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The human pathogen Helicobacter pylori influences cell
adhesion, proliferation, and apoptosis and is involved in gastric
adenocarcinoma formation. In our study we analyzed the
impact of H. pylori infection on the regulation of �-catenin,
which plays a central role in both cell adhesion and tumorigen-
esis. InfectionofMadin-Darby canine kidney cellswithH. pylori
led to suppression of Ser/Thr phosphorylation and ubiquitin-
dependent degradation of �-catenin and to up-regulation of
lymphoid enhancer-binding factor/T cell factor (LEF/TCF)-
dependent transcription. The impaired Ser/Thr phosphorylation
of�-cateninwas accompanied by an increase of glycogen synthase
kinase 3� phosphorylation. Inhibition ofAkt kinase, an up-stream
regulatorofglycogensynthasekinase3,byaspecific inhibitorAkti-
1/2 or depletion ofAktwith siRNA restored Ser/Thr phosphoryla-
tion of �-catenin. We conclude that glycogen synthase kinase 3�
activity exerts an important role in �-catenin regulation and LEF/
TCF transactivation in H. pylori-infected Madin-Darby canine
kidney cells.

The highly adapted pathogen Helicobacter pylori persists
life-long within the human stomach. Under certain host and
environmental conditionsH. pylori induces chronic inflamma-
tion of the gastric mucosa and contributes to the development
of peptic ulcer, gastric malignancies, and mucosa-associated
lymphoid tissue lymphomas (1). Bacteria-host interaction and
disease progression depend on different bacterial factors,
among them VacA, Fld, BabA2, SabA, and CagA (2–5). Gastric
carcinogenesis was shown to be associated with alterations in
E-cadherin/catenin signaling (6, 7), but the role of �-catenin in
H. pylori infection was not clarified so far (8–10).

�-Catenin is a multifunctional protein that (i) participates in
cell adhesion by bridging E-cadherin to�-catenin and (ii)medi-
ates transcriptional regulation by forming a complex with LEF/
TCF2 transcription factors (11, 12). �-Catenin redistribution in

the cell is tightly regulated and, as was proposed by Gottardi
and Gumbiner (13), could be dictated by the existence of dis-
tinct molecular forms of �-catenin with different affinity to
E-cadherin and TCFs. The level of free �-catenin in the cyto-
plasm is controlled by ubiquitinylation and degradation in the
26 S proteasome (14). The multiprotein destruction complex
involves axin and adenomatous polyposis coli (APC) scaffolds
which bind �-catenin to facilitate its phosphorylation by casein
kinase 1 at Ser-45 and by GSK3� at Ser-33, Ser-37, and Thr-41
(15). Ubiquitinylation and degradation of N-terminal-phos-
phorylated �-catenin is mediated by the cullin-RING ubiquitin
ligase Skp1-Cul1-F-box (SCF�-TrCP) (16, 17). If some compo-
nents of the degradation complex are mutated or if wingless-
type (Wnt) ligands bind to Frizzled membrane receptors and
interfere with the multi-protein destruction complex, non-
phosphorylated �-catenin accumulates and co-activates TCF-
dependent expression of target genes, among them c-myc,
c-jun, axin2, twin, ubx,MMP7, and cyclin D1 (18–20). The fact
that H. pylori infection leads to up-regulation of Wnt10A and
activates �-catenin target genes (21–23) contributes to the
hypothesis that H. pylori induces activation of the �-catenin-
TCF pathway during human gastric cancer development. The
precise mechanism by which H. pylori could influence �-cate-
nin nuclear activity remains obscure. Disruption of adherens
junctions by H. pylori (24) could promote �-catenin transloca-
tion into the nucleus, as was recently shown using cultured
gastric cancer cells MKN-28 and MKN-45 (25).
In this work we investigated �-catenin regulation in H. pylori-

infected epithelial cells. Herein, we report that 1) H. pylori sup-
presses GSK3� activity in a CagA-independent manner, 2)H. py-
lori-induced suppression of GSK3� leads to inhibition of Ser/Thr
phosphorylation, ubiquitinylation, and degradation of �-catenin,
and 3) H. pylori stimulates �-catenin-dependent LEF/TCF trans-
activation activity and causes up-regulation of cyclin D1.

EXPERIMENTAL PROCEDURES

Materials—Antibodies used in the work were phospho-�-
catenin (Ser-33/Ser-37/Thr-41), phospho-GSK3�/�, histone
H3, Akt, and phospho-Akt (Cell Signaling Technology Inc.),
�-catenin, GSK3�, and occludin (BD Biosciences), ubiquitin
(Berkeley Antibody Co., Inc.), actin and phospho-tyrosine
(PY99) (Santa Cruz Biotechnology), cyclin D1 (United States
Biological/Biomol), glyceraldehyde-3-phosphate dehydrogen-
ase (Chemicon International), CagA (26). MG132, Akti-1/2
(Akt inhibitor VIII), LY294002, AG1478, AG828, and U73122
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were purchased from Calbiochem. LiCl and DMSO were pur-
chased from Sigma. PHA-665752 was kindly provided (Pfizer
Global Pharmaceuticals).
Cell Culture and Bacteria—MDCK cell line (European Col-

lection of Cell Cultures) and AGS cells were cultured in RPMI
1640medium (PAALaboratories) supplementedwith 10% fetal
calf serum and penicillin/streptomycin in a humid atmosphere
at 37 °C with 5% CO2. For infection withH. pylori, MDCK cells
(2� 104 cells/35-mmdish) were grown in completemedium to
reach 70% of confluency. 16 h before infection the complete
medium was replaced by fresh RPMI 1640 supplemented with
0.5% fetal calf serum.
The H. pylori strain P1 wild type (wt) and isogenic mutants

cagA and virB7 (26, 27) were cultured for 48–72 h as described
(28) and added to the epithelial cells at a multiplicity of infec-
tion of 100.Heat-inactivatedH. pyloriwas prepared by incubat-
ing bacteria suspension at 65 °C for 15 min.
Transfection and Reporter Gene Assay—pSP65/SR�-CagA-HA

plasmid encoding CagA was kindly provided by M. Hatakeyama
(Sapporo, Japan). MDCK cells (2 � 104 cells/35-mm dish) were
transfected with 0.1 �g of DNA (DNA/Effectene transfection
reagent (Qiagen) ratio was 1:10). 48 h later the cells were
subjected either to subcellular fraction separation or to cell
lysate preparation.
MDCK cells (2 � 104 cells/35 mm dish) were transfected

with 0.1 �g of siRNA against human Akt1/2 (100% sequence
homology to canine Akt2 mRNA) or with control (non-target-
ing) siRNA (Santa Cruz Biotechnology) using siLentFectTM
Lipid Reagent (Bio-Rad). At 24 h of transfection, cells were
infected with H. pylori for 24 h.
For luciferase reporter assay, MDCK cells were seeded into

24-well plates at a density of 0.6� 104 cells per well 1 day before
transfection. The cells were transfected with 0.1 �g of Firefly
TOP- or FOPflash (Biomol) and 0.01 �g of Renilla (Promega)
luciferase plasmids using Effectene transfection reagent. Lucif-
erase activity was estimated using the Dual Luciferase Reporter
Assay System (Promega) at Lumat LB 9507 luminometer
(BertholdTechnologies). All sampleswere assayed in duplicate.
RNA Isolation and Reverse Transcription-PCR—Total RNA

was extracted by TRIzol reagent (Invitrogen). cDNA was synthe-
sized from 1 �g of RNA using random hexamer primers and a
RevertAidTM First Strand cDNA Synthesis kit (Fermentas). 1⁄20 of
cDNAmixture was combinedwith primers (0.25�M), fluorescein
(1:105;Bio-Rad) andcomponentsof theSensiMixDNAkit (Quan-
tace) according to themanufacture’s instructions and amplified in
the iCycler (Bio-Rad). The following iCycler protocol was used:
denaturation (95 °C for 10 min), amplification and quantification
(40 cycles: 95 °C for 15 s, 60 °C for 30 s, 72 °C for 60 s), melting
curve program (72–95 °C; 0.5 °C/s), and cooling to 22 °C. Primers
5�-TACTGAGCCTGCCATCTGTGC-3� (forward) and 5�-CCT-
CCACAAACTGCTGCTGTG-3� (reverse) and primers 5�-AAG-
ATGACTCAGATCATGTTCGAG-3� (forward) and 5�-AGGG-
GCGATGATCTTGATCTTCAT-3� (reverse) were used for
amplification of �-catenin and �-actin fragment, respectively.
Serial dilutions of the dipeptidyl peptidase IV gene cloned into a
pCRR2.1-TOPO vector and primers 5�-GATGCTACAGCTGA-
CAGTCGC-3� (forward) and 5�-TGGTGACCATGTGACCCA-
CTG-3�(reverse) served for generation of a calibration curve.

Preparation of Cell Lysates, Fractions, and Immunoprecipita-
tion—Whole cell extracts were prepared with modified radioim-
mune precipitation assay buffer (50mMTris-HCl, pH7.5, 100mM
NaCl, 5 mM EDTA, 1% Triton X-100, 10% glycerol, 10 mM
K2HPO4,0.5%NonidetP40,1�protease inhibitormixture (Roche
Applied Science), 1mMNa3VO4, 1mMNa2MoO4, 20mMNaF, 0.1
mMPMSF, 20mM �-glycerol-2-phosphate, 10mMNa4P2O7). Ali-
quots of the lysates were boiled with sample buffer (50 mM Tris-
HCl, pH 6.8, 2% SDS, 10% glycerol, 100 mM dithiothreitol, 0.1%
bromphenol blue) for 5min. Subcellular fractions ofMDCKwere
prepared with ProteoExtract kit (Calbiochem) according to the
manufacturer’s instructions. For immunoprecipitation, the lysates
were incubatedwith appropriate antibodies for 4 h to overnight at
4 °C. The immune complexes were trapped on protein G-Sepha-
rose (AmershamBiosciences),washed,boiled in thesamplebuffer,
and subjected toWestern blotting.
Pulse-Chase Assay—Cells were washed and incubated in the

pulsemedium (methionine/cysteine-free RPMI 1640 (Sigma), 2
mM L-glutamine (Sigma), 0.5% dialyzed fetal bovine serum
(Invitrogen)) for 1 h. The cells were labeled with [35S]methi-
onine/cysteine using the Amersham Biosciences Redivue Pro-
Mix Cell Labeling Mix, 0.05 mCi (with respect to L-[35S]methi-
onine) per 1 ml of pulse medium for 1 h. Labeled cells were
washed twicewith pulsemediumand chased in complete RPMI
1640, 0.5% fetal calf serum for 2–8 h, after which �-catenin was
immunoprecipitated from the cell lysates. Immunocomplexes
were separated by 8% SDS-PAGE; the gels were incubated in
Amplify Fluorographic Reagent (Amersham Biosciences),
dried, and exposed to film. A part of the samples was subjected
to Western blotting.
Western Blotting—The proteins were separated by SDS-

PAGE, electrotransferred to Immobilon-P transfer polyvinyli-
dene fluoride membrane (Millipore), and stained with specific
antibodies as described (29). Immunoreactivity was detected
using the enhanced chemiluminescence detection kit ECLTM
(Amersham Biosciences). The protein bands on x-ray films
were scanned by using VersaDoc Imaging System (Bio-Rad)
and analyzed usingQuantity One software (Bio-Rad). By apply-
ing several software functions, the Quantity One software
allows subtraction of the background from the images. The data
from three independent experiments were used for the calcu-
lations of the results.
Immunofluorescence—Cells were fixed with 4% paraformal-

dehyde in phosphate-buffered saline (PBS) for 10 min, perme-
abilized, and blocked in PBS, 0.1%Triton X-100, 5% goat serum
(Sigma) for 30 min on ice. Then the cells were incubated with
the first antibody for 2 h at room temperature (RT), washed,
and exposed for indocarbocyanine-conjugated secondary anti-
body (Dianova) for 1 h at RT. Slides were analyzed by Leica
DMRE 7 fluorescence microscope.
Statistical Analysis—The statistical analysis of the results

was done using Student’s t test. p � 0.05 was considered signif-
icant. Data are expressed as the mean � S.E.

RESULTS

H. pylori Induces LEF/TCF Transactivation and Regulates
Cyclin D1 Expression—To investigate whether H. pylori con-
trols LEF/TCF activity, non-tumor epithelial MDCK cells were
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transfected with luciferase reporter plasmid containing either
three copies of wild type (TOPflash) or mutated (FOPflash)
LEF/TCF binding sites and infected withH. pylori. At different
periods of time, cells were collected, and luciferase activity was
measured. The firefly luciferase activitywas normalized relative
to renilla luciferase activity. As shown in Fig. 1A, H. pylori reg-
ulates luciferase activity within 24 h post-infection (1.7-fold
compared with FOPflash). LiCl, a known activator of �-catenin
signaling (30), was used as a positive control. LEF/TCF tran-
scription factors are known to bind to cyclin D1 promoter and
regulate gene expression (20). Thus, we tested the ability of the
bacteria to regulate cyclin D1. We found an approximate 2.1
and 1.9-fold increase of cyclin D1 mRNA in MDCK cells
infected with H. pylori for 10 and 24 h, respectively (data not
shown). To investigate protein levels of cyclin D1, cytosolic and
nuclear fractions of MDCK cells were subjected to Western
blot analysis. As shown in Fig. 1B, infection withH. pylori led to
an increase of cyclin D1 in the cytosol of the cells. A similar
effect on cyclin D1 expression was achieved in MDCK cells by

treatment with LiCl (10 �M, 24 h). Thus, H. pylori stimulates
�-catenin-dependent LEF/TCF transactivation activity and
causes an increase of cyclin D1 level in MDCK cells.
H. pylori Inhibits Ser/Thr Phosphorylation of �-Catenin—

Studying phosphorylation status and localization of �-catenin
in H. pylori-infected cells, fluorescence microscopy revealed
that Ser-33/Ser-37/Thr-41-phosphorylated �-catenin was
localized at cell-cell contacts and in nuclei of non-stimulated
cells. Total �-catenin was detected at cell-cell contacts (Fig.
2A). Ser/Thr-phosphorylated �-catenin was prominently
removed from adherens junctions, and cytosolic staining of
�-catenin increased at 24 h post-infection (Fig. 2A). We failed
to see any changes of �-catenin amount in H. pylori-infected
cells in comparison to non-infected MDCK cells in a Western
blot analysis of subcellular fractions (Fig. 2B). We observed a
prominent decrease of Ser/Thr-phosphorylated �-catenin in
membranes/organelles and nuclear fractions of cells infected
with H. pylori for 24 h (Fig. 2B). Heat-inactivated H. pylori had
no effect on�-catenin phosphorylation (Fig. 2B). Thus, physical
interaction of living bacteria with the host cell is requested for
�-catenin regulation.Decrease of�-catenin phosphorylation in
H. pylori-infected MDCK cells was detected at 6 h and more
prominently at 8 h post-infection (Fig. 2C). Treatment of
MDCK cells with LiCl provoked similar suppression of Ser/Thr
phosphorylation of �-catenin (supplemental Fig. S1).

FIGURE 1. H. pylori induces LEF/TCF transactivation and regulates cyclin D1
expression. A, cells were transiently transfected with either TOPflash or FOPflash
and cotransfected with renilla luciferase plasmid. 24 h later the cells were infected
with H. pylori wt or treated with LiCl and lysed, and firefly/renilla luciferase activity
was measured. Graphs represent the mean -fold changes �S.E. of three separate
experiments performed in duplicate. *, p � 0.05, relative to activity in FOPflash
transfected cells. B, cells were infected with H. pylori or stimulated with LiCl for
24 h. Subcellular fractions were separated by using the ProteoExtract kit, and
Western blot (IB) analysis was performed using specific antibodies as indi-
cated. The graph represents the mean -fold changes of band intensity from
three separate experiments �S.E. with the value for the control as 1 arbi-
trarily. Actin and histone H3 were immunodetected to show appropriate sep-
aration of cellular fractions as well as equal protein amounts in the cytosolic
and nuclear fractions, respectively. C, cytosol; N, nuclear fraction. *, p � 0.05,
relative to non-infected cells.

FIGURE 2. H. pylori inhibits Ser/Thr phosphorylation of �-catenin. A, cells
were stimulated with H. pylori for 24 h and analyzed by immunofluorescence
using antibodies against Ser-33/Ser-37/Thr-41-phospho-�-catenin or �-cate-
nin. B, cells were infected with H. pylori for 24 h. Subcellular fractions were
separated by using ProteoExtract kit, and Western blot (IB) analysis was per-
formed using antibodies as indicated. C, cytosol; M, membrane/organelles
fraction; N, nuclear fraction; CS, cytoskeleton; hk, heat-killed H. pylori. C, time
kinetics.
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Regulation of�-Catenin Phospho-
rylation in H. pylori Infection is
CagA-independent—The H. pylori
type 4 secretion system (T4SS)
serves for delivery of CagA and
other yet unknown bacterial effec-
tors into epithelial cells (31). CagA is
effectively translocated into MDCK
cells, similar to gastric AGS cells,
where it becomes phosphorylated at
tyrosine residues (Fig. 3A). To
investigate the role of CagA and
the functional T4SS in H. pylori-
induced changes of �-catenin sig-
naling, we infected MDCK cells
with H. pylori P1 isogenic mutants
lacking cagA or virB7 for 24 h.
Compared with the H. pylori wt,
cagA and virB7 mutants also
inhibited �-catenin phosphoryla-
tion (Fig. 3B).
H. pylori Suppresses Ser/Thr

Phosphorylation of �-Catenin in a
GSK3�-dependent Manner—Ser-33, Ser-37, and Thr-41 of
�-catenin are known target sites for GSK3� which phospho-
rylates and thereby marks the protein for ubiquitinylation and
subsequent proteasomal degradation (32). Thus, decrease of
Ser/Thr phosphorylation in the �-catenin protein can be
caused either by GSK3� inhibition or by degradation of �-cate-
nin. Because the total amount of �-catenin in infected cells was
not affected (Figs. 2B and 3B), we supposed that GSK3� inhibi-
tion could be responsible for the suppression of �-catenin
phosphorylation. GSK3� activity is negatively regulated
through its phosphorylation at Ser-9 by Akt kinase (33). West-
ern blot analysis of different cellular fractions revealed an
induction of GSK3� Ser-9 phosphorylation by the wt strain of
H. pylori and slightly less prominently by cagA and virB7
mutant strains (Fig. 4A). GSK3� was detected in nuclear frac-
tions; this could be a consequence of partial serum deprivation
during the experiments, as has been described (34). To investi-
gate whether CagA is involved in the regulation of �-catenin
phosphorylation, we transiently transfectedMDCK cells with a
plasmid encoding CagA. As shown in Fig. 4B, neither GSK3�
nor �-catenin phosphorylations were affected in MDCK cells
transfected with the plasmid encoding CagA. Therefore,H. py-
lori inhibits GSK3� in a CagA-independent manner, which
leads to inhibition of Ser/Thr phosphorylation of �-catenin in
infected cells.
GSK3� is known to be regulated upon Akt kinase (35). To

investigate up-stream regulators and to confirm that GSK3�
plays a role inH. pylori-induced suppression of�-catenin phos-
phorylation, we infected cells in the presence of Akti-1/2, an
allosteric inhibitor of Akt1 and Akt2 isozymes. This substance
promotes the formation of an inactive conformation of Akt in
a pleckstrin homology-dependent manner and selectively
inhibits phosphorylation and kinase activity (36). The inhibitor
does not exhibit any effect on protein kinases A and C even at
concentration as high as 50 �M. InMDCK cells, Akti-1/2 (2 �M)

FIGURE 3. Regulation of �-catenin in H. pylori infection is CagA-independent. A, H. pylori CagA is translo-
cated into and phosphorylated at tyrosine residues in both AGS and MDCK cells. Cells were infected with
H. pylori for the indicated periods of time, lysed, and incubated with anti-CagA antibody. Western blot (IB)
analysis of immunoprecipitates (IP) was performed using anti-phospho-Tyr-99 antibody. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was immunodetected to show equal protein amounts in the samples
subjected to immunoprecipitation. B, MDCK cells were infected with H. pylori wt or cagA or with virB7 mutants
for 24 h in the absence or presence of Akti-1/2. Subcellular fractions were separated by using the ProteoExtract
kit, and Western blot analysis was performed using antibodies indicated. C, cytosol; M, membrane/organelles
fraction; N, nuclear fraction.

FIGURE 4. H. pylori induces GSK3� phosphorylation. A, MDCK cells were
infected with H. pylori wt or cagA and virB7 mutants for 24 h, and subcellular
fractions were separated by using a ProteoExtract kit. Western blot (IB) anal-
ysis was performed using anti-Ser-9-phospho-GSK3� antibody. Graphs rep-
resent the mean -fold changes of band intensity from three separate experi-
ments �S.E. with the value for the control as 1 arbitrarily. *, p � 0.05; **, p �
0.01, relative to non-infected cells. B, MDCK cells were transiently transfected
with a plasmid encoding for CagA for 48 h. Whole cell lysates were prepared,
and subcellular fractions were separated by using ProteoExtract kit. Western
blot analysis was performed using antibodies as indicated. C, cytosol; M,
membrane/organelles fraction; N, nuclear fraction; CS, cytoskeleton.

Helicobacter pylori Regulates �-Catenin

29370 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 283 • NUMBER 43 • OCTOBER 24, 2008



blockedeffectively Ser-473phosphorylationofAktkinase induced
byH. pylori (Fig. 5A) and prevented bacteria-induced suppression
of Ser/Thr phosphorylation of �-catenin (Fig. 3B). Viability of
H. pyloriwasnot affected by inhibitor treatment (data not shown).
Stimulation of Akt kinase activity by H. pylori has been also

observed in AGS cells (28). AGS cells infected with H. pylori also
exert suppression of�-catenin phosphorylation, andAkti-1/2was
able to restore �-catenin phosphorylation (data not shown).

To unravel putative upstream components that could direct
Akt activation, we pretreated the cells before infection with the
following inhibitors: LY294002 (20 �M), an inhibitor of phos-
phoinositide 3-kinase (PI3K); AG1478/AG828 (5�M), an inhib-
itor of epidermal growth factor (EGF) andHer2/Neu receptors;
PHA-665752 (0.2 �M), an inhibitor of c-Met receptor; U73122
(5 �M), an inhibitor of phospholipase C (Fig. 5A).
Pretreatment of the cells with LY294002 (Fig. 5A) completely

inhibited Akt phosphorylation induced by H. pylori P1 wt and
isogenic mutants. Thus, we suggest that H. pylori induces
T4SS-independent PI3K activity leading toAkt activation. PI3K
activity can be induced by EGF receptor (EGFR) or c-Met,
which become active in H. pylori infection (37, 28). Inhibition
of EGFR activity significantly reduced H. pylori-induced phos-
phorylation of Akt, whereas inhibition of c-Met had no effect
on phosphorylation of Akt kinase (Fig. 5A). EGFR activation in
gastric epithelial cells was shown to be stimulated by H. pylori
in a T4SS-independent manner (37). Thus, our results allow us
to suppose that EGFR activation could contribute to Akt phos-
phorylation induced by H. pylori in a T4SS-independent man-
ner. Inhibition of PLC had no effect on Akt phosphorylation in
H. pylori-infected cells (Fig. 5A).
To confirm the data obtained by using Akt kinase inhibitor,

Akt depletion with siRNA was performed. At 48 h of transfec-
tion, the amount of Akt in MDCK cell lysates was significantly
decreased (Fig. 5B). As shown in Fig. 5C, anti-Akt siRNA pre-
vented inhibitory GSK3� phosphorylation, leading to �-cate-
nin phosphorylation in MDCK cells infected with H. pylori.
Therefore, Akt kinase, an upstream modulator of GSK3�, is
causally related to regulation of �-catenin signaling in H. py-
lori-infected cells.
Interestingly, besides restoration of the �-catenin phospho-

rylation, Akti-1/2 inhibited LEF/TCF transactivation in H. py-
lori-infected cells (Fig. 5D). These data indicate the important
role of Akt/GSK3� and Ser/Thr phosphorylation of �-catenin
in the regulation of �-catenin nuclear activity during H. pylori
infection.
H. pylori Affects Ubiquitinylation of �-Catenin—Because

Ser/Thr phosphorylation of �-catenin has been shown to be
essential for the protein ubiquitinylation (38), we investigated
whether H. pylori affects this process. MDCK cells were
infected in the presence of the 26 S proteasome inhibitor
MG132 (20�m), and the lysates were subjected to immunopre-
cipitation with a �-catenin-specific antibody. Western blot
analysis revealed a reduction of the ubiquitin level in �-catenin
immunoprecipitates from MDCK cells infected by H. pylori,
with T4SSmutant being less effective (Fig. 6A). The same result
was obtained by using N-acetyl-L-leucinyl-L-leucinyl-L-nor-
leucinal (25 �M), another inhibitor of proteasomal degradation
(data not shown). Ubiquitinylation is known to be a prerequi-
site for �-catenin degradation. Thus, we examined further sta-
bility of �-catenin by pulse-chase analysis after 10 h of co-cul-
ture withH. pylori. Infection of cells with wt or cagA and virB7
mutants led to delayed �-catenin degradation within the peri-
ods of time analyzed (Fig. 6B). Therefore, H. pylori regulates

FIGURE 5. H. pylori suppresses Ser/Thr phosphorylation of �-catenin in a
GSK3�-dependent manner. A, MDCK cells were infected with H. pylori wt or
cagA and virB7 mutants for 6 h in presence or absence of selective inhibitors
as indicated. Whole cell lysates were prepared, and Western blot (IB) analysis
was performed using antibodies indicated. B, siRNA specifically impairs Akt
level in MDCK cells; the cells were transiently transfected with control siRNA
or siRNA against Akt. At 48 h post-transfection subcellular fractions were sep-
arated by using the ProteoExtract kit, and Western blot analysis was per-
formed using the antibodies indicated. C, cytosol; M, membrane/organelles
fraction; N, nuclear fraction; CS, cytoskeleton. C, MDCK cells were transiently
transfected with control siRNA or siRNA against Akt kinase and infected with
H. pylori wt for 24 h. Subcellular fractions were separated and analyzed as
described above in B. D, cells were transfected and treated with H. pylori wt for
24 h as described in Fig. 1A in the presence or absence of Akti-1/2. *, p � 0.05,
relative to non-infected cells.
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�-catenin signaling by suppression of �-catenin ubiquitinyla-
tion and degradation in MDCK cells, and this effect is
CagA-independent.
Interestingly, incorporation rate of [35S]methionine/cysteine

during the pulse period was decreased in infected MDCK cells.
We failed to observe significant changes in �-catenin gene
expression at 10 and 24 h post-infection (Fig. 6C). Thus, the
decreased incorporation could also reflect negative effect of
H. pylori on �-catenin translation.

DISCUSSION

�-Catenin has been studied intensively in relation to the
colorectal, breast, and prostate cancers (39–41). It becomes
evident that alterations of expression and intracellular redistri-
bution of �-catenin may be important for gastric cancer devel-
opment as well (6, 7, 42). Up-to-date publications (9, 25) have
described on the basis of results obtained by using LEF/TCF- or
cyclin D1-luciferase reporters that infection with H. pylori
stimulates nuclear activity of �-catenin. But the precise intra-
cellular mechanism leading to �-catenin-dependent LEF/TCF
transactivation in infected cells remains still unclear. Our work
represents the first investigation which analyzes the regulation
of �-catenin directed by upstream components in H. pylori-
infected MDCK cells. We used MDCK cells, which express
E-cadherin, possess no mutations in �-catenin, E-cadherin,
GSK3�, or APC, and have no basal up-regulation of LEF/TCF,
in contrast to AGS, MKN28, and MKN45 cell lines (43, 44). In
accordance with the data obtained by other groups (9, 25), we
observed LEF/TCF transactivation as well as up-regulation of
LEF/TCF target gene cyclin D1 in MDCK cells after infection
with H. pylori. This also reflects the in vivo situation; up-regu-
lation of cyclin D1 has been reported to take place in gastric
tissue ofH. pylori-infected patients (22, 45). In contrast to data
reported by Franco et al. (9), we failed to observe any nuclear
accumulation of �-catenin in MDCK cells within 24 h of infec-
tion with H. pylori, which could be explained by the use of dif-
ferent cell types and bacterial strains. We found that despite
that the amount of endogenous �-catenin was not changed, a
quota of Ser-33-, Ser-37-, and Thr-41-phosphorylated �-cate-
nin was decreased in infected cells.
Furthermore, we suppose that a balance between phospho-

rylated/unphosphorylated �-catenin could play an important
role in TCF-dependent regulation of transcription. Ser/Thr-
phosphorylated �-catenin itself does not influence LEF/TCF
transcriptional activity (46). It has been described (47, 48) that
an unphosphorylated formof�-catenin is able to promote tran-

FIGURE 6. H. pylori affects ubiquitinylation of �-catenin. A, MDCK cells
were infected with H. pylori wt or cagA and virB7 mutants for 8 h in presence of
MG132 and lysed, and the lysates were incubated with anti-�-catenin antibody.

Western blot (IB) analysis of immunoprecipitates (IP) was performed using
specific antibodies as indicated. B, MDCK cells were infected for 10 h, pulse-
labeled, and then chased with nonradioactive medium for next 2– 8 h. 35S
incorporation was detected in �-catenin immunoprecipitates by radioautog-
raphy. The graph represents the mean relative band intensity from 3 separate
experiments �S.E. with the value for appropriate control as 100%. *, p � 0.05,
**, p � 0.01, relative to non-infected cells. C, H. pylori does not influence
�-catenin transcription. MDCK cells were infected with H. pylori wt or cagA
and virB7 for the times indicated. Total RNA was isolated and subjected to
quantitative reverse transcription-PCR. �-Actin was used as a housekeeping
gene for normalization of �-catenin product. The graph represents the mean
-fold changes of relative amount of the �-catenin PCR product from at least
three separate experiments �S.E. with the value for control as 1 arbitrarily.
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scription, but how this form is produced, kept, and regulated
and regulates the TCF activity inH. pylori infection is not clear.

Ser-33, Ser-37, and Thr-41 of �-catenin are GSK3� target
residues. GSK3� phosphorylates a range of enzymes, transcrip-
tion factors, and structural proteins including these related to
�-catenin signaling, e.g. E-cadherin, APC, cyclin D1 (35,
49–51). GSK3 is also a key player in Akt signaling which is
regulated byH. pylori in gastric epithelial cells (28). To investi-
gate the role of GSK3� in �-catenin regulation, we treated the
cells with specific Akt kinase inhibitor Akti-1/2 (to activate
GSK3�). The inhibitor impaired both an H. pylori-induced
increase of GSK3 phosphorylation and decrease of Ser/Thr
phosphorylation of �-catenin. These data were confirmed by
using siRNA against Akt kinase. Therefore, H. pylori-stimu-
lated reduction of �-catenin Ser/Thr phosphorylation involves
Akt kinase andGSK3� inMDCK cells. Furthermore, these data
suggest that casein kinase 1, whose phosphorylation of �-cate-
nin at Ser-45 is obligatory for subsequent GSK3�-induced
phosphorylation (52), is not impaired during infection. Impor-
tantly, Akti-1/2 inhibitedH. pylori-induced LEF/TCF-depend-
ent transactivationandcyclinD1up-regulation.Thisprovides evi-
dence for a causal link between the decrease of �-catenin
phosphorylation and up-regulation of LEF/TCF transactivation.
Akt kinase is a central player in the signaling pathways acti-

vated by growth factors and is thought to contribute to a broad
range of cellular functions. Our data suggest that H. pylori
induces T4SS-independent PI3K activity and Akt activation.
PI3K phosphorylates phosphatidylinositol 4,5-diphosphate
leading to the generation of phosphatidylinositol 3,4,5-triphos-
phate. Phosphatidylinositol 3,4,5-triphosphate acts as a lipid
second messenger essential for the translocation of Akt to the
plasmamembrane and induces activation of phosphoinositide-
dependent kinase-1, which phosphorylates Akt.
PI3K activity can be induced by growth factor receptors, e.g.

EGFR or c-Met, and it has been shown that these receptors
become active in H. pylori infection (37, 28). Interestingly,
pretreatment of cells with pharmacological inhibitors against
these tyrosine kinase receptors had a different outcome in
regard of their impact on the phosphorylation of Akt kinase.
Inhibition of the EGFR activity significantly reduced H. pylori-
induced phosphorylation of Akt, whereas the selective c-Met
inhibitor PHA-665752 did not block the phosphorylation of
Akt kinase. EGFR in gastric epithelial cells was shown to be
stimulated in a H. pylori T4SS-independent manner (37). In
addition, downstream effectors of EGFR like ERK and MEK1
are both regulated in a T4SS-independent manner inH. pylori-
infected cells (53). Thus, our results allow us to suppose that
EGFR activation could contribute to Akt phosphorylation
induced by H. pylori in a T4SS-independent manner.

Ser/Thr phosphorylation of �-catenin is known to be a pre-
requisite for ubiquitinylation and degradation of the protein.
For the first time we show that H. pylori inhibits �-catenin
ubiquitinylation. Using 35S-labeled amino acids, we performed
pulse-chase experiments to confirm that impairment of�-cate-
nin ubiquitinylation correlates to delayedmetabolic turnover of
the protein in infected cells. Therefore, our study demonstrates
that GSK3 inhibition leads to suppression of phosphorylation/
ubiquitinylation of �-catenin.

Decrease of�-catenin ubiquitinylation could be achieved not
only through regulation of Ser/Thr phosphorylation but also
through an increased deubiquitinylation by deubiquitinylating
enzymes, for example by fat facets in mouse (FAM) (54). The
role of H. pylori in the control of the deubiquitinylation
machinery would be an interesting aim of future investigations.
Our experimental work indicates no obvious changes of

�-catenin levels in subcellular fractions inMDCK cells infected
for 24 hwithH. pylori. The study byWeydig et al. (55) supports
this observation. Herein, the authors observed no changes in
the total amount of �-catenin in prolonged H. pylori infection.
One explanation of why we failed to see the changes in the
�-catenin levels might be thatH. pylori impairs protein synthe-
sis in infected cells. This hypothesis is based on our observation
that the incorporation rate of [35S]methionine/cysteine in the
�-catenin protein during the pulse period was decreased in
infected cells (time 0, Fig. 6B). Thus, it would be potentially
interesting to address this mechanism in the future in more
detail, taking in account that GSK3� also is involved in the
regulation of translation through eIF2B (56). Thus, regulation
of �-catenin activity is highly complex and needs further
detailed studies, e.g. about kinetics, stability, and de novo syn-
thesis of �-catenin.

H. pylori is known tomanipulate the host signaling by inject-
ing pathogenic factors such as CagA into the target cell through
the T4SS (31). Several studies have shown that nuclear �-cate-
nin localization was affected in a CagA-dependent manner in
different MKN gastric tumor cell lines infected with the
NCTC11637 strain (24, 25, 57). Other investigations about
�-catenin localization in MKN28 and AGS cell lines were per-
formed without the use of isogenic H. pylorimutant strains (9,
58). It is worth mentioning that the published data about
�-catenin localization in gastric epithelium harvested from
patients clearly show that nuclear �-catenin also appears in
gastric epithelium colonized with cag� H. pylori (9). Thus,
other virulence factors could be relevant for �-catenin regula-
tion; in particular, the H. pylori adhesin OipA (58).

In contrast to the studies mentioned above, an investigation
usingMCF-7 cells infected withH. pylori P12 strain clearly state a
predominant cytoplasmic localization of �-catenin. In addition,
Weydig et al. (55) provide experimental proof that the regulation
of�-catenin is CagA-independent.Within this context, published
work suggests that overexpression of CagA impairs the complex
formation between the adherens junction protein E-cadherin and
�-catenin (25), whereas another study shows that the E-cadherin-
�-catenin complexwas only slightly affected in aCagA-independ-
ent manner in H. pylori-infected cells (55). Furthermore, it has
been shown that CagA is dispensable for the disruption of adher-
ens junctions or loss of adhesion (55, 59).
However, the published data about the role of CagA in the

regulation of adherens junctions and �-catenin are rather con-
troversial. In addition, the application of overexpressed CagA
protein and the use of different tumor cell lines with constitu-
tively deregulated �-catenin signaling as well as use of different
H. pylori strains contribute tremendously to the inconsistency
of the published results.
The host molecular targets of CagA include Crk, SHP-2,

c-Met, Csk, and focal adhesion kinase (24, 28, 60). A function-
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ally active T4SS but not CagA is required for activation of the
I�Bkinase complex, c-JunNH2-terminal kinase (JNK), p38, and
Rac1/Cdc42 (3). The activation of MEK/ERK and upstream
activators B-Raf/Rap1 (53) is T4SS-independent. Our data
demonstrate that T4SS-independent effects include also sup-
pression of GSK3� activity, decrease of �-catenin Ser/Thr
phosphorylation, and delay of ubiquitinylation/degradation of
�-catenin. Thus, alterations of Ser/Thr phosphorylation of
�-catenin could play an important regulatory role in LEF/TCF
transactivation induced by H. pylori.
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