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Summary

Epithelial cell responses to bacterial infection include
induction of matrix metalloproteinase 7 (MMP-7). Here,

we identify increased MMP-7 expression in the gastric
epithelium in response to the oncogenic bacterium
Helicobacter pylorj and report on the mechanisms and
consequences for gastric epithelial cell migration. In
patients infected withH. pylori, there was increased MMP-

7 in gastric biopsies detected by western blot. MMP-7 was
localized to the advancing edge of migrating gastric

Complementary data were obtained in a gastric cancer cell
line (AGS cells). In the latter,H. pylori induced expression
of an MMP-7-luciferase promoter/reporter vector through
mechanisms that involved activation of Rho and Rac. RhoA
acted through activation of both NFxB and AP-1, whereas
Rac activated NFkB but not AP-1. MMP-7 is commonly
upregulated in gastric cancer; sinceH. pylori is a
recognized gastric carcinogen, the data suggest a new
mechanism by which the bacterium might predispose

epithelial cell colonies, including lamellipodia. Rates of
spreading of gastric gland cells were higher iH. pylori-

infected cultures compared with control, and this was
inhibited by antisense oligonucleotides to MMP-7.

towards gastric neoplasia.
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Introduction such as the serpins, resulting in both gain and loss of function
Epithelial cells in the gastrointestinal, urogenital and(Nagase and Woessner, 1999; Seiki, 2002). It is now widely
respiratory tracts are frequently exposed to bacteria. Thappreciated that induction of distinct profiles of MMPs, or of
maintenance of normal epithelial integrity and functiontheir inhibitors, the tissue inhibitors of metalloproteinases
therefore depends on the execution of appropriate adapti(&€IMPs), is a feature of the tissue remodelling that occurs in
responses, which may include interactions with immunénany normal and disease processes (e.g. in development,
cells (e.g. by release of cytokines, chemokines or antigewound healing, cancer and a wide variety of inflammatory
presentation) and control of epithelial cell proliferation,conditions) (Murphy and Gavrilovic, 1999). In the
migration or apoptosis. Recent studies suggest that matrgj@strointestinal tract, epithelial cells are often not the source of
metalloproteinase 7 (MMP-7), or matrilysin, plays a role inthe increased MMP production that occurs in response to
mediating responses to bacteria in several different systen@§sease. Instead, it is the sub-epithelial (i.e. stromal or
although the relevant cellular mechanisms are uncertaimesenchymal) cells that produce the MMPs that play a role in
(Lopez-Boado et al., 2000; Lopez-Boado et al., 2001)mucosal responses, at least in part by influencing the
Induction of MMP-7 also occurs in tumours in many organsgnvironment at the epithelial basolateral membrane. However,
including colon, stomach and pancreas (Crawford et al., 2002n exception is MMP-7, which is characteristically produced
McDonnell et al., 1991). In the stomach, it is well establishedy epithelial cells and plays a role in a variety of epithelial
that infection withHelicobacter pyloripredisposes to gastric responses. Thus, for example, in murine small intestinal Paneth
cancer in some subjects (Uemura et al., 2001); this appearsaells, MMP-7 may act as a processing enzyme to convert
be one of the clearest examples of a growing number gfrodefensins to their active form, thereby playing a role in the
instances in which bacteria facilitate tumourigenesis (Lax anthnate defence system of the gut (Wilson et al., 1999).
Thomas, 2002; Peek and Blaser, 2002). The responses ofThe epithelial cells of the gastrointestinal tract are protected
epithelial cells taH. pylori infection that might influence the from ingested bacteria in part by the barrier presented by
subsequent progression to cancer are still largely unknown, agastric acid secretion that generates an initial environment
the possible role of MMP-7 in this system is uncertain. unfavourable to the survival of microoganisms. However,
The MMPs comprise a family of over 25 membersunusually, the gastric pathogéh pylori (Tomb et al., 1997)
implicated in the proteolysis of extracellular matrix, growthcolonizes the microenvironment generated between the surface
factors, cytokines, adhesion molecules and protease inhibitoo$ gastric epithelial cells and the overlying mucus glycoprotein
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gel. In many subjects, infection witH. pylori is clinically  pylori-positive patients had peptic ulcer (3 duodenal, 1 antral).
silent; but in some patients it is associated with duodenal ulcegylori status was initially assessed by a rapid urease test (Prontodry,
and in others it is associated with a progression through chroniéedical Instruments Corporation, Solothurn, Switzerland), and
atrophic gastritis to gastric adenocarcinoma (Fox and Wan%Pb_S?queUﬂy confirmed by histology. On routine histolbgyylori-
2001; Uemura et al., 2001). The cellular and molecula ositive biopsies typically exhibited active chronic gastritis as

- : : : ected. The present report is based on studies of 41 patients (25
mechanisms that determine the precise constellation @rglale, mean a%e 53.511[.)6 years) who vkreylori positive? and (

epithelial Ct'-“.'ll_ responses to infeption are far from Clear45 who wereH. pylori negative (29 female, mean age 50.9+1.8 years)
However, this is a relatively attractive system for studies of thg,q were used as controls. Samples were assigned randomiy within

way that bacterial infection might control MMP-7 expressionthe two groups either to extraction for western blotting or to gastric
because: (1) it is relatively straightforward to obtain primarygland culture. The study was approved by the Ethics Committee of
gastric epithelial cells fromH. pylori positive and control Royal Liverpool and Broadgreen University Hospitals NHS Trust. All
subjects; (2) there is a clear link betwétrpylori and gastric  patients gave informed consent.

cancer; and (3) MMP-7 expression is known to be increased in

gastric cancer (Honda et al., 1996). We report here increas
expression of MMP-7 in response tbl. pylori, the
consequences for epithelial cell migration, and the releva
signalling pathways.

%%strin radioimmunoassay (RIA)

he concentration of amidated gastrins in plasma was determined by
IA using antibody L2 specific for the C-terminal amide sequence of
gastrin, as described previously (Varro et al., 1997).

Materials and Methods Western blotting

Cells, plasmids and drugs Protein extracts were prepared in RIPA or lysis buffer and western
AGS cells were obtained from the American Type Culture Collectiorblotting was performed as previously described (Varro et al., 2002)
(ATCC, Manassas, VA), routinely cultured in HAMS/F12 mediumusing a rabbit anti-MMP-7 antibody (Chemicon International,
supplemented with 10% fetal bovine serum (FBS) and 1%emecula, CA) or anti-NkB (p65, p50) antibodies (Santa Cruz
penicillin/streptomycin and subcultured with 1% trypsin/versene (LifeBiotechnology, Santa Cruz, MA). Samples were reprobed with a goat
Technologies, Paisley, UK) as described (Wroblewski et al., 2002antif3-actin antibody (Santa Cruz Biotechnology).
Expression vectors for constitutively active (CA)-RhoA (L63RhoA),
Rac (L61Rac) and cdc42 (L61lcdc42), and for dominant-negative ] ]
(DN)-RhoA (N19RhoA) and DN-Rac (N17Rac) were gifts from Alan Immunohistochemistry
Hall (University College, London, UK). A DN-c-jun plasmid was For immunohistochemistry (IHC), a goat anti-MMP-7 antibody (Santa
provided by Tim Wang (UMAS, Worcester, MA) and the c-fos- Cruz Biotechnology) was used with a fluorescein isothiocyanate
overexpressing vector was generated as described previously (Deay&lTC)-conjugated donkey anti-goat IgG (Jackson IR, West Grove, PA)
et al., 2000). Lynn Matrisian (Vanderbilt University, Nashville, TN) as previously described (Wroblewski et al., 2002). In colocalization
generously donated a vector consisting of 2.3 kb of human MMP-gtudies, the following antibodies were used: mouse anti-gastric mucin
promoter coupled to firefly luciferase (i.e. MMP-7-luc). BAY11-0782, (Sigma), rabbit anti-pepsinogen (gift from Mike Samloff, Center for
PD98059, epidermal growth factor (EGF), human recombinant MMPUIcer Research, Los Angeles, CA), rabbit antikfATP-ase
7, MMP-7 antisense (AS) oligonucleotides (both unlabelled andCalbiochem), rabbit anti-somatostatin (Santa Cruz Biotechnology),
fluorescein labelled), and control oligonucleotide were obtained fromabbit anti-chromogranin A and guinea-pig anti-gastrin (Hussain et al.,
Calbiochem (Nottingham, UK). Interleukin 8 (IL-8), IL-6 and tumour 1999), mouse anti-vimentin aralsmooth muscle actin (Research
necrosis factora (TNF-a) were purchased from R&D Systems Diagnostics, Flanders, NJ). Texas-Red-labelled donkey anti-mouse,
(Minneapolis, MN).Clostridum botulinumC3 toxin was obtained anti-rabbit or anti-guinea-pig 1gG (Jackson IR) were used as
from Sigma (Poole, Dorset, UK). appropriate. For studies of the localization of MMP-7 in gastric
biopsies, formalin-fixed paraffin sections were treated with 0.9%
o ) ] o hydrogen peroxide in methanol to block endogenous peroxide, and
Bacterial infection of AGS cells and gastric glands in vitro antigen was retrieved by heating in 10 mM EDTA, pH 7.0 for 3 minutes
We routinely usedH. pylori strain 60190 (ATCC). In a few at full pressure in a pressure cooker. Primary rabbit anti-MMP-7
experiments, we also used two gastric isolates, straindg5, vacA) (Chemicon) was employed with detection by the ChemMate EnVision
and E6 ¢ag", vacA"). Bacteria were grown in a microaerophilic HRP/DAB system (DakoCytomation, Ely, UK).
atmosphere at 37°C on fresh chocolatized Columbia blood agar for 3-
9 days (Oxoid, Basingstoke, UK). Unless otherwise stdteg@ylori )
was added to human gastric glands or AGS cells at a multiplicity dfiiman primary gland culture
infection (MOI) of 100. In some experiments, bacteria were added teluman biopsies were sliced into 2 fsegments using a razor blade
0.2um Anapore filter inserts (Life Technologies) that were suspendednd washed in three changes of Hank's Balanced Salt Solution
above AGS cells. Two such systems were studied: either bacteria w@$BSS). Tissue was incubated in 5 ml 1 mM dithiothreitol for 15
added directly to the filters, or to AGS cells cultured on filters thaminutes, with continuous gassing with 5% £95% & at 37°C, and
were then inserted over AGS cells transfected with MMP-7-luc (seshaking at 100 cycles per minute. Tissue was then washed in HBSS
below). In other experiments, pyloriwere sonicated for 20 minutes (three times), incubated in 0.5 mg-ntollagenase for 30 minutes
and added directly to AGS cells. (Roche, Lewes, UK), washed again in HBSS (three times) and
incubated for a further 30 minutes in collagenase (0.5 m§.riflhe
) tissue was then triturated using a wide mouthed pipette and larger
Patients fragments allowed to settle under gravity for 45 seconds. The
Endoscopic pinch biopsies of the gastric corpus and antrum wegipernatant containing isolated glands was removed and transferred
obtained from patients attending routine gastroscopy for investigatioi a clean tube, and shaken vigorously to release additional glands that
of dyspepsia. Most patients had no macroscopic gastroduodenakre allowed to sediment for 45 minutes. The supernatant (which
pathology; none of them had neoplastic disease, and a total &i.four contained individual cells and debris) was carefully removed and
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discarded. The isolated glands were routinely cultured up to 72 houusing a Zeiss 25 Axiovert microscope (Carl Zeiss, Welwyn Garden
in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with City, UK) and Intellicam software (Matrox, Stoke Poges, UK).
10% FBS and 1% antibiotic-antimycotic solution (Sigma), at 37°C in
5% CQ/95% O, and the medium was changed every 24 hours.
Transient transfection and luciferase assay
) ) Cells (210°) were plated in 6-well plates in full medium (FM). The
Spreading of human gastric glands following day, medium was removed and cells were transfected using
Human gastric glands were cultured in 6-well dishes. In experimenfBransFast (Promega, Madison, WI) in SF medium for 1 hour.
where AS oligonucleotides were used, either MMP-7 ASRoutinely, MMP-7-luc was used at 0.5-1j0g welll After
oligonucleotide (uM) or negative control oligonucleotides |(21) transfection, 2 ml FM was added and cells incubated for 20-24 hours.
were added at the start of culture. Medium and oligonucleotides weMedia was then replaced with 2 ml SF medium and cells were
replaced daily. Intracellular accumulation of oligonucleotides wasncubated withH. pylori and other compounds as indicated for
confirmed using FITC-labelled MMP-7 AS oligonucleotidep(?) 6 hours. Luciferase activity was measured with Bright-Glo™ or
viewed live under a Leica DMIRE2 microscope 17 hours afteDual Glo™ (Promega) using a LumiCount Platereader (Packard
addition. Routinely, gastric colonies were cultured for 17 hours an8ioScience, Pangbourne, UK) according the manufacturer’s protocol.
then mounted on a motorized stage fitted on a Leica DMIREResults are presented as fold increase over unstimulated control, so
microscope in a heated, humidified chamber (Solent Scientificl.0 signifies no change in luciferase activity. Protein concentration
Portsmouth, UK) and images captured with a Hamamatsu Orca BERas determined when appropriate using Lowry protein assay Kkit
camera (Hamamatsu Photonics, Hamamatsu City, Japan) controllé8igma) to monitor plating efficiency and cell death.
by Kinetic Imaging AQM-2001 software (Kinetic Imaging,
Liverpool, UK). Serial images were analysed using Lucida o o
4.0:Analyse software (Kinetic Imaging), and gland cell spreadingffanscription factor activation
was calculated as the mean area of a gland normalized for cdlb identify the transcription factors that might bind cis-acting
number determined by Hoechst 33342 (Molecular Probes, EugenBNA elements in nuclear extracts in responseHtopylori, we
OR) nuclear staining. used MercuryM Transfactor Profiling Kit-Inflammation 1 (BD
Biosciences Clontech, Palo Alto, CA) according to the manufacturer’s
o ) ) protocol. Nuclear extracts were prepared from control cells, and
AGS cell migration and invasion assays cells were incubated wittH. pylori using NE-PERM (Pierce
Transwell migration and invasion assays were performed using AGBiotechnology, Rockford, IL).
cells cultured in 24-well plates containing eithqurB pore Biocodt
control inserts (migration assays) or Matrigel-coated inserts (invasion
assays), according to the manufacturer's instructions (Bectoftatistics
Dickinson, Bedford, MA). Briefly, 2.810* AGS cells were diluted in  Results are presented as meanszts.e.m.; comparisons were made using
0.5 ml serum free (SF) medium and placed in the insert immersed @t test, and were considered significanP&0.05.
0.75 ml SF medium with or withouH. pylori and a mouse
monoclonal MMP-7 neutralizing antibody (Chemicon) for 15-22
hours. After incubation, non-invading cells were removed from thezegyits
upper surface of the membrane by scrubbing, and invading cells gn . .
the lower surface of the membrane were stained with Diﬁ_Quiﬁncreased_I_\/IMP-?_abundance in gastric mucosa from H.
reagent (Dade Behring, Dudingen, Switzerland). Membranes wer@//0ri-positive subjects
then removed, mounted in immersion oil and invading cells counteth initial studies, we examined the abundance of MMP-7 in
western blots of gastric biopsies from

A B control andH. pylori-infected subjects. In
H. pylori -+ o+ = 4 = e+ - o+ 4+ all subjects, a band corresponding to 28 kDa
pro-MMP-7 was detected. However, the
proMMP-7 » "— et e s --‘ |' e - —‘ abundance was greater in both the corpus
.- —-— S e —
B-actin ¥ ‘ wm—— ‘ ‘- e s | Fig. 1. Western blots of MMP-7 an@tactin in

gastric biopsies from control aiktl pylori-
infected subjects. Top panels, representative
blots of MMP-7 and3-actin from control

C D subjects (-) and subjects infected withpylori
(+) in biopsies from the gastric corpus (A) and

control ) antrum (B). Bottom panels, the relative

- . 4 H. pylori (gastrin < 30pM) abundance in corpus (C) and antrum (D) of

& 250 ] EZZ) H. pylori 30 g w0 . MMP-7 andB-actin. (C) Plasma gastrin

e 200 l - b I concentrations are indicated in panel C, where

= = = 150 MMP-7 andB-actin data are also shown for the

5 450 20 = = subset oH. pylori-positive patients in which

by = : 100 plasma gastrin concentrations were in the

Z 100 = z normal range (i.e. <30 pM). Data for corpus

= 103 E based om=11 control subjects (open bars) and

z 50 = 16 H. pylori-positive subjects; data for antrum

o 7R . based om=10 control subjects ant-6

H. pylori-positive subjects. Meansts.e.m.
MMP-7 B-actin gastrin MMP-7  B-actin +pcg o5,
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and antral region of the stomach frokh pylori-positive  localization that tended to be subnuclear (i.e. on the basolateral
subjects compared with controls (Fig. 1). There is a tendengide); there was also staining deep in the gastric gland
in H. pylori infection towards elevated plasma concentrationgompatible with localization to chief cells (Fig. 2). The staining
of the gastric hormone gastrin (Calam et al., 1997), and so we samples fronH. pylori-positive subjects was more intense
considered the possibility that gastrin might mediate the effe¢han in those fron. pylori-negative subjects, but the cellular
of H. pylori on MMP-7. However, wher. pylori-positive  distribution was similar. Cultured gastric glands from the
subjects with plasma gastrin concentrations in the normal rangerpus and antrum of normal ahktd pylori-positive subjects
for this assay (<30 pM) were compared with control subjects;ontained the major cell types found in vivdhus, in corpus
there remained a significant difference in the relativecultures, antibody to HK*ATPase identified approximately
abundance of MMP-7 in western blots in the two groups (Figl0% of the total cells as parietal cells, and antibodies to
1). pepsinogen and mucus glycoprotein identified chief and
mucus cells (approximately 25 and 35%) respectively;
o _ ) N enterochromaffin-like (ECL) cells, revealed by chromogranin
Cellular localization of MMP-7 in H. pylori-positive A immunoreactivity, were typically <5% total. In antral
subjects cultures, parietal cells were absent, and there were abundant
The localization of MMP-7 was determined in both paraffinmucus (>50% total) and pepsinogen (approximately 40% total)
sections of gastric biopsies and cultured gastric glands. Ieells, but G- and D-cells revealed by gastrin and somatostatin
paraffin sections, MMP-7 immunoreactivity was identifiedimmunoreactivity, respectively, were typically <5% of total.
in surface epithelial cells where there was cytoplasmidMP-7 immunoreactivity was found in many cells that
were also stained with antibodies to
mucus glycoprotein (Fig. 2), or
to pepsinogen, compatible with
localization to mucus and chief cells,
respectively. In both cases, only a
subset of the two cell types expressed
MMP-7. By contrast, in the corpus,
neither parietal cells nor ECL cells
exhibited MMP-7 immunoreactivity

Fig. 2. Immunohistochemical localization
of MMP-7 in human gastric epithelial
cells. Immunoperoxidase labelling of
MMP-7 and counter-staining with
haematoxylin in antral biopsies from (A)
H. pylori-negative and (BM. pylori-
positive subjects, and (C) in corpus
biopsies fromH. pylori-negative and (D)
H. pylori-positive subjects (ak10).

Higher magnificationX40) of the same
samples (E-H, respectively) reveals
cytosolic localization to a subnuclear
region of surface mucus cells (arrow).

(I) Immunofluorescence localization of
MMP-7 to cells in a cultured antral gland
from aH. pylori-positive subject (bar, 25
pm). The outline of the gland is indicated
with a white broken line. (J) MMP-7
immunoreactivity in a cell at the
periphery of a cultured antral gland from
a control subject aftéd. pylori addition,
demonstrating a lamellipodium with
punctate MMP-7 immunoreactivity (bar,
50 um). (K) Co-expression of MMP-7
(green) and mucin (red) in antral cells,
demonstrating MMP-7 is not exclusively
localized with mucin and showing the
presence close to the plasma membrane of
cells at the periphery of the cultured gland
(bar, 10um). (L-N) Deconvolved images
from a z-series through a single antral cell
(outlined by a white broken line) showing
that MMP-7 and mucin exhibit punctate
staining in distinct subcellular
compartments (bar, 30m).
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(not shown). Moreover, in the gastric antrum, MMP-7to extend lamellipodia, and MMP-7 immunoreactivity was
immunoreactivity was not identified in G- or D-cells (notidentified in these structures (Fig. 2).
shown). The pattern of localization in different cell types did
not differ betweerH. pylori-positive and -negative subjects. ] ) ]

The majority of cultured glands did not contain cells stainindRole of MMP-7 in gastric gland spreading
with antibodies tax-smooth muscle actin, or to vimentin (not We then examined the spreading of cultured gastric glands of
shown). In those glands in which positive staining wasothH. pylori-positive and -negative subjects. Over periods of
encountered with these antibodies, the stained cells nevap to 48 hours in culture, cells migrated from isolated gastric
accounted for more than 3% of the total. Thus, the cultureglands to form monolayer islands, or colonies, of cells. During
gastric glands were largely epithelial with little or no this process, cell-cell contacts were maintained and, although
contamination by myofibroblasts or fibroblasts. Moreovertime-lapse video-microscopy revealed cellular movements
the localization of MMP-7 in cultured epithelial cells wasindicative of remodelling of these contacts, cells
compatible with that seen in tissue fixed immediately aftecharacteristically did not migrate away from the colony. Careful
sampling. tracking of individual cells provided no evidence for mitosis of

In cultured glands, MMP-7 was typically sequestered irgland cells, and in separate studies we also found no evidence
vesicles that were distinct from those reacting with eitheof proliferation indicated by nuclear PCNA in cultured glands
mucin or pepsinogen antibodies (Fig. Bjterestingly, there (S. Kennedy and A. Varro, unpublished). The progressive
was a clear localization of MMP-7 to the plasma membrane dfcrease in area covered by individual glands therefore
cells at the periphery (i.e. the migrating edge) of culturedepresents both migration and spreading, but not proliferation.
gastric glands. This pattern was seen in Ibbtpylori-positive  Importantly, the expansion of these islands of gastric gland cells
and -negative subjects. Whéh pylori was added to control from H. pylori-positive subjects was significantly greater than
gastric gland cultures, the peripheral cells exhibited a tendenay controls (Fig. 3). In order to determine whether there was a

Fig. 3. Spreading of human
gastric epithelial cells is
stimulated byH. pylori by
induction of MMP-7.

(A-C) Frames taken at 17, 32
and 52 hours from the same
human gastric gland (control
subject) during time-lapse
video-microscopy.

(D-F) Similar frames taken
from a gland from &l. pylori-
positive subject. Subsequent
staining of cell nuclei with
Hoechst 33342 revealed 86
cells in A-C and 88 cells in D-
F. (G) The area of gastric
colonies expressed relative to
cell numbers at 17 and 40
hours indicates increased
migration inH. pylori-positive
(n=8; mean data from 4-15
glands per subject) compared G H
with control subjectsnE12;

mean data of 4-15 glands per

subject). (H) Pretreatment L, 100 1000 T
with antisense (AS) 3 = control * E
oligonucleotides to MMP-7 (2 "E' 750 | === H.pylori 7 750 o~
M) inhibited the spreading of 2 ’ E_
gastric glands at 40 hours from =« ggo T ; 500 =
. e . Q8

H. pylori-positive subjects = / o
(n=7), but had only a slight = ﬂ =
effect on control glands g 0 ¢ ¥
(n=7). Data expressed as = / =
means+s.e.m.P<0.05. In 0 0

A-F: bar, 20Qum. Time (h) 17 40 AS MMP-7 -+
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Fig. 4.H. pyloriinduction of
MMP-7 in AGS cells is A B C

associated with stimulation o 200 =0, < 150
migration and invasion. | D control |
(A) Western blots indicate the ~ H. pylori -+t * H. pylori

addition ofH. pylorito ) E
cultured AGS cells with a MMP- 7%

multiplicity of infection [MOI] B-actin » E

of 100 (centre lane) or 200
(right lane) produced a grade

100
50
increase in the abundance of
MMP-7; the latter co-migrate« |_L\ |‘L‘ .
+

100

Migrating cells
Invading cells

with the 19 kDa human 0
recombinant MMP-7 (arrow). MMP-7 ab +
(B) H. pylori (hatched bars),

increased migration of AGS cells through Transwell filters. The number of migrating cells per field are presented; mear3s(€YHL, pylori
(hatched bars) increased invasion of AGS cells through Matrigel-coated Transwell filters. The sum of the invading ceétdm ifiyeréisented;
meanzs.e.mn=3. Neutralization of MMP-7 using an MMP-7 monoclonal antibodyg4ni-1) inhibited both migration and invasion.

+ o+

role for MMP-7 in this response, we examined the effect oH. pylori stimulation of MMP-7: invasion and migration of
application of MMP-7 AS oligonucleotides. In validation a gastric cancer cell line
experiments, the latter were shown to suppress MMP-yye explored the induction of MMP-7 By. pyloriin a gastric
induction byH. pyloriin AGS cells (data not shown). We then gpithelial cell line (AGS cells). Application éf. pylorito AGS
showed that MMP-7 AS oligonucleotides inhibited migrationce|is for 16 hours increased the abundance of the active 19 kDa
of cultured glands frorhi. pylori-positive subjects (Fig. 3). By form of MMP-7 determined by western blot (Fig. 4). The
contrast, application of MMP-7 AS oligonucleotides had nofynctional significance of this induction was then examined
effect on the spreading of gland cells from control subjects. IBsing migration and invasion assays. In this modelpylori
addition, scrambled oligonucle_otides used as a control had f§creased migration of AGS cells throughué Transwell
effect on the gland cell spreading. filters, and stimulated invasion through Matrigel-coated filters
compared with control cells (Fig. 4). A role for MMP-7 in both
migration and invasion was shown by the inhibition Haf

A B pylori-stimulated migration and invasion by addition of
6.0 * 3.0 neutralizing MMP-7 antibody (Fig. 4). Application of
% © sonicates oH. pylori had no effect on AGS cell migration or
b x Q invasion, suggesting that a soluble mediator was not involved.
8 4.0 20 ©
S 2
5 ) Putative bacterial and host mediators of increased
° 20 10 Q MMP-7 in response to H. pylori
LL
FTT § In order to study the mechanism &f. pylori-induced
expression of MMP-7, we first showed that additionHof
H. p. - + - + pylori to cultured AGS cells increased the expression of a
H. p. vac + construct consisting of 2.3 kb of the human MMP-7 promoter
H .p. on filter + coupled to a luciferase (i.e. MMP-7-luc) reporter. The
induction of MMP-7-luc in AGS cells was similar for two
C D strains that wereag" andvacA" (E6 and 60190). A third strain
that wasvacA (E5) also produced similar responses. Thus,
50 ——— control % —— control * 6.0
® zzzzzz freatments o= H. pylori ) . - . N
a . ol Fig. 5. Addition of H. pylori stimulates the expression of the 2.3 kb
3 ., 40 o human MMP-7 promoter coupled to a luciferase reporter.
Q e (A) Stimulation of MMP-7-luc (1.Qug well) by two different
= 5 isolates oH. pylori, onevacA" andcagA' (E6), the othevacA and
S 20 5 cagA" (E5). (B) Failure oH. pylori (60190) to stimulate MMP-7-luc
L 109 M L when added to a filter over transfected AGS cells. (C) Stimulation of
; ﬁ @ MMP-7-luc by the chemokine IL-8 (250 ng ™), proinflammatory
IL-8 + cytokines TNFe (2.5 ng mt1) and IL-6 (5 ng miY), and the growth
TNE-a + factor EGF (100 ng m}). (D) However, the effect dfi. pylori
IL-6 . (60190) on MMP-7-luc was not mediated by soluble AGS cell
factors, because applicationtéf pylorito AGS cells on filters
EGF + cultured above MMP-7-luc transfected AGS cells had no effect on
H.p & AGS cells + MMP-7-luc compared with direct application to AGS cells.

(on filter) Meansts.e.mnp=3.
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although the secreted cytotoxin VacA has been suggested A
activate the small GTPase Rac (Hotchin et al., 2000), ar

studies described below implicate Rac in the induction o

MMP-7, the data suggest this toxin was not required for th _
AGS cell responses studied here (Fig. 5). In addition, sonicat: . "
of H. pylori had no stimulatory effect on MMP-7-luc (not NFXB (p65) > | S Gl -
shown). Moreover, whei. pyloriwas applied to 0.@m filters
cultured over AGS cells transfected with MMP-7-luc, there

H. pylori - + +

. ) h i . -
was again no increase in MMP-7-luc expression (Fig. 5) NFKB (p50) » o=
Together, these lines of evidence suggest that release of
soluble mediator by the bacterium is unlikely to be the maii C 1hr 2br

mechanism involved in MMP-7 induction.
It is known thatH. pylori increases shedding of HB-EGF

and stimulates production of proinflammatory cytokines (IL-6, B D

TNF-a) and chemokines (IL-8) (Crabtree et al., 1994; Moss € 045 ez H, pylori 06
al., 1994; Romano et al., 1998; Wallasch et al., 2002). In AG ’ = control .

cells, EGF-family members, IL-8, TNé&-and IL-6 were all .

found to increase MMP-7-luc expression (Fig. 5). We therefor 0.10 0.4

examined the possibility that. pylori increased MMP-7

expression in AGS cells via a paracrine mediator. AGS cell
were transfected with MMP-7-luc, and then cocultured with 0.05 0.2
untransfected AGS cells grown on Ofm pore filters
suspended above the transfected cells. Additid. giylori to

Ags0
Ags0

stimulated transcriptional responses (Meyer-ter-Vehn et al
2000; Munzenmaier et al., 1997). We first confirmed tha BAY 11-7082

addition ofH. pylorito AGS cells increased p50 and p65 NF- PD98059 ++

KB translocation to the nucleus by western blotting, and the c-fos +

binding of p50 and p65 NKB to a consensus NEB cis-

element was increased iH. pylori-stimulated AGS cell Fig. 6.H. pylori-increased p50, p65 and c-fos activity in AGS cells
nuclear extracts (Fig. 6). The functional significance of thes&ediates MMP-7-luc expression. (A) In western blots of nuclear
findings for MMP-7 expression was then demonstrated bﬁXtraCtSH' pyloriincreased NFB pS0 and p65 compatible with
showing that an inhibitor ofkB degradation (BAY11-7082) uclear translocation. (B) In nuclear extract$lopylori-treated

. cells there was increased p65 and p50 binding to theBNF-
reduced the MMP-7-luc responsetopylorito control levels. (-0 o < ic clement. (C) The inhibitorid Kegradation,

In addition, an increase in c-fos binding to a consensus APday11-7082 (10uM), depressed MMP-7-luc responsestapylori
cis-element was demonstrated in nuclear extracts, ang did the MEK inhibitor PD98059 (20M). (D) In nuclear extracts,
cotransfection of AGS cells with MMP-7-luc and a vectorthere was also activation of c-fos, as indicated by binding to

encoding c-fos increased expression 2-3 fold (Fig. 6). It isligonucleotides with relevant consensus sequences.

known thatH. pylori increases AP-1 activity via the Erk1/2 (E) Cotransfection with c-fos (0j6g well?) increased expression of

pathway (Meyer-ter-Vehn et al., 2000) and, consistent with th®¥IMP-7-luc. Meanszts.e.mn=3.

involvement of this pathway in the present studies, we found

that PD98059 (which inhibits the Erk1l/2 kinase, MEK)

inhibited the response td. pylori (Fig. 6). family (Palovuori et al., 2000). We therefore screened three
representatives of this GTPase family (RhoA, Racl, cdc42)
for the capacity to stimulate MMP-7-luc expression.

Role of RhoA and Rac in mediating the effect of H. pylori  Cotransfection of AGS cells with a vector encoding a

on MMP-7-luc expression constitutively active form of RhoA (L63RhoA) strongly

H. pylori is reported to activate small GTPases of the Rhatimulated MMP-7-luc; there was a moderate response to a

AGS cells grown on 0.2im Transwell filters had no effect 0.00 0.0
on MMP-7-luc expression in the cocultured cells. Putative NFxB (p65) (p50) c-fos
paracrine signals may of course be diluted in this system, b
in the same experimental system using luciferase expressi
driven by a promoter sequence of plasminogen activatc C E
inhibitor-2 (Varro et al., 2002) there was induction of luciferase
by H. pylori up to 3-5 fold. Thus, the data support the view 50 - 30
that a direct effect due to adherence of the bacteria wz N
responsible for stimulating MMP-7-luc expression (Fig. 5). 2 ‘ 20 %

E 3.0 E
Putative transcription factors mediating the effect of H. = i
pylori on MMP-7 R “e
Previous studies have implicated MB-and AP-1 irH. pylori- ﬂ ﬂ a ﬂ 9

++
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constitutively active form of Rac (L61Rac), whereas aDiscussion

CO_nStitUtiVE'y active form of CdC42 (L61CdC42) had little EﬁeCtThe present study shows that the gastric Oncogenic pathogen
(Fig. 7). We then showed that induction of MMP-7-luchby  H_ pyloriis associated with increased expression of MMP-7 in
pylori was mediated by RhoA and Rac because cotransfectign subset of gastric epithelial celldoreover, we found that

of MMP-7-luc and a DN-RhoA vector (N19RhoA), or DN-Rac induction of MMP-7 byH. pylori plays a role in stimulating
(N17Rac), reduced thed. pylori-increased expression of gastric epithelial cell migration. The induction of MMP-7 by
MMP-7-luc (Fig. 7). In addition, application of the RhoA H. pylori appears to require adhesion of bacteria to epithelial
inhibitory  toxin,  C3-transferase, reduced MMP-7-luccells and to be mediated by small GTPases of the Rho family
responses toH. pylori by 76.24.4% The MMP-7-luc  through activation of N&B and AP-1 transcription factors.
responses to L63RhoA and L61Rac were inhibited by BAY11- Recent reports have noted that MMP-7 expression is induced
7082, indicating that NikB was downstream of both RhoA by bacteria in several different epithelia, including colon,
and Rac (Fig. 7). Interestingly, cotransfection of MMP-7-lucpladder and airways, but the cellular mechanisms responsible
and L63RhoA with a DN-jun vector resulted in significantfor this response are unclear (Lopez-Boado et al., 2000; Lopez-
inhibition of MMP-7-luc expression, compatible with Boado et al., 2001; Parks et al., 2001). In mouse small intestine,
activation of AP-1 downstream of RhoA. By contrast, the DNIMP-7 is expressed in Paneth cells, where it is proposed to
jun vector had no effect on Rac activation of MMP-7-lucfunction as a processing enzyme for mediators of innate

expression (Fig. 7). immunity, thea-defensins (Wilson et al., 1999). However, this
function seems to be species specific since, in human small
A B intestine, trypsin has been reported to function as a

prodefensin-processing enzyme (Ghosh et al.,, 2002).

2500 Moreover, in normal human small and large intestine, MMP-7

6.0 —

£ Z tgi EZSA f_/"“”;"ﬂ was reported to be absent (Ghosh et al., 2002), although
o5 2000 L61 cdoa2 e ) s ol expression may increase in ulcerative colitis in association with
e 8 a0 dysplasia (Newell et al., 2002). By contrast, we found
S, 1500 o p<0.05 . . oo .
3 o «> detectable expression of MMP-7 in epithelial cells in both
glooo = antral and corpus regions of normal human stomach, and in
5 o 9 20 both cases expression was increased in the presence of the
z i gastric pathoge#i. pylori.

0 ﬂ In mucus and pepsinogen-secreting cells, which were the

16 B2 22 DNRhoA + + main MMP-7-containing cells, MMP-7 was found in vesicles

Time (h) DN Rac + o+ distinct from those containing the primary exocrine secretory

product. Interestingly, MMP-7 was found at the leading edge
of migrating cells, including lamellipodia. By using time-lapse
C <0.05 D <005 video-microscopy of isolat_ed gas_tric gland fragments, we
9.0 : 90 | : showed that cells progressively migrated to form islands, or
monolayer colonies of cells, over 2-3 days through a
combination of cell migration and cell spreading. This process
50 5.0 was accelerated if. pylori-positive biopsies, and the response
was reversed in the presence of MMP-7 AS oligonucleotides.
30 3.0 Moreover, in a cancer cell line (AGS celi$) pylori stimulated
both migration and invasion through artificial basement
o] M M ﬂ 9 M [ membrane, and in both cases this was inhibited by
L63 RhoA + + + + neutralization of MMP-7. Together, these data support the idea
thatH. pylori induction of MMP-7 is a functionally important
BAY 11-7082 o host cell response mediating cell migration in the stomach.
DN-jun ot The stimulation of gastric epithelial cell migration in
E = response tél. pylori occurs in otherwise normal gastric gland
| <0.05 Fig. 7.Induction of MMP-7 byH. pyloriis mediated by RhoA.
601 o (A) Expression of the MMP-7-luc plasmid (Qu§ wel) was
increased in a time-dependent manner (hours after transfection) by
5.0 cotransfection with plasmids encoding constitutively active forms of
Rho (L63RhoA, 0.2%1g well) and, to lesser extent, Rac (L61Rac,
0.25ug wellY; constitutively active cdc42 (L61cdc42, 025

well-1) had only a slight effect. (B). pylori-stimulated MMP-7-luc
ﬁ ﬁ expression was inhibited by cotransfection with dominant-negative
+

7.0 7.0

Fold increase

4.0 q

3.0
2.0 1

Fold increase

m 10 ﬁ ﬁ (DN) RhoA (N19RhoA, 0.fug wellY) and DN-Rac (N17Rac, Ol
well-1). (C,D) L63RhoA-stimulated MMP-7-luc expression was
L61 Rac + + + inhibited by BAY11-7082 (1QuM) and by cotransfection with DN-
jun vector (0.51g welt1). (E,F) L63Rac-stimulated MMP-7-luc
BAY 11-7082 ot expression was inhibited by BAY11-7082, but not by cotransfection
DN-jun + o+ with a DN-jun vector. Means+s.e.ms3.
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cells. Related processes have also been described in airwaysmsequence dfl. pylori infection should provide a basis for
(Dunsmore et al., 1998; Parks et al., 2001). These phenomedetailed study of the links between bacterial infection and
may well be protective and serve to maintain epitheliatancer.

integrity in the face of epithelial damage and infection.

However, in stomach, the induction of MMP-7 may also play We thank Cathy McLean for skilled technical assistance, Claire
a role in initiating events that predispose towards malignancﬁ,hyth'a” for h.elp with some Iucn‘grase assays, Debbie Sa}les for help
Thus, there is increased expression of MMP-7 in gastric cancdfith H. pylori culiure and Susie Kennedy for help with some

: . : : iImMmunocytochemistry on cultured glands. We also thank the
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inhibition of MMP-7 expression suppressed tumour invasiony,pnorted by grants from the Medical Research Council and the

but not proliferation (Yonemura et al., 2001). In addition,welicome Trust.

MMP-7 degrades pro-apoptotic factors and proinflammatory

cytokines (e.g. TNFr and Fas ligand). Decreased availability

of the latter would tend to suppress apoptosis and Mmageferences

therefore serve to preserve cells after DNA damage and $@achi, v., Itoh, F., Yamamoto, H., Matsuno, K., Arimura, Y., Kusano,
contribute to tumorigenesis (Mitsiades et al., 2001; Vargo- M., Endoh, T., Hinoda, Y., Oohara, M., Hosokawa, M. et al(1998).

Gogola et al., 2002). Matrix metalloproteinase matrilysin (MMP-7) participates in the
Previous work has shown that MMP-7 expression is progression of human gastric and esophageal carlogrsl. Oncol.13,
s . 1031-1035.
reQU|ated by the PEAS Ets transcription factor, Wh|Ch appeafﬁisaka, H., Fushida, S., Yonemura, Y. and Miwa, K.(2001). Expression
to enhance transcriptional responses to Bathtenin and AP- of insulin-like growth factor-2, c-MET, matrix metalloproteinase-7 and
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- _Blaser, M. J. and Berg, D. E.(2001).Helicobacter pylorigenetic diversity
(Naumann et al., 1999) is one component of the MMP-PRe: G & B0 Zma b i Ee e e,

trans_crip;ional response. But, in .a'ddition, we found #at cajam, J., Gibbons, A., Healey, Z. V., Bliss, P. and Arebi, N1997). How
pylori stimulation of NFkB activity contributed to the  doesHelicobacter pyloricause mucosal damage? lIts effect on acid and

induction of MMP-7. The activation of NkB by H. pylori has gastrin physiologyGastroenterologyl 13 S43-S49.

; ; urin, Y., Kardalinou, E., Meyer, T. F. and Naumann, M. (2001).
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