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Abstract

AIM: To elucidate the sequential gene expression profile
in AGS cells co-cultured with wild-type Helicobacter pylori
(H pylori) as a model of H pylori-infected gastric epithelium,
and to further examine the contribution of cag-pathogenicity
islands (cagPAl)-coding type IV secretion system and the two
pathways, nuclear factor kappa B (NF-kB) and extracellular
signal-regulated kinases (ERK) on wild-type H pylori-induced
gene expression.

METHODS: Gene expression profiles induced by H pylori
were evaluated in AGS gastric epithelial cells using cDNA
microarray, which were present in the 4 600 independent
clones picked up from the human gastric tissue. We also
analyzed the contribution of NF-xB and ERK signaling on
H pylori-induced gene expression by using inhibitors of
specific signal pathways. The isogenic mutant with
disrupted cagE (/A cagE) was used to elucidate the role
of cagPAl-encoding type IV secretion system in the gene
expression profile.

RESULTS: According to the expression profile, the genes
were classified into four clusters. Among them, the clusters
characterized by continuous upregulation were most
conspicuous, and it contained many signal transducer
activity-associated genes. The role of cagPAl on cultured
cells was also investigated using isogenic mutant cagk,
which carries non-functional cagPAl. Then the upregulation
of more than 80% of the induced genes (476/566) was found
to depend on cagPAl. Signal transducer pathway through
NF-kB or ERK are the major pathways which are known
to be activated by cagPAl-positive H pylori. The role of
these pathways in the whole signal activation by cagPAl-

positive H pylori was analyzed. The specific inhibitors
against NF-xB or ERK pathway blocked the activation of
gene expression in 65% (367/566) or 76% (429/566) of
the genes whose activation appealed to depend on cagPAl.

CONCLUSION: These results suggest that more than half
of the genes induced by cagPAl-positive H pylori depend
on NF-«xB and ERK signaling activation, and these pathways
may play a role in the gene expression induced by host-
bacterial interaction which may associate with H pylori-
related gastro-duodenal diseases.

© 2005 The WJG Press and Elsevier Inc. All rights reserved.
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INTRODUCTION

Helicobacter pylori (H pylori) is the causative agent for various
gastro-duodenal diseases!” and has been classified as a definite
carcinogen by the International Agency for Research on
Cancer?. Previous studies have shown that the eradication
of H pylori virtually eliminates the recurrence of peptic ulcer
diseases, suppresses the recurrence of gastric cancer after
mucosal resection, and cures mucosa-associated lymphoid
tissue lymphomal'”. The molecular mechanisms underlying
these H pylori-related diseases have been extensively studied.

The cag-pathogenicity island (cagPAl), a cluster of about
28 genes, is one of the best known virulence factors; it
encodes a type IV secretion system that transports CagA
protein, peptidoglycan and possibly other molecules into
host epithelial cells"' . Transported CagA binds to molecules
such as SH2 domain-containing protein-tyrosine phosphatase-
2 (SHP-2), growth factor receptor bound 2 (Grb2), and
cortactin™"\. Then it induces epithelial disruption as well
as cytoskeletal changes®, which might result in inducing
ulcer diseases and gastric cancer™*,

The ¢agPAl is also associated with activation of the
transcription factors nuclear factor kappa B (NF-kB) and
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activator protein-1 (AP-1)*% two key regulators of the
expression of various inflaimmatory genes. NF-KB acts as a
transcriptional modulator in the host response to bacterial
invasion” . Tts activation may in turn increase inflammation
by inducing cytokines similar to the stimulation of intetleukin-
1 (IL-1) and tumor necrotizing factor-alpha (TNF-o)P,
and induce cell proliferation via activating anti-apoptotic
effectP. The attachment of H pylori to gastric epithelial
cells also induces the rapid activation of p38, c-Jun NH2-
terminal kinase, and mitogen-activated protein kinase
(MAPK)P; the downstream effectors of these signals include
oncogene c-fos and its promoter element serum response
element (SRE)P". These are possibly involved in cellular
proliferation and survival®*!, which might be associated
with gastric carcinogenesis.

Some of the host cell responses to infection with H pylori
induce many gene expressions and appear to function in
contradictory directions, such as inflammation and cell
proliferation, or apoptosis and anti-apoptosis; the relative
importance of each response is thus not immediately obvious.
Recently, cDNA microarray analysis has been used to
comprehensively characterize the individual responses in
host cells***!. The authors and coworkers have previously
profiled H pylori-induced gene expression i vitro*™>' and
in vivd®**, Howevet, the contribution of the cgPAl-encoding
type IV sectetion system and the importance of intracellular
signaling activation have not been fully elucidated.

In this study, we analyzed sequential gene expression
profile in AGS cells co-cultured with wild-type H pylori as a
model of H pylori-infected gastric epithelium. Furthermore,
we examined the contribution of ¢gPAl-coding type 1V
secretion system and the two pathways, NF-KB and extracellular
signal-regulated kinases (ERK) on wild-type H pylori-induced

gene expression.

MATERIALS AND METHODS

Bacterial strains and cell culture

The H pylori TN2 strain, which is positive for entire czgPAIL,
and vacA, was generously denoted by Dr. M. Nakao (Takeda
Chemical Industties, Ltd, Osaka, Japan). The isogenic cagl
mutant TN2-A gF was prepared by insertion of a kanamycin-
resistant gene into the cagEZ gene locus of TN2, as described
previously?”. These strains were cultured on Columbia agar
with 50 mL/L horse blood and Dent’s selective antibiotic
supplement (Oxoid, Basingstoke, UK) at 37 ‘C for 3 d
under microaerobic conditions (Campy-Pak Systems; BBL,
Cockeysville, MD, USA). The bacterial stocks were stored
at -80 ‘C in Brucella broth with 50 mL/L fetal bovine serum
(FBS) containing 160 mIL/L glycerol. For co-culture expetiments,
H pylori was cultured in Brucella broth containing 7.5%
FBS for 24 h, pelleted, resuspended in cell culture medium
without FBS, and used to inoculate the host cells at a
multiplicity of infection of 50 to 100:1 according to the
previous reports®l. At each time point, the AGS cells were
collected by scraping, isolated by centrifugation, and stored
at -80 ‘C for subsequent isolation of total RNA. Human
gastric cancer cells (AGS; ATCC CRL 1739), established
from poorly differentiated gastric adenocarcinoma, were
maintained in Ham’s F12 supplemented with 10% FBS.

The medium was replaced with serum-free Ham’s F12 at
24 h before the inoculation of the AGS cells with H pylori.

Treatment of AGS cells with specific NF-xB and ERK inhibitors
AGS cells were treated with ammonium pyrolidinedithi-
ocarbamate (APDC; 400 umol/L), which inhibits NF-kB
activation, or with the ERK inhibitor PD98059 (25 umol/L;
Calbiochem, San Diego, CA, USA)P for 60 min before
infection with H pylori, as described above. Total RNA was
extracted from the AGS cells at 1.5, 3, 6, and 12 h of the
co-culture period, as described above.

RNA extraction

Total cellular RNA was extracted using an acid guanidium
thiocyanate-phenol-chloroform method, according to the
manufacturer’s instructions (ISOGEN Reagents; Nippon
Gene, Tokyo, Japan), and column chromatography (RNeasy;
Qiagen, Tokyo, Japan). The poly(A) mRNA was isolated from
the total RNA using the Oligotex-dT30 mRNA purification
kit (Takara Shuzo Co., Tokyo, Japan). The integrity of the
purified mRNA was confirmed by agarose gel electrophoresis
with ethidium bromide staining.

cDNAmicroarray

A cDNA microarray containing 4 600 cDNAs was made
as previously desctibed™®*”¢!l. Briefly, human cDNAs were
purchased from Research Genetics (Invitrogen Japan K.
K., Tokyo, Japan). PCR-amplified cDNA products were
mixed with nitrocellulose in dimethyl sulfoxide just before
printing and were then spotted onto carbodiimide-coated glass
slides using a robotics system (SPBIO-2000, Hitachi Software
Engineering, Yokohama, Japan). In this study, we spotted
4 600 sequence-validated cDNAs on the array, including
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and
beta-actin to serve as an internal standard and the luciferase
gene of Photinus pyralis as a negative control.

Sequential changes in gene expression in vitro

For the analysis of the time course of infection-induced
gene expression in AGS cells, Cy5-labeled fluorescent
cDNAs were prepared from 2 g mRNA isolated from the
infected AGS cells after 1.5, 3, 6, and 12 h of co-culture.
The Cy5-labeled sample probes were then applied to the
microarray slides for analysis. The Cy3-labeled control
probes were similarly prepared from mRNA isolated from
uninfected AGS cells. Two independent experiments were
performed, and the array data were subject to a simple
algorithm (see Data analysis) to set a lower bound threshold
and to normalize for unequal incorporation label. Then
average ratio was calculated and they were used for the
following analysis.

Dataanalysis

The fluorescence signals from the microarrays were quantified
with IMAGENE ver. 4.01 (Biodiscovery, Los Angeles, CA,
USA) and analyzed with GENESIGHT LIGHT (Biodiscovery).
Briefly, a cDNA spot was included in the analysis only if
the raw fluorescence signal intensity was at least 1.5 times that
of the local background. The signals were normalized between
the arrays using a correction factor calculated from the sum
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intensity of all spots. To control the uneven incorporation
of the fluorescent dyes, the Cy5 and Cy3 fluorescence
intensities for each spot were adjusted so that the mean
Cy3:Cy5 ratio was equal to 1.0. We adjusted the raw
fluotrescence ratios by log transformation, median centering,
and normalization to a mean of zero and a vatiance of one.
Changes in expression (Cy3:Cy5 fluorescence ratio) with a
factor of 3 or greater in either direction were considered
significant, and if the maximum minus minimum values of
the log-transformed fluorescence ratios were greater than 1.
0. (Full microarray data are deposited in the Gene Expression
Omnibus at NCBI. The platform ID numbers are GPL
1303, and the sample ID numbers are GSM 25915-20).
We performed cluster analysis using the average linkage
method with uncentered correlation as the distance function
by using the Cluster program (ver. 2.11) with TreeView (ver.
1.50) (http://rana.stanford.edu/software)®¥. The Onto-
Express program (http://vortex.cs.wayne.edu/Projects.
html) was used to perform functional characterization
accompanied by the computation of significance values for
each functional category, allowing significant biological

processes to be distinguished from random events®*,

Reverse transcriptase-polymerase chain reaction (RT-PCR)
To validate the results obtained in the microarray experiments,
first-strand cDNA was synthesized using 1 ug of total RNA,
1 mmol/L of oligo-dT primer, and reverse transcriptase
(Superscript IT; Invitrogen, Carlsbad, CA, USA). Each cDNA
sample was amplified by PCR using specific primers, as the
following, for 10 min at 95 ‘C for initial denaturing,
followed by 35-40 cycles of 95 C for 30 s, 52-54 C for
30 s and 72 C for 30 s, yielding products of approximately
300-500 bp. The PCR products were examined, with
appropriate molecular size markers, by agarose gel
electrophoresis and ethidium bromide staining. The primer
pairs used for PCR analysis are listed in Table 1.

RESULTS

Sequential changes ingene expression inAGS cells co-cultured
with cagPAl-positive H pylori

We used microarray technology to characterize the time
course of changes in gene expression induced by wild-type
H pylori in AGS cells infected ## vitro and obtained 3 228
genes that were valid for the analysis. Changes in expression
with a factor of 3 or greater in either direction were considered
significant. Of the 3 228 genes, about 20% (641 genes)
were altered significantly (Figure 1A). The percentage of

Table 1 Primer sequences for RT-PCR

the significantly altered genes at each time point is shown in
Figure 1B. The number of upregulated genes reached their
peak at 3 h after infection, while the downregulated genes
peaked at 6 h after infection. It implicates that H pylori-
associated phenomena like inflammatory changes following
the induction of IL-8 or ¢ fos might occur as the eatly event
in vitro. Hierarchical clustering was used to classify the genes
into upregulated and downregulated groups (Figure 1C).
Each group was further divided into two minor clusters,
resulting in a total of four clusters, designated as C-1 to C-4,
based on the time course of expression induced by H pylori.
Genes in both C-1 and C-2 were upregulated during the
early phase (1.5-3 h); however, the genes in C-1 were
downregulated in the late phase (6-12 h), while those in C-2
remained upregulated. The C-1 cluster contained 764 genes
which include ¢ fos, DSS1 (DELETED IN SPLIT-HAND/
SPLIT-FOOT 1 REGION), NF-kB p65 subunit, Rac1 (Rho
family small GTP-binding protein), and MAP2K1 (mitogen-
activated protein kinase kinase 1). The C-2 cluster contained
943 genes which include Interleukin-8, NFKBIA (factor of
kappa light polypeptide gene enhancer in B-cells inhibitor, alpha),
VCL (vincullin), DUSP1 (dual specificity phosphatase 1),
and NDRG1 (N-myc downstream regulated gene 1). The
sequential changes in the expression of 2 of C-1 genes and
4 of C-2 genes were confirmed by RT-PCR (Figure 1D).
In contrast, the expression of the genes in clusters C-3
(950 genes) showed downregulation at early-phase of
infection, and C-4 (651 genes) were downregulated at late
phase of infection. At late phase of infection, other functional
events were modulated by response to these early events.
We next performed to characterize the clusters to identify
their function.

Gene expression profile and annotated function

The functional profiles of the H pylori-induced changes in
gene expression i vitro are shown in Table 2. The Onto-
Express program was used for functional profiling as
described in Materials and Methods, using hypergeometric
distribution to determine the significance of differences
(n=5, P<0.05). This result indicated that the transiently
upregulated C-1 cluster included genes that participate in
transcription regulator activity, such as Smad4, ¢ fos, and RelA,
and others involved in chaperon activity, such as DNAJB1
(DnaJ (Hsp40) homolog, subfamily B, member 1) and CD74
antigen (invariant polypeptide of major histocompatibility
complex, class II antigen-associated), more frequently than
did the other clusters. The C-2 cluster, the members of
which were upregulated during both the eatly and late phases,

Genes Forward Reverse

1L-8 5-GCT TTC TGA TGG AAG AGA GC-3 5-GGC ACA GTG GAA CAA GGA CT-¥
c-fos 5-GTC AAG AGC ATC AGC AGCAT-3 5-TCG GGG TAG GTG AAG ACG AA-3
HNRPDL 5-GTT TCA GAG GAC CTG GAA TA-3 5-TCA CTA CCCTAG ACA CCGCA3%
Vinculin 5-CAA GTG TGA CCG AGT GGA CC-3' 5-TTG GTA TCA ATG GCT TCG TC-3’
DSS1 5-CAA GTCTCT ATG GTA GCG TCA GC-3' 5-ACCATG TTT CTC TAG TTC AG-3’
NDRG1 5-GGC GCG ACCTGG AGA TGAG-3 5-CTA GCA GGA GAC CTC CAT GG-3
EMK-1 5-GAG ATG GAG GTG TGC AAA CT-3 5-TGG TTT AGG CGA AAT ACT CT-3’
GAPDH 5-ACC ACAGTCCATGCC ATC AC-3 5-TCC ACC ACCCTGTTG CTGTA-¥
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contained genes related to signal transduction activity, such
as TNF receptor-associated factor 4, and those related to
structural molecular activity, such as VCL and ARPS2. The
genes in the C-3 and C-4 clusters were downregulated by
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Figure 1 A: Schematic representation of the genes affected by wild-type
H pylori-infection during 12 h in AGS cells. Red or green indicates up- or
downregulation, respectively. About 20% of all the analyzed genes were
significantly altered during infection experiments in vitro. Changes in expression
with a factor of 3 or greater in either direction were considered significant; B: The
percentage of the altered genes at each time point. The upregulated genes
reached maximum number at 3 h after wild-type H pylori-infection, but the
downregulated genes peaked at 6 h after infection; C: Cluster diagram of gene
expression in AGS cells. The rows correspond to 3 228 genes for which the
level of expression in AGS was changed by infection with wild-type H pylori,
and the columns represent the various time points (1.5, 3, 6, and 12 h after wild-
type H pylori-infection from left to right, respectively). Red or green indicates up-

H pylori. The C-3 cluster contained genes telated to antioxidant
activity, such as TXNRD1 (thioredoxin reductase 1) and
GPX (glutathione peroxidase) 1/2, and the C-4 cluster
contained genes encoding lyase activity, such as GLO1 and
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or downregulation, respectively, compared with the expression level in uninfected
AGS cells. The dendrogram on the left and the horizontal distances between the
nodes represent the statistical similarities between the neighboring genes and
clusters. The genes were divided into two large clusters, comprising upregulated
or downregulated genes. Each of the large clusters contained two smaller clusters,
resulting in four clusters (C-1 to C-4; see Results for description); D: Validation of
the microarray results by RT-PCR. Total RNAs from wild-type H pylori-infected
AGS cells were isolated at the indicated times and subjected to reverse
transcription and PCR with specific primers. The bands of the size corresponding
to the expected length of the amplified fragment for each specific transcript were
analyzed by agarose gel electrophoresis, along with GAPDH as a loading
control.
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Table 2 The functional profiles of the H pylori-induced changes in
gene expression in vitro. Cluster represents the assigned cluster
numbers in Figure 1C. Functions were defined by using the Onto-
Express program, using hypergeometric distribution to determine
the significance of differences (n=5, P<0.05, see Materials and
methods)

Cluster Function No. of the P
genes (total)

C-1 Chaperon activity 12 (31) 0.019
Transcription regulator activity 29 (92) 0.033

C-2 Apoptosis regulator activity 7(9) <0.01
Cell adhesion molecule activity 18 (39) <0.01
Signal transducer activity 47 (132) 0.034
Transcription regulator activity 9 (20) 0.037
Structural molecular activity 40 (113) 0.049

C3 Antioxidant activity 6(8) <0.01

C-4 Lyase activity 8 (10) 0.011
Chaperon activity 10 (31) 0.037

ENOL1, and chaperone proteins. The genes undergoing most
striking upregulation during H pylori infection in vitro are
listed in Table 3.

Contribution of cagPAI-coding type IV secretion system in
host gene expression

The contribution of cgPAl-coding type IV secretion system
in host gene expression was examined by comparing the
pattern of expression induced by the wild-type H pylori vs
the isogenic ¢agE mutant strain. We tried to compare the
gene expression profile 3 h post-infection when the number
of the upregulated genes were most frequent, and when
interleukin-8 (IL-8) which is the gene induced by the functional
type IV secretion system was upregulated. Five hundred and

sixty-six genes on the microarray were upregulated at least
threefold by the wild-type H pylori infection 3 h post-infection.
Four hundred and seventy-six out of five hundred and sixty-
six genes (86%) required cagPAl-coding type IV secretion
system for their upregulation, whereas only 90 out of 566
genes (14%) were upregulated without functional type IV
secretion system (Figure 2A). For example, I1-8, RelA, VCL,
and Racl were upregulated 3- to 15-fold by infection with
the wild-type H pylori, while the cagEl mutant induced only
one to threefold increases from the control level. On the
other hand, some signal transduction-associated genes were
significantly upregulated by the cgE mutant infection such
as STC2, HKR3, and LZTR1. These genes might be induced

by the cag-independent virulence factor.

Contribution of NF-xB and ERK pathways in H pylori-induced
gene expression

It has been reported that wild-type H pylori activates NF-KB
and ERK pathways; however, the contribution of these
signaling pathways on gene expression profiles has not been
investigated. Our analysis of the sequential changes in the
gene expression profile revealed that signal transducer activity-
associated genes show the continuous expression infected
with wild-type H pylori. We thus analyzed the contribution of
NF-xB and ERK signaling on H pylori-induced gene expression
by using specific inhibitors as previously described®*. As
a control sample, we used AGS cells without adding inhibitor
reagents because it could avoid the downregulation of the
gene expression of nontreated AGS cells by the inhibitors.
Among the 566 genes upregulated by wild-type H pylori, the
expression of 367 genes (65%) was suppressed by pre-
incubation with APDC, an inhibitor of NF-kB (Figure 2B).

Table 3 Genes undergoing most striking upregulation during H pylori-infection in vitro. Values show the mean change in gene expression from two
separate microarray experiments in vitro (shown at “1.5, 3, 6, and 12 h”). Significantly upregulated values are shown in bold (above threefold)

Acc. Number Gene Symbol Name Function 15h 3h 6h 12h

U79243 LZTR1 Leucine-zipper-like Transcription 5.08 3.08 0.95 2.30
transcriptional regulator 1

X61118 LMO2 LIM domain only 2 (rhombotin-like 1) Tumor associated 253  16.24 0.28 1.04

BC004247 RAC1 Ras-related C3 botulinum toxin substrate 1 Adhesion/ cytoskeleton 1.13 4.78 0.89 1.29
(rho family small GTP binding protein Rac1)

AF005043 PARG Poly (ADP-ribose) glycohydrolase Metabolism 0.58 0.62  14.72 0.53

U86782 POH1 26S proteasome-associated pad1l homolog RNA /Protein processing 2.55 3.59 7.24 3.56

M62839 APOH Apolipoprotein H (beta-2-glycoprotein I) Immunity 0.49 3.49 0.65 1.47

BC004980 SLC25A1 Solute carrier family 25 (mitochondrial Metabolism 4.07 0.81 0.95 1.54
carrier; citrate transporter) member 1

726649 PLCB3 Phospholipase C beta 3 Tumor associated 2.49 3.32 0.75 2.52
(phosphatidylinositol-specific)

M62399 RELA V-rel reticuloendotheliosis viral oncogene Apoptosis 2.84 3.24 1.43 1.13
homolog A nuclear factor of kappa light
polypeptide gene enhancer in B-cells 3 p65 (avian)

BC000665 TCP1 T-complex 1 RNA/Protein processing 1.73 3.21 1.05 1.41

V01512 c-fos V01512 | HSCFOS Human cellular Tumor associated 37.81 2.48 0.57 0.91
oncogene c-fos (complete sequence).

BC000117 GMDS GDP-mannose 46-dehydratase Metabolism 2.63 437 2.28 3.75

129218 CLK2 CDC-like kinase 2 Growth/maintenance 1.46 4.03 1.96 0.60

BC000771 NTRK1 Neurotrophic tyrosine kinase receptor type 1 Tumor associated 3.33 3.47 1.42 3.59

X68836 MAT2A Methionine adenosyltransferase II alpha Metabolism 3.14 2.95 0.85 1.28

X94232 MAPRE2 Microtubule-associated protein Growth/maintenance 0.58 3.23 0.69 0.29
RP/EB family member 2

X80200 TRAF4 TNF receptor-associated factor 4 Signal transduction 3.20 3.02 3.67 1.08

D76444 ZFP103 Zinc finger protein 103 homolog (mouse) Growth/maintenance 1.38 2.63 3.99 1.78
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Figure 2 A: The contribution of the cagPAl-coded type IV secretion system to
the gene expression profile in AGS cells. Hierarchical clustering of genes induced
by H pylori with or without a functional type IV secretion system (wild type or
cagE mutant, respectively). Left lane; gene expression profile of AGS cells co-
cultured with wild-type H pylori relative to control. Right lane; gene expression
profile of AGS cells co-cultured with the isogenic mutant cagE. Only the 566
significantly upregulated genes at 3 h are shown. About 84% of the genes were
induced only by the wild-type H pylori infection. These genes were supposed

ERK-associated:

Figure 3 Schematic representation of the distribution of genes affected by wild-
type H pylori infection. The complete upregulated genes at 3 h after infection is
represented by the circle as a whole. The expression of 367 genes (65%) of the
566 genes upregulated by wild type H pylori was suppressed by pre-incubation
with APDC, an inhibitor of NF-kB. On the other hand, pre-incubation with
PD98059, an inhibitor of ERK, suppressed the expression of 429 genes (76%)
of the 566 genes upregulated by wild type H pylori. Expression of 475 of the 566
genes (84%) was induced under NF-xB and/or ERK signaling activation,
whereas changes in the remaining 16% are NF-«B or ERK signaling independent.

The suppressed genes included 1L-8, NFKB1A, HNRPDL
(heterogeneous nuclear ribonucleoprotein D-like protein)
and EMK1 (ELKL motif kinase). On the other hand, pre-
incubation with PD98059, an inhibitor of ERK, suppressed
the expression of 429 genes (76%0). The effects of the inhibitors
on several genes were confirmed by RT-PCR (Figure 2C).
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to be induced by the presence of cagPAl-coded type IV secretion system. B:
The contribution of NF-xB or ERK pathways to the gene expression profile.
Inhibitors specific for NF-kB or ERK were added to AGS cells co-cultured with
H pylori. The gene expression profiles in the presence or absence of the
inhibitors were compared. C: The changes in the expression of some
representative genes were confirmed by RT-PCR. All genes were induced by
wild-type H pylori infection, and suppressed by the incubation with inhibitors of
specific signal pathways.
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Figure 4 Characterization of the upregulated genes co-cultured with H pylori for
3 h (n = 566). A: The bar represents the number of 566 upregulated genes
among 3 228 analyzed genes (566 genes). B: The genes induced by cagPAI-
positive H pylori infection among the 566-H pylori-induced genes (476 genes).
C: The contribution of NF-kB or ERK signaling pathway among the cagPAlI-
dependent gene expression. Among the 476-cagPAl-dependent genes, 66%
(315 genes) were also involved in the NF-«xB- and/or ERK-signaling activation,
whereas 34% (161 genes) of 476 genes were dependent on cagPAl but not
involved in either NF-xB or ERK signaling activation.

Among the 566 upregulated genes, 315 genes (56%) were
upregulated under NF-KB and ERK signaling activation,
and 481 genes (85%) were upregulated under NF-kB
and/or ERK signaling activation (Figure 3). HNRPDL was
induced at 3.5-fold by wild-type H pylori infection, 1.2-fold
with APDC, and 2.2-fold with PD98059, and the same
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suppression was confirmed by RT-PCR.

It was reported that the activation of NF-kB and ERK
by H pylori is dependent on the presence of ¢agPAI Thus,
we compared the gene expression profiles under the presence
ot absence of cagPAl-coding type IV secretion system, and
we analyzed the contribution of NF-kB or ERK on their
gene expression (Figure 4). About 66% (315 genes) of the
476 upregulated genes were induced under NF-xB and/or
ERK activation, while 34% (161 genes) of the 476 upregulated
genes were dependent on czgPAI but not on either NF-kB
or ERK.

DISCUSSION

H pyloriis now recognized as a definite exogenous carcinogen;
hence intensive research effort is currently devoted to invest-
igations of the molecular mechanism of H pylori-related
gastric pathogenesis. In particular, recent reports have
shown the importance of ¢gPAl as a potent bacterial virulence
factor and the activation of NF-kB and MAPK signaling as
the corresponding host responses™?*. However, the relative
importance of these factors in gastric pathogenesis among
all the events that are raised under H pylori infection has
not been well established. In the present study, we showed
that the genes upregulated by wild-type H pylori infection were
mostly induced under the presence of ¢agPAl-coding type
IV secretion system and that the expression of these genes
mostly occurred via NF-kB and/or ERK activation 7 vitro.

Firstly, we analyzed the sequential gene expression changes
in cultured cells. The experiments iz vitro are supposed to
simulate the environment in the acute phase of infection
and cannot necessarily represent the conditions iz vivo of
chronic infection in which atrophic gastritis and/or gastric
cancer actually develops. Therefore we analyzed the sequential
changes of gene expression # vitro to seek the time-dependent
characters of gene function. The genes in the C-1 cluster,
which were upregulated during the early phase of infection,
included interesting genes which might affect the pathogenesis
of H pylori infection. ¢ fos and DSS1 were included in this
cluster. The expression of ¢ fos is regulated by ERK (MAPK)
signaling and H pylori activates the proto-oncogene ¢ fos through
SRE transactivation”®*l. DSS1 has not previously been reported
to be associated with H pylori infection. It has been shown
to directly interact with BRCA2 and may play a role in the
completion of the cell cycle”. The genes in C-2, which
were persistently upregulated iz vitro, contained the genes
associated with intracellular signal transduction or cytoskeletal
change, including Rho-family GTPases rac! and ¢de42. The
activation of them are known to be dependent on agPAT"Y;
Racl in turn regulates the vacuolation caused by the vacA
virulence factor of H pylori®. NDRG1 was upregulated
during the late phase of infection as shown in Figure 1D; the
protein encoded by this gene is a cytoplasmic protein involved
in stress responses, hormone responses, cell growth, and
differentiation!™.

We show here that the upregulation of a large part of
the genes depends on the presence of functional type IV
secretion system. CagPAI codes a type IV secretion system
which transports CagA inside the host cells"''; the transported
CagA activates SREF". Guilemin ef /., reported that cagA

gene, which encodes an effector molecule secreted by the
type IV secretion system, induced the expression of many
of the cytoskeletal genes. Recently, it has been reported that
one of the effectors for NF-KB activation is peptidoglycan!'l,
and CagA is probably not involved®"""". In addition, cagFE,
which codes a structural component of the type IV secretion
system, is required for the expression of many immune
responsive genes. These results suggest that several distinct
molecules are involved in ¢ggPAl-dependent upregulation.
Moreover, the interaction of some molecules of the secretion
system with the molecules of the host cell might directly
activate some intracellular signaling cascades.

The microarray analysis is useful to identify the downstream
genes in the specific intracellular signaling pathway because
it could detect a large number of the gene expression at a
time. Then we analyzed the alteration of the gene expression
by the inhibitor reagents against the signaling molecules to
identify the genes which are induced through NF-xB or
ERK signaling pathway. In this study, we have shown that
the majority of the H pylori-induced gene were upregulated
under NF-kB and/or ERK activation®”! NF-kB activation
in vivo is associated with gastric inflammation via the production
of cytokines, IL-8% and is associated with cell survival induced
by c-IAP-2 mediated anti-apoptosis®®. Among the genes
affected by NF-kB activation, HNRPDL and EMK1 were
identified in the current mictoatray analysis and wete confirmed
by RT-PCR to be suppressed by NF-KB inhibition. HNRPDL
is reported to be a member of the family of heterogeneous
nuclear ribonucleoproteins (hnRNPs) that function in mRNA
biogenesis and mRNA metabolism™. EMK (ELKL motif
kinase) belongs to a small family of serine/threonine protein
kinases involved in the control of cell polarity, microtubule
stability, and cancer!™.

ERK signaling is activated by H pylori infection and leads
to the expression of some oncogenes, such as ¢ fos and
cyclin-D1%7%. The upregulated genes under ERK-signaling
activation included VCL and VASP, which are involved in
integrin-mediated cell adhesion. Jawhati ef a/, reported that
E-cadherin contributes to the development and progression
of the neoplastic phenotype in gastric carcinomal’”. Kuroda
et al., reported that the activation of Rho-Ras signaling
induces the dissociation of cell-cell adhesion and it is associated
with the cell migration and metastasis of catcinoma cells™.
Recently, Cottet ez al., identified that H pylori-induced Rho-
Ras signaling proteins.

In conclusion, we characterized the gene expression induced
by H pylori using cDNA microarray, and we determined
the contribution of cagPAl-coding type IV secretion system
and NF-kB/ERK signaling pathways on the most patt of the
gene expression induced by H pylori. In the future, we should
elucidate how the NF-kB and/or ERK contribute to the
development of gastric inflammation 7z vivo and characterize
the gastric mucosal gene expression in human beings which
may help us to understand the gastric pathogenesis induced
by H pylori infection.
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