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Helicobacter pylori (H. pylori) infection has been known to be implicated in human gastric carcinogenesis. Snail, the
zinc-ﬁnger transcription factor known as a key inducer of changes in the cell shape and morphogenetic movement, is
aberrantly overexpressed and correlates with lymph node metastasis in gastric cancer. In the present study, we
investigated whether H. pylori could induce Snail activation to provoke these changes. Using a cell scatter assay, we
noticed that human gastric cancer AGS cells infected with H. pylori underwent morphological changes as well as
disruption of cell–cell interaction, which was then reversed by silencing of Snail by use of small interfering RNA (siRNA). In
addition, infection with H. pylori resulted in an increased intracellular level of Snail in gastric cancer cells, which was
abrogated in the presence of U0126 and LY294002, inhibitors of MEK/Erk and PI3K/Akt pathways, respectively.
Cycloheximide pulse-chase experiments coupled with immunocytochemical analysis revealed that the induction of Snail
by H. pylori was regulated at multiple levels, including increased transcription of Snail mRNA, inhibition of protein
degradation, and enhancement of nuclear translocation of Snail. Pre-treatment of AGS cells with N-acetylcysteine, a wellknown reactive oxygen species (ROS) scavenger, attenuated the H. pylori-induced activation of Erk, its binding to Snail
promoter, inactivation of GSK-3b, and accumulation of Snail. Collectively, these ﬁndings suggest that the upregulation of
Snail expression induced by H. pylori and transformation to a spindle-like shape as a consequence in gastric cancer cells are
attributable to ROS-mediated activation of Erk and the inhibition of GSK-3b signaling. © 2016 Wiley Periodicals, Inc.
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INTRODUCTION
Helicobacter pylori (H. pylori), a gram-negative
bacterium, infects approximately half of the world’s
population, possibly reaching up to 70% in developing countries and 20–30% in industrialized nations [1]. H. pylori infection has been speculated as a
principal risk factor causing gastritis and gastric
cancer. Although most H. pylori-infected individuals
only experience chronic gastritis, a small subset of
chronically infected population develops gastric
adenocarcinoma [2,3]. H. pylori infection triggers a
sequence of alterations in the gastric mucosa, starting
with superficial gastritis which can progress to
chronic gastritis, atrophic gastritis, intestinal metaplasia, dysplasia and finally, gastric carcinoma [4].
Results from recent studies suggest that chronic
infection with H. pylori is associated with an increase
in epithelial-mesenchymal transition (EMT) which is
implicated in gastric cancer progression and metastasis [5,6]. However, the mechanisms underlying
H. pylori-induced EMT remain largely unclarified.
During EMT, epithelial cells acquire fibroblast-like
ß 2016 WILEY PERIODICALS, INC.

properties with reduced intercellular adhesion and
increased motility, which facilitates tumor invasion
and metastasis. Initially, epithelial cells with tight
intercellular adhesion lined by basement membrane
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can grow abnormally and proliferate locally to give
rise to the formation of adenoma. Further epigenetic
and genetic alterations result in carcinoma in situ.
When in situ carcinoma cells undergo EMT, they can
intravasate into lymphatic or blood vessels, and
migrate to distant organs as a consequence of
basement membrane fragmentation. The transcription factor Snail has been considered as one of the key
regulators of EMT [7,8]. In addition, overexpression of
Snail was found to be associated with lymph node
metastasis and poor prognosis in patients with gastric
cancer [9]. In the present study, we found that H. pylori
infection could induce EMT through overproduction
of reactive oxygens species and subsequent Snail
upregulation in human gastric cancer cells.
MATERIALS AND METHODS
Materials
RPMI-1640 medium, DMEM medium, fetal bovine
serum, penicillin, and streptomycin were products of
GIBCO BRL (Grand Island, NY). Sheep blood agar,
GaspakTM and anaerobic jars were provided by BD
Biosciences (Sparks, MD). U0126 and LY294002 were
purchased from TOCRIS (Ellisville, MO). Carbobenzoxy-leucyl-leucyl-leucinal (MG132) was a product
from Enzo Life Science (Farmingdale, NY). Phenylmethylsulfonyl fluoride (PMSF), cycloheximide
(CHX), dithiothreitol (DTT), N-acetylcysteine
(NAC), and primary antibody against actin were
products of Sigma–Aldrich Co. (St. Louis, MO).
Primary antibodies for Snail, GAPDH, and lamin B
were from Santa Cruz Biotechnology (Santa Cruz,
CA). CagA primary antibody was provided by
AUSTRAL Biologicals (San Ramon, CA). Antibodies
against hemagglutinin (HA), total extracellular signal-regulated kinase (Erk) 1, phospho-Erk 1/2, Akt,
phospho-Akt, glycogen synthase kinase-3b (GSK-3b),
and phospho-GSK-3b were purchased from Cell
Signaling Technology (Beverly, MA). Primary antibody for a-Tubulin was a product from Biogenex
(Fremont, CA). Horseradish peroxidise-conjugated
secondary antibodies were obtained from Pierce
Biotechnology (Rockford, IL). The antibody against
occludin, Alexa 488 conjugated-IgG, Alexa 546
conjugated-IgG, TRIzol1, 20 ,70 -dichlorofluorescein
diacetate (DCF-DA), propidium iodide (PI), 40 ,6diamidino-2-phenylindole (DAPI), SYBR1, Lipofectamine1 2000, Lipofectamine1 RNAiMAX, and
SteathTM RNAi negative control duplexes were provided by Invitrogen (Carlsbad, CA). Human Snailspecific siRNA duplex (50 -GCGAGCUGCAGGACUCUAA-30 )
was
purchased
from
Genolution
Pharmaceuticals, Inc. (Seoul, South Korea). Polyvinylidene difluoride (PVDF) membranes were supplied
from Gelman laboratory (Ann Arbor, MI). Protease
inhibitor cocktail tablets were provided from Boehringer Mannheimm (Mannheimm, Germany). A
protein assay dye (Bradford) reagent was supplied by
Molecular Carcinogenesis

Bio-Rad Laboratories (Hercules, CA). The bicinchonic
acid (BCA) protein assay reagent was obtained from
Pierce Biotechnology (Rockford, IL).
Cell Culture
The human gastric cancer cell lines (AGS, MKN-1 and
MKN-45) and the human colon cancer cell line
(HCT116) were obtained from the American Type
Culture Collection (ATCC, Rockville, MD). AGS,
MKN-1 and MKN-45 cells were cultured in RPMI-1640
and HCT116 cells were maintained in DMEM medium
supplemented with 10% v/v FBS and 100 units/mL
penicillin and 100 mg/mL streptomycin at 378C in an
incubator with humidified atmosphere of 5% CO2.
Plasmid
Mammalian expression vector for CagA (pSP65SRa
WT CagA-HA) was generously provided by Prof. M.
Hatakeyama (The University of Tokyo, Japan) and
Prof. Yong Chan Lee (Yonsei University College of
Medicine, Seoul, South Korea). AGS cells were transfected with wild-type (WT) CagA-HA vector using the
transfection reagent Lipofectamine 2000 for 24 h
following the manufacturer’s instructions and then
harvested for subsequent experiments.
H. pylori Strain and Growth Condition
Isolates of H. pylori (ATCC 43504, cag PAI, and vac A
positive strain) obtained from ATCC were grown on
5% sheep blood agar plates with antibiotic supplements (Dents supplement) (Oxoid, Basingstoke, UK)
at 378C under microaerophilic conditions generated
by CampyPack plus in an atmosphere of 5% O2, 10%
CO2, and 85% N2 for 48 h.
H. pylori Infection of Cultured Gastric Cancer Cells
The cells were seeded in tissue culture plates for 24 h.
For the infection, H. pylori harvested in Brucella broth
(Difco BD; Sparks, MD) containing 10% FBS were
added to the host cells at a multiplicity of infection
(MOI) of 100. U0126 (20 mM), LY294002 (20 mM),
MG132 (20 mM), and NAC (20 mM) were added to the
cells in culture 1 h before the H. pylori infection.
Scattering Assay
Subconfluent cultures of AGS cells were infected
with H. pylori for 10 h in the presence or absence of
Snail siRNA. Morphologic changes that occur in
H. pylori infected cell colonies were assessed by light
microscopy. Scattered colony formation was verified
by dissociation of cell–cell adhesion and the acquisition of a migratory phenotype with a typical change
to spindle-shaped morphology.
Western Blot Analysis
After the H. pylori infection, cells were lysed in
1  lysis buffer [100 mM Tris-HCl (pH 7.5), 150 mM
NaCl, 5 mM EDTA (pH 8.0), 1% Triton X-100, 5 mM
DTT, 10% glycerol, protease inhibitor cocktail tablets,
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and 1% PMSF]. The protein concentration was
measured by the Bradford method using the BioRad protein assay dye. In some experiments, cytosolic
and nuclear proteins were prepared according to the
procedure described elsewhere [10]. The solubilized
proteins were subjected to sodium dodecyl sulphate
(SDS)-polyacrylamide gel electrophoresis (PAGE).
Thereafter, the separated proteins were transferred
to PVDF membrane. Membranes were probed separately with various antibodies, and blots were
visualized according to the procedure described
previously [10].
Reverse Transcription Polymerase Chain Reaction (RT-PCR)
Total RNA isolated from variously treated AGS cells
using TRIzol1 was used for the complementary DNA
(cDNA) synthesis. RT-PCR was performed following a
standard procedure. The primer pairs for PCR of the
expected products were as follows (forward and
reverse, respectively): Snail, 50 -CCT GCT GGC AGC
CAT CCC AC-30 and 50 -GGC AGC GTG TGG CTT CGG
AT-30 and GAPDH, 50 -ACC CAG AAG ACT GTG GAT
GG-30 and 50 -TCT AGA CGG CAG GTC AGG TC-30 .
Amplified products were resolved by 1.5% agarose gel
electrophoresis, stained with SYBR1 and visualized
with the imagequantTM LAS 4000.
Quantitative Real-Time Polymerase Chain Reaction (qPCR)
qPCR was performed using RealHelixTM qPCR kit
(Nanohelix; Daejeon, South Korea) with Applied
Biosystem 7500 Fast Real-Time PCR System (Applied
Biosystem; Grand Island, NY). The relative RNA
expression levels were determined according to the
comparative threshold cycle (Ct value) method with
GAPDH as an internal control. The primers used in
qPCR analysis were as follows: Snail, 50 -TGC TCA TCT
GGG ACT CTG TC-30 and 50 -CTC ATC TGA CAG GGA
GGT CA-30 and GAPDH, 50 -AAT CCC ATC ACC ATC
TTC CA-30 and 50 -TGG ACT CCA CGA CGT ACT CA-30 .
Chromatin Immunoprecipitation (ChIP) Assay
The ChIP assay was performed using a commercially available kit provided by Milipore (17-371/EZChIPTM, Merck KGaA, Darmstadt, Germany) following manufacturer’s directions. Briefly, after treated
with H. pylori in the presence or absence of NAC for
5 h, AGS cells were cross-linked with 1% formaldehyde at room temperature and quenched in glycine.
The protein-chromatin complexes in cell lysates were
first immunoprecipitated with anti-Erk antibody,
followed by incubation with Protein G-conjugated
agarose beads. The complexes were washed extensively to eliminate non-specific bindings and incubated at 658C to dissociate protein-DNA crosslinks.
DNA was purified and subjected to qPCR using the
following primers: F: 50 -GTG TCC CTT TCC TCG CTT
C-30 and R: 50 -GGA CAC CTG ACC TTC CGA-30 , which
allow the amplification of Snail promoter region
(-869/þ59 Snail promoter). One percent of chromatin
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before immunoprecipitation was included as the
input control.
Snail-siRNA Transient Transfection
AGS cells were transfected with Snail-siRNA or
control siRNA using the transfection reagent Lipofectamine RNAiMAX for 24 h following the manufacturer’s instructions. Transfected cells were then
treated with H. pylori for the indicated times and then
harvested for the next experiments.
Immunocytochemical Analysis
Immunocytochemistry was conducted with the
AGS cells transfected with CagA-HA vector or infected
with H. pylori. After fixation with 4% paraformaldehyde for 20 min at room temperature, cells were
permeabilized with 0.2% Triton X-100 and then
blocked with 5% bovine serum albumin in PBST
(PBS containing 0.1% Tween-20) for 2 h at room
temperature. Permeabilized cells were then stained
with the primary antibodies overnight at 48C,
followed by incubation with Alexa 488 and 546
secondary antibodies for 1 h at room temperature.
Nuclear-staining was performed with PI or DAPI for
10 min at room temperature. Images were assessed
under a confocal microscopy (LSM 700, Zeiss,
Oberkochen, Germany).
Measurement of ROS Accumulation
Accumulation of ROS in the AGS cells infected with
H. pylori was monitored using the ROS-derived
fluorescence-generating probe DCF-DA. Treated cells
were rinsed with PBS and loaded with 10 mM DCF-DA.
After 30 min of incubation at 378C, cells were
examined under a fluorescent microscopy (Leica,
Wetzlar, Germany) set at 488 nm for excitation and
530 nm for emission.
Statistical Analysis
Data obtained from at least three independent
experiments were expressed as the mean  s.e.m. The
statistical significance of differences between two
groups was evaluated using two-tailed Student’s t-test.
Analysis was performed using Graphpad Prism
(Version 6). Statistical significance was accepted at
P < 0.05, unless otherwise indicated.
RESULTS
H. pylori Infection Disrupts Cell–Cell Interaction and
Upregulates Snail Expression in Gastric Cancer Cells
The morphological changes of AGS cells treated
with H. pylori were assessed by phase contrast
microscopy. Upon exposure to H. pylori, AGS cell
colonies became dispersed, displaying a spindlelike appearance. Moreover, the number of scattered
colonies, reflecting enhanced cell motility and
invasiveness, was increased compared with that
of the non-infected controls (Figure 1A). Occludin
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Figure 1. Disrupted cell–cell interaction and upregulated Snail
expression in H. pylori-treated human gastric cancer cells. (A) AGS cells
co-incubated with H. pylori for 10 h were subjected to the cell scatter
assay. Representative images show a spindle-like shape as well as
destruction of direct interaction between cells. The number of
scattered colonies was scored. (B–C) AGS cells were treated with H.
pylori for the indicated times, followed by immunoblotting (B) or
immunocytochemical analysis (C) with occludin antibody. Actin was
included to ensure equal protein loading. Immunoblots were
quantiﬁed by densitometry. DAPI was co-stained with occludin
primary antibody to show contrast. (D) AGS cells were treated with
H. pylori for the indicated times, followed by immunoblotting with
Snail antibody. Immunoblots were quantiﬁed by densitometry. (E)
MKN-1 and MKN-45 cells were treated with H. pylori for 6 h, followed

by immunoblotting with Snail antibody. (F) AGS cells were transfected
with either control siRNA or Snail siRNA for 24 h. Total RNA was then
extracted and analyzed by RT-PCR with Snail sequence-speciﬁc
primers, verifying complete silencing of Snail. GAPDH was used as
an internal control. (G–H) Control siRNA or Snail siRNA transfected
AGS cells were treated with H. pylori for 3 h (G) or 10 h (H). (G) Wholecell lysastes were prepared and subjected to Western blot analysis with
occludin primary antibody. (H) Phase contrast microscopy reveals that
the H. pylori-caused hummingbird phenotype and intercellular
separation are abrogated by siRNA knock down of Snail. All results
are presented as mean  s.e.m;  P < 0.05,  P < 0.01,  P < 0.001,

P < 0.0001, NS: non-signiﬁcant. Scale bar: 50 mm (A, C, H). Arrow:
occludin at cell margin, triangle: disruption of occludin at cell margin,
asterisk: occludin in cytoplasm.

is an integral membrane protein localized at tight
junctions, which is responsible for establishing and
maintaining epithelial cell polarity [11]. The levels
of total occludin (Figure 1B) and occludin at tight
junctions (Figure 1C-a and b) were markedly
diminished by H. pylori infection for 3 h, indicative
of EMT induction. In contrast, H. pylori infection
for 10 h induced expression of occludin, but this
was mainly localized in cytoplasm rather than at
tight junctions (Figure 1C-c). Activation of the
transcription factor Snail has been known to play a
key role in the induction of EMT, which accompanies distinct morphological changes, acquisition
of migratory properties and concomitant repression of occludin expression [11,12]. In the H. pyloritreated AGS cells, a time-dependent increase in

Snail expression was observed (Figure 1D). The
induction of Snail expression by H. pylori was also
noticed in other human gastric cancer cell lines
including MKN1 and MKN45 (Figure 1E). To further
verify the role of Snail in the H. pylori-mediated
induction of EMT in AGS cells, we utilized siRNA
specifically targeting Snail. The effectiveness of
Snail siRNA to knock down the Snail expression
was confirmed by RT-PCR (Figure 1F). The suppression of occludin caused by H. pylori after 3 h of
infection was abrogated in the presence of Snail
siRNA (Figure 1G). In addition, as illustrated in
Figure 1H, the transition to the hummingbird
phenotype as well as intercellular separation of
AGS cell colonies caused by H. pylori infection was
attenuated by silencing of Snail.
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The CagA bacterial oncoprotein is speculated to play
a critical role in gastric carcinogenesis by H. pylori.
Once delivered into epithelial cells, CagA causes loss of
cell polarity and elongated cell morphology [13]. We
noticed that CagA-transfected AGS cells exhibited the
hummingbird phenotype (Figure 2A) and slightly
enhanced Snail expression (Figure 2B), in agreement
with results from other studies [14,15]. However, AGS
cells infected with CagA-positive H. pylori, even though
much smaller amount of CagA was accumulated,
displayed a much higher expression level of Snail
compared to that in CagA-transfected cells,
(Figure 2C), indicative of the involvement of other
factors derived from H. pylori in induction of Snail.
Therefore, the capability of H. pylori to upregulate Snail
to a greater extent than exogenous CagA would be

largely attributable to elements other than CagA
derived from this bacterium.
Accumulation of moderate amounts of intracellular ROS often alters gene expression [16,17] and
stimulates cell invasiveness [18,19]. H. pylori infection has been reported to enhance the generation
of intracellular ROS in gastric epithelial
cells [20,21]. Thus, we speculated that H. pyloriinduced upregulation of Snail expression might be
mediated by ROS. We initially measured the
accumulation of ROS after H. pylori exposure using
the oxidant-sensitive fluorescent probe DCF-DA.
The enhancement of ROS production by H. pylori
was detected in AGS cells (Figure 2D, upper right).
The pretreatment of AGS cells with the ROS
scavenger NAC abolished not only the ROS accumulation (Figure 2D, lower right) but also the
upregulation of Snail expression (Figure 2E) in H.
pylori-treated cells. These findings suggest that the

Figure 2. Possible involvement of ROS in H. pylori-induced Snail
expression. (A) AGS cells were transfected with CagA-HA vector for
24 h, followed by immunocytochemical analysis with CagA and HA
antibodies. DAPI was counter stained. (B–C) AGS cells were
transfected with CagA-HA vector or infected with H. pylori.
Whole-cell lysastes were prepared and subjected to Western blot
analysis with Snail antibody. Actin and GAPDH were used as equal

loading controls (D–E) AGS cells were treated with NAC for 1 h prior
to exposure to H. pylori for 30 min (D) or 3 h (E). (D) Cells were then
washed and incubated with DCF-DA, followed by ﬂuorescent
microscopy. (E) Whole-cell lysastes were prepared and subjected
to Western blot analysis with Snail antibody. Data represent
mean  s.e.m of three independent assays.  P < 0.01,  P < 0.001.
Scale bar: 20 mm (A), 200 mm (C).
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It has been shown that production of ROS results
in activation of the Erk cascade in response to
diverse stimuli [22]. Activation of the Erk pathway
not only controls cell proliferation and survival but
also cancer cell motility, invasion, and metastasis [23,24]. Therefore, we investigated whether the
activation of Erk is involved in the upregulation of
Snail expression in H. pylori-infected cells. H. pylori
infection caused a transient increase in the phosphorylation of Erk (Figure 3A). To confirm the role
of Erk in the upregulation of Snail expression
induced by H. pylori infection, U0126 (an inhibitor
of MEK, upstream of Erk) was utilized. The pharmacological inhibition of MEK-Erk signaling abolished
the phosphorylation of Erk induced by H. pylori

infection (Figure 3B). In addition, pretreatment of
AGS cells with U0126 blunted H. pylori-induced
Snail expression at both protein (Figure 3C) and
mRNA (Figure 3D) levels. We also noticed that
preincubation of AGS cells with NAC abolished the
activation of Erk caused by the H. pylori infection
(Figure 3E). Several lines of evidence indicate that
Erk binds directly to the Snail promoter (869/þ59),
driving transcription of Snail [25,26]. Accordingly,
we carried out ChIP-qPCR analysis using Erk
antibody and specific primers harbouring a sequence from 869 to þ59 of the Snail promoter in
AGS cells treated with H. pylori in the presence or
absence of NAC. The result of this experiment
revealed that NAC was able to suppress the binding
of Erk to the Snail promoter (Figure 3F). These data
suggest that H. pylori-induced upregulation of Snail
expression through Erk activation is likely to be
mediated by ROS.

Figure 3. Role of Erk in H. pylori-induced Snail expression. (A)
Whole-cell lysates from AGS cells treated with H. pylori were subjectd
to Western blot analysis. Densitometric quantiﬁcation of P-Erk1/2 is
shown. (B–D) Cells were pretreated with 20 mM of U0126, an MEK
inhibitor, for 1 h prior to incubation with H. pylori for additional 3 h. (B)
Levels of P-Erk1/2 were determined by Western blot analysis, showing
complete inhibition of Erk1/2 phosphorylation by U0126. (C)
Abrogation of H. pylori-induced Snail expression by U0126. Densitometric quantiﬁcation of Snail is shown. (D) Total RNA was prepared for
RT-qPCR with primers speciﬁc for Snail. Inhibition of H. pylori-induced

Snail mRNA expression by U0126. (E) AGS cells were treated with NAC
for 1 h prior to exposure to H. pylori for 3 h. Phosphorylation of Erk1/2
triggered by H. pylori was almost completely abolished by NAC
treatment. (F) AGS cells were treated with H. pylori in the presence or
absence of NAC. Cell lysates were then prepared and subjected to ChIP
with Erk antibody. ChIP-enriched DNA was ampliﬁed and analyzed by
qPCR using primers speciﬁc for 869/þ59 Snail promoter region. One
percent of the chromatin before immunoprecipitation served as input.
Data represent mean  s.e.m of three independent assays.  P < 0.05,

P < 0.01,  P < 0.001,   P < 0.0001, NS: non-signiﬁcant.

H. pylori-induced Snail expression in AGS cells is
mediated, at least in part, by ROS.
Erk Upregulates H. pylori-Induced Snail Expression
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induced by H. pylori infection (Figure 4C) without
affecting the Snail mRNA expression (Figure 4D).
Notably, the H. pylori-derived inactivation of GSK-3b
was suppressed by preincubation of AGS cells with
NAC (Figure 4E). According to previous studies, Erk
could act upstream of GSK-3b [29,30]. However, we
did not see any substantial changes in phosphorylation of GSK-3b by H. pylori when the MEK-Erk
signaling was blocked by U0126 (Figure 4F).

GSK-3b, a kinase located in the downstream of the
PI3K/Akt pathway, has been known to act as an
endogenous inhibitor of Snail by stimulating proteasomal degradation of this transcription factor [27,28].
Notably, GSK-3b became inactivated through phosphorylation at Ser9 upon H. pylori infection, which
appears to be attributable to activation of the
PI3K/Akt signaling (Figure 4A). To confirm that
suppression of GSK-3b activity by PI3K/Akt could
account for the upregulation of Snail by H. pylori, we
treated AGS cells with LY294002, a PI3K inhibitor,
and then examined the H. pylori-induced expression
of P-GSK-3b and Snail as well as P-Akt. We found that
pharmacologic inhibition of the PI3K-Akt axis abolished the H. pylori-induced phosphorylation of GSK3b (Figure 4B). In addition, the pretreatment with
LY294002 also attenuated the expression of Snail

Snail has been discovered as a highly unstable
protein with a half-life of approximately 25 min [31].
In agreement with this notion, Snail protein is barely
detectable in the H. pylori-untreated AGS cells. Thus,
we conducted a chase experiment by using CHX, a
protein synthesis inhibitor, to more precisely assess
the stability of Snail protein in the presence of

Figure 4. Involvement of the PI3K/Akt/GSK-3b axis in the induction
of Snail expression by H. pylori. (A) AGS cells were treated with H. pylori
and whole-cell lysates were prepared for Western blot analysis of P-Akt
and P-GSK-3b. Densitometric quantiﬁcation of P-Akt and P-GSK-3b is
shown. (B–D) Cells were pre-incubated with 20 mM of LY294002, a
PI3K inhibitor, for 1 h prior to co-incubation with H. pylori for
additional 3 h. (B) Complete inhibition of phosphorylation of Akt as
well as GSK3-b by LY294002. (C) Inhibitory effects of LY294002 on H.
pylori-induced Snail expression. Intensity of Snail bands was quantiﬁed. (D) Total RNA was prepared for RT-qPCR with speciﬁc primers for

Snail. LY294002 failed to inhibit H. pylori-induced Snail mRNA
expression. The histogram represents quantiﬁcation of Snail mRNA
levels. (E) AGS cells were treated with NAC for 1 h prior to exposure to
H. pylori for 3 h. Phosphorylation of GSK-3b triggered by H. pylori was
abolished by NAC treatment. (F) AGS cells were treated with
U0126 (20 mM) for 1 h prior to H. pylori exposure for additional 3 h.
Western blotting analysis was performed, showing no effect of U0126
on H. pylori-induced phosphorylation of GSK-3b. Data represent
mean  s.e.m of three independent assays.  P < 0.05,  P < 0.01,

P < 0.001, NS: non-signiﬁcant.
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DISCUSSION

H. pylori. Initially, AGS cells were treated with H. pylori
for 6 h to induce Snail expression and then exposed to
DMSO or CHX. As shown in Figure 5A and B, CHX
treatment did not alter the H. pylori-induced Snail
protein expression profile.
The transcriptional activity of Snail could be affected
by its subcellular localization. When localized in
cytoplasm, Snail is phosphorylated and subsequently
targeted for proteasomal degradation [32]. In the
presence of the proteasome inhibitor MG132, Snail is
maintained in a phosphorylated and ubiquitinated
form. As a result, the migration of Snail on SDS-PAGE
gel was found to be delayed [33]. However, Snail from
H. pylori infected cells moved faster than that from
MG132 treated ones (Figure 5C), suggesting the
existence of either a non-phosphorylated or a deubiquitinated/an unubiquitinated form of Snail that is
less prone to degradation by the ubiquitin-proteasome
system.
We also noticed a prominent nuclear accumulation
of Snail following H. pylori infection (Figure 5D). The
increased nuclear localization of Snail was further
verified by Western blot analysis (Figure 5E).

Expression of the transcription factor Snail is a
critical determinant in the manifestation of a
mesenchymal phenotype characterized by the spindle-like shape and migratory properties that contribute to acquisition of invasiveness of epithelial
cells in the tumor microenvironment [26]. In this
study, we found that human gastric adenocarcinoma AGS cells transfected with H. pylori exhibited
upregulated Snail expression with concomitant
manifestation of the hummingbird phenotype as
well as intercellular separation and increased cell
motility.
Our study provides an insight into the mechanism
underlying regulation of Snail by H. pylori infection.
We found that H. pylori activated signal transduction
mediated by both Erk and PI3K/Akt, which might
contribute to an upregulation of Snail expression in H.
pylori-infected AGS cells. In another study, it was
shown that a blockage of the MEK/Erk pathway
effectively inhibited the PI3K/Akt/GSK-3b signaling [34]. However, we did not observe any influence
of an MEK inhibitor on the phosphorylation of the

Figure 5. Increased protein stability and nuclear translocation of
Snail in cells treated with H. pylori. (A–B) AGS cells were pretreated with
H. pylori for 6 h before exposure to DMSO or CHX (10 mM), and Snail
expression was measured. All data are representative of three
independent assays. (C) HCT116 cells were treated with MG132 (20
mM), a proteasome inhibitor or H. pylori for 6 h. AGS cells were
incubated with H. pylori alone for 6 h. Whole-cell lysates were
subjected to Western blot analysis with Snail-speciﬁc antibody. Snail in

H. Pylori-treated cells migrated faster on SDS-PAGE gel than that in
MG132 treated cells. (D) Nuclear accumulation of Snail in AGS cells
upon H. pylori infection for 6 h was observed by ﬂuorescent microscopy
after immunoﬂuorescent staining. Scale bar: 20 mm (top), 10 mm
(bottom). (E) Nuclear translocation of Snail was veriﬁed by immunoblot
analysis. Actin and lamin B were included as loading controls for
cytosolic and nuclear fractions, respectively. Data are representative of
three independent assays. NS: non-signiﬁcant.
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Figure 6. A proposed mechanism underlying H. pylori induced
Snail accumulation in AGS cells through ROS-mediated activation of
Erk and inactivation of GSK-3b. ROS generated as a consequence of
H. pylori infection activates Erk1/2 through MEK-mediated phosphorylation. The phosphorylated Erk may bind directly to the Snail
promoter (869/þ59), driving transcription of Snail [25,26].
Alternatively, ROS can activate PI3K-Akt signlaing, which in turn
phosphorylates and catalytically inactivates GSK-3b. GSK-3b binds to

and phosphorylates Snail, resulting in the degradation of Snail.
However, inhibitory phosphorylation of GSK3b by Akt will enhance
the nuclear accumulation as well as the stability of Snail. The H.
pylori-derived virulence factor CagA can also promote Snail
upregulation and EMT through suppression of GSK-3b activity [15].
Thus, ROS and CagA are speculated to mediate H. pylori-induced
Snail upregulation and EMT, independently of each other or
coordinately.

GSK-3b in H. pylori–infected AGS cells. Thus, Erk and
GSK-3b might act independently of each other to
mediate H. pylori-induced Snail expression in AGS
cells. Once phosphorylated by H. pylori, Erk is likely to
regulate expression of Snail at a transcriptional level
through direct binding to Snail promoter region
comprising 869/þ59 with respect to translation
start. By contrast, GSK-3b appears to mediate expression of Snail at a translational, but not a transcriptional level. It has been reported that Snail activity is
regulated by its subcellular localization. When present in the cytoplasm, Snail is phosphorylated by
upstream signaling kinases and then degraded via the
ubiquitin-proteasome pathway [35–37]. Notably,
GSK-3b was shown to bind and phosphorylate Snail
at two consensus motifs, thereby differentially modulating the function of this transcription factor.
Phosphorylation of the second motif causes Snail to
export to the cytoplasm from the nucleus, whereas
phosphorylation of the first motif regulates its bTrcp-mediated ubiquitination, resulting in a reduced
stability of Snail with a half-life of approximately
25 min [31]. In our current study, we also noticed that

phosphorylation of GSK-3b by H. pylori, which keeps
this kinase in an inactivated state, elevated the
protein level of Snail without affecting expression
of its mRNA transcript, corroborating the role of
GSK-3b in modulating the stability of Snail protein.
While our manuscript was being in preparation, Lee
et al. have reported that H. pylori-derived virulence
factor CagA promotes Snail-mediated EMT through
suppression of GSK-3b activity [15]. According to this
study, CagA was proposed to bind to GSK-3b and
consequently inhibit its kinase activity in a manner
similar to canonical Wnt activation [15]. CagA is
likely to be one of the bona fide Snail inducers as
demonstrated by use of a CagA mutant type of
H. pylori [15]. However, we noticed that H. pylori
appears to be far more effective than CagA in terms of
inducing Snail expression.
A salient feature of our present study is that ROS
overproduced in response to H. pylori infection,
probably due to mitochondria dysfunction [38],
contributes to the increased expression of Snail by
this bacterium. Our findings clearly reveal that H.
pylori infection of AGS cells elevates Snail expression
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via ROS-mediated activation of Erk and inactivation
of GSK3b. ROS and CagA either independently of each
other or coordinately mediate H. pylori-induced Snail
expression.
We found that H. pylori-induced Snail expression
was abrogated by the addition of the ROS-quenching
reagent, NAC. NAC inhibited phosphorylation of Erk,
its binding to the Snail promoter, and phosphorylation of GSK-3b by blocking intracellular ROS accumulation, leading to reduction of Snail expression.
Based on these findings, it is likely that overproduction of ROS could be a plausible link between H. pylori
and activation of Erk and inactivation of GSK-3b
pathways.
Overexpression of Snail has been associated with
invasion, metastasis and poor prognosis, particularly
in gastric cancer [12,39]. Once Snail is inactivated,
invasive and metastatic capability of cancer cells
could be diminished [40,41]. Since the ROS scavenger
NAC abolished H. pylori-induced Snail expression,
ROS-quenching agents or regimen capable of potentiating body’s antioxidant capacity could be utilized
in the management of gastric cancer caused by
H. pylori infection.
In summary, our study reveals that H. pylori infection
overproduces ROS and subsequently upregulates expression of Snail via multiple mechanisms. These
include the increase in Snail transcription, the prevention of Snail protein degradation, and the enhancement of Snail nuclear localization, which partly
involves activation of Erk and inactivation of GSK-3b
as schematically proposed in Figure 6.
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