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Helicobacter pylori induces signaling cascades lead-
ng to changes in cytoskeleton and an inflammatory
esponse. Information on the morphological changes
nd cytoskeletal rearrangements induced by attach-
ent of the bacterium is contradictory and signal

ransduction pathways are not well known. Since rho
amily of small GTPases is known to mediate cytoskel-
tal response to various extracellular stimuli, and is
lso involved in several other important signal trans-
uction pathways, we have investigated the role of rac
nd cdc42 in H. pylori-induced cytoskeletal changes in
ultured carcinoma AGS cells. AGS cells grown with
erum expressed actin filaments in the form of short
tress fibers and thin network at the edges, which
ere depolymerized by removal of serum. In serum-

tarved cells both type I and type II strains of H. pylori
nduced formation of actin filaments and lamellipodia-
ike structures. Microinjection of active rac induced
imilar changes, but injection of inactive rac pre-
ented the effects of H. pylori, while active or inactive
dc42 did not have any significant effect. Cytoskeletal
ffects of H. pylori were inhibited by actinomycin D,
ut not completely by cycloheximide. These results
ndicate that rac activation is involved in signal trans-
uction cascade leading to cytoskeletal reorganiza-
ion induced by H. pylori and that gene activation and
ynthesis of new proteins is necessary in this pro-
ess. © 2000 Academic Press

Helicobacter pylori is gram-negative curved bacillus,
hich is a human pathogen causing chronic gastritis,
eptic ulcer and gastric neoplasia including both lym-
hoid and epithelial malignancies (1).
H. pylori is able to adhere to gastric epithelial cells.

everal molecules have been proposed as receptors for
. pylori adhesion, of which the Lewis B antigen seems

1 To whom correspondence should be addressed. Fax: 1358-8-537
943. E-mail: tuomo.karttunen@oulu.fi.
247
astric epithelial cell lines (AGS, KatoIII) have shown
hat bacterial attachment results in rearrangement of
he actin beneath the adhered bacterium, formation of
edestal and effacement of the microvilli at the site of
dhesion (3–5). However, other investigators have not
een able to demonstrate rearrangement of the cy-
oskeleton after H. pylori attachment (6, 7).

Attachment of H. pylori is the first step in the patho-
enesis of H. pylori induced tissue damage. Attach-
ent is followed by secretion of IL-8 by epithelial cell

nd changes in its cytoskeleton (8, 9). These effects are
mportant in the development of tissue damage both by
nduction of the inflammatory cell recruitment by IL-8
ecretion and by decreasing the stability of cytoskele-
on and cell membrane.

There is not much information of signal transduction
athways activated by H. pylori attachment. Segal et
l. (4) found that cytoskeletal changes were associated
ith tyrosine phosphorylation of 145-kDa and 40-kDa
roteins, which have not been characterized. Induction
f IL-8 secretion by H. pylori is regulated by a tran-
cription factor NFkB (9).
Rho family of small guanosine triphosphatases is

nvolved in the reorganization of actin cytoskeleton in
esponse to various extracellular stimuli (10). Simi-
arly with other members of the ras superfamily, these
roteins act as molecular switches to control cellular
rocesses. Cytoskeletal effects include formation of
ontractile actomyosin filaments by rho, actin polymer-
zation into lamellipodial structures by rac and forma-
ion of filopodial membrane protrusions by cdc42 (11,
2). These GTPases have been shown to be important
n several other processes including cell cycle regula-
ion, NFkB activation, activation of response to inflam-
atory stimuli and malignant transformation (10). Re-

ently it has been shown that small GTPases are
argets for various bacterial toxins including cytotoxic
ecrotizing factor of E. coli, which causes activation of
ac and cdc42 (13).
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.
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We have studied the role of serum and two small
TPases rac and cdc42 in production of cytoskeletal

hanges caused by H. pylori. We report here that H.
ylori induces formation of stress fibers and lamellipo-
ia in serum-starved AGS cells. Furthermore, by in-
ecting active and inactive GTPases we show, that rac
ut not cdc42 is involved in signal transduction path-
ay of the cytoskeletal changes.

ATERIALS AND METHODS

Cell culture. Human gastric adenocarcinoma (AGS) cells were
urchased from American Type Culture Collection (ATCC, Rockville,
D). They were cultured for fluorescence microscopy on glass cov-

rslips or for microinjection studies on etched grid coverslips marked
y numbers and letters (Bellco, Vineland, NJ) in Ham’s F12 medium
Gibco BRL, Gaithersburg MD) supplemented with L-glutamine,
ith 10% fetal calf serum (FCS, HyClone, Logan, UT), antibiotics
nd antimycotics in a humidified 5% CO2 atmosphere.

Helicobacter pylori culture. H. pylori strain CCUG17874 (Cul-
ure Collection, University of Goteborg, Sweden), and two local
trains (581/96 and 523/96) isolated from dyspeptic children were
ultured on Mueller-Hinton plates supplemented with sheep blood
5%) and antibiotics (vancomycin 10 mg/L, trimethoprim 5 mg/L,
efsulodin 5 mg/L, amphotericin-B 5 mg/L, Oxoid, Basingstoke,
ampshire, UK). The strain CCUG17874 is cagA1vacAs1, and the

trains 581/96 and 523/96 cagA-vacAs2m2iceA1, cagA-vacAs2m2iceA2,
espectively as tested with PCR using published primers (14).

Infection assays. The bacteria were washed with PBS (0.01 M
aH2PO4/Na2HPO4, 145 mM NaCl, pH 7.2) and harvested in F12
edium without FCS and antibiotics/antimycotics. Bacterial concen-

ration was adjusted to optical density 0.5 using wave length of 565
m. AGS cells were transferred to medium without FCS, antibiotics
nd antimycotics about 15 minutes before bacteria were added (1 ml
acteria/2 ml media) and the mixture was incubated at 137°C for
ime periods indicated in Results, usually two hours. After that the
ells were fixed and stained for actin as described below.

Microinjection experiments. Active and inactive forms of recom-
inant human cdc42 and rac proteins, purchased from Cytoskeleton
Denver, CO), were used for microinjections at a concentration of 200
g/ml in the injection buffer. For identification of the injected cells in

nactive rac or cdc42 injection, Texas Red goat anti-rabbit antibody
Molecular Probes, Eugene, OR) was used as a marker at a concen-
ration of 0.7 mg/ml. Microinjections were carried out using an Ep-
endorf micromanipulator 5171 and microinjector 5246 (Hamburg,
ermany) installed on an Axiovert 405 M inverted microscope with
heating stage (Zeiss, Oberkochen, Germany) as described earlier

15). All the cells within one square of the etched coverslips were
njected within a time period of 10 to 20 minutes. The cells were

FIG. 1. Effect of fetal calf serum and serum starvation on the acti
erum (A) and in the absence of serum for 30 minutes (B) and 1 hou
ar: 10 mm.
248
njected in normal growth medium and transferred to medium with-
ut FCS and antibiotics/antimycotics 15 minutes before adding H.
ylori bacteria.

Actinomycin D and cycloheximide treatment. Actinomycin D and
ycloheximide were purchased from Sigma Chemical Co (St. Louis,
O). Stock solutions of 1 mg/ml, made in F12 medium without FCS

nd antibiotics/antimycotics, were diluted to concentration of 0.2, 1,
mg/ml for actinomycin D and 0.1, 10 mg/ml for cycloheximide.

ctinomycin D and cycloheximide were added to cells 15 minutes
efore H. pylori infection.

Fluorescence microscopy. For actin staining, the cells were fixed
n 4% formaldehyde, 0.2% Triton X-100 in cytoskeleton-stabilizing
uffer, PEM (100 mM Pipes, 5 mM EGTA, 2 mM MgCl2, pH 6.8) for
0 minutes at room temperature and post-fixed in ethanol for few
econds at 220°C. After washing in PBS, unspecific protein binding
ites were blocked with 10% FCS in PBS-glycine (0.02 M glycine in
BS) and thereafter the cells were labeled with rhodamine phalloi-
in or bodipy phallacidin (Molecular Probes, Eugene, OR) in 5% FCS
n PBS-glycine. After washing with PBS-glycine and water, the spec-
mens were mounted in Shandon mounting liquid (Immu-Mount,
ittsburgh, PA) and viewed by Zeiss Axiovert 405 microscope and
003 objective. The fluorescence and phase contrast images were
hotographed using KODAK p3200 Tmax film.

ESULTS

epolymerization of Actin in Serum-Starved
AGS Cells

It has been shown that actin filaments may be de-
olymerized when the cells are serum-starved (16, 17).
herefore we wished to investigate the behavior of
GS cells in serum-starved conditions before starting
xperiments with Helicobacteria. We studied the actin
tructures in AGS cells, by incubating them without
erum for different time periods and thereafter return-
ng them back to serum-containing medium. In me-
ium with FCS, AGS cells had stress fibers and some
amellipodia-like structure although not as well devel-
ped as in non-transformed fibroblasts (Fig. 1A). In
erum-starved cells, the actin filaments began to dis-
upt within 30 minutes (Fig. 1B) and were totally de-
troyed after one hour (Fig. 1C). The phenomenon was
eversible when the cells were returned back to serum-
ontaining medium (data not shown).

ytoskeleton of AGS cells. The cells grown in the presence of fetal calf
). Arrows show thin rhodamine phalloidin-labeled actin filaments.
n c
r (C
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olymerization of Actin in H. pylori-Infected Cells

We analyzed the effect of H. pylori on the cell mor-
hology and cytoskeleton in serum-free medium to
void the interference of serum on the signaling path-
ays activated by H. pylori. Both cagA and toxin pos-

tive strain (CCUG17874) and cagA and toxin negative
trains (481/96 and 523/96) induced formation of large
ctin ruffles and belts (lamellipodia-like structure) es-
ecially into the edges of spread cells where the clus-
ers of bacteria were seen (Figs. 2A–2F). The phenom-

FIG. 2. Helicobacter pylori-induced actin polymerization in se
CUG17874: A, B) and type II strains (strain 523 C, D; strain 48
hodamine phalloidin-labeled lamellipodia-like structures (A, C, E).
he cells (B, D, F). Bar: 10 mm.
249
non seemed to be time dependent and the best ruffles
nd lamellipodia-like structure were seen within 2
ours after infection.

nactive rac Prevents Formation of Ruffles and
Actin Belts in H. pylori-Infected Cells

In Swiss 3T3 cells, it has been shown that activation
f cdc42 induces formation of filopodia and activation of
ac formation of lamellipodia and membrane ruffling,
hereas the assembly of stress fibers is induced

-starved AGS cells 2 hours after infection. Both type I (strain
E, F) induce similar changes In fluorescence images arrows show
se-contrast micrographs show the accumulation of bacteria around
rum
1:
Pha
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hrough rho activation (11, 17). To find out the mech-
nism of formation of actin fibers and membrane ruf-
es in H. pylori infected cells, we decided to microinject

nactive rac and cdc42 protein constructs into the cells
efore bacteria infection. Formation of H. pylori in-
uced actin ruffles and lamellipodia-like network were
revented by inactive rac (Figs. 3A and 3B). In addition
n some cells microvilli were seen as aggregates (data
ot shown). In contrast, inactive cdc42 could not prevent
he formation of membrane ruffles (Figs. 3C and 3D) and
he cells were similar to controls (Figs. 3E and 3F)

ctive rac Induces Similar Actin Structures
as H. pylori

To compare the effect of H. pylori to pure activation
f rac and cdc42 in AGS cells, we injected active forms
f rac and cdc42 to serum-starved and antibiotics-
epleted cells. Active rac seemed to induce very thin
etwork of actin filaments and ruffles at the edges of
he cells (Fig. 4A) within 1 hour after microinjection
ut the induction was not as strong as with H. pylori.
onversely, active cdc42 did not induce formation of

uffles but small microspikes were formed (Fig. 4B)
nd the cells were spread. Thus, it is evident that H.

FIG. 3. Inhibition of actin polymerization by inactive rac in Helic
hallasidin-labeled actin after injection of inactive rac (A) or inactive
ntibody was used as a marker for the identification of injected cells.
icrographs show the corresponding distribution of bacteria around
250
ylori induces a signaling cascade leading to activation
f rac and formation of lamellipodia-like network in
erum-starved cells.

nhibition of Protein Synthesis by Actinomycin D
or Cycloheximide

To find out the role of RNA and protein synthesis in
ctin polymerization process of H. pylori-treated cells,
e used different concentration of actinomycin D to

nhibit RNA synthesis and cycloheximide to inhibit
rotein synthesis. Actinomycin D at a concentration of
mg/ml seemed to prevent Helicobacteria-induced ac-

in polymerization in AGS cells (Figs. 5A and 5B). Only
ome microvilli were seen. By using more diluted solu-
ions of actinomycin D (1 and 0.2 mg/ml) some focal
dhesions and stress fibers became visible (data not
hown). Instead, actin polymerization was not com-
letely prevented with cycloheximide at a concentra-
ion of 10 mg/ml (Figs. 5C and 5D).

ISCUSSION

There is a link between H. pylori infection and the
evelopment of chronic gastric inflammation, peptic

cter pylori-infected AGS cells. Fluorescence images showing bodipy
42 (C) and after treatment with H. pylori. Texas Red goat anti-rabbit
orescence image of uninjected control is shown in E. Phase-contrast
e cells (B, D, F). Bar: 10 mm.
oba
cdc
Flu
th
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lcer and gastric malignancy. The steps from the in-
ection during early childhood to the development of
hese diseases has been in the focus of extensive re-
earch. It has been shown that H. pylori has genetic
irulence factors which may modify the grade and na-
ure of inflammation. The best characterized factors
re a cag pathogenicity island (PAI) and vacA gene
oding for the vacuolating cytotoxin. The presence of

FIG. 4. Polymerization of actin in serum-starved AGS cells by a
n rac-injected cells (A) and filopodia-like structures in cdc42-injecte

FIG. 5. Effect of actinomycin D (A) and cycloheximide (C) on a
halloidin. The lack of lamellipodia-like structures in actinomycin D
ad short filaments. Corresponding phase-contrast images are show
251
AI associates with increased IL-8 secretion response
f the epithelial cells (18). As cagA gene is a marker for
AI, the CagA1 strains (type I strains; 18) are more
irulent than CagA2 strains (type II strains) causing
L-8 secretion and neutrophil recruitment. It is not
nown which molecules coded by the cag PAI actually
ause IL-8 secretion, and how is this mediated. On the
ther hand it is known that NFkB is a transcription

e rac and cdc42 proteins. Arrows show lamellipodia-like structures
ells (B). Bar: 10 mm.

in Helicobacter pylori-infected AGS cells labeled with rhodamine
eated cells is evident, whereas the cells treated with cycloheximide
n B and D. Bar: 10 mm.
ctiv
d c
ctin
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orphological changes and cytoskeleton rearrange-
ents induced by the bacterium are contradictory

4–6, 19, 20). There is still need for a careful study on
he effects of an attachment of H. pylori to the gastric
pithelial cells and subsequent events triggered by it.
In the present work we investigated the signaling

athways induced by the attachment of H. pylori to the
urface of cultured gastric adenocarcinoma AGS cells
nd monitored the reorganization of the actin cytoskel-
ton and cell morphology. First we analyzed the actin
tructures in the non-treated AGS cells which seemed
o be reasonably well-developed taking into the ac-
ount that these are transformed cells. In serum con-
aining media these consisted of stress fibers and
ome lamellipodia quite comparable to those in non-
ransformed fibroblasts (12, 21). Second, we analyzed
he effect of serum starvation on these actin structures
ince it has been shown that lysophosphatidic acid in
erum is able to activate a small GTPase rho and
nduce formation of stress fibers (17). AGS cells seemed
o be extremely sensitive to serum. Actin filaments
ere very rapidly depolymerized due to serum deple-

ion and appeared again by adding serum to the me-
ium. We analyzed the effect of H. pylori on serum-
tarved AGS cells to be sure that the effects are solely
ue to the adherence of bacteria and not due to a
ombined effect of bacteria and some components in
he fetal calf serum. The effect of bacteria was very
lear and both cagA and toxin positive and cagA and
oxin negative strains of H. pylori induced a strong
olymerization of actin including development of stress
bers and formation of a meshwork of actin around the
ell edges resembling lamellipodia in fibroblasts (21).

The earlier reports on the effect of H. pylori on actin
laments in gastric epithelial cells are contradictory
ither finding no effect (19, 20), or describing polymer-
zation of actin at the adhesion site (3, 5). The effect of
erum in these experiments has not been taken into
ccount which hampers the comparison of the results.
n the previous adhesion experiments with H. pylori
arried out in the presence of serum, the stress fibers
ere already present in the cells and the additional
ffects of H. pylori might have been hidden. In our
ands, in carefully controlled circumstances, the for-
ation of lamellipodia in AGS cells by H. pylori was

ery reproducible and occurred both with type I and
ype II strains.

It has been shown in many cell types that activation
f small GTPases of rho family is crucial for the poly-
erization of actin filaments and more specifically,

ctivation of rac is crucial for the formation of lamelli-
odia (11). Therefore we expected that the adherence of
. pylori on AGS cells has to activate rac or another
TPase, cdc42, which has been reported in some cir-

umstances to activate rac (12), although its main doc-
mented effect is the formation of filopodia in motile
252
nto the AGS cells inactive forms of cdc42 and rac
efore infection with H. pylori. As we assumed, inac-
ive rac prevented the action of bacteria on the cy-
oskeleton and actin remained depolymerized, al-
hough bacteria were attached to the cells. To be sure
hat the H. pylori-induced effect led to the activation of
ac we wished to compare it to direct activation of rac
TPase. Therefore we microinjected into AGS cells
ctive forms of cdc42 and rac. Since AGS cells are not
otile, cdc42 did not induce filopodia as in fibroblasts.
n the other hand, active rac induced formation of

imilar meshwork of actin filaments along the cell
dges as different strains of H. pylori. Thus, we feel
onfident that H. pylori infection leads to activation of
he rac pathway in AGS cells. According to our obser-
ations this holds true for both type I and type II
trains of the bacterium.
The GTPase rac links ligand–receptor interactions to
number of biological responses via several effector

roteins finally leading to actin organization, apopto-
is, JNK activation, NFkB activation and in NADPH
xidase regulation (reviewed by Aspenström (22)). To
etter understand the signaling pathway downstream
rom rac after its activation by H. pylori we analyzed
he effect of two inhibitors, actinomycin which inhibits
he RNA synthesis and cycloheximide which inhibits
he protein synthesis, on the polymerization of actin by
. pylori. From these inhibitors, actinomycin pre-

ented the formation of lamellipodia by H. pylori.
hus, the gene expression and synthesis of novel pro-
eins seem to be a prerequisite for the reorganization of
ctin filaments after the adherence of H. pylori bacte-
ia and subsequent activation of rac.
The upstream and downstream effectors of rac in
GS cells are unknown. One of the cell surface recep-

ors leading to rac activation is the platelet-derived
rowth factor receptor (22). On the other hand, one of
he best known receptors on epithelial cell for H. pylori
s Lewisb which binds adhesion molecule BabA2 (23,
4). The relationship between rac activation, BabA-Leb

nd molecules of PAI needs further studies. However,
ince our results suggest that rac mediated cytoskel-
tal effects are induced both by type I and type II
trains, while mainly type I strains induce IL-8 pro-
uction (18), it is likely that rac independent mecha-
isms are mainly involved in IL-8 induction. Interest-

ngly, however, one of the targets of rac is POSH
plenty of SH3 domains; 25), which triggers multiple
ellular responses including nuclear apoptosis and nu-
lear translocation of NFkB. Thus it is possible, that
hile induction of IL-8 secretion by H. pylori is known

o be regulated by NFkB (9), rac is part of this signal
ransduction pathway. Compared with the down-
tream effectors of rac those of rho GTPase are far
etter characterized. Recently, beautiful results have
een obtained using an inhibitor of rho kinase, a down-
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nd hypertension by Narumiya and his co-workers (26,
7). If a similar inhibitor could be found for rac, that
ould have a great potential in the treatment of gastric
nflammation induced by H. pylori and other mucosal
acterial pathogens. In the present work, as a first
tep, the identification of rac as a component in the
ignaling pathway activated by H. pylori is made.
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