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Helicobacter pylori VacA toxin contributes to the pathogenesis
and severity of gastric injury.We found that incubation of AZ-521
cells with VacA resulted in phosphorylation of protein kinase B
(Akt) and glycogen synthase kinase-3� (GSK3�) through a PI3K-
dependent pathway. Following phosphorylation and inhibition of
GSK3�,�-cateninwasreleased fromaGSK3�/�-catenincomplex,
with subsequent nuclear translocation. Methyl-�-cyclodextrin
(MCD) and phosphatidylinositol-specific phospholipase C (PI-
PLC), but not 5-nitro-2-(3-phenylpropylamino)-benzoic acid
(NPPB) and bafilomycinA1, inhibited VacA-induced phosphoryl-
ation of Akt, indicating that it does not require VacA internaliza-
tion and is independent of vacuolation.VacA treatment ofAZ-521
cells transfectedwithTOPtkLuciferasereporterplasmidorcontrol
FOPtkLucifease reporter plasmid resulted in activation of TOPtk-
Luciferase, but not FOPtkLucifease. In addition, VacA transacti-
vated the �-catenin-dependent cyclin D1 promoter in a luciferase
reporter assay. InfectionofAZ-521 cells by a vacAmutant strain of
H. pylori failed to induce phosphorylation of Akt and GSK3�, or
release of �-catenin from a GSK3�/�-catenin complex. Taken
together, these results support the conclusion that VacA activates
the PI3K/Akt signaling pathway, resulting in phosphorylation and
inhibitionofGSK3�, and subsequent translocationof�-catenin to
the nucleus, consistent with effects of VacA on �-catenin-regu-
lated transcriptional activity.These data introduce the possibility
that Wnt-dependent signaling might play a role in the patho-
genesis ofH. pylori infection, including the development of gas-
tric cancer.

Although persistent infection by Helicobacter pylori is
accepted as a major cause of gastroduodenal diseases, the cel-

lular pathways responsible for the different outcomes such as
peptic ulcer disease, gastric lymphoma, or gastric adenocarci-
noma have not been defined. Variation in manifestations of
H. pylori infection in different populations suggest effects of
strains differing in virulence, or interactions involving the or-
ganism, environmental factor(s), and the host. Many H. pylori
strains isolated frompatients contain the cagA gene (cytotoxin-
associated geneA) aswell as produce the vacuolating cytotoxin,
VacA. Additional H. pylori products, including urease, OipA,
the neutrophil-activating protein NapA, adhesins, heat-shock
protein, and lipopolysaccharide, appear to be involved in viru-
lence (1–3).
VacA is a protein toxin with a molecular mass of about 90

kDa, whereas the native toxin is an oligomer of about 1,000 kDa
(4). Although a clear functional association between VacA and
clinical outcome of any type of gastroduodenal disease has not
been found, oral administration of VacA causes gastricmucosal
damage in mice (5, 6), suggesting that VacA may contribute to
epithelial cell injury or peptic ulceration in H. pylori-infected
humans.
VacA has multiple effects on susceptible cells, including vac-

uolation, mitochondrial damage, and inhibition of T cell prolif-
eration (7). These pleiotropic effects of VacA appear to result
from activation of different signal transduction pathways.With
regard to apoptosis, we have shown that VacA did not directly
induce cytochrome c release frommitochondria. Rather, VacA
stimulated Bax activation, which resulted in cytochrome c
release and cell death. Although VacA internalization was nec-
essary for vacuolation and Bax activation, VacA-induced Bax
activation was independent of vacuole formation, indicating
that these activities might be functionally independent (8). In
addition, we and others reported that VacA induced alterations
in protein phosphorylation patterns, including effects on Erk
and p38 mitogen-activated protein kinase (MAPK)2 (9, 10),
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which did not require toxin internalization (11) and were not
necessary for vacuolation and Bax activation. VacA-dependent
MAPK activation, in the absence of toxin internalization, led to
induction of COX-2, but not of IL-8, by gastric epithelial
AZ-521 cells (9, 12) and expression of IL-8 and monocyte che-
moattractant protein-1 (MCP-1) by human promonocytic
U937 and peripheral blood mononuclear cells (13). Although
the pleiotropic effects of VacA are cell specific, these results
suggest that VacA selectively activates kinases (e.g. MAPKs),
thereby stimulating prostaglandin E2 (PGE2) production, facil-
itating proliferation of AZ-521 cells or chemokine production
by U937 cells, and leading to an inflammatory response in vivo.
Sustained VacA exposure, however, also caused mitochondrial
damage and apoptotic cell death. Cells appear to respond to
VacA in a manner similar to that seen with stressors (e.g. UV
irradiation, heat shock, changes in osmolality, oxidative stress,
production of inflammatory cytokines) by activating pathways
that protect cells from damage. If the stress caused by VacA is
excessive, it appears that cells undergo apoptosis.
More recently, it has become evident that glycogen synthase

kinase-3 (GSK3) is a crucial, and often central, regulatory com-
ponent of many cellular pathways, including apoptosis, cell
cycle, cell polarity and migration, and gene expression (14).
This multitasking by GSK3 is achieved by its phosphorylation
of proteins in diverse signal transduction pathways.
Here we report that VacA stimulated protein kinase B (Akt)

activity via activation of PI3K, resulting in increased phospho-
rylation of its substrate, GSK3, with subsequent release of
�-catenin from a GSK3�/�-catenin complex and its transloca-
tion to the nucleus, leading to activation of the cyclin D1 pro-
moter. Activation of this GSK3�-dependent pathway has been
shown to play an important role in promoting pathological
changes seen in cancer (15) and appears to be important in the
pathogenesis of gastric diseases seen in H. pylori infection.

EXPERIMENTAL PROCEDURES

Purification of VacA—The toxin-producing H. pylori strain
ATCC49503 was the source of VacA for purification by our
published procedure (10). In brief, after growth of H. pylori in
Brucella broth containing 0.1% �-cyclodextrin at 37 °C for 3–4
days with vigorous shaking in a controlled microaerobic atmo-
sphere of 10% O2 and 10% CO2, VacA was precipitated from
culture supernatant with 50% saturated ammonium sulfate.
Precipitated proteins were dialyzed against Reaction buffer (10
mM KCl, 0.3 mMNaCl, 0.35 mMMgCl2, 0.125 mM EGTA, 1 mM
HEPES, pH 7.3) and applied to an anti-VacA-specific IgG anti-
body column equilibrated with Reaction buffer. After washing
the column with Reaction buffer, VacA was eluted with 50 mM
glycine-HCl buffer, pH 1.0, which was promptly neutralized
with 1 M Tris-HCl, pH 10. After gel filtration on Superose 6HR
10/30 equilibrated with TBS buffer (60mMTris-HCl buffer, pH
7.7, containing 0.1 M NaCl), purified VacA was stored at
�20 °C.This purifiedVacAwas activated by acidic elution from
an anti-VacA-specific IgG antibody column.
Western Blotting—Human gastric adenocarcinoma cell line

AZ-521 (Culture Collection of Health Science Research
Resources Bank, Japan Health Sciences Foundation), which
were grown in EMEM containing 10% FCS under 5% CO2 at

37 °C, were incubated with 120 nM VacA at 37 °C for indicated
times. After incubation, cell lysates were subjected to SDS-
PAGE in 10% gels, and then transferred to PVDF membranes
for Western blotting using anti-phospho-Thr-308 Akt, phos-
pho-Ser-473 Akt, phospho-Ser-9 GSK3�, Akt, or GSK3� anti-
bodies (products of Cell Signaling). To avoid the enzymatic
effects of endogenous phosphatases and proteases during cell
lysis, 1 mM Na3VO4 and 50 mMNaF were added to block phos-
phatase activity and 1mMPMSF and leupeptin (10�g/ml) were
added to inhibit proteases. Density was measured by scanning
using Image J software.
Transfection with PI3K p110� Isoform siRNA—AZ-521 cells

(1� 105 cells) were seeded and grown overnight. The cells were
transiently transfected with siRNA for PI 3-kinase p110� (200
pmol, the targeting sequence; ggugaaagacgauggacaa, product of
B-Bridge International, Inc.) or nonspecific siRNA as a negative
control (200 pmol, the sequence; gauaacgaguaaacgggag, prod-
uct of B-Bridge International, Inc.) by using Lipofectamine
RNAiMAX transfection reagent (Invitrogen, Carlsbad, CA) in
medium (500�l) without FCS, according to themanufacturer’s
directions. Following incubation for 5 h, the medium was
replaced and fresh medium containing 10% FCS was added,
followed by 24-h incubation. Silencing of the p110� gene was
determined by measuring p110� protein expression by West-
ern blot analysis using anti-p110� antibody (Cell Signaling).
The transfected cells were incubatedwith 120 nMVacA at 37 °C
for indicated times. After incubation, the cells were lysed. The
lysates were subjected to SDS-PAGE in 10% gels, and then
transferred to PVDFmembranes forWestern blot analysis with
anti-phospho-Ser-473 Akt, Akt, p110�, or �-actin antibodies.
Effects of Various Inhibitors on VacA Activation of Akt in

AZ-521 Cells—AZ-521 cells were treated with MCD (37 °C, 60
min) or LY294002 (37 °C, 30 min) at indicated concentrations.
After treatment with inhibitors, the cells were incubated with
120 nMVacA at 37 °C for 30min and then lysed. Lysate samples
were subjected to SDS-PAGE in 10% gels, transferred to PVDF
membranes for Western blotting, and probed with anti-phos-
pho-Ser-473 Akt or Akt antibodies.
Immunoprecipitation of GSK3�/�-Catenin Complex Dis-

sociation—AZ-521 cells were incubated with 120 nM VacA or
iVacA for 0 to 240 min. After incubation, cells were solubilized
with lysis buffer (50 mM Tris-HCl, pH 7.5, containing 150 mM
NaCl, 20% glycerol, 1% Triton X-100, 1 �g/ml leupeptin, 1
�g/ml aprotinin, and 1mM phenylmethylsulfonyl fluoride) and
incubated on ice for 30 min. The lysates were analyzed by
immunoprecipitation using anti-�-catenin mouse monoclonal
antibody (Transduction Laboratories, BD). The precipitates
were subjected to SDS-PAGE in 9% gels and transferred to
PVDF membranes. Next, GSK3� and �-catenin were quanti-
fied by Western blot analysis using anti-GSK3� rabbit mono-
clonal antibodies (rabbit monoclonal antibody 27C10, product
of Cell Signaling), and anti-�-catenin rabbit polyclonal anti-
body (1:1,000; H-102, product by Santa Cruz Biotechnology),
respectively. These experiments were repeated three times.

�-Catenin Translocation from Cytosol to Nucleus—AZ-521
cells were incubated with 120 nM VacA or iVacA for 0, 30, and
60 min. After incubation, the cells were fixed at room temper-
ature for 10 min in PBS containing 2% paraformaldehyde. The
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fixed cells were treated for 5 min with 0.1% Triton X-100 for
membrane permeabilization and blockedwith 4%BlockAce (in
PBS, Snow BrandMilk Products, Tokyo, Japan) for 30min. The
fixed cells were studied by triple-immunostaining using anti-�-
catenin mouse monoclonal antibodies (Transduction Labora-
tories, BD) and anti-GSK3� rabbit monoclonal antibodies (Cell
Signaling) as primary antibodies in TBS containing 1% bovine
serum albumin (BSA). After treatment with the respective pri-
mary antibodies, cells were incubated with secondary antibod-
ies in TBS containing 1% BSA, utilizing anti-mouse antibodies
conjugated with Alexa Fluor 488 or anti-rabbit antibodies con-
jugated with Alexa Fluor 546, respectively. The samples were
analyzed with confocal microscopy using Leica Confocal Scan-
ning System.
Luciferase Reporter Assay—Luciferase activity was measured

using the Dual-Luciferase reporter assay (product of Promega),
according to the manufacturer’s directions. TOPtkLuciferase
and FOPtkLuciferase reporter constructs carrying 3 copies of

wild-type Tcf/Lef-binding sites and mutated Tcf/Lef-binding
sites, respectively, were placed upstreamof a luciferase reporter
gene (16, 17). In brief, TOPtkLuciferase plasmids (1 �g), FOPtk-

FIGURE 1. VacA-induced Akt phosphorylation leading to GSK3� phos-
phorylation at Ser9. A, AZ-521 cells were incubated with 120 nM VacA or
heat-inactivated VacA (iVacA) at 37 °C for the indicated times. After incuba-
tion, cell lysates were analyzed by SDS-PAGE (10% gels), followed by Western
blot analyses using anti-phospho-Thr-308 Akt, phospho-Ser-473 Akt, and Akt
antibodies. Results are representative of three independent experiments.
Quantification of phospho-Thr-308 Akt and phospho-Ser-473 Akt obtained
with VacA (filled bars) and iVacA (open bars) was performed by densitometry.
Data are means � S.E. of values from triplicate experiments, with an n � 3 per
experiment. Statistical significance: *, p � 0.01. B, AZ-521 cells were incubated
with 120 nM VacA (filled bars) or iVacA (open bars) at 37 °C for indicated times.
Cell lysates were prepared at indicated incubation times and subjected to
Western blot analyses using anti-phospho-Ser-9 GSK3� and GSK3� antibod-
ies. Results are representative of three independent experiments. Quantifica-
tion of phospho-Ser-9 GSK3� obtained with VacA (filled bars) and iVacA (open
bars) was determined by densitometry. Data are means � S.E. of values from
triplicate experiments, with an n � 3 per experiment. Statistical significance:
*, p � 0.05.

FIGURE 2. Effect of various inhibitors on VacA-induced phosphorylation of
Akt in AZ-521 cells. AZ-521 cells were pretreated with LY294002 for 30 min (A) or
MCD for 60 min (B) at the indicated concentrations prior to incubation with or
without 120 nM VacA. After incubation for 30 min, cell lysates were prepared and
subjected to Western blot analyses using anti-phospho-Ser-473 Akt and Akt anti-
bodies. Results are representative of three independent experiments. Quantifi-
cation of phospho-Ser-473 Akt obtained with (filled bars) or without VacA (open
bars) was determined by densitometry. Data are means � S.E. of values from tripli-
cate experiments, with an n � 3 per experiment. Statistical significance: *, p � 0.05.

FIGURE 3. Effect of PI-PLC, NPPB, or Bafilomycin A1 on VacA-induced Akt
phosphorylation in AZ-521 cells. AZ-521 cells were pretreated with PI-PLC (1
unit/ml, 60 min), NPPB (50 �M, 30 min), or Bafilomycin A1 (5 nM, 30 min) at the
indicated concentrations. After treatment, the cells were incubated with 120 nM

VacA or iVacA at 37 °C for 30 and 60 min. Following incubation, the cell lysates
were subjected to SDS-PAGE in 10% gels and transferred to PVDF membranes for
Western blotting with anti-phospho-Ser-473 Akt and Akt antibodies. Quantifica-
tionofphospho-Ser-473AktobtainedwithVacA(filled bars)andiVacA(open bars)
was determined by densitometry. Data are means � S.E. of values from triplicate
experiments, with an n � 3 per experiment. Statistical significance: *, p � 0.05.
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Luciferase plasmids (1 �g), Cyclin D1Luciferase plasmids (1
�g), or pRL-TK vector plasmids (0.1 �g) was introduced into
AZ-521 cells using Transfast transfection reagents (product of
Promega) as described previously (18). The cells were incu-
bated with EMEM containing 10% FCS for 12 h. After transfec-
tion with plasmid, the mediumwas replaced with newmedium
without FCS and then incubated for 24 h. After AZ-521 cells
were treated with VacA for the indicated times, cells were
washed with 500 �l of PBS and lysed by adding 100 �l of lysis
buffer (Promega). After incubation for 15 min at room temper-
ature, the lysate was centrifuged (15,000 � g, 5 min, 4 °C), and
the supernatant was harvested and assayed with LAR II solu-
tion, which was provided a substrate for Firefly luciferase or
with Stop and Glo solution, which was provided a substrate for
Renilla luciferase. Luciferase activity was normalized to the
pRL-TK luciferase activity.
Infection of AZ-521 Cells with H. pylori—H. pylori standard

strain ATCC43504 and its vacAmutant strain were used. VacA

mutants were constructed as previ-
ously described (19) with the excep-
tion that we used a kanamycin
resistance gene cassette in this
study. Before challenging AZ-521
cells,H. pylori strains were cultured
in Brucella broth supplemented
with 5% FCS under microaerobic
conditions for 12–24 h at 37 °C with
vigorous shaking, and then incu-
bated with AZ-521 cells (5 � 105
cells) at a multiplicity of infection
(MOI) of 100 for 6 h. After incuba-
tion in a 5%CO2 atmosphere for the
time indicated in each figure, phos-
phorylation of Akt and GSK3� in
infected cells was determined by
Western blotting. Dissociation of
GSK3�/�-catenin complex was
assessed by quantification ofGSK3�
and �-catenin by Western blotting
after immunoprecipitation ofH. py-
lori-infected cell lysates using
anti-�-catenin mouse monoclonal
antibody.
Statistical Analysis—To establish

the significance of the results, the
Student’s t test was used for numer-
ical data. Fisher’s exact test or�2 test
was used for categorical data as
appropriate. A p value less than
0.05 was considered statistically
significant.

RESULTS

VacA Activation of Akt and Sub-
sequent GSK3 Phosphorylation—
The PI3K/Akt signaling pathway,
activated in response to insulin and
many other growth factors, often is

a major regulator of GSK3 through phosphorylation by Akt of
an inhibitory serine residue (20). To determine whether VacA
induces Akt phosphorylation, AZ-521 cells were incubated
with 120 nM VacA. We observed that VacA stimulated phos-
phorylation of Akt at regulatory residues Thr-308 and Ser-473,
consistent with activation of Akt activity (Fig. 1A). Cells incu-
bated with heat-inactivated VacA showed low or undetectable
levels of Akt phosphorylation. Phosphorylation of both Thr-
308 and Ser-473was clearly evident within a 60-min incubation
with VacA and declined thereafter. Addition of anti-VacA IgG
blocked VacA-stimulated Akt phosphorylation (data not
shown), suggesting that Akt phosphorylation and subsequent
effects were not due to the presence of contaminants in the
purified VacA (e.g. endotoxin). In rat fibroblast-like synovio-
cytes and human skin fibroblasts, Akt has been shown to par-
ticipate in signaling pathways that lead to translocation of
NF-�B to the nucleus and increased NF-�B-dependent tran-
scription (21). In AZ-521 cells, however, we found that VacA

FIGURE 4. Effect of PI3K p110� siRNA on VacA-induced Akt phosphorylation and effects of LY294002 and
silencing of the PI3K gene on VacA-induced phosphorylation at Ser-9 of GSK3�. A, AZ-521 cells were
transiently transfected with siRNA for PI3K p110� or negative siRNA as a control as described under “Experi-
mental Procedures.” The transfected cells were incubated with 120 nM VacA at 37 °C for up to 60 min. After
incubation, cell lysates were subjected to SDS-PAGE in 10% gels, and then transferred to PVDF membranes for
Western blot analysis with the antibodies against phospho-Ser-473 Akt, Akt, and PI3K p110�. Quantification of
phospho-Ser-473 Akt obtained with VacA (filled bars) and iVacA (open bars) was determined by densitometry
scan analysis. Data are means � S.E. of values from triplicate experiments, with an n � 3 per experiment.
Statistical significance: *, p � 0.05. B, AZ-521 cells were pretreated with 50 �M LY294002 for 30 min before
incubation with 120 nM VacA or iVacA at 37 °C. After incubation with VacA or iVacA for indicated times, the cell
lysates were applied to SDS-PAGE in 10% gels. The separated proteins were transferred to PVDF membranes,
and subjected to Western blot analysis with anti-phospho-Ser-9 GSK3� and GSK3� antibodies. Quantification
of phospho-Ser-9 GSK3� was determined by densitometry for VacA (filled bars) and iVacA (open bars). Data are
means � S.E. of values from triplicate experiments, with an n � 3 per experiment. Statistical significance: *, p �
0.05. C, AZ-521 cells were transiently transfected with 200 pmol of siRNA for PI3K p110� or negative siRNA as
negative control as described under “Experimental Procedures.” The transfected cells were incubated with 120
nM VacA or iVacA at 37 °C for indicated times. After incubation, the cell lysates were subjected to SDS-PAGE in
10% gels, and then transferred to PVDF membranes for Western blot analysis with anti-phospho-Ser-9 GSK3�,
GSK3�, and PI3K p110� antibodies. Quantification of phospho-Ser-9 GSK3� obtained with VacA (filled bars)
and iVacA (open bars) was determined by densitometry. Data are means � S.E. of values from triplicate exper-
iments, with an n � 3 per experiment. Statistical significance: *, p � 0.05.
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did not enhance nuclear translocation of NF-�B (supplemental
Fig. S1). In contrast, the increase in phosphorylation of another
potential downstream substrate, GSK3�, at Ser-9 paralleled the
rise in phosphorylation of Thr-308 and Ser-473 and was maxi-
mal at 30–60 min and declined within 120 min (Fig. 1B), sug-
gesting that VacAmay cause phosphorylation and inhibition of
GSK3� activity by Akt activation.
Effects of LY294002 and MCD on VacA Activation of

Akt Phosphorylation—In the presence of PI3K inhibitor
LY294002, VacA-treated cells and control cells showed
equivalent and reduced levels of Akt phosphorylation at Ser-
473 (Fig. 2A), demonstrating that blocking PI3K activity
pharmacologically resulted in inhibition of both basal phos-
phorylation of Akt as well as VacA activation of Akt. To
define further the mechanism by which PI3K activity regu-
lates Akt phosphorylation, we asked whether the inhibitory
effect of LY294002 could be reproduced with an inhibitor of
VacA cellular effects. Blocking VacA clustering in lipid rafts
with MCD, a cholesterol-depleting reagent which disrupts
lipid rafts, inhibited VacA-induced Akt activation in AZ-521
cells (Fig. 2B). Taken together, these data identify lipid rafts
and the PI3K/Akt pathway as participating in VacA inhibi-
tion of GSK3� in AZ-521 cells.
Effects of 5-Nitro-2-(3-phenylpropylamino)-benzoic Acid

(NPPB), Bafilomycin A1, and Phosphatidylinositol-specific
Phospholipase C (PI-PLC) on VacA Activation of Akt
Phosphorylation—In addition to MCD, it is well known that
NPPB (22), which disrupts anion channels, or bafilomycin
A1 (23), which is a vacuolar-type H� ATPase inhibitor,
inhibited VacA internalization followed by vacuolation. In
addition, PI-PLC, which cleaves the glycolipid of GPI-an-
chored proteins, inhibited VacA translocation to lipid rafts,
VacA internalization, and VacA-induced vacuolation (11,
24). Consistent with inhibition of VacA effects by MCD, PI-
PLC inhibited VacA-induced Akt phosphorylation, whereas
NPPB and bafilomycin A1 had no inhibitory effect (Fig. 3).
These results support our hypothesis that Akt phosphoryla-
tion induced by VacA requires VacA translocation to
lipid rafts, but does not require VacA internalization or
vacuolation.
Inhibition of VacA Activation of Akt Phosphorylation and

GSK3� Phosphorylation by PI3K p110� Isoform Silencing and
PI3K Inhibitor—To address whether PI3K is crucial for VacA
stimulation of Akt phosphorylation, AZ-521 cells were
transfected with PI3K p110� siRNA. Reduced p110� expres-
sion in AZ-521 cells, treated with p110�-siRNA, resulted in
suppression of Akt phosphorylation in response to VacA
(Fig. 4A). To characterize further the mechanism by which
PI3K activity regulates GSK3� phosphorylation, we examined
whether the inhibitory effects of LY294002 and PI3K p110�
silencing reduced VacA activation of GSK3� phosphorylation.
Both LY294002 and PI3K p110� silencing blocked VacA-in-
ducedGSK3� phosphorylation in AZ-521 cells, suggesting that
PI3K activation is critical for GSK3� phosphorylation (Fig. 4, B
and C).
VacA Induces Dissociation of the GSK3�/�-Catenin

Complex—GSK3� is one of the key elements of the Wnt path-
way, which governs �-catenin homeostasis. Inhibition of GSK3

kinase activity might lead to stabilization of �-catenin and up-
regulation of Lef-1/Tcf family of transcription factors, repre-
senting a potential mitogenic stimulus (25, 26). Wnt treatment
disassembles the Axin/GSK3� complex, thus decreasing
GSK3� phosphorylation of both �-catenin and Axin. Whereas
unphosphorylated �-catenin is stabilized, unphosphorylated
Axin is subject to proteasomal degradation, further reducing
Axin/GSK3� complex levels (14, 27, 28). Therefore, we next
assessed whether VacA induces dissociation of GSK3� and
�-catenin from a GSK3�/�-catenin complex in AZ-521 cells.
Western blot presents data compatible with dissociation of
GSK3� and �-catenin from a GSK3�/�-catenin complex in
AZ-521 cells incubated with VacA (Fig. 5). Blocking VacA-in-
duced dissociation of GSK3�/�-catenin complex with
LY294002 suggests the involvement of PI3K/Akt pathway in
this process.
VacA Induced �-Catenin Translocation to Nucleus—VacA

induced translocation of �-catenin to the nucleus as visualized
by immunostaining with anti-�-catenin antibody (Fig. 6A),
whereas heat-inactivated VacA did not cause �-catenin trans-
location (Fig. 6B).

�-Catenin-dependent Gene Transcription—To demonstrate
the activation of �-catenin-dependent gene transcription by
VacA, we examined the effect of VacA on �-catenin-depend-
ent transcriptional activity of AZ-521 cells transfected with
TOPtkLuciferase reporter plasmid or control FOPtk-
Luciferasereporterplasmid.VacAinducedactivationofTOPtk-
Luciferase, but not FOPtkLucifease (Fig. 7, A and B). In addi-
tion, VacA also transactivated the �-catenin-dependent cyclin
D1 promoter in a luciferase reporter assay, suggesting that
VacA stimulates �-catenin signaling, which is one of the major
signal transduction pathway involved in development of gastric
cancer and in the induction of cyclin D1 expression (Fig. 7C).

FIGURE 5. GSK3�/�-catenin complexes are dissociated by VacA in AZ-521
cells. AZ-521 cells were incubated with 120 nM VacA or iVacA for 0 –240 min in
the presence or absence of 50 �M LY294002. After incubation, the cells were
solubilized with lysis buffer and incubated on ice for 30 min. The lysates were
available for immunoprecipitation using anti-�-catenin mouse monoclonal
antibody (Transduction Laboratories, BD). The precipitates were subjected to
SDS-PAGE in 8% gels and transferred to PVDF membranes. Then, GSK3� and
�-catenin were quantified by Western blot analysis using anti-GSK3� rabbit
monoclonal antibody (1:1,000; Cell Signaling) and anti-�-catenin rabbit poly-
clonal antibody (1:1,000; H-102, Santa Cruz Biotechnology), respectively.
Quantification of phospho-Ser-9 GSK3� obtained with VacA (filled bars) and
iVacA (open bars) was determined by densitometry. Data are means � S.E. of
values from triplicate experiments, with an n � 3 per experiment. Statistical
significance: *, p � 0.01.
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Phosphorylation of Akt and GSK3� in AZ-521 Cells Infected
with H. pylori Strain Containing a VacA Gene—To determine
whether production of VacA by H. pylori induces phosphoryl-
ation of Akt andGSK3�, AZ-521 cells were infectedwithH. py-
lori ATCC43504 (WT strain) or its isogenic VacA knock-out
mutant strain (�VacA strain). After challenging AZ-521 cells
withWT strain, greater phosphorylation of Akt at Ser-473 and
GSK3� at Ser-9 was observed, with dissociation of �-catenin
from the GSK3�/�-catenin complex, whereas a �VacA strain
did not have similar effects, implying that VacA production by
H. pylori is responsible for Akt activation leading to GSK3�
phosphorylation (Fig. 8).

DISCUSSION

VacA enhances PGE2 production by AZ-521 cells through
induction of COX-2 expression via the p38MAP kinase/ATF-2
cascade without any effect on the COX-2 gene promoter at its
NF-�B site (12). Consistent with previous findings, in AZ-521
cells, VacA did not affect intracellular Ca2�-release and NF-�B
translocation to the nucleus (supplemental Fig. S1) despite the
fact that in U937 cells, VacA increased IL-8 production by acti-
vation of the p38 MAP kinase via intracellular Ca2�-release,
leading to activation of the transcription factors, ATF-2, CREB,
as well as NF-�B (13). In addition, VacA initiated an intracel-
lular signaling pathway, leading to the inactivation of NF-AT
in Jurkat T cells by blocking increases in intracellular Ca2�.
Thus, it appears that effects of VacA on these transcription
factors can be cell type-specific and regulated through dif-
ferent mechanisms.
Because it is well known that PI3K and Akt participate in

signaling pathways induced by endotoxin that lead to NF-�B
activation (29), we examined whether, in AZ-521 cells, VacA
affects Akt phosphorylation and found that VacA stimulated
phosphorylation of Akt as well as its downstream substrate
GSK3� (Fig. 1), but did not stimulate NF-�B activation. In
agreement, pharmacologic studies using LY294002 and PI3K
p110� silencing blocked VacA-induced GSK3� phosphoryl-

ation in AZ-521 cells, suggesting
that VacA stimulated phosphoryl-
ation of Akt and GSK3� through
PI3K-dependent pathways (Fig. 4).
VacA induced changes in protein
phosphorylation, including Erk
and p38 MAPKs (9, 10), which did
not require toxin internalization
(11). VacA-induced phosphoryla-
tion of Akt and GSK3� through
PI3K-dependent pathways may
not be due to Erk and p38 MAPKs
because it was not blocked by a
specific inhibitor of p38 MAP
kinase activity, SB203580, and
with a MEK inhibitor, PD98059,
which is known to block the
Erk1/2 signal cascade (supple-
mental Fig. S2). Although MCD
and PI-PLC were inhibitory, NPPB
and bafilomycin A1 had no effect

FIGURE 6. Confocal microscopy analysis of �-catenin translocation to
nucleus from cytosol. AZ-521 cells were incubated with 120 nM VacA (A) or
iVacA (B) at 37 °C for 0, 30 and 60 min. After incubation, the cells were fixed
using 2% paraformaldehyde at room temperature, treated with 0.1% Triton
X-100, and blocked with Block Ace. The fixed cells were stained with DAPI for
5 min, and were subjected to triple immunostaining using anti-�-catenin
monoclonal antibodies and anti-GSK3� monoclonal antibodies as primary
antibodies. After treatment with the respective primary antibodies, cells were
incubated with the secondary anti-mouse antibodies, conjugated with Alexa
Fluor 488, and anti-rabbit antibodies conjugated with Alexa Fluor 546,
respectively. Data are representative of three experiments. Scale bar, 5 �m.

FIGURE 7. Effect of VacA on �-catenin-Tcf-mediated transcription and cyclin D1 promoter activity.
AZ-521 cells were transfected with the luciferase reporter plasmid TOPtkLuciferase (filled bars) or FOPtkLucif-
erase (open bars), and internal control pRL-TK, followed by incubation with 120 nM VacA (A) or iVacA (B) for
indicated times. Luciferase activities were measured using the Dual-Luciferase Reporter Assay System. Relative
luciferase activities were compared with activities obtained for TOPtkLuciferase at 0 min in the presence of
toxin. Data are means � S.E. of values from triplicate experiments, with an n � 3 per experiment. Statistical
significance: *, p � 0.01. C, AZ-521 cells were transfected with a reporter plasmid containing the cyclin D1
promoter-luciferase gene or a control empty vector. After transfection, cells were incubated with VacA (filled
bars) or iVacA (open bars). Relative luciferase activities were compared with activities obtained at 0 min in the
presence of iVacA. Data are means � S.E. of values from triplicate experiments, with an n � 3 per experiment.
Statistical significance: *, p � 0.01.
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on VacA-induced phosphorylation of Akt (Fig. 3), indicating
that VacA-induced signaling pathways leading to Akt phos-
phorylation do not require VacA internalization and are
independent of vacuolation caused by VacA (8), as is VacA-
induced p38 MAP kinase activation (11). It has been
reported that ammonium chloride enhances several cellular
effects of VacA, with the most notable being the potentiation
of cellular vacuolation because it might be possible to detect
subtle effects of VacA on endocytic processes that are
obscured by the extensive changes in cellular architecture
associated with VacA-induced vacuolation (30). Although
ammonium chloride (5 mM) stimulated VacA-induced vac-
uolation in AZ-521 cells about 2-fold at 60 min of incubation
under our experimental condition, it did not affect phospho-
rylation of Akt and GSK3� (supplemental Fig. S3).
Infection of AZ-521 cells with a vacAmutant strain ofH. py-

lori failed to induce Akt phosphorylation (Fig. 8), suggesting

that VacA is responsible for activation of the PI3K/Akt path-
way. Thus, the finding that VacA-induced activation of PI3K/
Akt pathway negatively regulates GSK3� function is also rea-
sonable because it has been reported that GSK3� is necessary
for the full transcriptional activity of NF-�B (31), although the
inhibition of GSK3� may not interfere with all actions of
NF-�B. In agreement, in AZ-521 cells treated with VacA,
nuclear translocation of NF-�B did not differ from non-treated
control cells (Fig. S1).
GSK3� does not have specific subcellular localizationmotifs,

but various extracellular signals can impact the interaction of
GSK3 with its target substrates. Canonical Wnt signaling func-
tions primarily by regulating GSK3� to promote the rapid,
cytosolic accumulation of the multifunctional protein �-cate-
nin. In quiescent cells, �-catenin is principally found in associ-
ation with cytoskeletal components (e.g. E-cadherin), where it
functions to orchestrate actin dynamics and regulate cell adhe-
sion, cell-cell interactions, and intercellular communication. In
addition to its role as a cytoskeletal component, �-catenin can
also function as a transcriptional co-factor; complexes of
�-catenin and Lef/Tcf transcription factors serve as nuclear
activators (32) of gene sets that promote specific developmental
pathways or tumorigenesis (28). Confocal microscope visual-
ization with anti-�-catenin antibody revealed that VacA
induced translocation of �-catenin to the nucleus (Fig. 6), sug-
gesting that PI3K/Akt-dependent pathways induced by VacA
stimulate GSK3� phosphorylation and thus promote the accu-
mulation of an uncomplexed, cytosolic population of�-catenin
(Fig. 5) that may be available for interaction with and activation
of Lef/Tcf family members after its nuclear translocation (Fig. 9).
Indomethacin, which is an inhibitor of COX, reducing its

production of prostanoids, significantly delayed epithelial
regeneration in vivo (33). In contrast to the action of indo-
methacin, VacA induced COX-2 expression, resulting in
enhancement of PGE2 production in AZ-521 cells during early
VacA action (12), even though VacA eventually is responsible
for gastric injury through induction of cell detachment from
basal membrane and apoptosis after longer exposure to toxin.

FIGURE 8. Phosphorylation of Akt and GSK3� and dissociation of GSK3�/
�-catenin complexes in AZ-521 cells infected with H. pylori, but not an
isogenic VacA-knock-out mutant strain. AZ-521 cells were infected for 6 h
with H. pylori ATCC43504 (WT strain) or its isogenic VacA-knock-out mutant
strain (�VacA strain). Cells incubated without infection (uninfected cells) were
used as a negative control. A, after incubation, phosphorylation of Akt and
GSK3� in cells was determined by Western blot analysis with anti-phospho-
Ser-473 Akt, Akt phospho-Ser-9 GSK3�, and GSK3� antibodies. Quantification
of phospho-Ser-473 Akt and phospho-Ser-9 GSK3� obtained with control
(open bars), WT strain (black bars), and �VacA strain (gray bars) was deter-
mined by densitometry. Data are means � S.E. of values from triplicate exper-
iments, with an n � 3 per experiment. Statistical significance: *, p � 0.05.
B, after incubation, proteins from cell lysates were immunoprecipitated using
anti-�-catenin antibody, followed by SDS-PAGE in 8% gels and Western blot-
ting with anti-�-catenin and GSK3� antibodies. Relative densities of GSK3�,
as determined by densitometry, were compared with densities obtained at 0
min. Data are means � S.E. of values from triplicate experiments, with an n �
3 per experiment. Statistical significance: *, p � 0.05.

FIGURE 9. VacA or an H. pylori vacA-positive strain induced activation of
PI3K p110�/Akt pathway leading to inactivation of GSK3� and
enhanced transcriptional activity of �-catenin. VacA or an H. pylori vacA-
positive strain activated the PI3K/Akt signaling pathway, resulting in phos-
phorylation and inhibition of GSK3�, and subsequent translocation of �-cate-
nin to the nucleus, consistent with effects of VacA on �-catenin-regulated
transcriptional activity.
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Although the involvement of the COX-2/PGE2 pathway in the
regulation of cell survival and death by VacA remains contro-
versial, here, we found that the increasing incubation times
with VacA dramatically increased both the phosphorylation of
Akt and GSK3�, suggesting that the PI3K/Akt pathway was
necessary for inhibition of GSK3� function during early VacA
action. Indeed, its inhibition was sufficient to dissociate a
GSK3�/�-catenin complex during 2 h incubation with VacA.
However, longer exposure (over 4 h) with VacA resulted in
increased GSK3�/�-catenin complex levels compared with a
short exposure for 2 h (Fig. 5). At that time, Akt was no longer
active, which resulted in a decrease in the inhibition of phos-
phorylation of GSK3� on Ser-9 and hence, in a higher GSK3�
activity. GSK3 inhibition reverted the prolonged activation of
transcriptional function of�-catenin; after prolonged exposure
to VacA, more �-catenin was observed in the nucleus com-
pared with a short exposure, consistent with increased �-cate-
nin transcriptional activity, whichmay contribute expression of
a growth-promoting protein such as cyclin D1 (Fig. 7) (34).
Interestingly, it has been reported that the activation of the
Wnt/�-catenin signaling is found in about 30%of gastric cancer
(35), suggesting that Wnt activation may be involved in the
pathogenesis of gastric cancer. Consistent with this finding,
Oshima et al. (36) recently showed that cooperation of Wnt
signaling and PGE2-dependent pathways results in gastric can-
cer in a transgenic mouse model.
In conclusion, VacA induced two effects on �-catenin, with

activation and nuclear accumulation following a short incuba-
tion, which depends on an active PI3K/Akt pathway and an
inactive GSK3�, whereas prolonged incubation with VacA
results in inactivation of Akt and activation of GSK3�, which
then down-regulates �-catenin activity.
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