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Helicobacter pylori VacA Enhances Prostaglandin E2 Production
through Induction of Cyclooxygenase 2 Expression via a p38

Mitogen-Activated Protein Kinase/Activating Transcription
Factor 2 Cascade in AZ-521 Cells�
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Treatment of AZ-521 cells with Helicobacter pylori VacA increased cyclooxygenase 2 (COX-2) mRNA in a time- and
dose-dependent manner. A p38 mitogen-activated protein kinase (MAPK) inhibitor, SB203580, blocked elevation of
COX-2 mRNA levels, whereas PD98059, which blocks the Erk1/2 cascade, partially suppressed the increase.
Consistent with involvement of p38 MAPK, VacA-induced accumulation of COX-2 mRNA was reduced in AZ-521
cells overexpressing a dominant-negative p38 MAPK (DN-p38). Phosphatidylinositol-specific phospholipase C,
which inhibits VacA-induced p38 MAPK activation, blocked VacA-induced COX-2 expression. In parallel with
COX-2 expression, VacA increased prostaglandin E2 (PGE2) production, which was inhibited by SB203580 and
NS-398, a COX-2 inhibitor. VacA-induced PGE2 production was markedly attenuated in AZ-521 cells stably
expressing DN-p38. VacA increased transcription of a COX-2 promoter reporter gene and activated a COX-2
promoter containing mutated NF-�B or NF–interleukin-6 sites but not a mutated cis-acting replication element
(CRE) site, suggesting direct involvement of the activating transcription factor 2 (ATF-2)/CREB-binding region in
VacA-induced COX-2 promoter activation. The reduction of ATF-2 expression in AZ-521 cells transformed with
ATF-2–small interfering RNA duplexes resulted in suppression of COX-2 expression. Thus, VacA enhances PGE2
production by AZ-521 cells through induction of COX-2 expression via the p38 MAPK/ATF-2 cascade, leading to
activation of the CRE site in the COX-2 promoter.

Helicobacter pylori is of growing concern today because of its
crucial role in the pathogenesis of chronic gastritis, peptic ulcer
disease, and gastric cancer (3, 25, 32, 39). Persistent infection
with H. pylori causes prolonged inflammation, including intra-
glandular infiltration in the gastric mucosa by neutrophils, lym-
phocytes, and plasma cells. Inflammatory reactions mediated
by cytokines, adhesion molecules, active oxygen species, nitric
oxide, and prostaglandins have been implicated in the patho-
genesis of gastric mucosal injury induced by H. pylori (35).
Increased expression of the inducible type of nitric oxide syn-
thase and cyclooxygenase 2 (COX-2) (19) and elevated levels
of proinflammatory cytokines (25) are also observed in the
gastric mucosa of patients with H. pylori infection.

In the stomach, prostaglandins, especially prostaglandin E2

(PGE2), play a cardinal role in maintenance of gastric mucosal

integrity via several mechanisms, including regulation of gas-
tric mucosal blood flow, kinetics of epithelial cells, synthesis of
mucus, and inhibition of gastric acid secretion (52). On the
other hand, PGE2 transactivates epidermal growth factor re-
ceptor (EGFR) and triggers mitogenic signaling in gastric ep-
ithelial and colon cancer cells as well as in rat gastric mucosa
in vivo. Thus, PGE2 exerts trophic actions on gastric and in-
testinal mucosa, resulting in hypertrophy as well as prolifera-
tion of colonic cancers (37). Interestingly, COX-2 inhibitors or
nonsteroidal anti-inflammatory drugs may be part of a new
therapeutic strategy for protection against colorectal cancer
(24). In addition, we recently found that the levels of thrombin-
antithrombin complex, epidermal growth factor, and prosta-
glandin E2 were higher in patients infected with a VacA-produc-
ing H. pylori strain than in those with a non-VacA-producing
strain (51).

Among the virulence factors produced by H. pylori, vacuo-
lating cytotoxin, VacA, an oligomeric protein complex of about
1,000 kDa (31), has been shown to cause progressive vacuola-
tion and death of epithelial cells (12, 14). VacA induces mul-
tiple effects on susceptible cells (e.g., epithelial and lymphatic
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cells [12]), including vacuolation with alterations of endo-lyso-
somal function (13, 59), mitochondrial damage (11, 21, 29, 30,
55, 56), and inhibition of primary human CD4� cell prolifer-
ation (49). These effects of VacA appear to result from acti-
vation of different signal transduction pathways. VacA-induced
activation of the p38/activating transcription factor 2 (ATF-2)-
mediated signal pathway is independent of VacA effects on
cellular vacuolation, a decrease in mitochondrial membrane
potential, or cytochrome c release from mitochondria (33).
Further, phosphorylation of Git1 (G protein-coupled receptor
kinase interactor 1), which may be responsible for epithelial
cell detachment, results from a mechanism different from that
leading to vacuolation (20). In addition, consistent with sup-
pression of nuclear translocation of nuclear factor of activated
T cells, NFAT, in Jurkat T cells (4, 22), VacA counteracted
CagA-induced activation of NFAT in AGS cells, suggesting
that the two major H. pylori virulence factors inversely control
NFAT activity (60). Moreover, in neutrophils or macrophages
treated with VacA, p38 mitogen-activated protein kinase
(MAPK) phosphorylation as well as COX-2 expression were
observed (4). In addition, more recent work (2) described the
activation of p38 MAP kinase by VacA in a human T-cell line
(Jurkat) and a murine T-cell line (LBRM-33), but not in pri-
mary murine splenocytes and CD4� T cells.

Here we report that VacA increases PGE2 production by
AZ-521 cells by up-regulation of COX-2 expression through a
signaling pathway involving the p38 MAP kinase/ATF-2 cas-
cade, leading to activation of the cis-acting replication element
(CRE) on the COX-2 promoter.

MATERIALS AND METHODS

Antibodies and other reagents. SB203580 was purchased from Calbiochem;
PD98059 was obtained from Biomol International, L.P.; bafilomycin A1, G418,
5-nitro-2-(3-phenylpropylamino)-benzoic acid (NPPB), NS-398, and phosphati-
dylinositol-specific phospholipase C (PI-PLC) were from Sigma. Other reagents
were of analytical grade.

Cell culture. AZ-521 human gastric adenocarcinoma cells (Culture Collection
of Health Science Resource Bank, Japan Health Science Foundation) were
grown in Earle’s minimal essential medium (Sigma) containing 10% fetal calf
serum (FCS) under a 5% CO2 atmosphere at 37°C.

Purification of VacA. The toxin-producing H. pylori strain ATCC 49503 was
the source of VacA for purification by a modification of our published procedure
(33). In brief, after growth of H. pylori in Brucella broth containing 0.1% �-cy-
clodextrin at 37°C for 3 to 4 days with vigorous shaking in a controlled microaero-
bic atmosphere of 10% O2 and 10% CO2, VacA was precipitated from culture
supernatant with 50% saturated ammonium sulfate. Precipitated proteins were
dialyzed against RX buffer (10 mM KCl, 0.3 mM NaCl, 0.35 mM MgCl2, and
0.125 mM EGTA in 1 mM HEPES, pH 7.3) and applied to an anti-VacA-specific
immunoglobulin G (IgG) antibody column equilibrated with RX buffer. After
washing the column with RX 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 (60 mM
Tris-HCl buffer, pH 7.7, containing 0.1 M NaCl), purified VacA was stored at
�20°C. This purified VacA was activated by acidic elution from an anti-VacA-
specific IgG antibody column.

RNA preparation, reverse transcription-PCR (RT-PCR), and real-time quan-
titative PCR. Total RNA was extracted from AZ-521 cells by using ISOGEN
(Nippon Gene, Tokyo, Japan) and reverse transcribed into single-strand cDNA
(1st strand synthesis kit; Roche Applied Science) using oligo(dT) primers. The
resulting cDNA was used as a template for PCR to amplify specific COX-2
cDNA regions with the primers COX-2-sense (5�-CACTTGAGTGGCTATCA
CTTCAAACTGAAA-3�) and COX-2-antisense (5�-CTACAGTTCAGTCGAA
CGTTCTTTTAGTAG-3�). After initial denaturation for 2 min at 95°C, 25 cycles
of denaturation (1 min, 95°C), annealing (2 min, 55°C), and elongation (2 min,

FIG. 1. Time- and dose-dependent induction of COX-2 by VacA in AZ-521 cells. (A) Confluent AZ-521 cells were incubated with VacA (120 nM)
in EMEM without serum. Total RNA was isolated at 0, 1, 2, 6, and 12 h after addition of VacA. The relative levels of COX-2 mRNA expression compared
with GAPDH mRNA were measured by RT-PCR (upper panel) and real-time quantitative PCR (lower panel). The data are representative of at least
three experiments. Real-time quantitative PCR results are from three independent experiments, which are presented as the mean � standard deviation
(SD). *, P � 0.01. (B) Confluent AZ-521 cells were stimulated with 0, 15, 30, 60, 120, or 240 nM VacA in MEM without serum. Total RNA was isolated
at 2 h after addition of VacA. The relative levels of COX-2 mRNA expression compared with GAPDH mRNA were measured by RT-PCR (upper panel)
and real-time quantitative PCR (lower panel). The data are representative of at least three experiments. Real-time quantitative PCR results from three
independent experiments with assays in duplicate are presented as the mean � SD. *, P � 0.02.
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74°C) were followed by a final elongation for 5 min at 74°C. For control ampli-
fications of the glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA,
similar cycling conditions were used. The amplified products were visualized on
1.0% agarose gels. Real-time quantitative PCR assay was carried out with the
LightCycler system (Roche Applied Science), using LightCycler Master SYBR
Green I (Roche Applied Science). The basic protocol for real-time quantitative
PCR was an initial incubation at 95°C for 2 min, followed by 45 cycles of 94°C for
30 s, 55°C for 30 s, and 74°C for 1 min and finally cooling at 4°C. All samples
were run in triplicate; the relative expression values were normalized to the
expression of GAPDH. To establish the significance of the results, Student’s
t test was used for numerical 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.

Effect of SB203580, PD98059, PI-PLC, bafilomycin A1, or NPPB on VacA-
induced COX-2 mRNA expression. AZ-521 cells (1 � 106) were pretreated with
SB203580 (10 	M for 60 min), PD98059 (10 	M for 60 min), bafilomycin A1 (2.5
nM for 30 min), NPPB (50 	M for 30 min), or PI-PLC (1 U/ml for 60 min) at
37°C prior to incubation with or without VacA (120 nM) in Eagle’s minimal
essential medium (EMEM) without serum. Total RNA was isolated at 2 h after
addition of VacA. The relative levels of COX-2 mRNA compared with GAPDH
mRNA were measured by RT-PCR or real-time quantitative PCR.

p38 MAP kinase dominant-negative transfection of AZ-521 cells. Transfection
procedures were performed using Lipofectamine 2000 reagent (Invitrogen), ac-
cording to the manufacturer’s instructions. AZ-521 cells were seeded in 6-cm2

plates (1 � 106 cells in 4 ml of EMEM), incubated at 37°C for 24 h, and then
transfected with pcDNA3 vector as control or pcDNA3/p38(AF) as the domi-
nant-negative p38 construct. The transfected cells were selected with 100 	g/ml
G418 for 3 weeks. Individual stable transformants were isolated using cloning
cylinders. To examine whether overexpression of dominant-negative p38 MAP
kinase inhibited p38 MAP kinase phosphorylation in the presence of VacA,
whole-cell lysates were prepared and resolved by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis. Western blot analysis was performed with a
phosphorylation-specific p38 MAP kinase antibody. To test the inhibitory effect
of p38 MAP kinase on VacA-induced COX-2 expression by transfection with
dominant-negative p38 MAP kinase constructs, COX-2 mRNA in AZ-521 cells
transformed with a dominant-negative p38 MAP kinase was compared with
wild-type AZ-521 cells transfected with pcDNA3 control vector by using RT-
PCR and/or real-time quantitative PCR.

Transfection with ATF-2 siRNA. RNA interference to lower ATF-2 content
was performed as previously reported by Agelopoulos and Thanos (1). In brief,
AZ-521 cells were seeded (2.0 � 105 cells in 4 ml of EMEM/dish) in 60-mm
culture dishes and grown overnight; ATF-2–silencer small interfering RNA
(siRNA; 1 	g) duplexes were introduced into cells using Lipofectamine 2000

transfection reagent (Invitrogen), according to the manufacturer’s recommen-
dations. The ATF-2–siRNA and negative control siRNA (NC-siRNA) were
purchased from Santa Cruz. Silencing of the ATF-2 gene was determined by
measuring ATF-2 protein expression at 24 h after transfection by Western
blotting using anti-ATF-2 antibodies.

COX-2 promoter activity by luciferase assay. To assess COX-2 promoter
activity, AZ-521 cells were seeded in 24-well culture plates (7.5 � 104 cells in 1
ml of EMEM containing 10% FCS and cultured at 37°C for 24 h to reach
subconfluence. A reporter construct (1.0 	g) (26, 27) was mixed with 20 ng/ml of
a control vector, pRL-TK, in 50 	l of EMEM. The solution was mixed with 1 ml
of Lipofectamine 2000 reagent, diluted in 150 	l of EMEM, and incubated at
room temperature for 20 min; two vectors in 200-	l solutions were cotransfected
into AZ-521 cells after the cells were washed twice with EMEM. The cells were
incubated at 37°C for 12 h in a 5% CO2 atmosphere. After transfection with
plasmid, the medium was replaced with 150 	l of fresh EMEM without FCS. The
next day, the cells were treated with 120 nM VacA. After incubation at 37°C for
6 h, cells were washed with 500 	l of phosphate-buffered saline and lysed by
adding 100 	l of lysis buffer (Toyo Ink Co.). After incubation for 15 min at room
temperature, the lysate was centrifuged (15,000 � g, 5 min, 4°C) and the super-
natant was harvested and assayed with a PicaGene dual-luciferase assay kit
(PG-DUAL SP; Toyo Ink, Tokyo, Japan) according to the manufacturer’s in-
structions.

PGE2 enzyme immunoassay. AZ-521 cells were seeded in 24-well culture
plates (2 � 105 cells in 1 ml of EMEM containing 10% FCS per well) and
incubated at 37°C for 24 h in a 5% CO2 atmosphere. Cells were treated with or
without 120 nM VacA for 6 h. The supernatant medium was then collected and
assayed for PGE2 using a specific enzyme immunoassay kit according to the
manufacturer’s instructions (Amersham). Medium alone without cells was incu-
bated under the same conditions and used as a blank control for the enzyme
immunoassay.

RESULTS

Effect of VacA on COX-2 mRNA levels in AZ-521 cells. To
understand whether VacA affects the levels of COX-2 mRNA,
AZ-521 gastric epithelial cells (1 � 106) were incubated with
120 nM VacA for 1, 2, 6, and 12 h. After incubation, COX-2
mRNA was measured from the total isolated RNA by semi-
quantified RT-PCR and real-time PCR assays (Fig. 1A).
COX-2 mRNA levels in VacA-treated cells were significantly

FIG. 2. Effects of p38 MAP kinase and Erk1/2 inhibitors on VacA-induced COX-2 expression in AZ-521 cells. Confluent AZ-521 cells were
pretreated with SB203580 (10 	M) or PD98059 (10 	M) or both for 1 h prior to incubation with or without VacA (120 nM) in EMEM without
serum. Total RNA was isolated at 2 h after addition of VacA. The relative levels of COX-2 mRNA expression compared with GAPDH mRNA
were measured by RT-PCR (A) and real-time quantitative PCR (B). The data are representative of at least three experiments. Real-time PCR
results from three independent experiments with assays in duplicate are presented as the mean � standard deviation (n 
 3). *, P � 0.005.
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elevated within 2 h of incubation and declined thereafter. Cells
not exposed to VacA showed low or undetectable levels of
COX-2 mRNA. In agreement, quantification of the effects of
VacA by real-time PCR indicated a concentration-dependent
increase in expression of COX-2 mRNA after 2 h incubation
(Fig. 1B).

Effects of p38 and Erk inhibitors on VacA-induced COX-2
mRNA expression. Up-regulation of COX-2 by VacA may be
indicative of a strong host cell inflammatory response. Activa-
tion of each of the three major MAP kinase pathways, Erk1/2,
JNK, and p38 MAP kinase, have been shown to enhance the
expression of COX-2 by endotoxin (58). Since VacA activates
Erk1/2 and p38 MAP kinase, but not JNK (4), additional
studies were carried out with inhibitors of Erk1/2 and p38
MAP kinase to determine the significance of MAP kinase
pathways for VacA-induced COX-2 expression. COX-2 mRNA
up-regulation induced by VacA was blocked by a specific in-
hibitor of p38 MAPK activity, SB203580, at 10 	M (Fig. 2). A
partial inhibitory effect was achieved in cells treated with a
MEK inhibitor, 10 	M PD98059, which is known to block the
Erk1/2 signal cascade, prior to treatment with 120 nM VacA
for 1 h (Fig. 2). Thus, the p38 MAP kinase signaling pathway
may be primarily responsible for the increase in COX-2
mRNA induced by VacA in AZ-521 cells.

Further evidence of p38 MAPK involvement in COX-2 ex-
pression. To determine further the role of p38 MAP kinase in

regulating COX-2 expression in response to VacA treatment,
AZ-521 cells were transformed with a p38 MAP kinase dom-
inant-negative construct. Overexpression of dominant-negative
p38 MAP kinase inhibited p38 MAP kinase phosphorylation in
the presence of VacA (Fig. 3). VacA-induced COX-2 expres-
sion was markedly attenuated in AZ-521 cells transformed
with a dominant-negative construct compared to control cells
(Fig. 4), consistent with the conclusion that the p38 MAP
kinase signaling pathway was critical for VacA-induced COX-2
expression. We found recently that NPPB, which disrupts an-
ion channels, or bafilomycin A1, which is a vacuolar-type H�-
ATPase inhibitor, inhibited VacA internalization followed by
vacuolation but did not inhibit translocation of VacA to lipid
rafts or VacA-induced activation of p38 MAP kinase in AZ-
521 cells. In contrast, PI-PLC, which removes glycosylphos-
phatidylinositol (GPI)-anchored proteins, inhibited VacA
translocation to lipid rafts, p38 MAP kinase activation, VacA
internalization, and VacA-induced vacuolation (34). Consis-
tent with the inhibition of p38 MAP kinase activation by PI-
PLC treatment, PI-PLC inhibited VacA-induced COX-2 ex-
pression, whereas NPPB and bafilomycin A1 had no effect
(Fig. 5). These results support our hypothesis that p38 MAP
kinase activation by VacA is critical for signaling pathways
leading to COX-2 expression in AZ-521 cells.

VacA up-regulates COX-2 through a CRE site in the COX-2
promoter and ATF-2 function. Among known positive COX-2

FIG. 3. Effect of overexpression of dominant-negative p38 on phosphorylation of p38 MAP kinase in AZ-521 cells. AZ-521 cells transfected
with pcDNA3 control vector (A) or Flag-tagged dominant-negative p38 construct (B) were incubated with 120 nM VacA for 0, 5, 10, 30, or 60 min.
Whole-cell lysates were prepared and resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Western blot analysis was performed
with a phosphorylation-specific p38 MAP kinase antibody. The blot was then stripped and reprobed with a p38 MAP kinase antibody to determine
equivalent loading of each lane. Data are representative of three separate experiments. (C) Relative densities of phospho-p38 as determined by
densitometry scan analysis were compared to densities obtained at 0 min as a control. Data are means � standard errors of values from triplicate
experiments. *, P � 0.01.

VOL. 75, 2007 ENHANCEMENT OF PGE2 PRODUCTION BY VacA 4475



transcriptional regulators, such as NF-�B (41), NF–interleu-
kin-6 (NF–IL-6) (41), AP-1 (41), NFAT (17), or ATF-2/CREB
(38), we found that VacA induced activation of ATF-2 through
p38 MAP kinase stimulation in AZ-521 cells (33). To examine
which site in the COX-2 promoter was responsible for COX-2

expression, we next transfected AZ-521 cells with the COX-2
reporter plasmid WTCOX-2 (�327/�59) and evaluated the
effect of VacA treatment on AZ-521 cells transfected with
the COX-2 gene promoter with a site-specific mutation of the
CRE region, which is a binding site for ATF-2 and CREB

FIG. 4. Induction of COX-2 mRNA by VacA in AZ-521 cells transformed with dominant-negative p38. Confluent AZ-521 cells transformed
with dominant-negative p38 or pcDNA3 control vector were incubated with VacA (120 nM) in EMEM without serum. Total RNA was isolated
at 0, 1, 2, 6, and 12 h after addition of VacA. The relative levels of COX-2 mRNA expression compared with GAPDH mRNA were measured by
RT-PCR (A and B) and real-time quantitative PCR (C and D). The data are representative of at least three experiments. Real-time PCR results
from three independent experiments with assays in duplicate are presented as the means � standard deviations (n 
 3). *, P � 0.01.

FIG. 5. Treatment with PI-PLC, but not bafilomycin A1 or NPPB, inhibited VacA-induced COX-2 expression in AZ-521 cells. Confluent
AZ-521 cells were pretreated with bafilomycin A1 (2.5 nM for 30 min), NPPB (50 	M for 30 min), or PI-PLC (1 U/ml for 60 min) at 37°C prior
to incubation with or without VacA (120 nM) in EMEM without serum. Total RNA was isolated at 2 h after addition of VacA. The relative levels
of COX-2 mRNA compared with GAPDH mRNA were measured by RT-PCR (A) and real-time quantitative PCR (B). The data are represen-
tative of at least three experiments. Real-time PCR results from three independent experiments with assays in duplicate are presented as the
means � standard deviations. *, P � 0.02; **, P � 0.04.
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(Fig. 6A). VacA increased luciferase activity by more than
2.5-fold, and this effect was blocked by a CRE mutation (Fig.
6B), suggesting that the effect was mediated at least in part
through the CRE region. On the other hand, the effects of
VacA were not altered on AZ-521 cells transfected with a
COX-2 promoter plasmid mutated at either the NF-�B or
NF–IL-6 site (Fig. 6B). These data demonstrate direct involve-
ment of the ATF-2/CREB binding region in VacA-induced
activation of the COX-2 promoter. In agreement, the reduc-
tion of ATF-2 expression in AZ-521 cells transformed with
ATF-2–siRNA resulted in suppression of COX-2 expression
(Fig. 7).

VacA-induced p38 MAP kinase-mediated activation of the
COX-2 promoter. To determine whether VacA-induced p38
MAP kinase-mediated activation was involved in the COX-2
promoter activation, we evaluated the effect of VacA treat-

ment on AZ-521 cells expressing a dominant-negative p38
MAP kinase or control cells transfected with empty vector
after transfection with the �327/�59 promoter. VacA did not
increase luciferase expression in AZ-521 cells transformed
with a p38 MAP kinase dominant-negative construct compared
to empty vector, suggesting that functional p38 MAPK kinase
is required for VacA-induced activation of the COX-2 pro-
moter (Fig. 8).

VacA up-regulates PGE2 production. We also examined
whether VacA-induced COX-2 expression affected PGE2 pro-
duction by AZ-521 cells. As shown in Fig. 9A, VacA induced
PGE2 production by AZ-521 cells in a time-dependent man-
ner. In addition, NS-398, a COX-2 inhibitor, reduced VacA- or
EGF-induced PGE2 production by AZ-521 cells in a concen-
tration-dependent manner (Fig. 9B). Further, VacA-induced
PGE2 production was reduced in AZ-521 cells overexpressing
a dominant-negative p38 MAP kinase construct, suggesting
that VacA increased PGE2 production through a signaling
pathway that included p38 MAP kinase (Fig. 9C).

DISCUSSION

Two COX isoforms initiate the conversion of arachidonate
to prostaglandins and thromboxanes. COX-1 is constitutively
expressed in almost all cells and is important for the mainte-
nance of homeostatic functions, whereas COX-2 is transiently
induced by proinflammatory cytokines, growth factors, and
tumor promoters (16). Indeed, COX-2 is overexpressed in
cancers of the colon (18), stomach (43), lung (5), and breast
(48). Alterations in PGE2 production controlled by COX-2
have been implicated in many pathological processes, includ-
ing acute and chronic inflammation, angiogenesis, cancer, and
allergic diseases (36). It has been argued that up-regulation of
COX-2 plays a central role in the inflammatory changes and
tissue damage associated with chronic H. pylori infection and is
also involved in gastric tumorigenesis (24, 51). Three publica-
tions are relevant to COX-2 expression induced by VacA.
Caputo et al. (7) reported that H. pylori up-regulated vascular
endothelial growth factor (VEGF) expression in MKN 28 gas-
tric cells: this effect was specifically related to VacA and ap-
peared to depend on the activation of an EGFR-, Erk-, and
COX-2-mediated pathway. Romano et al. (44) reported that
H. pylori up-regulated COX-2 mRNA expression and PGE2

synthesis in MKN 28 cells independent of VacA, CagA, and
urease-generated ammonia; this group found that H. pylori
�-glutamyltranspeptidase was involved in the upregulation of
COX-2, heparin binding EGF, and amphiregulin in MKN 28
and AGS cells (6). Jüttner et al. (28) reported that H. pylori
stimulated COX-2 gene transcription, indicating the critical
importance of MEK/Erk-dependent activation of upstream
stimulatory factors 1 and 2 and CREB transcription factors in
MKN 28 cells, independent of VacA gene- and cagPAI-en-
coded virulence factors. In these publications, however, instead
of using purified VacA, a mutated strain of H. pylori lacking a
VacA gene was used, and two research groups concluded that
H. pylori-stimulated COX-2 expression in MKN 28 and AGS
cells was independent of the VacA gene (6, 28), although Erk
appears to mediate COX-2 expression responsible for induc-
tion of VEGF in MKN 28 cells by a VacA-positive H. pylori
strain (7). Thus, the mechanism whereby VacA contributed to

FIG. 6. Transcriptional activation of the COX-2 promoter by VacA
in AZ-521 cells. (A) Schematic representation of the 5� regulatory
region of the COX-2 gene with mutations (26, 27). Rectangles indicate
the location of the NF-�B, NF–IL-6, and CRE sites. The luciferase
reporter driven by the COX-2 promoter region (�327/�59) was mu-
tated at the NF-�B, NF–IL-6, or CRE site. The mutated sequences are
as follows: NF-�B site (�233/�214), changed from GGGACTACCC
to cccgggACCC; NF–IL-6 site (�132/�124), changed from TTACG
CAAT to TTggtaccT; CRE site (�59/�53), changed from TTCGTCA
to TTgagCt. Promoter activity is not contained in the short type of
reporter vector containing the 5�-flanking region of the COX-2 gene
promoter (�52/�59). Distances are given as nucleotide positions rel-
ative to the transcriptional start site, which is �1. (B) AZ-521 cells
were transiently transfected with COX-2 promoter-luciferase reporter
plasmids with the �327/�59, CRM, ILM, KBM, or �52/�59 promot-
ers. Cells were either untreated or treated with 120 nM VacA (0 or 6 h)
at 37°C. Relative changes in luciferase expression were measured.
Open bars, activities without VacA; solid bars, activities with VacA
incubation. Data are means � standard deviations of values from three
independent experiments with assays in duplicate. *, P � 0.02.
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COX-2 expression and PGE2 synthesis was obscured by the
presence of H. pylori �-glutamyltranspeptidase, which also af-
fects COX-2 expression. In addition, recent work showed that
COX-2 expression was induced by EGF (47), which is found at
0.2 to 1 ng/ml in serum (45). Therefore, we simplified the
experiment by using purified VacA without serum and exam-
ined the potential roles of VacA as an inducer of COX-2
expression and prostaglandin production to determine its im-
portance in the pathogenesis of disease caused by H. pylori
infection.

The p38 MAP kinase phosphorylation and COX-2 expres-
sion induced by VacA were reported first using human neu-
trophils or macrophages (4). Algood et al. (2) more recently

reported activation of p38 MAP kinase by VacA in T-cell lines.
It is clear that VacA activates p38 MAP kinase in not only
human blood cells, (neutrophils and macrophages [4] and T
cells [2]), but also in gastric epithelial cells (33). With regard to
the function of p38 MAP kinase, it has been found that the p38
MAP kinase pathway affects the stability of interleukin-1-in-
duced COX-2 mRNA (42). p38 MAP kinase substrates can be
divided into two categories, e.g., transcription factors (Sap1,
CHOP, p53, MEF2, C/EBPb, NFATp, STAT4, and ATF-2)
and protein kinases (MK2. MK3, MNK1, PRAK, and MSK1/
2). It appears that MK2 is one of the substrates of p38 MAP
kinase involved in mRNA stabilization in T cells (15). Inter-
leukin-1-induced increases in COX-2 mRNA are NF-�B and
MAPK independent, but the translation of COX-2 protein is
NF-�B dependent in intestinal epithelial cells (57). Therefore,
the signaling pattern due to interleukin-1 demonstrates the
complexities of regulating COX-2 gene in T cells and intestinal
epithelial cells. To investigate the molecular mechanism of
COX-2 expression in gastric epithelial cells, we examined
whether the p38 MAP kinase/ATF-2 cascade is responsible for
COX-2 expression in VacA-treated cells.

The MAPKs are a family of highly evolutionarily conserved
protein kinases (Erk, JNK, and p38 MAP kinase) connecting
cell surface receptors to critical regulatory targets within cells.
They regulate important cellular processes, including gene ex-
pression, cell proliferation, and cell motility (8). Interestingly,
Erk, JNK, and p38 MAP kinase play a role in COX-2 expres-
sion in a cell-specific manner. Our previous studies in AZ-521
cells demonstrated that VacA activates the p38 MAP kinase/
ATF-2 and Erk1/2 cascades, but not the JNK pathway (33).

To determine the significance of MAP kinase pathways for
VacA-induced COX-2 expression in AZ-521 cells, we exam-
ined whether VacA induced COX-2 expression (Fig. 1) and if
its induction was affected by the presence of inhibitors of p38

FIG. 7. Effect of ATF-2 silencing on VacA-induced COX-2 mRNA expression in AZ-521 cells. AZ-521 cells were grown overnight, and
silencing of the ATF-2 gene was performed with ATF-2–siRNA or NC-siRNA as described in Materials and Methods. After a 24-h transfection,
cells were suspended in EMEM without serum and treated with VacA for 2 h. (A) Reduction of the ATF-2 protein level was confirmed by Western
blotting with anti-ATF-2 antibodies (upper panel), and relative densities determined by densitometry scan analysis (bottom panel) were compared
to densities obtained by NC-siRNA transfection. The data are representative of at least two experiments. *, P � 0.002 compared with the control
siRNA. (B) The relative levels of COX-2 mRNA expression were compared with GAPDH mRNA as measured by real-time quantitative PCR. The
data are representative of at least three experiments. *, P � 0.02.

FIG. 8. Effect of dominant-negative p38 MAP kinase on VacA-
dependent COX-2 promoter activation. AZ-521 cells transfected with
the pcDNA3 control vector or a dominant-negative p38 construct
(DN-p38) were transiently transfected with the luciferase reporter
plasmid containing the COX-2 promoter (�327/�59) construct. Cells
were incubated with 120 nM VacA for 0 or 6 h at 37°C. Relative
changes in luciferase expression were measured. Open bars, activities
without VacA; solid bars, activities with VacA incubation. Data are
means � standard deviations of values from three independent exper-
iments with assays in duplicate. *, P � 0.02.
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MAPK and Erk1/2 (Fig. 2). VacA increased amounts of
COX-2 mRNA in a time- and dose-dependent manner. Con-
sistent with our previous findings, which showed that p38
MAPK phosphorylation in AZ-521 cells treated with VacA was
completely inhibited by addition of anti-VacA IgG (33), VacA-
stimulated COX-2 induction was blocked by addition of anti-
VacA IgG (data not shown), suggesting that the induction of
p38 MAP kinase and subsequent effects are not due to the
presence of contaminants in the purified VacA (e.g., lipopoly-
saccharide). SB203580, an inhibitor of p38 MAP kinase, com-
pletely blocked the elevation of COX-2 mRNA levels, whereas
PD98059, which is known to block the Erk1/2 signal cascade,
only partially suppressed it, consistent with the activation of an
EGFR-, Erk-, and COX-2-mediated pathway for VEGF induc-
tion (7) or, as an alternate possibility, that the inhibitory effects
of PD98059 are not limited to the Erk1/2 signaling cascade. In
addition, data from studies on overexpression of a dominant-
negative p38 MAP kinase (Fig. 3, 4, and 9C) suggested that
VacA increased COX-2 expression followed by PGE2 produc-
tion in AZ-521 cells through a signaling pathway that included
p38 MAP kinase. This action of VacA is similar to that of
endothelin-1, which stimulates COX-2 expression through p38
MAP kinase activation (40). It has been shown that there are
significant differences in the signaling pathway between angio-
tensin II (Ang II) and EGF. Inhibition of Erk activation by
PD98059 or U0126 significantly decreased EGF-dependent
COX-2 expression but did not affect Ang II-dependent COX-2
expression. Inhibition of p38 MAP kinase by SB202190 or
PD169316 blocked COX-2 expression by Ang II but did not
inhibit COX-2 induction by EGF. In addition, Ang II induced
phosphorylation of p38 MAP kinase, followed by an increase in
the phosphorylation of ATF-2, whereas EGF stimulated
COX-2 expression through Erk activation (47). Activated
Erk1/2 is able to directly phosphorylate transcription factors
such as Elk-1 and Sap-1, inducing transcription from c-fos via
AP-1 (46, 54) and stimulates AP-1 binding to the CRE site on
the COX-2 promoter (23, 48). As shown in Fig. 6, we found
that VacA increased luciferase expression in AZ-521 cells
transfected with the �327/�59 promoter whereas VacA had
no effect in AZ-521 cells transfected with a COX-2 promoter
containing a mutated CRE site, but a promoter having mu-
tated NF-�B or NF–IL-6 sites did not show an altered VacA
response. VacA-induced COX-2 expression was partially sup-
pressed by PD98059 (Fig. 2), suggesting the involvement of the
Erk1/2 signal cascade in VacA-induced COX-2 expression,
although major induction of COX-2 expression and PGE2 pro-
duction appears to be due to p38 MAP kinase activation.

Induction of COX-2 expression is strongly correlated with
the extent of inflammation and the severity of gastric disease
(50). Levels of the COX-2 protein were significantly higher in
gastric cancer patients infected with H. pylori than in those with
nonulcer dyspepsia (53), and the up-regulation of COX-2 in H.
pylori-associated gastric cancer is related to vascular invasion
(10), consistent with a crucial role of COX-2 expression in H.

FIG. 9. Production of PGE2 in AZ-521 cells by VacA, its inhibition
by NS-398, and overexpression of a DN-p38. (A) Confluent AZ-521
cells were incubated without (open bars) or with 25 ng/ml EGF
(hatched bars) or 120 nM VacA (solid bars) for 0, 6, or 12 h at 37°C.
The medium was collected, and PGE2 was measured by enzyme im-
munoassay. *, P � 0.001; **, P � 0.02. (B) To assay the effects of
NS-398, cells were preincubated with the indicated amount of NS-398
for 30 min, followed by incubation without (open bars) or with 25
ng/ml EGF (hatched bars) or 120 nM VacA (solid bars) for 12 h at
37°C. *, P � 0.05; **, P � 0.01. (C) AZ-521 cells transfected with
pcDNA3 vector or a Flag-tagged DN-p38 construct were incubated
with control solution (open bars), 120 nM VacA (solid bars), or EGF
(25 ng/ml) (hatched bars) for 0 or 12 h. The medium was collected, and

PGE2 was measured by enzyme immunoassay. Data are means �
standard deviations of values from three separate experiments. *, P �
0.008; **, P � 0.002.
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pylori-associated gastric cancer in addition to gastric inflamma-
tion. These findings raised the possibility that H. pylori isolates
from patients with different disease status vary in their capacity
to induce COX-2 expression; in vitro studies revealed that H.
pylori strains isolated from gastric cancer patients induced
higher expression levels of COX-2 protein. There was no dif-
ference in the genotypes (e.g., hrg, iceA, babA2, cagA, and
vacA) among the H. pylori isolates from patients with different
disease status, despite the higher COX-2 induction capability
of the strains isolated from gastric cancer patients (9). Chang
et al. (9) postulated that the signaling pathways involved in
regulation of the NF-�B, NF–IL-6, and CRE were important
in H. pylori-induced COX-2 expression in AGS cells, i.e., H.
pylori acts through Toll-like receptor 2 (TLR2) and TLR9 and
then activates PI–PLC-� to induce protein kinase C and c-Src
activation, leading to tyrosine phosphorylation of IKK
/�, re-
sulting in the phosphorylation and degradation of IkB
, stim-
ulation of NF-�B in the COX-2 promoter and, finally, initia-
tion of COX-2 expression. However, since VacA did not bind
to either TLR2 or TLR9 (data not shown), it appears not to
induce COX-2 expression via signaling pathways using TLR2
or TLR9 as a receptor.

GPI-anchored proteins are tethered to eukaryotic plasma
membranes and associate with lipid rafts, specialized regions
of elevated cholesterol and sphingolipid content, where they
are involved in the modulation of signaling mechanisms and
cellular functions involving protein/lipid sorting. Treatment of
AZ-521 cells with PI-PLC reduced subsequent VacA-induced
COX-2 expression (Fig. 5). Since PI-PLC did not affect VacA
binding to cells, this effect of PI-PLC may be due to inhibition
of receptor-dependent translocation of VacA to lipid rafts,
which is critical for signaling pathways leading to p38 MAP
kinase/ATF-2 activation and vacuolation (34). The presence of
the anchor appears to impose conformational restraints, and
its removal may alter the catalytic properties, structure, and
localization of a GPI-anchored protein. Release of GPI-an-
chored proteins from the cell surface by PI-PLC may result in
changes of functional properties of the cell. In addition, as
shown in Fig. 7, transfection of AZ-521 cells with ATF-2–
siRNA resulted in reduction of COX-2 expression, suggesting
that ATF-2 is the transcription factor involved in regulation of
COX-2 expression in VacA-treated AZ-521 cells.

The identification of the virulence factor, signaling path-
ways, and regulatory elements that control COX-2 expression
in inflammatory cells, as well as gastric cells in particular, is a
subject of major interest for H. pylori infection. As a whole, the
present study has helped us to gain insights into the possible
contribution of VacA to gastric inflammation, ulceration and,
perhaps, gastric cancer.
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