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Abbreviations used; OAC, oeosophagal adenocarcinoma: ERK, extra-cellular signal
related kinase; p38 MAP kinase, p38 mitogen activated protein kirkisegJun-
NH2-terminal kinase; COX-2, cyclo-oxygenase-2; G-Gly, iglgeextended gastrin;
G-17, amidated gastrin-17; JAK2, janus kinase 2xBFnuclear factokB; IL-

1B, interleukin-1 beta; MTT, 3-[4, 5-dimethylthiazol-2-y-I]-2, 5-dipiytetrazolium

bromide; FBS, foetal bovine serum.
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Summary

Glycine-extended gastrin (G-Gly) is a mitogen for severstrgantestinal tissues
although the mechanisms responsible are ill-defined and it is unkn@v&iy can
influence signalling in Barrett's oesophagus. G-Gly stimulatetifpration in OE19
and OE33 cells in a dose-dependant manner. This was unaffected Bgad&t€ptor
antagonist but abolished by COX-2 inhibitors. G-Gly induced proliferaGaX-2
MRNA abundance, and PGEZ2 secretion, were all abolished by inhibitlgxKaf
P13-kinase, Akt or NiB. G-Gly stimulated phosphorylation of JAK2 and increased
P13-kinase activity in JAK2 immunoprecipitates. G-Gly increlaakt

phosphorylation and kinase activity and KB-reporter activity in a JAK2-, PI3-
kinase- and Akt-sensitive manner. G-Gly increased COX-2 pronratescription in

an Akt and NF«B-dependent manner and also reduced COX-2 mRNA degradation in
an Akt-insensitive manner. We conclude that G-Gly induced signatiradves a
JAK2/PI3-kinase/Akt/NF«B sequence leading to COX-2 transcription. G-Gly also

seems to stabilise COX-2 mRNA via a separate pathway.
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Introduction

Peptide hormones products of gastrin gene are increasingly beincaitegplas
growth factors important in the promotion of various cancers. Amidgteilin, the
classical end product of processing of preprogastrin, secreteccelfsGn the gastric
antrum and duodenum, plays a central role in the physiological and
pathophysiological regulation of gastric acid (Dockray et al. 200dipd.a variety of
cell culture models, as well as transgenic over-expressioxtbgeBous
administration, it has been shown that amidated gastrin is algfaetor for gastric,
pancreatic and colon cancer cells (Todisco et al. 1997; Stepar2@04j Dockray et
al. 2001). Similarly the 80 amino acid progastrin peptide has beemgbatimulate
the growth of colonic and pancreatic cancer cells (Rengifo-Gat 2007; Singh et
al. 2007). Glycine-extended gastrin (G-Gly) is an alternatieepeoduction of
progastrin processing both physiologically in G-cells as wellitBh some tumour
cells (Dockray et al. 2001). Previously believed to be biologitadlgtive, recent
studies have confirmed that G-Gly can act as a growth factoufrred gastric,
colonic and pancreatic cancer cells (lwase et al. 1997; Baate®gunwobi, 2006;
Stepan et al. 1999; Seva et al. 1994) as well as non-transforsted gad colonic
cells (Hollande et al. 1997; He et al. 2005) and human embryonic kidheyStepan
et al. 1999a). Transgenic overexpression of G-Gly leads to colgmecgrgliferation
and increases colonic tumorgenesis in the APC (min -/+) mouse (kadekt al.
2000; Aly et al. 2001; Ferrand et al. 2005) and acts as a growin factung cancer

(Koh et al. 2003).

Despite these studies, the cellular signalling events medthtgngffects of G-Gly are

not defined. The majority of the effects of G-Gly appear to baiated by a cellular
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receptor distinct from the amidated gastrin (GCteceptor (Todisco et al. 1997,
Stepan et al. 2004; Dockray et al. 2001). Recently a progasteptoecannexin I)
has been described and although G-Gly has been shown to bind to thiarehase
yet, no data showing biological activity upon such binding (Singh 20@l).
Although a specific G-Gly receptor has not yet been charaatei®-Gly has been
reported to activate separate and sometimes complimentanylisigpalthways to

those activated by gastrin, suggesting that G-Gly is biologiczlivant.

We, and others, have shown that G-Gly can stimulate cancgraeth by activating
a variety of intracellular kinases including janus kinase 2 (JAKR)and all 3
mitogen activated protein kinase cascades (extra-cellular sejatdd kinase (ERK),
p38 mitogen activated protein kinase (p38 MAP kinase) and c-jun-NH2Aier
kinase (JNK)), however there are as yet no clear data showinthkee/pathways
interact with each other and other signalling cascades (Stephri899b; Beales and
Ogunwobi, 2006; Ogunwobi and Beales, 2006; Ferrand et al. 2005). Bec#use of
potential importance of G-Gly in promoting the growth of cances ceitlerstanding
these areas would enable us to usefully interfere with thesegatiior therapeutic

gain.

Oesophageal adenocarcinoma (OAC) is another cancer that mayagilytesti
regulated by G-Gly. The incidence and death rate from OAC hasasex rapidly in
the developed world: increasing 6 fold over the last 30 years (BuitiavWVang, 2004).
It is believed that the increasing incidence of both obesity andgzetophageal
reflux disease contribute to these changes. It is widely axtépat most cases of

OAC develop from metaplastic oesophageal glandular epithelium (Barre
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oesophagus) and as such agents that promote the growth of BanaktOa& cells
are of great interest in understanding the pathophysiology. Drugh simppress
gastric acid production, particularly the proton pump inhibitors (RfPésyvidely and
increasingly used to treat symptomatic acid reflux and Baresophagus. Proton
pump inhibitors bind covalently to the'#/ATPase (the proton pump) in gastric
parietal cells. They not only potently suppress gastric acrétsat and raise
intragastric pH but initiate a negative feedback mechanisrrig@scells secrete
increased amounts of gastrin in response to the elevated géktiibius a degree of
relative hypergastrinaemia is commonly seen in patients expogdls (Cats et al.
2000; Nemeth et al. 1992). This hypergastrinaemia could be trophicfouy#issues
and contribute to the growth of OAC cells. In light of thishibsld be noted that the
use of potent acid suppressive agents has increased at rapichilatet@ that of
OAC. This does not of course prove a causal association but does poweléosd
for thought. Limited previous studies have began to explore this hypodmekisitial
data have shown that amidated gastrin stimulated proliferation abloggeal cancer
cells via the CCKreceptor, suggesting that this feedback mechanism deserves furthe
exploration in the aetiology of OAC (Abdalla et al. 2004; Hartrigl e2004; Haigh et

al. 2003).

Although serum G-Gly levels have never been systematically dtud@AC,
Barrett’'s oesophagus or indeed any human disease state, it is krat@idells co-
process and co-secrete G-Gly with amidated gastrin. In siniies, secreted and
serum G-Gly levels have been shown to be equivalent to amidatdad gasdts
(Ciccotosto and Shulkes, 1992; Del Valle et al. 1987; Siddheshwar2€04l,

Sugano et al. 1987; DelValle et al. 1989). It is also worth notiagrhosin vitro
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studies have shown that G-Gly effects can be produced at concentaatieast an

order of magnitude less than typically seen with gastrin, stigge¢hat even minor
degrees of hypersecretion of glycine-extended gastrinaemia cordteizant to the
growth of OAC (Beales and Ogunwobi, 2006; Stepan et al. 1999; Sdvd 294).
Although CCK; receptor expression has been documented in Barrett’'s oesophagus
and oesophageal adenocarcinoma, this is not always found. édalgl2003) only
demonstrated CCKreceptor mRNA expression in 7/12 cases of adenocarcinoma and
20-40 % of non-dysplastic and dysplastic Barrett’'s oesophagesd 8asples failed

to show demonstrable CGKeceptor expression by RT-PCR (Abdalla et al. 2004).
Therefore G-Gly acting via non-CGR pathways could mediate mitogenic effects of

hypergastrinaemia.

Therefore we have examined the ability of G-Gly to stimulategrowth of 2 well-
defined OAC cell lines (OE33 and OE19). These have previously beetoused
examine the cellular mechanisms of leptin-, acid- and gasituced proliferation in
Barrett’'s oesophagus and OAC (Tselepis et al. 2003; Beales amivGlgj, 2007;
Ogunwobi and Beales, 2008; Haigh et al. 2003). We have examined theceqtie
intracellular events involved in these effects of G-Gly. Prevetudgies have
separately suggested that the activation of both the protein kikas@adnuclear
factor«B (NF-kB) are central to the progression of OAC (O'Riordan et al. 2005;
Sagatys et al. 2007; Beales et al. 2007) and several studieshiosue that Akt may
be an upstream activator NdB signalling (Gustin et al. 2004). We, and others, have
previously shown that G-Gly can activate Akt signalling and ingtudy we have
specifically examined the upstream and downstream mediators/dfFAkB

signalling.
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Materials and Methods

Materials

Human glycine-extended gastrin-17 (G-Gly) was purchased fronybleos
(Strasbourg, France) and amidated gastrin-17 (G-17) was froheBa(St.Helens,
UK). SB 203580, GF 109203X, SP 600125, PP2, AG 490, Tyrene E)-¢-
(Benzylaminocarbonyl)-3-(3,4-dihydroxystyryl)acrylonitrile), Akhibitor VIII (1,3-
Dihydro-1-(1-((4-(6-phenyl-1H-imidazo[4,5-g]quinoxalin-7-yl)phenyl) mdjidr
piperidinyl)-2H-benzimidazol-2-one) and BAY 11-7082 were purchased frorokMer
(Nottingham, UK). Indomethacin, LY 294002, celecoxib, NS-398, AG 1478 and PD
98059 were from Alexis Biochemicals (Nottingham, UK). 740 Y-P pashased
from Tocris Bioscience (Bristol, UK). 3-[4, 5-dimethylthiazbly-]-2, 5-
diphenyltetrazolium bromide (MTT), actinomycin D and CR 2945 were fBayma
(Poole, UK). Recombinant human interleukin-1 beta @)+kas from R&D Systems
(Abingdon, UK). When appropriate, stock solutions of inhibitors were disdoh
dimethyl sulfoxide (DMSO) (Sigma, UK). The final concentrattédidDMSO in
experiments was always < 0.1 % and control wells contained an lemiva
concentration. Inhibitors were added 60 minutes before the addition of @&-&ll
experiments and all inhibitor concentrations were chosen based on pubisaed
from our own and others’ laboratories (Jijon et al. 2002; Grunbergér2903;
DeFeo-Jones et al. 2005; Langmesser et al. 2007; Souza et alO2@00yobi and

Beales, 2007; Ogunwobi et al. 2006).

Cdl culture
The OE33 and OE19 human oesophageal adenocarcinoma cell lines weralobtaine

from the European Collection of Cell Cultures (Salisbury, UK) aond/g in
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Dulbecco’s modified Eagle medium (DMEM) containing 4500mg/I glucosenidglD
penicillin, 200 mg/l streptomycin and 2mM L-glutamine and supplemenitbdl@%
foetal bovine serum (FBS) as previously described (Ogunwobi et al.. 2Z0D6¢|

culture media and supplements were from Invitrogen (Paisley, UK).

3-[4, 5-dimethylthiazol-2-y-1]-2, 5 diphenyltetrazolium bromide (MTT) assay

Cells were seeded at 5 x“I¢ells per well in 48 well plates in complete medium for
24 hours and subsequently serum-starved for 24 hours before being trelated wit
peptides for 48 hours. Relative cells numbers were determined hsingpdified

MTT colorimetric assay as previously described (Beales, 2004).

Bromodeoxyuridine (BrdU) incorporation assay

2 x1¢ cells per well were cultured in 96 well plates in serum-comtgimedium until
60-70% confluent and subsequently serum-starved for 24 hours. Cellhemre t
treated with 1nM G-Gly in serum-free medium and incubated fortlagiud8 hours.
DNA synthesis and cell proliferation as previously described meiasured using the

BrdU incorporation assay (Roche, Burgess Hill, UK)(Ogunwobi.eG6).

COX-2 mRNA assay and measurement of PGE2 release

1 x 10 cells per well were seeded into 12 well plates and cultureshiplete culture
medium for 48 hours. After serum-starving for 24 hours, cells weated with
inhibitors and G-Gly. Four hours after stimulation the medium wgaisadsd and cells
lysed and COX-2 and glyceraldehyde-3-phosphate dehydrogenase (GAPDIA) mR
levels in the cell lysates were measured using Quantikine m&idpme-linked

immunosorbent assay (ELISA) (R and D Systems) according toahefacturer’s

Page 9 of 43



10

instructions as previously described (Ogunwobi et al. 2006). To inviesGgax

MRNA decay, serum-starved OE33 cells were stimulated wiflf8ifor 1 hour to
stimulate new mRNA synthesis. Cells were then treatedtih@imRNA synthesis
inhibitor actinomycin D (ug/ml)(Jijon et al. 2002) and G-Gly (1 nM), the Akt
inhibitor (5uM) (DeFeo-Jones et al. 2005) or the PI3-kinase activator peptidé-740
P (50ug/ml )(Derossi et al. 1998). Total RNA was isolated at 60-mtervals

following mRNA synthesis inhibition for up to 4 h and analysed as described above.
G-Gly stimulated PGE2 release was measured as previoushbees@gunwobi et

al. 2006) using a specific PGE2 ELISA (R & D Systems).

Detection of phosphorylated JAK2, Akt and NF-«xB

Tyrosine (1007/1008) phosphorylated JAK2 and total JAK2 were quantified using a
cell based ELISA in formaldehyde-fixed cells as described pusly (Beales and
Ogunwobi, 2006). Total Akt and active serine-473 phosphorylated Akt weineda
using a cell-based ELISA (Active Motif, Rixensart, Belgiuas)previously described
(Ogunwobi and Beales, 2007). Serine-536 phosphorylated and totdB Miere
quantified using a commercially available cell-based ELISABIP65 S536 CASE)

according to the manufacturer’s instructions (SuperArray, Peterbordégh,

Detection of PI3-kinase and Akt kinase activities

Akt was immunoprecipitated from G-Gly stimulated OE33 cellsmsally as
described previously (Todisco et al. 2001). Similarly PI3-kinaBeitgcassociated
with JAK2 immunoprecipitates was quantified with a modification owiptes

methods (Ferrand et al. 2006). Serum-starved OE33 cells watedtreith G-Gly for
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3-10 minutes and then lysed with cell lysis buffer (50 mM HEPES].pH150 mM
NaCl, 10% glycerol, 1% triton X-100, 1 mM EDTA, 1.5 mM MgClmM NgVOQO,,
10 mM NaF, 10 mM Ng,07;, 1ImM PMSF, 2QuM leupeptin, 1Qug/ml aprotonin).
Protein concentrations were measured with the Bio-Rad protein (@eeRad,
Hemel Hempstead, UK). Equal amounts of protein were incubatec watbbit
polyclonal antibodies to Akt (1:50, Cell Signalling Technology, HitchiK,) or
JAK2 (1:100, Santa Cruz Biotechnology, Santa Cruz, CA, USA) and
immunoprecipitation was performed by adding20of protein A sepharose.(Santa
Cruz) and centrifuging. Pellets were washed four times with&@®&iShen Akt
activity in equal aliquots was quantified using the Akt K-LISA™haty assay
(Merck) following the manufacturer’s instructions. In brief, #h$say detects the
kinase activity in cell lysates or immunoprecipitates by incafatie test aliquots
with a biotinylated peptide substrate in the presence of ATP wvehe of a
streptavidin-coated 96-well plate. This allows for phosphorylatiorsabdtrate
capture in a single step. Quantitation is performed using a ldRBgated anti-
phospho-serine antibody followed by colour development with TMB detection
solution and reading on an ELISA plates reader at 450/600 nm. PI3-&ictagty
was measured using the PI3-kinase ELISA kit (Echeleon, Sedt Cay, UT, USA)
according to the manufacturer’s instructions. In brief, this mnapetitive ELISA,
with the products of the kinase reaction incubated with a PI(3z8)&ctor protein
and the transferred to a PI(3,4,5)®ated microplate. Binding of the detector is
guantified against a PI(3,4,%)8andard curve, using a peroxidise-labelled secondary
detector and the colormetric signal is inversely proportional tartf@unt of

P1(3,4,5)R produced.

Page 11 of 43



12

G-Gly induced transcriptional activity

NF-kB transcriptional activity in OE33 cells was measured usin@RpdReportét
pRR-High-NF«B Gaussia luciferase reporter system (Active Motif) according to the
manufacturer’s instructions. The plasmid vector contains theBNtandem response
element upstream of thgaussia luciferase gene; 60-70% confluent OE33 cells in 10
cm dishes were transfected with the RapidReporter pRR-HighB\Blasmid using
FUGENE 6 transfection reagent (Roche) according to the manufé&pnatiocol and
after 6 hours were seeded into a 96 well plate at 30 000 cellsspena cultured in
complete medium for 24 hours. After a subsequent 24 hour period of seruatisia
the cells treated with inhibitors and G-Gly. Three hours dfteatdition of G-Gly,

the media was removed and replaced with lysis buffer and luminesamisc

measured after the addition of {Baussia assay buffer and substrate.

The specific effects of G-Gly on transcriptional activitylod £OX-2 promoter were
examined using the pDrive-hCOX2 reporter plasmid (Autogen Biockzdine, UK).
This contains the full length human COX-2 promoter (1568 bp) upstreaifs-of a
galactosidase reporter enzyme. OE33 cells in 96-well plaes tnansfected with the
reporter plasmid and the pRL-SV&enilla luciferase control plasmid (Promega,
Southampton, UK) with FUGENE 6 according to the manufacturer’s itisinscand
cultured for 24 hours, after which cells were serum-starved or 24 Godithen
treated with inhibitors and G-Gly. COX-2 promoter transcriptiontiVily was
measured after 6 hours using the BetaRedlactosidase assay kit (Merck) as
directed and normalised with respect to luciferase activitysared using th&enilla

luciferase assay kit (Promega).
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Statistical analysis

Proliferation studies were done in triplicate or quadruplicatesw€lDX-2 and

MRNA studies were performed in duplicates. Experiments fortdiegection of other
signalling intermediates were performed in triplicate wélkch experiment was
repeated 3-8 times. Results are expressed as#ratandard error of the mean. One
way analysis of variance was used for dose response curves add-{pests were

used to analyse the effect of inhibitorsPAralue < 0.05 was considered significant.
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Results

G-Gly stimulates proliferation of OE33 and OE19 oesophageal adenocarcinoma
cells

G-Gly stimulation led to a dose dependent increase in cell numbettinhe OE33
and OE19 cell lines. The dose-response effects were similasignificant
stimulation over the dose range 0.01 — 10 nM (fig 1A). Maximal efi@ere seen
with 1nM and this was used for further characterisation. OE38 agtieared to be
more responsive that OE19 cells to G-Gly. To confirm that tleetedin cell number
observed was due to an effect on DNA synthesis and hence cellrptaifie the
effect of 1nM G-Gly on BrdU incorporation was examined. 1nM G-Glyeiased
BrdU incorporation by 6% 15% above untreated control in OE33 cells and by 84

% in OE19 cells. (fig 1B).

G-Gly-induced proliferation is independent of the CCK; (gastrin) receptor

To examine whether the proliferative effect of G-Gly is mediavia the CCK
(gastrin) receptor, we examined the effect of pre-treatoferdlls with CR2945 (a
specific CCk receptor antagonist) (Langmesser et al. 2007) on G-Gly-induced
proliferation. The proliferative effect of G-Gly was unaffetty pre-treatment of
OE33 or OE19 cells with CR2945 (fig 1C). Gastrin-17 (10 nM) sigamifiky
stimulated OE33 cell proliferation, although less potently thatyza@d this was

inhibited by CR2945. Gastrin-17 did not stimulate OE19 proliferation.

G-Gly-induced proliferation is dependent on COX-2
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Pre-treatment of OE33 and OE19 cells with selective COX-2 iingb{telecoxib and
NS-398) as well as the non-selective COX inhibitor indomethadim(al
concentrations previously shown to block COX-2 activity in OE33 celimig@obi et
al. 2006)) abolished the proliferative effect of G-Gly in both losdis (fig 2A) as well

as the effect of gastrin-17 in OE33 cells (fig 2B).

G-Gly-induced COX-2 mRNA expression and PGE2 release are dependent on

PI 3K/Akt, JAK2 and NF-«B

Having determined that G-Gly induced proliferation was dependent onZOX-
activity we next examined the effect of G-Gly on COX-2 mRaAl PGE2
production. G-Gly (1 nM) increased mRNA expression of COX-2 in OES8 by
240+ 18% above untreated control (Fig 2C). This effect was abolisheaby pr
treatment of cells with specific inhibitors of PISK/Akt (LY294002AK2 (AG490)
and NFkB (BAY 11-7082 (fig 2C). We further examined the effect on PGE2 a
further biomarker of COX-2 activity: untreated OE33 control cisreted 302 14
pg/ml of PGE2 and G-Gly stimulated cells secreted of+73@ pg/ml of PGE2 (fig
2D). The COX-2 inhibitor NS-398 blocked G-Gly stimulated PGE2 productidn a
G-Gly stimulated PGE2 production was also blocked by LY294002, AG490 and BAY

11-7082.

G-Gly-induced proliferation is dependent on JAK2, PI3K/Akt and NF-xB
Consistent with the data showing that JAK2, PI3K/Akt anddBRwere all acting
upstream of COX-2 we confirmed that inhibition of these pathwapshddeked G-

Gly-driven proliferation in both OE33 (fig 3A) and OE19 (fig 3B) cilkk.
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Inhibition of JAK2 kinase with both AG490 and a separate distinct spétifibitor,
tyrene CR4 (Grunberger et al. 2003), blocked the effect of GaSlglid inhibition of
P13-kinase with LY294002 as well as inhibition of Akt with a separdiiitor (Akt
inhibitor VIII)(DeFeo-Jones et al. 2005). The KB-inhibitor BAY 11-7082 was
similarly effective. The pattern of responses was identictie two oesophageal

cancer cell lines.

G-Gly activates JAK2 upstream of Akt

G-Gly increased phosphorylation of JAK2 by 2214% above basal. This effect was
significantly inhibited by pre-treatment of cells with AG 490 ayjvdrie CR4, the

JAK2 inhibitors (Fig 4A). In contrast LY294002, Akt inhibitor VIII or BA11-7082
had no effect on G-Gly induced JAK phosphorylation. G-Gly also inalease
phosphorylation of Akt by 248 39% above basal (fig 4B); this effect was abolished
by pharmacological inhibition with LY294002 and the Akt inhibitor. It wae als
abolished by both of the JAK2 inhibitors. The KB-inhibitor Bay 11-7082 failed to
block G-Gly induced Akt phosphorylation. Pretreatment of OE33 cellsinfiibitors

of Src (PP2), epidermal growth factor receptor kinase (AG147&, (PR98059),

p38 MAP kinase (SB 203580), protein kinase C (GF 109203X) or JNK (SP 600125),

all in concentrations shown to be effective in OE33 and OE19 cdédd tai affect G-

Gly induced Akt phosphorylation (data not shown).

To further characterise the regulation of Akt by G-Gly we erachithe effect on Akt
kinase activity utilising a commercially available assaasueing phosphorylation of
a synthetic peptide. Consistent with the Akt phosphorylation datay@Geased

Akt activity by 482% and this was blocked by both inhibition of JAK2 with4QG
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and tyrene CR4 as well as the PI3-kinase inhibitor LY294002 and thiicspét

inhibitor but was unaffected by BAY 11-7082 (fig 4C).

We next further examined the linkage of upstream G-Gly-inducedllangni@ Akt
activation by quantifying PI3-kinase activity associated with dJAK
immunoprecipitates. As shown in figure 4D, 5 minutes after Gs@tyulation PI3-
kinase activity had significantly increased (by 144%) and thisintelsited by both of
the JAK2 inhibitors as well as LY294002 the specific PI3-kinase itdnibut was

insensitive to the Akt inhibitor and BAY 11-7082 the KB-inhibitor.

G-Gly induced Akt activation leadsto NF-kB activation

G-Gly increased serine-526 B phosphorylation by 278 % and this was abolished
by pre-treating the cells with inhibitors of JAK2, PI3-kinase Akd(fig 5A). As
expected, Bay 11-7082 blocked G-Gly inducedii=phosphorylation. To confirm
these results we then assessed the effects of G-Gly amthibiéoirs on the
transcriptional activity of NB. G-Gly significantly enhanced NikB driven
transcription by 7.4 fold, in a JAK2-, PI3-kinase- and Akt-dependennhergfig 5B).
However the MAP kinase inhibitors PD98059, SB213580 and SP600125 failed to
reduce G-Gly induced NEB transcriptional regulation (data not shown). A similar
pattern was seen when the core native human COX-2 promoter was stsidig a
different reporter plasmid: G-Gly induced transcriptional actibityt.2 fold and this

was also blocked by JAK2, Akt, P13-kinase and RB-inhibitors (fig 5C).

G-Gly induced Akt activity does not increased COX-2 mRNA stability
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We finally investigated if G-Gly stimulated Akt activitydreased COX-2 mRNA
levels by a post-transcriptional mechanism. In the presencemdragtin D which
prevents further transcription, activating PI3-kinase and hence ifk7d40 Y-P, the
cell permeable activator peptide, had no effect of the rate afadcCOX-2 mRNA.
Interestingly Glycine-extended gastrin itself significamédgluced COX-2 mRNA
degradation; however this effect was not affected by pre-treatmitn the Akt

inhibitor (fig 5D).
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Discussion

In the current study we have shown that G-Gly stimulates prdidaraf OAC cells
via a specific JAK2/PI13-kinase/Akt/NkB/COX-2 pathway. This is the first
demonstration of a proliferative effect in oesophageal cells anceatends our
understanding of the signalling mechanisms initiated by G-Gly in @iagcell
growth. This is the first study confirming that G-Gly stimusapeoliferation via NF-
KB-dependant pathways. These data also support the hypothesis thatpgasites
released from the gastrin antrum may have a role in promotinmdhferation of

metaplastic Barrett’s epithelium and oesophageal adenocarcinoma.

Consistent with previous studies (Stepan et al. 1999b; Seva et gl, h@34 effects
of G-Gly were not mediated via the classical gastrin (g C&ceptor. We showed that
amidated gastrin stimulated OE33 cell proliferation via the g@€&eptor and COX-2
induction consistent with previous studies (Haigh et al. 2003): y& @& receptor
antagonist failed to affect G-Gly induced proliferation in eittfahe OAC cell lines.
Again consistent with previous studies examining the membrane binaing a
functional effects of G-17 and G-Gly: effects of G-Gly wenaracteristically seen at
lower concentrations (at least 10 fold) than G-17, showing that evén mi
hypersecretion of G-Gly may be important in stimulating the oesephagithelium
(Beales and Ogunwobi, 2006; Stepan et al. 1999; Seva et al. 1994). iBhusstible
that G-Gly acts as growth factor for a substantial portion o£@48lls. Recent studies
have demonstrated expression of gastrin mRNA and peptides in thdigmpitbie
Barrett’'s oeosophagus, although the specific cell of origin, and psodipeptide
processing are as yet unclear (Buchan et al. 1985; Konturek2804t. Harris et al.

2004). Thus in addition to endocrine effects of circulating G-Glyaseld from the
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gastrin antrum, it is conceivable that G-Gly or other gas#iated peptides act as
autocrine or paracrine stimulators of growth in Barrett's oesopraulis

adenocarcinoma.

In this study we concentrated on those pathways which have been deradristiz
most involved in the pathogenesis of OAC. Increased activation of Akiden
demonstrated using immunohistochemistry with progression along the
metaplasia/dysplasia/carcinoma sequence (Beales et al. 20@#ysSet al. 2007) and
inhibitors of Akt activation reduce proliferation and induce apoptosis i€ Odls
(Vona-Dawvis et al. 2005; Ogunwobi et al. 2006). Similarly activatioNF-«B has
been shown to increase with progression of OAC (O'Riordan et al. 208®me
models Akt acts as an upstream activator ofidBi-although the specific mechanisms
are unclear (Gustin et al. 2004). Akt has been reported to adi¥ateand tissues
with a high ratio of IKKx to IKK[3 seem to be more reliant on MB-activation via
Akt (Gustin et al. 2004). Akt may also activate KB-in an IKK-independent manner
by directly phosphorylating p65 (Ghosh and Karin, 2002). Our studiesycksanved
that G-Gly activation of NfB in both OAC cells lines is mediated via Akt.
Activation of Akt was confirmed by both a kinase assay and assetsef#kt
phosphorylation and inhibitor studies demonstrated that Akt was upstrédifakd.

At present, our studies do not allow us to determine the precideamism of
activation of NFKB but Akt enhanced both serine-536 phosphorylation of p65 and
NF-kB transcriptional activity. These could be direct effects of éxkdependent on

the activation of another downstream kinase such as mTOR.
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We showed that NkB-mediated increased transcription of COX-2 was an essential
downstream mediated effect of the G-Gly stimulated pathwayedsed COX-2
expression is seen in Barrett's oesophagus and OAC (Cheong@@d3), and COX-2
inhibitors reduce proliferation in cell culture models (Souza &04l0) and human
Barrett’'s oesophagus (Kaur et al. 2002) as well as prevent smgres Barrett’s
oesophagus in animal models (Buttar et al. 2002). We have previously gietw
activation of the prostaglandin EP-4 receptor by the released RE2 $0 be the
essential downstream signalling event in stimulating proliferati€ddE33 OAC cells,
but in addition a variety of pro-carcinogenic actions of prostaglamithsding

immune evasion, invasion and angiogenesis have been described and ingaany ca

the cellular mechanisms are unclear (Ogunwobi et al. 2006).

In addition to the effects on transcription, G-Gly also seemedvi® $eparate action
in increasing COX-2 mRNA stability. This effect was independérikt, as
demonstrated by the failure of the Akt inhibitor to reverse the yef#ct and the
lack of effect of the cell-permeable PI3-kinase activator ge@gainst the rate of
COX-2 mRNA degradation, and suggests that other pathways ardamgarthese
effects. We did not find any evidence that MAP kinase or protein&i@ashibitors
affected activation of the Akt/NKB pathway but ERK has been shown to stabilise
COX-2 mRNA in SEG-1 OAC cells (Souza et al. 2004) and it iscuotssible that

other pathways activated by G-Gly integrate at this point.

Here we have shown that PI3-kinase enzymic activity is inedeimsJAK2
immunoprecipitates strongly suggesting that JAK2 directly agtscvith, and

activates, PI3-kinase subsequent upon G-Gly stimulation and sebmancessential
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intermediate in signalling from the putative membrane receptbetmtracellular
kinase cascades. Ferragicll showed that in HC116 colon cancer cells G-Gly
activated PI3-kinase via separate JAK2 and Src pathwaysuiidest al. 2006),
whereas in HT-29 colon cancer cells we showed that G-Gly induced Akt
phosphorylation was completely blocked solely by the PI3-kinase inhib{@®4002
(Beales and Ogunwobi, 2006). In the current study, we failed to dermtensiry
effect of the same specific Src inhibitor in 2 oesophagealived. Whether this

difference reflects variability in cell lines or tissuesegns to be determined.

In the current study we have used pharmacological inhibition as thargrmeans of
dissecting the pathways. Such approaches can be criticised ambditers may not
be as specific as often claimed. However we feel that oultsese both reliable and
generalisable; we have used widely used inhibitors and in mostalaseutilised
different separate inhibitors to confirm the effects on each poihiei pathway. We
also demonstrated activation of the specific pathways using botlicgetse

assays and protein phosphorylation.

Previous studies have concentrated on the effects of G-Gly in calodipancreatic
cell lines, but our data clearly show that oesophageal adenocaraetisshould be
added to the list of G-Gly responsive cells. We have utiliseditfierent well

defined and studied OAC cell lines and although the Akt anéBlpathways are
known to be activated in BO and OAC, we cannot yet extrapolateldifieen our
experimental data to the vivo situation: further studies examining the possible role

of G-Gy in the progression of BO and OAC are required. It wilhipgortant to
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determine if the specific signalling pathway we have outlinetssactivated in other

cell lines and tissues as well as premalignant Barretsgptegeal cells.

Therefore in conclusion we have shown that glycine-extending gastnmates the
proliferation of OAC cells via a signalling pathway involving adiiva of JAK2,
leading to PI3-kinase activation and subsequent Akt activation. Thisedusto
increased phosphorylation and transcriptional activity okiBFand increased
transcription of COX-2 and PGE2 production. Glycine-extended gaston al
stabilised COX-2 mRNA via a separate pathway. These effents seen with
picomolar and low nanomolar G-Gly concentrations. These results deaternkat
physiological release of G-Gly from antral G-cells may kaglagically important in
the progression of OAC and that more attention should be paid to the @otenti
adverse effects of acid suppression in these patients. Our stodyoafirms that a
JAK2/Akt/NF-kB/COX-2 sequence is central to the proliferative response of OAC
cells and links together the sometimes disparate observationsatimgithese

pathways in OAC and providing impetus for therapeutic interventions.
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Figure legends

Figure 1: Glycine-extended gastrin stimulates oesophageal adenoci@oma cell
proliferation via a CCK ;, receptor independent mechanism.

Serum-starved OE33\, B and C) and OE19 cell§A,B and C) were stimulated with
either increasing concentrations of G-@), 1 nM G-Gly(B and C) or G-17 (10

nM) (C); where appropriate cells were pre-treated as indicated withGike

receptor antagonist CR2945|{M) (C). After 48 hours, relative cell numbers were
quantified with the MTT assay and C) or new DNA synthesis quantified with a
BrdU incorporation ELISAB). Results expressed as relative cell numbers or BrdU
incorporation compared to untreated control cells, mean + SEM,-R,* B < 0.05

vs untreated control cells, P < 0.05 vs untreated control cells, *P< 0.05 vs G-17

treated cells.

Figure 2: Glycine-extended gastrin stimulates oesophageal adenocizoma cell
proliferation via cyclo-oxygenase-2 dependant pathways.

Serum-starved OE33 cell8-D) and OE19 cell§A) were pre-treated with the
specific inhibitors indomethacin (indo) (M), celecoxib (1uM), NS 398 (5uM),
AG490 (25uM), LY294002 (10uM), Akt inhibitor VIII (5 puM) for 60 minutes and
the stimulated with either G-Gly (1 nM) or G-17 (10 nM). AfterhdRirs relative cell
numbers were quantified with the MTT asgAyand B). Results expressed as cell
numbers compared to untreated control cells, mean £ SEM, N £ B-5,0.05 vs

corresponding peptide treatment,P* 0.05 vs untreated control.
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After 4 hours COX-2 and GAPDH mRNA levels were quantifiéll Results
expressed as COX-2 relative to GAPDH compared to untreated cositsolMean +
SEM, N = 3, *P < 0.05 vs G-Gly treatment, *® < 0.05 vs untreated control.
After 18 hours cells PGE2 secretion measured using a speciS8&\ED). Results
expressed as PGE2 secreted / 30 minutes, mean + SEM, NR=3005 vs G-Gly

treatment, **P < 0.05 vs untreated control.

Figure 3: Glycine-extended gastrin stimulated oesophageal adenocaroma
proliferation requires JAK2, PI3-kinase, Akt and NF-kB.

Serum starved OE33\) and OE19B) cells were pre-treated with inhibitors for 60
minutes; AG490 (2pM), tyrene CR4 (JuM), LY294002 (10uM), Akt inhibitor VI
(Akt inh)(5uM) or BAY 11-7082 (1QuM). Cells were them stimulated with G-Gly (1
nM). After 48 hours relative cell numbers were quantified withTalMssay. Results
expressed as cell numbers relative to untreated control cebigy mSEM, N = 3, P

< 0.05 vs G-Gly treatment, *® < 0.05 vs control.

Figure 4: Effect of Glycine-extended gastrin on the activationf JAK2. PI3-
kinase and Akt.

Serum-starved OE33 cells were pre-treated with inhibitors fori60tes; AG490 (25
UM), tyrene CR4 (UM), LY294002 (10uM), Akt inhibitor VIII (Akt inh) (5 uM) or
BAY 11-7082 (10uM) and then stimulated with 1 nM G-Gly.

A: After 3 minutes cells were formalin-fixed and JAK2 tyrospiesphorylation
qguantified using a specific cell-based ELISA. Results areesspd as ratio of

phospho-JAK?2/total JAK2 as percentage of the ratio in untreated coelisl
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B: After 5 minutes cells were formalin fixed and Akt phosphorylatias guantified
using a specific cell-based ELISA. Results are expressedia®f phospho-Akt/total
Akt as percentage of the ratio in untreated control cells.

C: After 5 minutes cells were lysed and Akt kinase activity gfiadtin Akt
immunoprecipitates using a specific kinase (K-LISA) kit. Ressedpressed as
phosphorylating activity compared to untreated controls.

D: After 3 minutes cells were lysed and PI3-kinase actinityAK2
immunoprecipitates measured using a specific PI3-kinase assyltdRexpressed as
P13-kinase activity compared to untreated control cells. Alllte expressed as mean

+ SEM, N = 3, *P < 0.05 vs G-Gly treatment, *® < 0.05 vs control.

Figure 5: Glycine-extended gastrin activates NikB, increases COX-2
transcription and reduces COX-2 mRNA degradation.

A: Serum-starved OE33 cells were pre-treated with AG49iM23.Y294002 10

UM, Akt inhibitor (Akt inh) 5uM or BAY 11-7082 1QuM for 60 minutes and then
stimulated with 1 nM G-Gly and formalin-fixed after 30 minutesrine-536
phosphorylation of NF-kB p65 was quantified using a cell-based ELISgulReare
expressed as ratio of phospho-p65/total p65 as percentage of the tetiteated
control cells.

B: OE33 cells were transfected with MB-reporter luciferase plasmid and serum
starved. After pre-treatment with inhibitors as in 5A, ceksenstimulated with G-Gly

1 nM and luciferase activity measured after 3 hours.
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C: OES3 cells transfected with a COX-2 promdiegalactosidase reporter plasmid
were serum starved and treated with inhibitors and stimulated3a@ly 1 nM. After
6 hours galactosidase activity was quantified.

D: Serum-starved OE33 cells were treated with fL1Ing/ml to induce COX-2
expression. After 1 hour (time 0) cells were treated witimaatycin D (5ug/ml) to
arrest new mRNA synthesis and G-Gly (1 nM), Akt inhibitop8) or the PI3-kinase
activator peptide 740 Y-P (5@/ml). Cells were subsequently lysed and COX-2
MRNA quantified using a specific ELISA. COX-2 levels were ralised to GAPDH
and expressed as % of untreated control cells. All resultsssqat@s mean + SEM,
N = 3-4, *P < 0.05 vs G-Gly treatment, *® < 0.05 vs control, ***P <vs 0.05 vs

control cells at the same time point.
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Figure 3
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Figure 4
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Figure 5
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