same therapy
may also potentiate growth of cancer cells thro&gtA-mediated activation of CREB
(Jameset al., 2009;Naviglioet al., 2009;Shankaet al., 2005) and other key cellular
pathways such as the ERK1/2 signalling pathway.

Indeed, this study has demonstrated that cCAMP #&t@vecan promote activation of
ERK1/2 in LNCaP cells. This pathway is of particulmmportance in regulating cellular
proliferation and survival and, whilst NE cell aren-proliferative, activation of ERK1/2
signalling by cAMP may play a role in promoting tharvival of these cells. Activation of
ERK1/2 plays an important role in neurite outgrowthPC12 cells (Bousche# al.,
2003;Kiermayeret al., 2005;Monagharet al., 2008;0Obaraet al., 2004;Robinsoret al.,

1998) and was shown to be important for later sajelendrite extension in LNCaP cells.
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Interestingly, the more recently described ERKSalling pathway may play a role in
mediating the early effects of CAMP elevation on@a&P cell morphology. It is currently
unclear as to the interplay between ERK1/2 and ERK%his system but the greater
importance of ERKS5 in the early stages of morphicimigchange may arise due to direct
interaction of this signalling protein with the imctytoskeleton mediated by the proline
rich domains in ERKS (Zhowet al., 1995). It is thus possible that the ERKS5 signalli

pathway may also regulate activation of Rho fan@yPases in order to mediate the

effects cCAMP elevation on cellular morphology.

Treatment with Fsk was shown to induce inhibitioh RhoA by a PKA-dependent
pathway. Whilst this was correlated with an inceers pSet®RhoA, the possibility that
MEKS5 could promote GTP» GDP exchange of Rho GTPase family members andtso a
to dynamically regulate cytoskeletal processesioadeen excluded (Zhaat al., 1995). If
such a hypothesis was correct, it may provide aplagation for the role of the
MEKS5/ERKS signalling pathway in early changes in @&P cell morphology. Indeed,
further study of the ERKS5 signalling pathway iselik to ascribe more functions which
were thought to be ERK1/2-specific to this cascasleuntil recently, it was not possible to
pharmacologically inhibit the ERKS signalling cadeawithout also inhibiting ERK1/2
activation (Mody et al., 2001;Tatakeet al., 2008). Future research into the ERK5
signalling cascade may well demonstrate that thtbvay is a key regulator of the actin
cytoskeleton. As signalling pathways modulatingrapblymerisation play a major role in
many cellular processes such as neuronal differtori (Nusseet al., 2006) and tumour
metastasis (Linet al., 2007;Zhaoet al., 2009a) it may be that compounds such as
B1X02188 and B1X20189 may prove to be importantsdor future therapeutic strategies.

Ultimately, whilst intracellular cAMP elevation ndss in attenuation of STAT3 activation
in prostate epithelial cells, it is unlikely th&etrapeutic strategies which modulate cAMP
signalling will be of future benefit in malignantsdase due to potential side effects on
cellular proliferation and differentiation. Othereohanisms by which to inhibit IL-
6/STAT3 signalling such as JAK inhibitors or deaaligonucleotides (Jing & Tweardy,
2005) are likely to be of far greater benefit ieating malignant disease. However,
elevation of intracellular cAMP may prove benefigiaother diseases involving aberrant
IL-6 signalling such as atherosclerosis or RArt [[&a 2002). Thus, whilst apparently
representing a universal strategy by which to a#ém IL-6 signalling, elevation of
intracellular cAMP may not represent a universalytable strategy and the interplay

between signalling pathways must be carefully aereid.
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12 Future directions

12.1Investigation of gp130-STAT1 interaction in response to IL-6
stimulation

In Chapter 6, both of the tumour-derived cell lif@ed to activate STAT1 in response to
exogenous IL-6. In the case of LNCaP cells, this feaind to arise due to a lack of JAK1
expression whilst the mechanism by which this ogcur DU145 cells is currently
unknown. DU145 cells activated STAT1 in respons@stogenous IFW, indicating that
the lack of STAT1 phosphorylation in response te6llis an effect specific to this
signalling pathway. As IF stimulation is able to induce phosphorylation of“¥* of
STATL, it is unlikely that there are alterationsSMAT1 which render it unable to interact
with cytokine receptors and to undergo JAK-mediaetivation. It is thus more likely that
the defects in IL-6-mediated activation of STATlsardue to alterations in the IL-

6R/gp130 complex.

It is possible that STATL1 is unable to interacthagip130 in order to promote activation of
STAT1 following stimulation with IL-6. Immunoprediation of gpl130 and subsequent
immunoblotting for STAT1 in IL-6-stimulated DU14%Mks could be undertaken in order
to address whether STAT1 does indeed interact gpttB0. If it were found that STAT1
does not interact with gpl30, there are several hamdsms which might prevent
interaction of the two signalling molecules. Bingliof SOCS proteins to cytokine receptor
is able to sterically hinder STAT recruitment te tteceptor/JAK complex (llangumarein
al., 2004). In the case of SOCSS, this process regjph®sphorylation of gp130 arising
from cytokine stimulation (llangumarae al., 2004). As DU145 cells are the only cells in
this study both to be described as displaying b&$&T3 activation arising from autocrine
IL-6 production (Okamotet al., 1997) and also the only cells to display defetiSTAT1
signalling specifically confined to the IL-6 pathyye&SOCS3 could be basally associated
with gp130 in these cells and so act to inhibit $TAactivation following IL-6
stimulation. However, two lines of evidence arggmiast such a suggestion, firstly the
lack of basal pTY°>STAT3 detected throughout this study and seconfi§OCS3 were
constitutively associated with gp130 in DU145 celtswould be expected to impede
activation of STAT3 following IL-6 stimulation whict was not observed in this study.
However, it is possible that constitutive interantiof another SOCS protein such as
SOCS1 with gp130 is responsible for the loss in I Activation observed. Interaction of
SOCS1 with pTy#* of the IFN receptor blocks STAT1 activation (Qirgal., 2005) and
thus it may be that recruitment of SOCS1 to a @itegpl130 may sterically hinder IL-6-
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induced activation of STATL1. This could be testgdiramunoprecipitation of gp130 and
immunoblotting for SOCS1.

However, it may also be that the lack of STAT1\ation arsing from IL-6 stimulation in
DU145 cells is due to alterations in the STAT1 wéonent sites on the cytoplasmic chains
of gp130. The receptor binding sites for STAT1, bot STATS3, require the presence of a
proline residue two amino acids C-terminal to thHeogphotyrosine (Gerhartet al.,
1996;Hemmanret al., 1996), thus mutation of the proline residue wolddexpected to
inhibit STAT1/gp130 interaction but would not diptugp130/STAT3 interaction which
does not require the Pro-GIin motif (Gerhadz al., 1996;Hemmannet al., 1996).
Furthermore, the presence of a leucine residue diatedy C-terminal to the
phosphotyrosine site is also required for STATIvation in response to gp130 activation
(Gerhartzet al., 1996). In the study, by Gerhasizal (1996) mutation of an IFNreceptor
sequence from YDKPH to YFKQH entirely altered supsst STAT activation from
predominantly increasing tyrosine phosphorylatibi5®AT1 to solely activating STAT3
(Gerhartzet al., 1996). Given these observations, it is possiu the exclusive activation
of STATS3 rather than STATL1 in DU145 cells followitig-6 stimulation demonstrated in
this study may arise from mutations within the STATecruitment sites on gp130,
rendering STAT1 unresponsive to IL-6. The presewtepoint mutations altering
STAT1/gpl130 interaction could be determingih comparison of gpl30 nucleotide
sequences between DU145 and PZ-HPV-7 cells usin§GX.

STATL1 is thought to exert a tumour suppressor foncwvhilst elevation of IL-6/STAT3
signalling is common in many malignancies (Ho@gel., 2005). Thus it is possible that
defective gp130/STAT1 coupling could be of impodain a spectrum of cancers. Whilst
studies have investigated the role of gp130 pountations in inflammatory diseases, these
have either artificially introduced mutations in1@® (Tsujiet al., 2009) or have not
correlated mutations in gpl30 sequence to sigmaliafects (Rodrigueet al., 1994).
Screening of tumour cells for mutations in the pyasmic regions of gp130 which are
associated with STAT1 recruitment and activatiory na@ntify a common mechanism by

which oncogenesis can be achieved.

12.2The role of SOCS proteins in cAMP-mediated attenuation of
STAT3 activation

Previously, the ability of cCAMP to attenuate cyto&iinduced activation of STAT3 in

HUVECs was demonstrated to be mediatea induction of SOCS3, an endogenous
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inhibitor of IL-6 signalling (Sandst al., 2006). However, whilst the decrease in STAT3
activation in DU145 and PZ-HPV-7 cells was assedatvith an increase in detected
SOCS3 protein levels, this did not hold true in L&FCcells. It is possible, given the lack of
SOCS3 expression in the LNCaP cell line, that tleenoter sequence for SOCS3 in these
cells is methylated. Indeed, hypermethylation & 80CS1 and SOCS3 promoters have
been described in several cancers associated dhraat IL-6 signalling (Komazalet

al., 2004;Miyoshiet al., 2004;Tischoffet al., 2007;Toet al., 2004) and thus may represent
a conserved mechanism by which malignant cells daghe tumour suppressor activities
of SOCS proteins (Elliotet al., 2008). Expression of SOCS3 following treatmenthwi
demethylating agents such as 5-aza-2-deoxycytididson & Jones, 1983) would
suggest that promoter methylation is indeed resptanfor the lack of SOCS3 expression
in LNCaP cells. It is possible that hypermethylatiof the SOCS promoter is also
important in the pathogenesis of other chronicamiinatory diseases associated with IL-6

elevation such as RArt or atherosclerosis (Kalk€)2).

Importantly, it has not been possible to conclugiiemonstrate a role for SOCS3 in this
phenomenon as selective knockdown of SOCS3 expresssing siRNA has been
unsuccessful. Further optimisation of SiRNA prolsde required to demonstrate a role for
SOCS3 in cAMP-mediated attenuation of STAT3 phosghton in DU145 and PZ-
HPV-7 cells. If these continue to be unsuccessfahsient transfection of these cells with
a plasmid encoding the relevant shRNA or establestinof stable SOCS3 knockdown
prostate epithelial cell lines expressing the ratvshRNA may represent successful
alternative strategies.

Importantly, this study has only addressed the roleSOCS3 in cAMP-mediated
attenuation of STAT3 phosphorylation, and other SQffoteins may be modulate IL-6
signalling. Whilst SOCS3 has been predominantlydistl as an inhibitor of IL-6
signalling, SOCS1 has also been demonstrated ¢othjirinhibit IL-6 signalling (Schmitz
et al., 2000). In order to address this issue, expressfonther SOCS protein family
members could be analysed by immunoblotting asopadd in this study. Other than
SOCS3, SOCSL1 is the primary candidate for SOCSatestlisuppression of gpl30-
mediated signalling as both have been shown tobiinhi-6-induced expression of
STAT3-responsive genes (Schmeéizal., 2000). Although the two SOCS proteins both
inhibit STAT3 activity, they modulate IL-6/STAT3gsiallingvia different mechanisms as
suggested by the observation that SOCS3 but notS30A€ recruited to Tyr® of gp130.

(Schmitzet al., 2000) However, given the current poor qualiticommercially available
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antibodies to endogenous SOCS proteins, use of REBR-to determine changes in SOCS
family mRNA levels may prove an alternative expenmal strategy. Caution must be
exercised when interpreting such results as chamgegRNA levels may not necessarily
correlate to changes in protein levels. Indeedeisg\proteins can be regulateic post-

transcriptional mechanisms.

Whilst it has been demonstrated tsats3 mMRNA levels increase following stimulation
with cAMP-elevating agents (Barclay al., 2007;Sandst al., 2006), this effect may vary
between cell types. In the PC3-AR PCa cell linereased SOCS3 protein expression
following stimulation of the AndR occurs due to lieases in translation and not in
transcription ofsocs3 mMRNA (Neuwirtet al., 2007). Indeed, no significant changes in
socs3 mMRNA were observed following androgen treatmentithier indicating that
transcriptional regulation plays a minor role igukating SOCS3 expression in PCa cells
(Neuwirtet al., 2007). Furthermore, control of SOCS protein eggi@n at the translational
level has been demonstrated for SOCS1 expressioruime thymocytes with changes in
SOCSL1 protein expression occurring independeniy fchanges isocsl transcript levels
(Gregorieffet al., 2000). In this case, inhibition sbcsl translation was caused by the 5’
untranslated region (UTR) which encodes an upstré&® containing AUG initiation
codons. The presence of upstream AUG codons cdmnitipinotein translation, possibly by
interfering with ribosomal scanning for the genuMdG required for protein translation
(Gregorieffet al., 2000). A similar, but non-identical sequenceprissent in humasocsl
MRNA (Gregorieffet al., 2000). Given that both SOCS1 and SOCS3 protegmession
can be regulated at the translational as well agrdnscriptional level, it is possible that
5-UTR-mediated suppression of SOCS protein trdizsla represents a conserved
mechanism by which to regulation SOCS protein esgiom and thus gRT-PCR methods
may not represent a suitable method to investigaerole of other SOCS proteins in
cAMP-mediated suppression of STAT3 activation.

One potential method by which to assess whetheeroBOCS family members are
involved in modulation of IL-6 signalling in proséeepithelial cells would be to exploit the
interaction of these signalling proteins with gpl3®munoprecipitation of gpl130 and
subsequent immunoblotting or mass-spectroscopiclysiga of associated proteins
following Fsk pre-treatment and subsequent IL-6-eted activation of gpl30 would
identify proteins interacting with gp130. This miglead to the identification of other
SOCS family members, or indeed other, novel prstamvolved in the attenuation of IL-

6/STATS3 signalling following cAMP elevation in priage epithelial cells. However, it
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must be stressed that such a strategy only alldestification of inhibitory molecules
which interact directly with gp130 and it may battbther proteins are involved in cAMP-
mediated attenuation of STAT3 signalling in LNCafflsc Investigation of protein tyrosine
phosphatase (PTPase) expression and activity ngiighit new pathways involved in IL-
6 signalling regulation. Expression of the T-cellFase (TC-PTP) or the Pd® PTPase
can both promote STAT3 dephosphorylation (Tanetah., 2001;Yamamotet al., 2002).

It is possible that cCAMP elevation may enhance RB&Pactivity in LNCaP cells in a
manner similar to the ability of p-CPT-cAMP or SAMP to induce increases in
osteotesticular-PTPase expression in rat ostesh{®kturoet al., 1996). Thus microarray
or RT-PCR analysis of PTPase expression couldimsmnsidered when investigating the
mechanisms by which cAMP elevation inhibits IL-§rglling in LNCaP cells.

12.3The role of cAMP compartmentalisation in NE differentiation

The results obtained in this study demonstrateyaréle for PKA activation in mediating
changes in LNCaP cell morphology following cAMPwg&on through inhibition of RhoA
activation, the effects on Rac and Cdc42 activigy anknown. Further expansion of this
project to investigate changes in GTP-associated &a Cdc42 following stimulation
with Fsk or 6-Bnz-cAMP would help to determine theoles in this phenomenon.
Furthermore, fluorescent imaging in real-time magtednine whether particular
subcellular pools of the Rho family GTPases aredanobilised to promote changes in
LNCaP cell morphology following cAMP elevation. Retly, Fourier transform energy
transfer- (FRET-) based techniques have been osgetérmine activation and localisation
of specific Rho GTPase family members in respomsextracellular stimuli in T-cell
models of the immune synapse (Makrogianeelal., 2009). Recent advances in image
analysis now enables direct quantification of Rh@oP&@se activity from fluorescence
microscopy data (Tsukada al., 2008). It might thus be possible to investigab¢hkthe
subcellular distribution and activation statusloéde signalling molecules in LNCaP cells
following cAMP stimulation. The intracellular compaentalisation of Rho GTPase
signalling is of particular interest due to the egmegy importance of subcellular
compartmentalisation in regulating cAMP-mediatedrréntly, the intracellular pools of
CAMP elevation in LNCaP cells following Fsk treatmere unknown. However, FRET-
based reporters to detect regions of CAMP elevdgiidarrieret al., 2005) could be used to
identify whether LNCaP cells display compartmes&di increases in cAMP
concentrations and how this relates to dendritereston and branching. It has also been
demonstrated that the genes induced in LNCaP deiisig NE differentiation varies
dependent on the stimulus used, although diffeerween cAMP-elevating agents
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have not yet been analysed (Metial., 2009). Furthermore, whilst Fsk, PACAP and di-
Butyryl-cAMP all induce neurite outgrowth in PC12lls as a result of CAMP elevation,
each stimulus differentially regulates subsequeniegexpression (Ravai al., 2008). It is
possible that the distinct gene expression profdese from compartmentalisation of
cAMP elevation and subsequent signalling pathwdiyateon. As multiplep,-adrenergic
receptor agonists and Fsk (Deeétlal., 2001) induce NE differentiation in LNCaP cells, i
would be interesting to see if differences in gerpression profiles arise and whether this
can be correlated with changes in intracellulatrithstion of elevated cAMP. Furthermore,
association of subcellular localisation of cAMPwalgon and anchoring of particular PDE
isoforms may identify novel therapeutic targetdanpede NE differentiation during PCa
progression. It appears that PDE activity is thenary factor governing intracellular
compartmentalisation of CAMP elevation (Zaccolo &zPan, 2002) and thus family- or
isoform-selective PDE inhibitors are likely to repent future directions in therapeutic

strategies associated with cAMP signalling.

12.4The interplay of the PKA/actin/ERKS5 signalling pathways

Whilst it has been demonstrated that pharmacolbgicgenetic inhibition of the ERK5
signalling pathway can inhibit the ability of Fsk induce changes in LNCaP cell
morphology, the ability of Fsk to activate ERK5 hast been determined. It is possible
that immunoprecipitation of ERK5 and subsequent umablotting for
pTh'%HTyrPERK5 may enable identification of Fsk-induced amfion of ERKS.
Similarly, it has not been possible to identify egdnous ERK5 in LNCaP cells, an issue
which may be resolved following improvements in gensitivity of currently available
antibodies. The observation that both PKA and ERKS& important in Fsk-induced
changes in LNCaP cell morphology begs the quest®to whether the two proteins are
actingvia a common mechanism. In Chapter 9, PKA consensugesees were identified
on MEKK3, MEK5 and ERKS5 usingn silico prediction but their relevance has not been
demonstratedn vitro. It is possible that PKA could activate ERKS5, asjion that could
be addressed by treating cells with 6-Bnz-cAMP abhderving whether a subsequent
increase in ERK5S phosphorylation is observed. ItM@lso be interesting to see if PKA
can directly phosphorylate components of the ERigballing pathway which could be
implied following co-immunoprecipitation in ordeio tdetermine whether PKA and
components of the ERK5 signalling cascade cananterithin LNCaP cells. However,
this approach does not address whether PKA cauotljiractivate components within the
ERKS5 signalling cascade. A yeast two-hybrid scrasimg recombinant isoforms of the
PKA holoenzyme and the ERKS5 signalling pathway conmgmts ERK5, MEKS5 and
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MEKK3 could be used to determine direct interactlmetween PKA and regulators of
ERKS activity. However, such an approach would neetbe considered in conjunction
with the aforementioned immunofluorescence andnumHinoprecipitation as yeast two-
hybrid screens may not identify physiologically esdnt interactions due to loss of
temporal and spatial separation of proteins. Wisilsth approaches would identify direct
interaction of PKA with components of the ERK5 slimg pathway, they do not
demonstrate that PKA can activate components ofER&S5 signalling pathway. This
could be investigated using vitro phosphorylation assays using purified componehts o
the signalling cascade and the catalytic subunRKA in similar assays as described by
Ellerbroek (2003).

Given the critical role of the actin cytoskeletan regulating cellular morphology, the
ability of ERK5 to regulate actin polymerisationakinterest. ERK5 contains two proline-
rich regions which are believed to target ERKS5 he tictin cytoskeleton (Zhoet al.,
1995) and, importantly, are absent in ERK1/2 (Big). Whilst ERK5 has been implicated
in the inhibition of RhoA activity, there is curriynno published data to demonstrate that
ERKS5 can directly interact with the actin cytoskete Theoretically, demonstration of an
ERK5/actin association could be readily achieved By combination of co-
iImmunoprecipitation or yeast 2-hybrid screeningd&termine protein-protein interaction
and immunofluorescence to demonstrate colocalisatib ERK5 and actin. Given the
importance of PKA in Fsk-induced changes in LNCa#l enorphology, it is not
unreasonable to suppose that PKA may modulate Eii@ity as suggested above. One
mechanism by which to achieve specificity in cAMignslling is to compartmentalise
signalling proteins into complexedga interaction with scaffolding proteins such as
AKAPs. ERK5 has already been shown to interact withK AP and modulate PDE4D3
activity (Dodge-Kafkaet al., 2005). Furthermore, WAVEL has been shown to achra
AKAP linking PKA signalling and actin polymerisatioThus, it is possible that a PKA-
ERK5-AKAP-actin~RhoA or RhoGEF signalling complexists which enables co-
regulation of these pathways in order to facilitateanges in cellular morphology
(Westphalet al., 2000). Use of immunoprecipitation techniques darable identification
of proteins involved in such putative signallingrgadexes. The Cdc24-like motif in MEKS
Is associated with an increase in GFPGDP exchange following interaction of CDC24
and CDC42 inSaccharomycese cerevisiae (Zhou et al., 1995) and thus the MEK5-ERK5
signalling pathway may co-ordinate to dynamicaljgulate the actin cytoskeleton. It
would be of interest to see whether either treatm@ith disrupting peptides or

deletion/mutation of the proline-rich domains of KERor the CDC24-like domain of
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MEKS5 alters the importance of this signalling cakean Fsk-induced changes in LNCaP

cell morphology.

Altered cytoskeletal dynamics are an important elspetumour metastasis as changes in
actin polymerisation drive the cell motility reqedt for cellular movement. Given that
increased expression of MEKS5 is correlated with R@gastasis (Mehtet al., 2003), it is
also possible that dysregulation of MEKS5/ERK5 sling is of importance in the
metastasis of other cancers. IHC, RT-PCR and imiplottong analysis of metastatic
lesions arising from multiple malignancies wouldigate whether hyperactivation of the
MEKS5/ERKS signalling pathway is a common factotwanour metatases. If this is indeed
the case, it is possible that use of pharmacolbgatabitors of MEK5/ERKS signalling
such as BIX02188 and BIX02189 may have a noveliegpbn to complement or replace

existing chemotherapeutic strategies.
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