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Adherens junctions and tight junctions are regulated
via different pathways by progastrin in epithelial cells

Frédéric Hollande 1* Debra J. Lee 2, Armelle Choquet 1, Serge Roche 3 and Graham S. Baldwin 2

1| aboratoire de Signalisation Cellulaire Normale et Tumorale, EA MNRT 2995, Faculté de Pharmacie, 15 Avenue C. Flahault, 34093 Montpellier,
France

2University of Melbourne, Department of Surgery, Austin Hospital, Melbourne, VIC 3084, Australia

3CNRS UPR 1086, Route de Mende, 34293 Montpellier, France

*Author for correspondence (e-mail: fhollande@ww3.pharma.univ-montp1.fr)

Accepted 12 December 2002
Journal of Cell Science 116, 1187-1197 © 2003 The Company of Biologists Ltd
doi:10.1242/jcs.00321

Summary

Adhesion between neighbouring epithelial cells is a crucial progastrin. Endogenous or exogenous progastrin also
and tightly controlled process. In the gastrointestinal tract, increased the paracellular flux of mannitol, and induced
the integrity of cell-cell contacts is essential for the cell migration of several gastrointestinal cell lines. In
regulation of electrolyte absorption and for the prevention addition, progastrin enhanced Src tyrosine kinase activity
of tumour metastasis. We recently showed that migration and induced a spatial delocalisation of protein kinase &
of the gastric epithelial cell line IMGE-5 is stimulated by Using dominant-negative mutants and pharmacological
the nonamidated form of the hormone gastrin;. Here, we  inhibitors, we showed that the stimulation of Src kinase
examine the effect on cell-cell adhesion of the prohormone activity was essential for the regulation of TJs. By contrast,
progastrin, the concentration of which is increased in the the dissociation of AJs involved phosphatidylinositol 3-
plasma of patients with colorectal carcinoma. kinase, partly through the formation of a complex with
Progastrin induced the dissociation of both tight junction  protein kinase Ca. We conclude that separate pathways
(TJ) and adherens junction (AJ) complexes in IMGE-5 mediate the disruption of AJs and TJs by progastrin.
cells. In progastrin-secreting DLD-1 human colorectal Either pathway may contribute to the co-carcinogenic role
carcinoma cells, expression of an antisense gastrin of this prohormone in colorectal carcinoma.
construct restored membrane localisation of zonula
occludens-1 (ZO-1), occludin3-catenin and E-cadherin.
This restoration was reversed by treatment with exogenous Key words: Tight junctiong3-catenin, Progastrin, Src, PI3-kinase

Introduction et al., 1999), that germline mutations of E-cadherin result in
In polarised epithelia, specialised structures such as tigh@milial gastric cancer (Guilford et al., 1998), and that there is
junctions (TJs) and adherens junctions (AJs) are responsiblestrong correlation between tumour differentiation and the
for the establishment of contacts between neighbouring cell§xpression of occludin and ZO-1 along the gastrointestinal
TJs maintain the separation between apical and basolatetedct (Kimura etal., 1997), suggest that modulation of both TJs
regions of the plasma membrane and represent a strictyhd AJs can also have a significant impact on tumour
regulated barrier to diffusion across the epithelium. TJs contaiievelopment and metastasis.
the transmembrane proteins occludin and the claudins, which Gastrin has long been known as an important hormone for
are connected to the cytoskeleton via a network of proteiri§e development and function of the gastrointestinal tract
such as zonula occludens-1 (ZO-1) (for a review, see Tsukif®ockray et al., 2001), and the role of amidated and
et al., 2001). In the case of (AJs), the transmembrane protehenamidated progastrin-derived peptides as growth factors
E-cadherin is connected to actin by several submembrarfé/ang et al., 1996; Koh et al., 1999) and cocarcinogens (Singh
proteins, including3-catenin (Nathke et al., 1994). et al., 2000a; Aly et al., 2001) has been well documented.
The establishment and stability of both AJs and TJs is tightliRecently, various independent reports have also raised the
regulated — in particular, by growth factors, cytokines angbossibility that progastrin-derived peptides may regulate
hormones (Boyer et al., 2000; Nusrat et al., 2000). Suchpithelial cell adhesion or migration. We have shown that
regulation, although poorly understood, seems essential for tigdycine-extended gastrin (Ggly) induces the dissociation of
modulation of paracellular permeability in various epitheliathe E-cadheriff-catenin complex, the delocalisation Bf
(Coyne et al., 2002; Nathanson et al., 1992), for the epitheliuncatenin from the AJ to the cytoplasm and the migration of
mesenchyme transition (Boyer et al., 2000), and fogastric epithelial cells (Hollande et al., 2001a). Ggly was also
development, morphogenesis and wound healing (Hellani shown to promote the invasiveness of the human colon
al., 2000; Jacinto et al., 2001). The observations that abnormadrcinoma cell line LoVo (Kermorgant and Lehy, 2001).
expression off3-catenin promoted tumour development in Similar dissociating effects of amidated gastrifGam) have
adenomatous polyposis coli (APC) mutant mice (Kongkanuntbeen described in Madine-Darby canine kidney (MDCK) cells



1188 Journal of Cell Science 116 (7)

transfected with the gastrin/cholecystokinin-B (G/CCK-B)had been derived from the vector pSG5 (Stratagene, La Jolla, CA) by
receptor (Bierkamp et al., 2002). An important breakthrouglinsertion of a new polylinker containing the following restriction sites:
concerning the role of progastrin-derived peptides in celFcaRl, Spé, BanHI, EcaRv, Xhd and Bglll. The Src dominant-
motility was achieved with the finding, in vivo, that gastrin negative double mutant (St9 was prepared from the constitutively

; ; ; ; ; ; ctivated mutant by mutation of lysine 295 in the ATP-binding site to
I(r&?::g(;dmpaallrleztggzc)ell migration in mouse  gastric mucos%Ianine with the Transformer site-directed mutagenesis kit (Clontech,

. . . ) . . Palo Alto, CA). The primer used wasGTGGCCATCGCGACTCT-

In this study, we investigated for thg first tlm'e the dlreCTGAAGCCC-S. The double mutant Src lacks kinase activity but
effect of recombinant human progasér#n (Baldwin et al.,  maintains an open conformation and hence retains the capacity to
2001) on cell-cell adhesion and migration in gastrointestinghteract with substrates and regulators.

epithelial cell lines. The cell lines chosen were the Kinase activity in lysates of IMGE-5 and DLD-1 stable
conditionally immortalised nontumorigenic mouse gastric lineransfectants was assessed by measurement of phosphorylation of
IMGE-5 (Hollande et al., 2001b) and the human colorectaflenatured enolase (Rodier et al., 1995).

carcinoma cell line DLD-1 (Dexter et al., 1981). IMGE-5 cells

produce no deteCtabl.e progastrln-derlveo! peptldes, where >S<pression of antisense gastrin, dominant-negative mutants

DLD-1 cells synthesise and secrete similar amounts of GFP-tagged constructs

progastrin and Ggly, but I'tt!e Gam. We now rep0|_’t thatDLD-1 cells were stably transfected with the full-length ASG
treatmgnt of IMGE.'S cells W'th progastrin, or re(_juctlon Ofconstruct (Hollande et al., 1997) in pcDNA3.1. Three clones each of
nonamidated gastrin production by stable transfection of DLDgg|is transfected with the ASG construct or with pcDNA3.1 only were
1 cells with vectors expressing antisense gastrin (ASGjnonitored for Gam, Ggly and progastrin production and secretion,
induced significant changes in the subcellular localisation anghd then used for all experiments. Preparation of cell extracts and
association of AJ and TJ proteins, and profoundly affected cetbnditioned media, as well as radioimmunoassays, for all three gastrin
adhesion and motility. We also identified the involvement oforms were performed as described previously (Hollande et al., 1997).
Src, phosphatidylinositol 3-kinase (PI13-kinase) and protein DLD-1 and IMGE-5 cells were stably transfected with &2

kinase @ (PKCa) in the two separate signalling pathways that?P85 mutant of P13-kinase (kindly provided by W. Ogawa, University
mediate the novel effects of progastrin on TJs or Als of Kobe, Japan). All transfections were performed using Lipof&ctin
' (Life Technologies, Rockville, MD) according to the manufacturer's

instructions, and stable transfectants were selected usingg®0

Materials and Methods GA18. -
) it PKCa-enhanced green fluorescent protein (EGFP) (Clontech, Palo
Peptides and radioimmunoassay Alto, CA) was transiently expressed using LipofetirLife

Gam was obtained from Research Plus (Bayonne, NJ) and Ggly waschnologies, Rockville, MD) according to the manufacturer’s
from Auspep (Melbourne, Australia). The radioimmunoassays useihstructions. Twenty-four hours after transfection, cells were seeded
to detect various molecular forms of gastrin (Hollande et al., 19979nto 13 mm glass coverslips and grown overnight, serum-starved for
and the production of recombinant progasts® (Baldwin et al., 180 minutes under nonpermissive conditions, treated with various
2001) have been described previously. agents as described in the figure legends, then washed once with
phosphate-buffered saline (PBS) and fixed for 10 minutes with 2%
paraformaldehyde in PBS at room temperature.
Antibodies and cell culture
Polyclonal anti-actin antibody, calphostin C, LY294002 and ) ) ) ) )
phalloidin-FITC were from Sigma-Aldrich (St Louis, MO), and the Immunocytochemical detection of junction proteins
Src kinase inhibitor PP2 was from Calbiochem (La Jolla, CA).Immunocytochemistry and bromodeoxyuridine (BrdU) incorporation
Antibodies against claudin-1, claudin-2, occludin and ZO-1 were fronexperiments were performed as described previously (Hollande et al.,
Zymed (San Francisco, CA). The SYM139 monoclonal antibody2001a). Briefly, cells were grown under nonpermissive conditions on
against symplekin has been described previously (Keon et al., 19984 mm glass coverslips in DMEM containing 5% FCS as previously
Antibodies against pl125 focal adhesion kinase (p125FAK), Edescribed (Hollande et al., 2001a). Cells were then serum-starved for
cadherin,3-catenin, PI3-kinase and phosphotyrosine (PY20) were4 hours and treated with agents to be tested in DMEM containing
from Transduction Laboratories (Lexington, KY). 0.1% heat-inactivated FCS for the indicated period of time. Cells were
The IMGE-5 (Hollande et al., 2001b) and young adult mouse colothen fixed in ice-cold methanol for 3 minutes at 4°C (for BrdU
(YAMC) (Hollande et al., 1997) cell lines were generally grown instaining), or in 2% paraformaldehyde in PBS for 10 minutes at room
Dulbecco’s modified Eagle’s medium (DMEM) containing 1 unit/ml temperature (for immunocytochemistry). After three PBS washes,
y-interferon and 5% fetal calf serum (FCS) at 33°C (permissiveells were incubated for 5 minutes in PBS containing 0.2% Triton X-
conditions). For all experiments, cells were transferred to 39°C in th&00 followed by PBS containing 0.2% gelatine for 10 minutes. Cells
same medium withoutinterferon (nonpermissive conditions), where were then incubated with primary antibodies for 2 hours, coverslips
they show differentiated characteristics, such as expression @fere washed three times in PBS, and the appropriate secondary
functional AJs and TJs. All experiments were performed on cellantibody was incubated for 1 hour. After two PBS washes and one
between passage number 15 and 35. The DLD-1 colorectal carcinomiase in water, coverslips were mounted on slides in cytifluor (Oxford
cell line (Dexter, 1981) was from the American Tissue Culturelnstruments, Oxford, England). Confocal microscopy was then
Collection (ATCC; Manassas, VA). performed using a Biorad 1024 CLMS System, as described
previously (Hollande et al., 2001b).

Preparation of Src kinase dominant-negative mutants and

assay of Src kinase activity Immunoprecipitation and western blotting

The cDNA encoding a constitutively activated Src mutant with theCells were grown in 100 mm Petri dishes under permissive conditions
tyrosine in position 527 mutated to a phenylalanine was cloned intontil they reached 90% confluence. Cells were then transferred to
theEcaRlI site of the eukaryotic expression vector pSGT vector, whicmonpermissive conditions (Hollande et al., 2001b) and serum-starved
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for 24 hours, stimulated with or without the indicated concentration
of progastrig-go for various time periods with or without a 1 hour
preincubation with either 1AM LY294002 or 0.3uM calphostin C,

and lysed using the procedure described previously (Hollande et al.,
2001a). In the case @Fcatenin/E-cadherin association studies, 100
pg of protein lysate per sample was immunoprecipitated in Tris/NaCl
(pH 7.5) containing 1% Nonidet P40, 10M sodium orthovanadate

and 1 mM dithiothreitol (DTT) (wash-lysis buffer), usingd of anti-
B-catenin antibody for 2 hours at 4°C, followed by 1000f 20%
protein A-Sepharose CL-4B (Amersham Pharmacia Biotech,
Piscataway, NJ) overnight. Samples were washed three times in wash-
lysis buffer and centrifuged for 10 seconds at 10@0the pellet was
resuspended in loading buffer, denatured for 3 minutes at 95°C,
centrifuged for 30 seconds at 10,@)@nd proteins in the supernatant
were separated on an 8.5% SDS-polyacrylamide gel. Proteins were
transferred onto a nitrocellulose membrane using a semi-dry blotting
system (Bio-rad, Hercules, CA). Membranes were then incubated
with the appropriate primary antibodies, and detection was performed
with alkaline phosphatase-coupled anti-rabbit or anti-mouse
immunoglobulin G followed by incubation with a 5-bromo-4-chloro-
3-indolylphosphate/nitro blue tetrazolium solution, pH 9.2 (Sigma, St
Louis, MO). Membranes were scanned using a HP ScanJet 5200C and
protein bands were analysed densitometrically with Fuji BAS
software (Berthold, Bundoora, Australia).

Migration experiments

Wound-healing experiments were performed to assess the effects of
progastrin on cell migration. Cells were grown in 12-well plates at
33°C under permissive conditions until they reached 80% confluence;
they were then transferred into a 39°C incubator and were serum-
starved for 24 hours. The confluent monolayer was then wounded
linearly using a pipette tip, washed three times with PBS and treated
with or without agents to be tested for the indicated length of time, in
the presence of 0.1% FCS. Morphology and migration of cells was
then observed and photographed at regular intervals for 24 hours.

Results

Progastrin dissociates AJs and TJs

The IMGE-5 cell line does not produce detectable quantities
of progastrin-derived peptides (F.H., unpublished). Treatment
of IMGE-5 cells for up to 4 hours with 5 nM recombinant
human progastrigiso did not affect the expression of a panel

Fig. 1.Progastrin dissociates AJs and TJs. (A) Treatment of the ~ Of cytoskeleton and junction proteins, includigcatenin,
IMGE-5 cell line, which does not produce progastrin-derived actin, ZO-1, occludin and p125FAK (Fig. 1A). As described
peptides, for up to 4 hours with 5 nM recombinant human previously (Hollande et al., 2001b), immunostaining of
progastrim-godid not affect the expression @fcatenin p-cat), E- untreated IMGE-5 cells confirmed that the AJ proteins E-
cadherin (E-cad), ZO-1, occludin (Occl), claudin-1 (Cld-1), cadherin andB-catenin (Fig. 1B), as well as the TJ proteins
P125FAK or actin, as assessed by western blotting of cell lysates. claudin-1, ZO-1 (Fig. 1B) and symplekin (F.H., unpublished),
(B) Immunostaining for AJ and TJ proteins was observed using a were localised in or along the upper section of the basolateral

confocal microscope as described in Materials and Methods. Series . : .
of horizontal optical sections (0.3 each) were collected, and membrane, consistent with the polarised nature of these cells.

images represent a merging of sections spanning the apical region &laudin-1 staining was also detected in the nucleus.
IMGE-5 cells (ten sections, 3.28n). Claudin-1 (Cld-1), ZO-1 and Progastrig-go treatment of confluent IMGE-5 cells induced a
the AJ proteins E-cadherin (E-cad) didatenin p-cat) were strong decrease in the membrane localisation of these proteins
located in the most apical region of the lateral membrane in untreatéfig. 1B), along with a decrease in the number of contact
(V) cells. Treatment with 5 nM progastigo (PG) for 4 hours points between neighbouring cells. Progastrin treatment also
induced a partial delocalisation of all four proteins from the induced a partial dissociation of the complexes between
membrane to the cytoplasm. Bam. (C) Progastrin treatment also  cludin/zO-1 (Fig. 1C), and between E-cadh@icdtenin
induced a time-dependent partial dissociation of the complex {FH., unpublished). The delocalisation of junctional proteins
between occludin (white bars) and ZO-1 (black bars), as assessed 5z%’nd :[he dissociation of junctional complexes were detected

densitometric scanning of western blots of ZO-1 immunoprecipitate h . : | h
of cell lysates. Densitometric analysis represents the average of foulVIth Progastrig-go concentrations as low as 50 pM, whereas

experiments, and statistical significance was assessed by Stadents® Maximal effect was reached with 5-10 nM (F.H.,
test. P<0.05; **P<0.01. unpublished).
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Reduction of progastrin expression induces an significantly the production (Fig. 2A, top panel) and secretion
epithelial-like morphology (Fig. 2A, bottom panel) of progastrin and Ggly by DLD-1 cells.
In contrast to IMGE-5 cells, DLD-1 colorectal carcinoma cellsWhen observed by bright-field microscopy the morphology of
were found to produce and secrete significant amounts éSG-expressing cells was much more epithelial-like than
progastrin and Gg|y (F|g ZA), but neg||g|b|e amounts ofthat of cells transfected with vector only (VO) (Flg ZB) In

Gam. Expression of an ASG construct was found to reducaddition, expression of ASG resulted in a delocalisation of
actin, with much more cortical actin detectable in confluent

DLD-1/ASG cells than in DLD-1/VO controls (Fig. 2C).
Treatment of DLD-1/ASG cells with 5 nM progastrgy for 4
A 000 Cell extracts hours modified their morphology, and resulted in a slight

o0
% 100 decrease in cortical actin expression on confluent cells (Fig.
o 100 2C) and the extension of membrane processes in nonconfluent
= 10 cells (Fig. 2B).
E wk
: 1 - | | |
4 " Reduction of endogenous gastrin expression

PG Ggly Gam strengthens AJs and TJs

Conditioned media Comparison of ASG and VO DLD-1 cells showed that

2 1000 expression of gastrin gene products reduced the expression of
3 Z0-1, claudin-1, claudin-2 and FAK, but not [@{catenin, E-
£ 100 cadherin and actin (Fig. 3A). Expression of occludin was not
| * * significantly decreased in all clones, as clone DLD-1/VO2
% 10 showed a similar level of expression as ASG clones. The
g s reason for this higher-than-expected expression is unknown, as
S0 e this clone behaved similarly to the other VO DLD-1 clones in

PG Ggly Gam all other respects. Constitutive expression of progastrin-derived

B VO ASG ASG + PG peptides by DLD-1/VO cells greatly reduced or abolished the

S e T membrane localisation of ZO-1, occludin, claudin-1 and E-
; . cadherin (Fig. 3B), as well gscatenin (F.H., unpublished),
and induced partial dissociation of the E-cadh@radtenin
(Fig. 3C) and occludin/ZzO-1 complexes (F.H., unpublished).
Interestingly, the significant increase in membrane localisation
of AJ and TJ proteins seen in ASG clones was largely reversed
by treatment with exogenous progasisn (Fig. 3B, bottom
panels). Similarly, progastdmo also induced a time-
dependent decrease of E-cadh@Foatenin association in
DLD-1/ASG clones (Fig. 3C).

Functional consequences of the progastrin-induced
disruption of cell-cell adhesion

The effect of progastrin on paracellular permeability was
assessed by measuring the flux 8H]mannitol through
confluent monolayers of DLD-1 or IMGE-5 cells. The
permeability was reduced by almost 30% over a 24 hour period
in DLD-1/ASG cells compared with DLD-1/VO cells (Fig.
4A). Conversely, the mannitol flux was significantly increased
Fig. 2. Reduction of gastrin expression induces an epithelial-like from 1 to 4 hours aft_er treatment of IMGE-5 ce_IIs (Fig. 4B) or
morphology. (A) DLD-1 colorectal carcinoma cells stably transfected®LD-1/ASG cells (Fig. 4A) with 5 nM progastigo '
with an antisense gastrin construct (ASG, grey bars) produced (cell We also assessed whether the decrease in cell-cell adhesion
extracts) and secreted (conditioned media) significantly less induced by progastrin in gastrointestinal epithelial cells was
progastrin (PG), Ggly and Gam than cells transfected with vector coupled to an effect on their motility. When a confluent
only (VO, black bars), as measured using the radioimmunoassays cell monolayer was wounded using a pipette tip, the
described previously (Hollande et al., 1997). The statistical spontaneous motility displayed by DLD-1/VO clones (Fig.
significance Qf the differences between VO and ASG clongs Was  4C, columns 1-2) was greatly reduced in clones expressing
assessed using ANOVAPX0.05; *fT:(I)"(:lI';I?:S' Thi rledUCt'O” of " the ASG construct (Fig. 4C, columns 3-4). Interestingly,
gastrin expression induced an epithelial-like morphology (B), as motility was partly restored when the latter clones were

assessed by bright-field microscopy (barpg@ upper panels, or 10 . . .
um, lower panels), and increased the expression of cortical actin (Cjré@teéd with exogenous progaséri (Fig. 4C, column 5).

as assessed by immunofluorescent staining (bapn7)5Both imilarly, progastrig-sowas found to stimulate the migration
parameters were partially reversed by treatment of ASG clones withof IMGE-5 cells, with a maximal effective dose of 5 nM
exogenous progastero (5 nM) for 4 hours (B,C). (Fig. 4D).




Involvement of Src kinase in the progastrin-induced
delocalisation of TJ proteins
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stimulate cells transfected with a dominant-negative mutant of
Src (Fig. 5A). Similar results were obtained on IMGE-5 cells

In DLD-1 colorectal carcinoma cells, basal Src-kinase activityFig- 5B). In both cell lines, Src kinase activation was already
was higher in VO than in ASG clones (Fig. 5A). Furthermoredetectable within 1 minute after treatment, and maximal
we found that progastdmo induced a three-to-fourfold Stimulation was obtained using 5 nM progastss (F.H.,
stimulation of Src kinase activity in ASG clones, whereas itinpublished). Using IMGE-5 cells expressing a dominant-
barely affected the same activity in VO clones. The specificitj/egative Src (IMGE-5/Stt), we then showed that activation

of this effect was illustrated by the failure of progastsinto
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of Src was essential for the effect of progastinon the
delocalisation of the TJ proteins ZO-1 and symplekin (Fig. 5C).
By contrast, Src was not essential for the progasisimduced
delocalisation of the AJ proteprcatenin. Concomitantly, the
partial dissociation of the occludin/ZO-1 complex induced by
progastrig-so was also completely abolished in the IMGE-
5/Src’- clones (Fig. 5D). A similar result was obtained on the
weaker association detected between occludin and ZO-1 in
DLD-1 cells (F.H., unpublished). However, the expression of
Src dominant-negative mutants had no effect on the progastrin-
induced dissociation of the E-cadhefitatenin complex in
IMGE-5 cells (Fig. 5E). Finally, as expected in view of the well-
documented proliferative role of Src (Porter and Vaillancourt,
1998), expression of this dominant-negative mutant also slowed
down growth in both cell lines (F.H., unpublished).

PI3-kinase is involved in the progastrin-induced

cytoplasmic shift of B-catenin

Basal and progastimo-stimulated Src kinase activity was
assessed in IMGE-5 cells transfected with a dominant-negative
mutant of the p85 regulatory subunit of PI3-kinase (IMGE-
5/PI3-k’) (Fig. 6A). Expression of this mutant was found
to decrease IMGE-5 cell proliferation (F.H., unpublished),
confirming the previously described role of PI3-kinase in cell
growth (Porter and Vaillancourt, 1998). Both unstimulated and
stimulated Src activity were similar in IMGE-5/P13kcells

and in cells transfected with vector only (IMGE-5/VO),
indicating that the activation of Src is not dependent on PI3-
kinase activity in these cells. Furthermore, contrary to the
results obtained in IMGE-5/Stc cells, expression of the PI3-
kinase dominant-negative mutant was found to prevent the
progastrin-induced cytoplasmic shift @ catenin, without
affecting the delocalisation of the TJ proteins ZO-1 and

Fig. 3. Reduction of gastrin expression strengthens TJs. (A) Three
independent clones of DLD-1 colorectal carcinoma cells stably
transfected with an antisense gastrin construct (ASG, columns 4-6)
expressed, on average, more ZO-1, occludin (Occl), E-cadherin (E-
cad), claudin-1 (Cld-1), claudin-2 (Cld-2) and p125FAK (FAK) than
three clones of cells transfected with vector only (VO, columns 1-3),
as assessed by western blots of cell lysates. No difference was
observed in the amounts @fcatenin and actin. (B) ZO-1, occludin
(Occl), claudin-1 (Cld-1) and E-cadherin (E-cad) were localised in
the cytoplasm and/or nucleus in VO clones. Membrane staining for
these three AJ and TJ proteins significantly increased in ASG clones,
and this increase was largely reversed by a 4 hour treatment with 5
nM progastrig-go. Bar, 7.5um. (C) Treatment of ASG clones with 5
nM progastrim-gofor up to 240 minutes induced a partial

dissociation of the complex between E-cadherin (white barsfand
catenin (black bars), as assessed by densitometric scanning of
western blots op-catenin immunoprecipitates of cell lysates. Little,

if any, dissociation was observed in VO clones after progastrin
treatment. Densitometric analysis represents the average of at least
three experiments per clone, and statistical significance was assessed
by Student’d test. #<0.05; **P<0.01.
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Fig. 4. Functional consequences of the progastrin-induced reduction
in cell-cell adhesion. (A) Paracellular permeability, as assessed by
[3H]mannitol flux through confluent monolayers, was reduced by
almost 30% over a 24 hour period in DLD-1 colorectal carcinoma
cells expressing antisense gastdy) compared with control cells
transfected with vector only®). The reduction was reversed by
treatment with 5 nM progastémo (A), which had no effect on
vector only cells©). (B) The permeability through a confluent
monolayer of IMGE-5 cells was significantly increased after
treatment with 5 nM progastémro (A) compared with media alone
(O). Significance was assessed by Studemgst. #<0.05;n=4.

(C) When a confluent cell monolayer was wounded using a pipette
tip, the spontaneous motility of DLD-1/VO clones (VO, columns 1,
2) over a 12 or 24 hour period was greatly reduced in clones
expressing antisense gastrin (ASG, columns 3, 4). Motility was
partly restored when the latter clones were treated with 5 nM
progastrim-go (ASG + PG, column 5). Bar, §m. (D) When a
confluent IMGE-5 monolayer was wounded using a pipette tip,
treatment with 5 pM, 50 pM, 0.5 nM or 5 nM progasf&n(PG)

over 12 or 24 hours increased cell motility compared with cells left
untreated in DMEM containing 0.1% FCS (U). Bar,160.

[-catenin/E-cadherin complex (Fig. 6C). Although the short-
term effects of progastrrso were assessed by stimulation of
IMGE-5 cells for up to 4 hours, the long-term effects of
progastrin could be assessed in DLD-1-Srand PI3-k-
mutants, which constitutively secrete progastrin. Interestingly,
we noted a significant increase in membrane staining for ZO-
1 in DLD-1/Src’- mutants compared with VO cells (Fig. 6B
and Fig. 3B, respectively). By contrast, there was no significant
difference in E-cadherin (Fig. 6B) arfidcatenin localisation
(F.H., unpublished) in DLD-1/ PI3-k cells compared with
DLD-1/VO cells (Fig. 3B and F.H., unpublished, respectively).

Involvement of PKC in the progastrin-induced
delocalisation of junction proteins
Within 30 minutes of stimulation, progasgigy induced a
delocalisation of GFP-PKd&Cto a perinuclear area, as well as
to the plasma membrane (Fig. 7Aa,b,c). Interestingly, only the
delocalisation of GFP-PK&to the membrane was abolished
when cells were preincubated with the PI3-kinase inhibitor
LY294002 (Fig. 7Af), whereas the Src inhibitor PP2 had no
effect (Fig. 7Ae).

Furthermore, in wild-type IMGE-5 cells, progastrin was
found to induce a rapid but transient association of éiEh
a complex co-immunoprecipitating wiircatenin (Fig. 7B).
The association was detected 5 minutes after stimulation with
5 nM progastrig.go, was maximal after about 15 minutes and

symplekin (Fig. 6B). However, the latter effect was blockedvas not detectable 60 minutes after stimulation.

when cells from these same clones were preincubated with theAlthough the PKC inhibitor calphostin was found to reverse
Src kinase inhibitor PP2 before progasidn treatment. the progastrin-induced cytoplasmic shift@tatenin in wild-
Conversely, the necessity for PI3-kinase activity for mediatiotype (F.H., unpublished) and IMGE-5/Srceells (Fig. 7C), it

of the progastriggo effect on AJs was confirmed by the fact only had a partial effect on the delocalisation of TJ proteins
that the PI3-kinase inhibitor LY294002 was able to block thénduced by progastrin in IMGE-5/PI3k cells (Fig. 7C).
cytoplasmic shift of3-catenin in wild-type (F.H., unpublished) Similarly, the role of PKC in the progastrin-induced regulation
or SrcIMGE-5 cells (Fig. 6B). Finally, the specificity of PI13- of paracellular permeability was found to be ambiguous.
kinase action in mediating the disruptive effect of progastrirCalphostin C only partially inhibited the stimulation of
on AJs but not TJs was further shown by the failure of the PI33H]mannitol leakage by progastsiso By contrast,
k== mutant to prevent the partial dissociation of the ZO-progastrig-go-stimulated mannitol leakage was completely
1/occludin complex induced by progasgréain IMGE-5 cells, blocked by the Src kinase inhibitor 4-amino-5-(4-
although the mutant completely blocked the dissociation of thehlorophenyl)-74butyl)pyrazolo[3,4-d]pyrimidine (PP2) and
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unaffected by the PI3-kinase inhibitor LY294002 (Fig. 7D),pathways, of AJs and TJs by the prohormone progastrin in
thereby confirming the participation of Src in the regulation ofastrointestinal epithelial cells. Incubation with selective
TJs by progastrin. inhibitors and transfection with dominant-negative mutants

revealed that the tyrosine kinase Src was essential for the

) ) regulation of TJs in both the conditionally immortalised gastric
Discussion epithelial cell line IMGE-5 and the human colorectal
The results presented in this manuscript describe thearcinoma cell line DLD-1. By contrast, the dissociation of AJs
concomitant disruption, through independent signallingnvolved PI3-kinase, probably in part through its association
with PKCa. The importance of autocrine progastrin in the

A regulation of both TJ and AJ complexes in tumour cells is now
B shown for the first time by the observation that stable
° @ a b C d e f o » a b C d expression of an antisense gastrin construct in DLD-1 human
1.l Ll EEREE 2 2 3 colorectal carcinoma cells resulted in a significant increase
£ 0 20 £ 5200 in membrane localisation of AJ and TJ proteins, which was
Z > = largely reversed by treatment with exogenous progasiin
o o - 150 . : .
& :3_ 150 R g Our work shows that physiological levels of Src are essential
§ g 100 % 100 for the disruption of TJs in confluent IMGE-5 and DLD-1 cells.
= E = E 50 The Src family of tyrosine kinases has previously been
E = ﬁ 3 implicated in the regulation of cell-cell contacts — for example,
=% VO ASG Src= s e 0 during TJ reassembly after an oxidative stress in MDCK cells
rc (Meyer et al., 2001), or after mitogen-activated protein kinase
C kinase 1 (MEK-1) inhibition (Chen et al., 2000a). Conversely,

results on confluent MDCK cells already expressing TJs have
shown that tyrosine phosphorylation was essential for TJ
dissociation (Collares-Buzato et al., 1998). Interestingly, in
post-confluent gastrointestinal tumour (Caco-2) cells,
overexpression of an oncogenic form of Src was found to
disrupt AJs without affecting the structure and function of TJs
(Gomez et al., 1999). In view of our current results and data

Fig. 5.Involvement of Src kinase in the progastrin-induced

D delocalisation of junction proteins. (A) In DLD-1 colorectal
|P ZO_'I : carcinoma cells basal Src-kinase activity (black bars) in Src
) immunoprecipitates of cell lysates was higher in VO (a) than in ASG
2 S g SN — OCC| clones (c). Furthermore, 5 nM recombinant human progast/{d
= minutes) stimulated Src-kinase activity (white bars) in ASG clones
o 1 00 i (d) but not in VO clones (b). The specificity of this effect was shown
’58 80+ by the lack of stimulation of Src kinase activity by 5 nM progastrin
= = go (f) in cells transfected with a dominant-negative mutant of Src
% W 60 s (DLD-1/Src™) (e). (B) In IMGE-5 cells, which do not produce
= & progastrin-derived peptides, basal Src kinase activity (black bars)
= g 40 *% (a,c) was significantly increased by 5 nM progasigi(5 minutes)
é,_ (white bars) in VO cells (b) but not in cells transfected with
= 20 - dominant-negative Src (IMGE-5/Sf9 (d). Bar, 20um.
S‘E (C) Activation of Src was essential for the effect of progastrin on the
~ delocalisation of TJ proteins, as in IMGE-5/%rcells, progastrig
VO Src= 80 (PG) caused little, if any, delocalisation of ZO-1 and symplekin
E a b C d compared with untreated cells (U). I_3y contrast, in IMGE-_S—/Src
IP B_Ca p— e — E‘Cad cells, 5 nM progastrigigo treatment still caused delocalisation of the
- AJ proteinB-catenin B-cat). (D) The partial dissociation of the
o~ L B I B-cat complex between ZO-1 (black bars) and occludin (Occl, white bars)
=] 120¢ induced in VO clones (a) by 5 nM progasgrén (b) was completely
8 abolished in the IMGE-5/Srtt cells (c,d), as assessed by
.;‘,.5 90! densitometric scanning of western blots of ZO-1 immunoprecipitates
g e of cell lysates. (E) By contrast, expression of the Src dominant-
TR negative mutant in IMGE-5 cells (c) did not prevent the dissociation
= §_‘ 60 F gk ** of the complex betwegrcatenin B-cat, black bars) and E-cadherin
.= ‘E‘ (E-cad, white bars) induced in VO cells (a) by 5 nM progasgtin
5 = | (b,d), as assessed by densitometric scanning of western bsts of
m“s 30 catenin immunoprecipitates of cell lysates. In A, B, D and E,
° densitometric analysis represents the average of at least three
N 0 — experiments, and statistical significance was assessed by Sttident’s
~ VO Src= test, P<0.05: *P<0.01.
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Fig. 6. PI3-kinase is involved in the progastrin-induced cytoplasmic sh@tazftenin. (A) Basal Src kinase activity (black bars), assessed as
described in the legend to Fig. 5, in IMGE-5 cells expressiiigH2 dominant-negative mutant of the p85 regulatory subunit of PI3-kinase
(IMGE-5/P13-k™-) (c) was similar to cells transfected with vector only (VO) (a). Furthermore, activation of Src kinase activity by 5 nM
progastrim-go (b,d, white bars) was not P13-kinase dependent. (B) Treatment of IMGE-5/Ptks with 5 nM progastrigoinduced a

partial or complete disappearance from the plasma membrane of ZO-1 and symplekin (SYM), respectively, compared withi)ntreated (
controls. The disappearance was prevented by preincubation with the Src kinase inhibitor PP2. Conversely, the cytoptat{iriatamih

(B-cat) induced by progastggoin wild-type or IMGE-5/Src'-cells was prevented in IMGE-5/P13tkclones, as well as in IMGE-5/Stfc

cells preincubated with the PI3-kinase inhibitor LY294002. In DLD-1/Scells, ZO-1 was mostly located at the membrane, whereas DLD-
1/P13-k7-cells showed a largely cytoplasmic expression of E-cadherin (E-cad). Ban.Z@) When compared with untreated cells (U, black
bars), 5 nM progastriso (PG, white bars) induced a partial dissociation of the occludin (Occl)/ZO-1 complex, assessed as described in the
legend to Fig. 1, in IMGE-5/P13-k cells (left panel), of similar amplitude to that observed in wild-type or IMGE-5/VO cells. However,
dissociation of the E-cadherin (E-cgipfatenin B-cat) complex after progastsigo treatment, assessed as described in the legend to Fig. 3, did
not occur in IMGE-5/P13-K-clones (right panel). In A and C, densitometric analysis represents the average of at least three experiments, and
statistical significance was assessed by Studetets. *<0.05.

showing Src involvement in Gam-induced disruption of AJs irand PI3-kinase (Espada et al., 1999). Interestingly, the effect
MDCK cells (Bierkamp et al., 2002), it is probable thatof PI3-kinase activation can clearly differ depending on the
differences in the time-course of activation, in the localonditions in which epithelial cells are kept, and, in particular,
microenvironment and in downstream targets, are albn the degree of confluence. Thus, in subconfluent mammary
responsible for the diversity of Src-mediated effects on cekpithelial cells PI3-kinase activation is required for the
adhesion and motility in various cell types. formation of AJs (Somasiri et al., 2000), but in confluent cells
In addition, we also showed that the stimulation of PI3PI3-kinase was found to mediate epithelial cell dissociation
kinase activity is essential to the disruption of AJs byinduced by hepatocyte growth factor (Royal et al., 1997) and
progastrin, but has no bearing on the regulation of TJs by thiGam (Bierkamp et al., 2002). The multiple effects of the
peptide. Evidence for the involvement of PI3-kinase in Tctivation of this enzyme are further shown by the fact that PI3-
regulation has been limited, although recent results havdnase activation can also be a consequence of the formation
suggested that it could be involved in the glucocorticoidof E-cadherin-mediated contacts in MDCK cells (Pece et al.,
induced stimulation of trans-epithelial resistance, withoutt999). It remains to be shown whether this flexibility is also
structurally remodelling TJs (Woo et al., 1999). We recentlyconnected to a tissue-specificity of the effect of PI3-kinase
showed in gastric epithelial cells that PI3-kinase was alstowards epithelial or nonepithelial AJs, or both.
crucial for the Ggly-induced disruption of AJs (Hollande et al., In view of published data showing that Gam induces
2001a), suggesting that progastrin and Ggly share commadranslocation of PK@ from cytoskeleton to membrane in
signalling pathways. These results also corroborate the crucieblonic cells (Yassin and Little, 1995), and implicating RKC
role played more generally by PI3-kinase in AJ modulation, a# the regulation of cell-cell contacts (Chen et al., 2000b; Chen
shown previously by the direct association betw@eatenin et al.,, 2002; Vallentin et al., 2001), we investigated the
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involvement of PK@ in the progastrin-induced dissociation of and -catenin in epithelial cells, as well as of cooperation
TJs and AJs. Our results showed that RKlzhaved as a between PI3-kinase and PKGn the regulation of3-catenin
downstream effector of PI3-kinase in the regulation of AJs bjocalisation at the membrane, although the exact nature of the
progastrin. Activation of PKC, along with inhibition of action of PK@ on AJs needs to be elucidated.
glycogen-synthase kinas@;3seems to be involved in the  The specific involvement of Src and PI3-kinase in the
cytoplasmic accumulation d#-catenin in response to growth disruption by progastrin of TJs and AJs, respectively, supports
factors like Wnt (wingless) (Chen et al., 2000b). Furthermorethe concept of an independent regulation of both types of
a clear colocalisation betwe@rcatenin and PK@E at cell-cell  junction during the early stages of cell dissociation induced by
contacts was recently shown in GH3B6 pituitary epithelialan extracellular stimulus. Although progastrin induced a
cells after phorbol 12-myristate 13-acetate treatment, althougtisruption of both AJs and TJs in the current study, data from
no physical association between the two proteins was evideMIGE-5 cells stably expressing Stcor P13-k’~ dominant-
(Vallentin et al., 2001). To our knowledge, the current studyegative mutants seem to show that the early stages of TJ and
shows, for the first time, a physical association betweenodPKCAJ disruption could be independent from one another.
Nevertheless, recent results argue in favour of a cross-talk
between AJs and TJs, as overexpression of the PDZ domains
of ZO-1 (Reichert et al., 2000) or treatment with occludin
peptides (Vietor et al., 2001) was found to upregulate the
cytoplasmic availability and the transcriptional activity (bf
catenin. However, the duration of treatment with progastrin in
our study was significantly shorter than the time allowed
for measurement of an effect of occludin fragments on
the activation of the p-catenin/T-cell factor (TCF)/Lef
transcriptional pathway in mammary epithelial cells (Vietor et
al., 2001). The occurrence and the importance of cross-talk
between TJs and AJs in DLD-1 cells is supported by the greatly
decreased membrane localisation of AJ proteins in DLD-1/PI13-
k- cells. If PI3-kinase specifically mediates the effect of
progastrin on AJs, as shown in IMGE-5 cells, any effect of
endogenous progastrin on AJs in DLD-1/Pt8=kells is likely

to occur indirectly via the presence of higher concentrations of

. n N Fig. 7. Involvement of PKC in the progastrin-induced cytoplasmic
IP: B—cat -i-’mw][ —+ +'/1H +~ ‘ shift of B-catenin. (A) Of an EGFP-tagged PK@oform was
0 5 153060240 G S 4d * transiently overexpressed in wild-type IMGE-5 cells (a). Treatment
s s B-cat EE of EGFP-PK@ transfected cells with 5nM progaswigp for 15
e Pl13-k : = m@nutes (b) or 30 minutes (c), or With phorbol dibutyrate for 30
FT o b o @ PKCo, = g ¥ minutes (d), induced a delocalisation of EGFP-BKE&a
g -1 ) % | perinuclear area and to the plasma membrane. Preincubation with the
< | = ™ PI3-kinase inhibitor LY 294002 (f), for 30 minutes before, and
0 515 3069240 during, progastrin stimulation prevented the delocalisation of EGFP-
C Tn’]e (n'ln) PKCa to the membrane. Preincubation with the Src kinase inhibitor
Z0-1 SYM B-cat PP2 (e), or the PKC inhibitor calphostin C (g) had no effect on
TR delocalisation. Control cells were transfected with an empty pEGFP

vector similar to the vector used for PKC overexpression (h) and
stimulated with 5 nM progastimo for up to 45 minutes (i). Bars, 10
pum for a and c, pum for all other panels. (B) In wild-type IMGE-5
cells, treatment with 5 nM progasigigowas found to increase
transiently the association betwdggatenin (top line), the p85
subunit of PI3-kinase (filled bars) and P&(®pen bars), as detected
by densitometric scanning of western blots of 8natatenin
immunoprecipitates of cell lysates. (C) In IMGE-5/%rcells,
preincubation with calphostin C reversed the progasgsinduced

O

i cytoplasmic shift of-catenin p-cat) shown in Fig. 5C. By contrast,
oo 50 the changes in ZO-1 and symplekin (SYM) localisation induced by
= progastrim-gowere barely affected by preincubation with calphostin
2D C in wild-type (F.H., unpublished) and IMGE-5/PIS-iclones
s 2 40 (Fig: 6B)_. Bar, 2Qum. (_D) Prein(_:ubation with calphostin_(_: (Calph)
.E = partially inhibited the increase in paracellular permeability for
s = [®H]mannitol induced by 5 nM progastigo (PG). The increase in
5 = permeability was almost completely blocked by the Src kinase
30 inhibitor PP2, but was unaffected by preincubation with the PI3-
=) kinase inhibitor LY294002. In B and D, densitometric analysis
o 0 represents the average of at least three experiments, and statistical

U PG +PP2 +LY +Caph. significance was assessed by Studenést. £<0.05, **P<0.01.
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free TJ proteins, such as ZO-1, in the cytosol. Alternativelyapid; (3) the progastrin-induced dissociation of AJs and TJs,
long-term constitutive progastrin stimulation in these DLD-as well as the stimulation of paracellular permeability and
1/P13-k’~ cells could bypass the PI3-kinase pathway, therebynigration, were found to be dose dependent and saturable
allowing a resumption of AJ regulation in these cells. Byat the low nanomolar concentrations typical of membrane
contrast, DLD-1/Sr¢- cells did not show a significant receptors. The nature of the receptor mediating this effect of
disruption of their TJ protein localisation, indicating thatprogastrin on adhesion and motility is yet to be determined, as
the interaction between TJs and AJs during the cell-celve have so far been unable to iodinate progastrin in a
dissociation period in this model could be monodirectionalreproducible manner on its single tyrosine residue (Baldwin et
from the TJ towards the AJ. al., 2001). The receptor could be similar to the only identified

The results presented in this study show that tumour celjsrogastrin receptor, recently found to mediate proliferation on
expressing progastrin and Ggly displayed major perturbatiomat intestinal epithelial cells (IEC) (Singh et al., 2002), and
in cell-cell adhesion, as well as spontaneous motility. Thigurther investigation should determine whether it is related to
shows that such hormone precursors, which are known to Iee receptor involved in the effects of Ggly on cell dissociation
overexpressed during foetal development (Luttichau et algnd motility (Kermorgant et al., 2001; Hollande et al., 2001a).
1993), as well as in colon carcinoma (Ciccotosto et al., 1995 he affinity of the receptor identified by Singh et al. for
could act through an autocrine loop to chronically disrupprogastrin-derived peptides lacking the N-terminal sequence
adhesion and motility of colorectal carcinoma cells. Thewvas found to be lower than for the full-length progastrin
existence of such a loop could be crucially important in vivopeptide (Singh et al., 2002). This observation is in agreement
where progastrin overexpressed in transgenic mice wasith the data presented in this manuscript showing that the
previously shown to act as a cocarcinogen, following treatmemhaximal effective concentration of progasgréa, which lacks
with the colonic carcinogen azoxymethane (Singh et al., 2000khe six N-terminal amino acids, is slightly higher than the
Singh et al.,, 2000a). Antibodies raised against a gastriooncentration of progastrigoinducing maximal proliferation
immunogen were shown to inhibit the spontaneous metastasi§ IEC-6 cells (Singh et al., 2002).
of a human colorectal tumour cell line producing progastrin and To date, most studies of the effects of progastrin-derived
Ggly when injected into immunodeficient mice (Watson et al.peptides on gastrointestinal cell adhesion and motility have
1999). In humans, a strong correlation was shown betweenb@&en performed on cell lines in vitro, thereby enabling a more
higher incidence of liver metastasis from colorectal carcinomapecific description of the molecular and cellular events
and elevated serum gastrin concentrations (>150 pg/ml) iniavolved. However, more studies in vivo are clearly necessary
panel of 140 patients (Kameyama et al., 1993). Furthermoré& clarify the individual roles and evaluate the impact of
the role of progastrin-derived peptides on cell motility clearlyprogastrin-derived peptides on the regulation of epithelial cell
has other implications than in cancer development, as showninmorphology and migration during development, and in the
vivo by a gastrin-induced parietal cell migration in the mousgotentiation of the invasive properties of colorectal tumours.
gastric mucosa (Kirton et al., 2002).

Interestingly, several progastrin-derived peptides have been This work was supported in part by grants 940924 and 980625 from
shown to regulate the morphology, adhesion and motility othe National Health and Medical Research Council of Australia (to
gastrointestinal epithelial cells. The fully processed form Ga .B.), IREX grant X00001703 from the Australian Research Council,

. : the Association pour la Recherche sur le Cancer (ARC), the Ligue
has recently been shown to induce branching morphogene I§ntre le cancer, the Groupement des Entreprises Frangaises dans la

in gastric cancer cells (Pagliocca et al., 2002), loss of adhesiQliie contre le Cancer (GEFLUC), France, and by INSERM CreS
and scattering of G/CCK-B receptor-transfected MDCKpe4cR04G (to F.H.). The authors are very grateful to B.H. Keon for
cells (Bierkamp et al., 2002), as well as increased matridhe gift of symplekin antibodies and helpful discussions, and W.
metalloproteinase-9 expression in gastric cells in vitro and ibgawa and P. Raynal for the gift of the PI3-kinse A8K2 cDNA.

the stomach of multiple endocrine neoplasia (MEN-1) patientg/e also thank Jean Pierre Bali and Arthur Shulkes for many helpful
with elevated concentrations of plasma gastrin (Wroblewski etiscussions.

al.,, 2002). Ggly has previously been shown to increase the
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