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Helicobacter pylori colonization of the gastric mu-
osa induces peptic ulcer disease and interferes with
lcer healing. Re-epithelialization is an essential com-
onent of ulcer healing. It requires cell migration and
roliferation which are dependent on the cell cy-
oskeleton. Most H. pylori strains produce a toxin
VacA) that induces multiple structural and functional
hanges in epithelial cells. In this study, we investi-
ated the effects of VacA on the gastric epithelial cell
ytoskeletal architecture. Exposure of rat gastric epi-
helial cells to purified VacA from H. pylori 60190 sig-
ificantly inhibited actin stress fiber formation (83 6
% reduction; p < 0.0001) and disorganized microtu-
ule pattern (90 6 8%; p < 0.001). Furthermore, VacA
reatment significantly reduced tyrosine phosphoryla-
ion of focal adhesion kinase (FAK) (by 45 6 6%; p <
.002) and its expression in focal adhesions (73 6 8%;
< 0.0001). These findings suggest that H. pylori VacA

nterferes with cytoskeleton-dependent cell functions
nd with the transmission of signals related to cell
preading and growth. © 1999 Academic Press

Key Words: gastric RGM1 cells; actin cytoskeleton;
ocal adhesion kinase; tyrosine phosphorylation.

Despite intensive clinical and basic research efforts,
he cellular and molecular mechanisms by which H.
ylori induces peptic ulcers or interferes with ulcer
ealing are as yet not well understood. One putative
irulence factor of H. pylori is a ;90 kDa vacuolating
ytotoxin (VacA) (1–5). The most prominent effect of
his toxin is its capacity to induce vacuolation in epi-
helial cells in vitro (6). In addition, VacA alters the

1 Corresponding author. Gastroenterology Section (111G), DVA
edical Center, 5901 East Seventh Street, Long Beach, CA 90822.
ax: (562) 494-5675. E-mail: atarnawski@pop.long-beach.va.gov.
Supported by the Department of Veterans Affairs Medical Re-

earch Service and the University of California’s Pacific Rim Re-
earch Program (Dr. A. S. Tarnawski); Dr. T. L. Cover was supported
y Department of Veterans Affairs and NIH DK 53623.
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in (7), increases permeability of polarized epithelial
onolayers (8), inhibits the process of antigen presen-

ation (9) and forms anion-selective channels in lipid
ilayers (10).
Our previous study in vivo demonstrated that VacA

elays healing of gastric ulcer in rats, inhibits re-
pithelialization, and worsens the quality of mucosal
car (11). Our more recent study in vitro demonstrated
hat VacA inhibits gastric epithelial cell proliferation
nd interferes with epidermal growth factor (EGF)-
ctivated signal transduction, essential for gastric mu-
osal healing (12–14). Studies focussed on epithelial
estitution in vitro have demonstrated that gastroin-
estinal cell migration depends on actin polymerization
stress fiber formation) (15). It is also well established
hat both cell migration and cell proliferation are de-
endent on the cell cytoskeleton (16).
The cytoskeleton consists of microfilaments, micro-

ubules, and intermediate filaments, which have con-
ractile properties and participate in various cellular
unctions (17). Cytoplasmic microfilaments (comprised
f actin) can assemble, disassemble and form cross-
inked bundles, which are anchored to other cellular
omponents, including the cell membrane. Microtu-
ules are important cytoplasmic structures that are
nvolved in intracellular transport and are essential for
ell division and differentiation. The intermediate
laments consist of fibrous proteins, which exhibit
echanical functions in stiffening of cells and in

rganizing intracellular organelles for coordinated ac-
ivity (16).

The key events regulating cell structure and shape,
ell motility and proliferation include polymerization of
ctin, formation of actin stress fibers, and focal adhe-
ions (18). Epithelial “barrier” function is also depen-
ent on an intact cell cytoskeleton (19). Several bacte-
ial protein toxins are known to cause alterations in
ytoskeletal architecture. For example, C. botulinum
2 toxin and Clostridial iota toxin modify actin micro-
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
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odify intracellular proteins that are involved in the
egulation of the cytoskeleton (20–23). Thus far, the
ossible role of VacA in altering cytoskeletal architec-
ure has not been examined. Therefore, in this study,
e examined whether VacA alters the cytoskeleton of
astric epithelial (RGM1) cells derived from normal rat
astric mucosa.

ATERIAL AND METHODS

Bacterial strains and growth conditions. VacA was purified from
. pylori strain 60190 (ATCC 49503), a wild-type cytotoxin-producing

train, as described previously (24). As a control, broth culture su-
ernatant of H. pylori strain 60190 v1, in which the vacA gene has
een disrupted by insertional mutagenesis, was processed in the
ame manner (25). Earlier studies have shown that VacA is strongly
ctivated by a short exposure to acidic solutions in the pH 1.5-5.5
ange, and this activation persists even after subsequent neutraliza-
ion (26). In all the present experiments, purified VacA preparations
nd identically prepared VacA-negative preparations were acidified
o pH 3.5 by the addition of HCl. Phosphate buffered saline (PBS)
cidified to pH 3.5 (volume equal to VacA) was used as an additional
ontrol. Addition of acidified PBS to buffered tissue culture medium
50 ml added to 2.0 ml medium) did not significantly alter the pH,
hich remained at pH 7.4.

Gastric cells. RGM1, a cell line derived from normal gastric mu-
osa of the rat (28) was obtained from the RIKEN Cell Bank
Tsukuba Science City, Japan). RGM1 cells were routinely grown in
MEM/F12 (1:1 ratio) medium supplemented with 20% FBS, 1%
lutamine, antibiotics and antifungal agents. Cell cultures were
repared by seeding 3 3 106 cells/dish to attain 70% confluence. After
4 hours, the medium was replaced with fresh medium, and cells
ere incubated with medium containing either VacA at a final con-

entration of approximately 1.0 mg/ml or control Vac-negative prep-
ration for 1, 4, 24 or 48 hours. The optimal dose of VacA was
etermined based on dose-dependent studies (0.1-5.0 mg/ml data not
hown). After incubation, cells were washed in cold PBS, lysed, and
nalyzed as described below.

Distribution and localization of actin, b-tubulin, and cytokeratin.
GM1 cells were grown to sub-confluence on collagen I-coated cover
lips and treated as described above. After respective treatments,
ells were washed in PBS, fixed and permeabilized with 3.7% para-
ormaldehyde at room temperature for 20 minutes and post fixed in
cetone for 5 minutes at 220°C. F-actin was detected by using fluo-
oscein labelled-phalloidin (F432; Molecular Probes, Inc., Eugene,
R). Distribution of b-tubulin and cytokeratin in RGM1 cells was

tudied by immunostaining using mouse monoclonal antibodies
T4026, b-tubulin Ab dilution 1:100; C7159; cytokeratin Ab dilution
:500; Sigma Chemical Co., St. Louis, MO) followed by specific FITC
onjugated secondary anti-mouse antibody (dilution 1:200; Sigma
hemical Co., St. Louis, MO). Slides were examined under a Nikon
icroscope with epifluorescence and photographed. Two investiga-

ors unaware of the code evaluated quantitatively the coded slides.
he number of stress fibers per cell was counted under 4003 mag-
ification. A minimum of five fields and at least 50 cells per slide
ere counted. The results are expressed as percent of control (cells

ncubated with medium containing acidified PBS).

Determination of focal adhesion kinase (FAK) protein and tyrosine
hosphorylation level. Focal adhesion kinase (FAK) protein level
as determined by Western blot analysis following the procedure
reviously described (13). Tyrosine phosphorylation levels of FAK
rotein was determined by immunoprecipitation with specific anti-
ody and immunoblotting with anti-phosphotyrosine antibody ac-
ording to the method previously described (13). Briefly, after vari-
246
us treatments cells were lysed in ice-cold lysis buffer (20 mmol/L
ris-HCl pH 7.5, 50 mmol/L NaCl, 50 mmol/L NaF, 30 mmol/L
odium pyrophosphate, 5 mol/L EGTA, 10% glycerol, 1% Triton
-100, 1 mmol/L PMSF, 1 mmol/L sodium vanadate and 5 mg/ml
protinin) and clarified by centrifugation at 14,000 rpm for 10 min.
he protein concentration of the lysate was determined using a
icinchoninic acid protein assay kit (Pierce, Rockford, IL). Equal
mounts of proteins were incubated with anti-FAK antibody (Santa
ruz Biotech, Santa Cruz, CA) immobilized onto protein A Sepha-
ose for 2 h at 4°C under gentle rotation. Beads were washed exten-
ively with lysis buffer and immunecomplexes eluted by heating for

min at 95°C in 23 Laemmli buffer and microcentrifuged. The
upernatant was subjected to SDS-PAGE (7.5%) followed by immu-
oblotting with anti-phosphotyrosine antibody (Santa Cruz Biotech,
anta Cruz, CA).

Focal adhesion kinase (FAK) distribution. Distribution of FAK in
GM1 cells was studied by immunostaining. RGM1 cells were grown

o sub-confluence on collagen-I coated cover slips and subjected to
arious treatments. Cells were fixed, permeabilized and immuno-
tained using rabbit polyclonal antibody (1:100 dilution; Santa Cruz
iotech, Santa Cruz, CA) followed by specific FITC conjugated sec-
ndary anti-FAK rabbit antibody (1:200 dilution; Sigma Chemical
o, MO). Quantification was performed by counting the number of

ocal adhesions per cell. The results were compared with control cells
ncubated with medium containing acidified PBS.

Statistical analysis. All data are reported as mean 6 SD. Statis-
ical significance of differences between mean values was assessed by

FIG. 1. Effects of H. pylori VacA on actin cytoskeleton in gastric
pithelial cell monolayers. RGM1 cells were grown to confluence on
ollagen I-coated cover slips, then treated with either 1) medium
ontaining acidified PBS (control) (Panels A & C: 24 and 48 h respec-
ively) or 2) medium containing VacA for 24 h and 48 h (B & D
espectively). After these incubations, actin filaments were labeled
ith fluorescein-conjugated phalloidin using the procedure described

n the Methods Section. Control cells at 24 and 48 h (Panels A & C)
emonstrate numerous dense actin stress fibers. VacA treatment
esulted in a significant decrease in actin stress fibers at 24 h (Panel
; 65% 6 3% reduction), and at 48 h (Panel D; 83% 6 5% reduction)

4003). Treatment with Vac-negative preparation showed dense ac-
in stress fibers similar to control cells.
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tudent’s t test for unpaired data. A p value of ,0.05 was considered
tatistically significant.

ESULTS

ffect of VacA on F-Actin Distribution in Gastric
Epithelial (RGM1) Cells

To determine whether VacA altered cytoskeletal ar-
hitecture of gastric epithelial cells, rat gastric epithe-
ial cells (RGM1 cells) were incubated with purified
acA or with various controls for varying time inter-
als. Control cells showed a dense network of actin
tress fibers (Figs. 1A & C). Exposure of cells to VacA
or 4 h did not cause any significant change in actin
istribution. After 24 h of incubation with VacA (Fig.
B), cells demonstrated a substantial decrease in
tress fibers (65% 6 3% reduction; p , 0.001). A similar
ffect was observed after 48 h of incubation with VacA
Fig. 1D; 83% 6 5% reduction p , 0.0001; vs control).
-actin microfilaments were markedly disorganized
hroughout the cytoplasm in cells incubated with
acA. In contrast, a Vac-negative control preparation

FIG. 2. Beta-tubulin distribution in gastric epithelial cell monol
lips, and incubated for 24 and 48 h with either 1) medium contain
mmunostained for b-tubulin according to the procedure described in
emonstrate a dense network of microtubules assembled mostly i
icrotubule organization center (MTOC) or centrosome (Panel A & C

esult in any significant changes in microtubule distribution or inten
Panel D; 90% 6 8% reduction; p , 0.001; vs control) (4003). T

icrotubules similar to control cells.
247
id not cause any significant change in the number or
ensity of stress fibers (not shown).

ffect of VacA on Microtubules and Intermediate
Filaments in Gastric Epithelial (RGM1) Cells

Immunostaining for b-tubulin in control gastric epi-
helial cells revealed a dense network of microtubules
ssembled mostly in parallel and radial arrays, tightly
acked, often starting from the microtubule organiza-
ion center (MTOC) or centrosome (Figs. 2A & C). VacA
ddition did not significantly alter microtubule archi-
ecture at 24 h (Fig. 2B). However, at 48 h, in cells
reated with VacA, microtubules were less dense (Fig.
D; 90% 6 8% p , 0.001; vs control), with fainter
uorescence signals and showed irregular arrange-
ent. In contrast, the VacA- negative control prepara-

ion failed to bring about these effects (not shown).
VacA treatment did not cause any apparent changes

n cytokeratin (intermediate filament) organization
hen compared with control gastric epithelial cells

rs. RGM1 cells were grown to confluence on collagen I-coated cover
acidified PBS (control) or 2) medium containing VacA. Cells were
Methods section. In monolayers incubated with medium alone, cells
arallel and radial arrays, tightly packed, often starting from the
4 and 48 h respectively). VacA treatment for 24 h (Panel B) did not
y of fluorescent signal, but after 48 h microtubules were less dense
atment with Vac-negative preparation showed dense network of
aye
ing
the
n p

: 2
sit
re
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data not shown), indicating that the intermediate fil-
ments are not markedly affected by VacA.

ffect of VacA on Focal Adhesion Kinase Tyrosine
Phosphorylation

Since FAK phosphorylation has been shown to ac-
ompany the assembly of stress fibers and focal adhe-
ions (29–35), we next examined whether VacA altered
AK phosphorylation. Treatment of gastric epithelial
ells with VacA significantly reduced FAK tyrosine
hosphorylation when compared with control cells.
his effect was detected after 1 h (12% reduction; p ,
.03), peaked at 24 h (45% reduction; p , 0.002) and
as sustained up to 48 h. (33.3%; p , 0.015; Figs. 3B &
). FAK protein levels determined by Western blot
nalysis did not show significant changes (Fig. 3A),
ndicating that changes in FAK phosphorylation were
ot due to reduction in their FAK protein levels. The
acA-negative preparation did not cause any signifi-

ant change in either FAK phosphorylation or FAK
rotein levels (data not shown).

FIG. 3. Focal Adhesion Kinase (FAK) protein and tyrosine phosp
8 h with either 1) medium containing acidified PBS (control) or 2)
g/ml. FAK protein levels were determined by Western blot analysis
ating FAK with specific anti-FAK polyclonal antibody, and th
hosphotyrosine antibody. The densities of 125 kDa phosphorylated
) Representative Western blot showing FAK protein levels with
epresentative Western blot showing significant decreases in FAK
epresentative of three separate experiments. C) Graph showing the
astric epithelial cells.
248
ffect of VacA on Focal Adhesion Kinase Distribution

Specific inhibition of FAK localization to focal adhe-
ions has been shown to decrease cell motility and
roliferation (36). Therefore, we sought to determine
he effect of VacA on FAK localization. Treatment of
astric epithelial cells with VacA for 1 or 4 h did not
how any significant change in FAK distribution. After
4 h, control cells showed strong FAK fluorescence
ignal localized to focal adhesions. There was a slight
eduction in the signal by 48 h, likely due to cells
ttaining their confluence (Figs. 4A & C). In contrast,
ells treated with VacA for 24 h and 48 h demonstrated
ignificant reduction in FAK fluorescence signals (Figs.
B & D; 73% 6 8% and 92% 6 5% respectively) indi-
ating significant reduction of FAK in focal adhesions
both p , 0.0001 vs control).

ISCUSSION

Gastric mucosal re-epithelialization is essential for
epair of acute mucosal injury and for ulcer healing. It

ylation levels in RGM1 cells. RGM1 cells were incubated for 24 and
ium containing VacA at a final concentration of approximately 1.0

yrosine phosphorylation of FAK was determined by immunoprecipi-
munoprecipitate was subjected to immunoblotting using anti-

tein bands corresponding to FAK were analyzed using Eagle Eye II.
any significant changes in the presence or absence of VacA. B)
osphorylation level after VacA treatment. The Western blot is a

an 6 SD (n 5 3) relative densities of FAK phosphorylation levels in
hor
med
. T
e im
pro
out

ph
me
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equires epithelial cell migration in the early stage,
s well as epithelial cell proliferation. The present
tudy, using rat gastric epithelial cells (RGM1 cells)
riginating from normal rat gastric mucosa, demon-
trates that the H. pylori vacuolating cytotoxin dis-
upts cytoskeletal architecture, and significantly re-
uces tyrosine phosphorylation of FAK and its
resence in focal adhesions, which are all necessary
or the maintenance of cell structural integrity, and
or the transmission of signals related to cell spread-
ng and growth.

Previous studies of H. pylori VacA have focused on
he capacity of this toxin to induce marked vacuola-
ion in epithelial cells. VacA is thought to cause
acuole formation by disrupting normal vesicle traf-
cking in the cell (6). The specific mechanisms by
hich the VacA causes these effects are not well
nderstood, but recent studies indicate that VacA

nteracts directly with a cytoplasmic target molecule
37). In the present study, we demonstrated that
acA disorganizes cytoskeletal architecture in gas-

ric epithelial cells. An effect of VacA on the cytoskel-
ton may explain the rounding and retraction of

FIG. 4. Focal Adhesion Kinase (FAK) distribution in gastric ep-
thelial cell monolayers. RGM1 cells were grown to confluence on
ollagen I-coated cover slips, and incubated for 24 and 48 h with
ither 1) medium containing acidified PBS (control) or 2) medium
ontaining VacA at a final concentration of 1.0 mg/ml. Cells were
mmunostained for FAK as described in the Methods section. In

onolayers incubated with medium alone, cells demonstrate dense
ocalization of FAK to focal adhesions (Panel A & C). In monolayers
reated with VacA, cells show a significant reduction in fluorescence
ignal and loss of FAK localization to focal adhesions at both 24 h
Panel B) and 48 h (Panel D) (4003). Treatment with Vac-negative
reparation showed dense localization of FAK to focal adhesions
imilar to control cells.
249
ng exposure of these cells to high doses of VacA (27).
recent study has shown that VacA increases selec-

ive permeability of polarized epithelial cell mono-
ayers (7). It is well established that epithelial bar-
ier function depends on proper function of the cell
ytoskeleton, and our present observation that VacA
isrupts cytoskeleton and focal adhesions may pro-
ide insight into the underlying mechanism of this
ffect. In the present study, changes in microtubule
rchitecture were manifested only at 48 hours. Since
. pylori infects gastric mucosa chronically and gas-

ric epithelial cells are exposed to VacA for a long
eriod of time, even such late changes have direct
athologic relevance.
Ulcer healing requires interaction of various cellular

nd connective tissue components (38, 39). A number of
rowth factors including EGF and TGF-a have been
hown to participate in repair of tissue injury by stim-
lating cell proliferation and migration necessary for
e-epithelialization and ulcer healing (40–43). FAK
hosphorylation has been shown to accompany cell
dhesion and assembly of focal adhesions and stress
bers (30–35). Increased expression and/or activation
f FAK have been shown to play a role in cell migra-
ion, which plays a crucial role in processes such as
mbryonic development, and wound healing (44, 45).
onversly, inhibition of FAK phosphorylation has been
hown to decrease cell proliferation and motility (46,
7). Therefore, exposure of gastric epithelial cells to
acA may not only interfere with wound healing, but
ay make the gastric mucosa more susceptible to nox-

ous insults.
While some bacterial toxins, such as CNF1 from E.

oli, DNT from Bordetella bronchiseptica are shown to
nduce actin stress fibers and focal adhesion formation
n Swiss 3T3 and in human umbilical vein endothelial
HUVEC) cells (48, 49), C3-transferase from Clostrid-
um botulinum, EDIN from Staphylococcus aureus and
oxin A from C. difficile have been shown to block
igration of wounded endothelial cells monolayer by

bolishing formation of actin stress fibers and focal
dhesions (50).
In summary, our data show for the first time that

reatment of gastric epithelial cell (RGM1) monolayers
ith H. pylori VacA disrupts actin stress fiber assem-
ly, microtubule organization, reduces tyrosine phos-
horylation of FAK and reduces FAK in focal adhe-
ions. Since cytoskeletal re-arrangements such as
tress fiber and focal adhesion formation are crucial for
ell migration and proliferation, these findings add
ew insight into the mechanisms by which H. pylori

nhibits the repair of gastric mucosal injury and ulcer
ealing or renders the gastric mucosa susceptible to

njury.
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