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Recent molecular analysis has provided the pathologi-
cal actions of CagA on gastric epithelial cells. CagA is
injected into epithelial cells via the type IV secretion
system and undergoes tyrosine phosphorylation in the
cells. In addition, translocated CagA forms a physical
complex with SHP-2. There are two major CagA sub-
types; the East Asian and the Western type. The East
Asian CagA protein possesses stronger SHP-2 binding
activity than the Western CagA. The grades of inflam-
mation, activity of gastritis, and atrophy are significantly
higher in gastritis patients infected with the East Asian
CagA-positive strain than in gastritis patients infected
with the cagA-negative or Western CagA-positive
strains. The prevalence of the East Asian CagA-positive
strain is associated with the mortality rate of gastric
cancer in Asia. Endemic circulation of H. pylori popula-
tions carrying biologically more active CagA proteins in
East Asian countries, where the mortality rate of gastric
cancer is among the highest in the world, may be in-
volved in increasing the risk of gastric cancer in these
populations.
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Introduction

Helicobacter pylori is a gram-negative microaerophilic
bacterium that chronically colonizes the gastric epithe-
lium of more than half of all people worldwide. It is a
human pathogen responsible for chronic active gastritis,
and infection with this organism is an important risk
factor for peptic ulcer, gastric cancer, and gastric
mucosa-associated lymphoid tissue lymphoma.'* H. py-
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lori has been implicated in gastric carcinogenesis on the
basis of various epidemiological studies.>** A Working
Group of the World Health Organization International
Agency for Research on Cancer concluded that H. py-
lori is a group I carcinogen in humans.” CagA protein,
encoded by the cagA gene, is one of the most studied
virulence factors of H. pylori and is a highly immuno-
genic protein. The cagA gene is one of the genes in a
pathogenicity island (PAI) known as the cag PAI. The
presence of cagA is considered a marker for the pres-
ence of cag PAIL® The cag PAI is a 40-kb locus in the
chromosomal glutamate racemase gene. Its G + C con-
tent (35%) differs from the G + C content of the rest of
the genome (39%), suggesting that it was acquired from
another organism by horizontal transfer.”!' At some
point during evolution, IS605, a mobile sequence en-
coding two transposases, entered the H. pylori genome
and in some strains interrupted, multilated, or deleted
parts of the PAL!® The severity of H. pylori-related
disease is correlated with the presence of cag PAI. In-
fection with cag PAl-positive H. pylori is statistically
associated with duodenal ulceration, gastric mucosal
atrophy, and gastric cancer.®!*!> Recent studies have
provided a molecular basis for the pathological actions
of CagA on gastric epithelial cells. In this review, our
recent molecular analysis of cagA and cag PAI and the
relationship between the variations of these genes and
clinical outcome in Asia are summarized.

Type IV secretion system of H. pylori

H. pylori attaches specifically and tightly to gastric epi-
thelial cells. The adherence of H. pylori to the gastric
epithelial cells is an important determinant of patho-
genesis. Bacterial attachment causes microvilli efface-
ment, actin rearrangement, pedestal formation, and
induction of IL-8 release. Segal et al. first reported that
attachment of H. pylori to cultured gastric epithelial
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cells such as AGS cells can induce tyrosine phosphory-
lation of a 145-kDa host protein and accumulation of F-
actin beneath the bacterium, and also the subsequent
evoked activation of nuclear factor (NF)-kB and release
of IL-8."% The ability of bacteria to induce protein ty-
rosine phosphorylation, IL-8 production, and the rear-
rangement of actin cytoskeletons is closely correlated
with the presence of the cag PAI. The cag PAI contains
31 genes, 6 of which are thought to encode a putative
type IV secretion system, which specializes in the trans-
fer of a variety of multimolecular complexes across the
bacterial membrane to the extracellular space or into
other cells.!! For example, the cag homologs of VirB4
(CagE), VirB7 (CagT), VirB9 (cagORF528), VirB10
(cagORF527), VirB11l (cagORF525), and VirD4
(cagORF524) of Argobacterium tumefaciens have been
shown to be assembled as a complex and form the type
IV transport machinery. The potential of H. pylori to
deliver bacterial effector molecules through the puta-
tive type IV secretion system into the attached host cells
has been suggested, thus enabling the bacteria to alter
host cell signaling such as that required for protein ty-
rosine phosphorylation, stimulation of IL-8 release, and
induction of actin dynamics.!!

H. pylori CagA is translocated from
the bacteria to gastric epithelial cells and
receives tyrosine phosphorylation

Adherence of H. pylori to gastric epithelial cells can
induce host cellular responses, including the reorganiza-
tion of actin cytoskeletons, the tyrosine phosphoryla-
tion of a 145-kDa protein, and release of IL-8. The
145-kDa phosphorylated protein induced in gastric epi-
thelial cells infected with H. pylori strain 87A300 was
originally reported by Segal and colleagues, who pro-
posed that the 145-kDa protein was a host cellular com-
ponent.> We investigated the origin of the 145-kDa
protein induced in gastric epithelial cells infected with
H. pylori and identified the phosphorylated protein as
CagA of H. pylori. Epithelial cells infected with various
H. pylori clinical isolates resulted in generation of
tyrosine-phosphorylated proteins ranging from 130 to
145kDa in size that were also induced in vitro by mixing
host cell lysate with bacterial lysate. When epithelial
cells were infected with [*S]methionine-labeled H. py-
lori, a radioactive 145-kDa protein was detected in the
immunoprecipitates with an antiphosphotyrosine anti-
body or an anti-CagA antibody. The 145-kDa protein
recognized by the anti-CagA and antiphosphotyrosine
antibodies was induced in epithelial cells after infection
of wild-type H. pylori, but not the cagA knockout mu-
tant. Furthermore, the amino acid sequence of the phos-
phorylated 145-kDa protein induced by H. pylori
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infection was identified in the CagA sequence. These
data revealed that tyrosine-phosphorylated 145-kDa
protein is H. pylori CagA protein. After attachment of
cagA-positive H. pylori to gastric epithelial cells, CagA
is directly injected from the bacteria into the cells via
the bacterial type IV secretion system and undergoes
tyrosine phosphorylation in the host cells.!* Several
other investigators also discovered these important
findings regarding CagA.>""

SHP-2 tyrosine phosphatase is an intracellular target
of H. pylori CagA protein

After attachment of cagA-positive H. pylori to gastric
epithelial cells, CagA is directly injected from the bacte-
ria into the cells via the bacterial type IV secretion
system and undergoes tyrosine phosphorylation in the
host cells. The cagA-positive H. pylori-host cell interac-
tion also triggers morphological changes (hummingbird
phenotype) similar to those induced by hepatocyte
growth factor (HGF).! It has been reported that activa-
tion of SHP-2, a cytoplasmic tyrosine phosphatase,
plays a major role in HGF-induced cellular morphologi-
cal changes.!® SHP-2 positively regulates signal trans-
duction events from a variety of activated receptor
tyrosine kinases.'”?! Because SH2 domains are
phosphotyrosine-binding modules, we investigated the
capacity of CagA to bind SHP-2. In lysates from AGS
cells transfected with the CagA expression vector,
CagA coimmunoprecipitated endogenous SHP-2 and
vice versa. In contrast, the phosphorylation-resistant
CagA, which was mutated in the phosphorylation sites,
and SHP-2 did not coimmunoprecipitate each other.
Thus, CagA binds SHP-2 in gastric epithelial cells in a
tyrosine phosphorylation-dependent manner.?

H. pylori virulence factor CagA, which is translocated
from bacteria into gastric epithelial cells, can perturb
mammalian signal transduction machineries and modify
cellular functions by physically interacting with a host
cell protein, SHP-2. SHP-2, similarly to its Drosophila
homolog Corkscrew, is known to play an important
positive role in the mitogenic signal transduction that
connects receptor tyrosine kinases and ras. Also, SHP-2
is actively involved in the regulation of spreading, mi-
gration, and adhesion of cells.?'? Deregulation of SHP-
2 by CagA may induce abnormal proliferation and
movement of gastric epithelial cells (Fig. 1).

CagA is translocated into epithelial cells and binds to
SHP-2 in human gastric mucosa

Recent molecular analysis has indicated that CagA is
injected into epithelial cells via the type IV secretion
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system and undergoes tyrosine phosphorylation in cells
and that translocated CagA binds SHP-2. We also dem-
onstrated these phenomena in human gastric mucosa in
vivo. The tyrosine phosphorylated CagA and CagA
coimmunoprecipitated SHP-2 were detected in the gas-
tric mucosa from H. pylori-positive gastritis patients.?
Therefore, CagA is translocated into the gastric epithe-
lial cells, receives tyrosine phosphorylation, and indeed
binds SHP-2 in human gastric mucosa in vivo. Interest-
ingly, CagA protein, tyrosine phosphorylated CagA,
and CagA coimmunoprecipitated endogenous SHP-2
were not detected in the gastric mucosa with intestinal
metaplasia or cancer, although they were detected in
the noncancer mucosal tissue from H. pylori-positive
early gastric cancer patients.”* Correa’s model of gastric
carcinogenesis suggests that the process may be a con-
tinuous progression whereby lesions of increasing se-
verity develop over two or three decades: acute gastritis
progresses to chronic gastritis, then to chronic atrophic
gastritis with the development of intestinal metaplasia,
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/Tyrosine phosphorylaﬁg‘lcagA \

CagA-P

{
CagA-P-SHP-2]

Cell proliferation

o /

Fig. 1. Scheme of Helicobacter pylori—cell interaction. CagA
is injected into the gastric epithelial cells via the type IV
secretion system, receives tyrosine phosphorylation, and binds
SHP-2 in the gastric epithelial cell
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and finally to frank gastric carcinoma.” It has been esti-
mated that 10% of patients with chronic atrophic gastri-
tis develop gastric cancer over a 15 year period.
Intestinal metaplasia with goblet cells has been associ-
ated with gastric cancer in up to 90% of cases and is held
to be a good histological marker of premalignancy.
Chronic gastritis induced by H. pylori infection usually
progresses to atrophic gastritis. The risk for gastric can-
cer increases with the degree and extent of atrophic
gastritis. Severe glandular atrophy develops, and intesti-
nal metaplasia occurs, accompanied by the disappear-
ance of H. pylori colonization. It is therefore suspected
that H. pylori infection plays a causative role at a rela-
tively early phase in gastric carcinogenesis. Deregula-
tion of SHP-2 by CagA may play a role in the
acquisition of a cellular transformed phenotype at a
relatively early stage of multistep gastric carcinogenesis.

Diversity of CagA

H. pylori is genetically more diverse than most bacterial
species. Strain-specific genetic diversity has been pro-
posed to be involved in the organism’s ability to cause
different diseases. There are also indications of signifi-
cant geographic differences among strains. Only one-
half to two-thirds of Western isolates carry cagA. In
contrast, nearly all East Asian strains carry cagA.>%
The CagA protein is a highly immunogenic protein with
a molecular weight of 128 to 140kDa. Variation in the
size of the protein has been correlated with the presence
of a variable number of repeat sequences located in the
3’ region of the gene.?®?° The phosphorylation sites are
located in the repeat region of CagA.* The sequence
variation raises an intriguing possibility that the biologi-
cal activity of CagA can vary from one strain to the
next, which may influence the pathogenicities of differ-
ent cagA-positive H. pylori strains. The alignment of the
deduced amino acid sequence in the 3’ region of the
cagA gene among strains is shown in Fig. 2.

We previously reported that NCTC11637 possesses
five Glu-Pro-Ile-Tyr-Ala (EPIYA) motifs that are po-
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Fig. 2. Alignment of the deduced amino acid sequence in the 3’ region of the cagA gene among strains (NCTC11637, OK112, and
F32). The pattern of diversity of the CagA phosphorylation site was “A-B-C-C-C” in NCTC11637, “A-B-C” in OK112, and “A-

B-D” in F32
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tential targets of tyrosine phosphorylation by Src family
kinases.’! These EPIY A motifs are involved in the inter-
action of CagA with SHP-2. The first and the second
EPIYA motifs (which we designated EPIYA-A and
EPIYA-B, respectively) are present in almost all CagA
proteins, whereas the remaining three EPIYA motifs
(which we designated EPIYA-C) were made by dupli-
cation of an EPIYA-containing 34-amino-acid se-
quence. Because the sequence exists in various numbers
ranging from 1 to 3 in most CagA proteins from H.
pylori isolated in Western countries, we designated it
the Western CagA-specific, SHP-2 binding Sequence
(WSS).*! The WSS contains D1, D2, and D3 motifs as
defined by Covacci et al.® or R1 and WSR regions as
defined by Yamaoka et al.>» OK112 had a single WSS
and was thus classified as the “A-B-C” type, whereas
11637-CagA was classified as the “A-B-C-C-C” type
because it had three WSS repeats.

The amino acid sequence of CagA from H. pylori
isolated in East Asian countries is quite different from
that of Western CagA. Predominant East Asia CagA
proteins do not have the WSS, but instead possess a
distinct sequence that we designated FEast Asian the
CagA-specific, SHP-2-binding Sequence (ESS) in the
corresponding region.?! ESS contains a JSR sequence
previously defined by Yamaoka et al.*> and also pos-
sesses an EPIYA motif, denoted EPIYA-D. F32 had a
single ESS and was thus classfied as the “A-B-D” type.
Upon tyrosine phosphorylation, this East Asian-specific
sequence confers stronger SHP-2 binding and trans-
forming activities to Western CagA (Fig. 3).' The
CagA-SHP-2 interaction requires the SH2 domains of

1 2

< Anti-CagA

s ss < Anti-p-Tyr

. mes  <Anti-SHP-2

b

Fig. 3. Immunoblot analysis of AGS cells infected with
OK112 (lane 1) or F32 (lane 2) by anti-CagA,
antiphosphotyrosine, and anti-SHP-2 antibodies. East Asian
type CagA protein of strain F32 conferred stronger SHP-2
binding to the Western type CagA protein of OK112
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SHP-2. De Souza et al. reported that the two SH2 do-
mains from SHP-2 bind to highly related sequences, and
the consensus ligand-binding motif for the N- and C-
SH2 domains of SHP-2 is pY-(S/T/A/V/T)-X-(V/T/L)-X-
(W/F).* Intriguingly, the consensus motif perfectly
matches the SHP-2-binding site of East Asian CagA,
pY-A-T-I-D-F. Furthermore, replacement of the pY +
5 position from W/F with any other amino acids, such as
aspartic acid in the case of WSS in Western CagA,
reduces the binding affinity to SHP-2. Hence, differen-
tial SHP-2-binding activities observed between WSS
and ESS of CagA proteins are caused by the difference
in a single amino acid at the pY + 5 position. The
potential of CagA to disturb host cell functions as a
virulence factor could be determined by the degree of
SHP-2-binding activity. The diversity of the CagA phos-
phorylation site, which collectively determines binding
affinity of CagA to SHP-2, may be an important vari-
able in determining the clinical outcome of infection
with different H. pylori strains.

Distribution of CagA protein diversity and
association between the CagA protein
diversity and clinical outcome

The incidence and mortality rate due to gastric cancer in
Japan is high compared with that in other developed
countries. However, large intracountry differences in
the mortality rates of gastric cancer have been re-
ported.’* Fukui is a typical rural prefecture located on
the central Japanese mainland (Honshu), while
Okinawa consists of islands in the southwestern part of
Japan and has a history and food culture different from
those of other parts of Japan. The two areas are sepa-
rated by more than 1300km. The prevalence of atrophic
gastritis, a precursor lesion of gastric cancer, is more
frequent in Fukui, and the mortality rate from gastric
cancer is more than 2.4 times higher in Fukui (43.7/
100000 in 1999) than in Okinawa (18.2/100000 in 1999).

We previously investigated the diversity of CagA
phosphorylation sites in isolates from two different
areas in Japan (Fukui and Okinawa) where the gastric
cancer risk is different to examine the association be-
tween diversity and gastric cancer. We demonstrated
that the prevalence of cagA-positive H. pylori was sig-
nificantly different between Fukui and Okinawa. All
isolates examined from Fukui (64 strains) were cagA-
positive strains. In contrast, 12.0% (6/50) isolates from
Okinawa were cagA-negative strains. All cagA-negative
strains were isolated from patients with chronic gastri-
tis. In addition, the distribution of CagA protein diver-
sity was different in Fukui and Okinawa. Almost all
strains isolated from Fukui were East Asian CagA-
positive strains containing the ESS sequence. Predomi-
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Table 1. Distribution of the diversity of the CagA protein
Fukui Okinawa
cagA (—) East Asian Western cagA (—) East Asian Western
Chronic gastritis 0 35 0 6 28 8
Gastric cancer 0 29 0 0 8 0
Total 0 64 0 6 36 8%

*The prevalence of Western CagA-positive strain was significantly higher in Okinawa than in Fukui (P = 0.001)

Source: Modified from Ref. 35

Table 2. Distribution of CagA protein diversity in the world: analysis using data in

GenBank
CagA type
Mortality rate of gastric cancer

Country East Asian Western (/100000 males in 2000)
The West

Ireland 0 3 13.07

Austria 0 1 14.12

Italy 0 1 27.84

England 0 1 17.66

USA 0 6 6.15

Australia 0 3 8.64
East Asia

Japan 52 0 58.39

Korea 5 0 36.71

China 8 0 24.56
Asia

Vietnam 4 0 12.83

Thailand 3 2 331

India 0 3 3.83

nant Fukui strains had a single ESS region and were
classified “A-B-D.” In contrast, 16.0% (8/50) of
Okinawa strains were Western CagA-positive strains
containing a WSS sequence. The prevalence of the
Western CagA-positive strain was significantly higher in
Okinawa than in Fukui. All gastric cancer strains (29
Fukui and 8 Okinawa strains) were East Asian CagA-
positive strains in both Fukui and Okinawa (Table 1).*

Distribution of CagA protein diversity in the world

We investigated the distribution of CagA protein diver-
sity in the world using the data deposited in the
GenBank. All Western strains (3 Irish, 1 Austrian, 1
Italian, 1 English, 6 American, and 3 Australian stains)
had Western CagA. In contrast, all East Asian strains
(52 Japanese, 5 Korean, and 8 Chinese strains) had East
Asian CagA. In Vietnam, all 4 strains had East Asian
CagA. In Thailand, 3 strains had East Asian and 2
strains had Western CagA. In India, all 3 strains had
Western CagA. Although the clinical characteristics of

most strains were not available in the GenBank, the
prevalence of the East Asian CagA-positive strain ap-
pears to be associated with the mortality rate of gastric
cancer in Asia (Table 2).%

Relationship between histological features and
diversity of CagA

The diversity of CagA may influence the pathogenici-
ties of different cagA-positive H. pylori strains. The
grade of inflammation and activity of gastritis was sig-
nificantly higher in chronic gastritis patients with the
East Asian CagA-positive strain than in chronic gastri-
tis patients infected with the cagA-negative strain or
Western CagA-positive strain in both gastric antral and
fundic mucosa. The grade of gastric mucosal atrophy
was also significantly higher in chronic gastritis patients
infected with the East Asian CagA-positive strain than
in chronic gastritis patients infected with the cagA-
negative strain or Western CagA-positive strain in both
gastric antral and fundic mucosa (Table 3).%
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Table 3. Relationship between histological features and diversity of CagA in chronic gastritis patients

Inflammation Activity Atrophy
Okinawa n Antrum Body Antrum Body Antrum Body
cagA (—) 6 1 (1.0 £ 0.6) 1(0.8 £04) 1(0.8 £04) 1(0.7 £ 0.5) 1(1.2 +04) 1 (0.7 £ 0.5)
Western 8 1 (1.0 = 0.8) 1(1.0 = 0.5) 1 (1.0 =0.5) 1 (0.9 = 0.6) 1(1.5%0.5) 1(1.1x04)
East Asian 28 2 (22 £0.5) 2 (1.9 £0.5) 2 (2.0 £ 0.6)° 2 (1.7 = 0.5)¢ 2 (23 £0.5) 2 (2.1 = 0.5)

Median score (mean * SD)
#Significantly higher than cagA (—)
bSignificantly higher than cagA (—)
¢Significantly higher than cagA (—)
dSignificantly higher than cagA (—)
¢Significantly higher than cagA (—)
fSignificantly higher than cagA (—)
Source: Modified from Ref. 35

0
0
0
0
0
0

SR[SSS

Conclusions

Strain-specific diversity has been proposed to be in-
volved in the ability of H. pylori to cause different dis-
eases. The cagA gene product CagA was demonstrated
to be injected into the host cytoplasm through a type IV
secretion system and phosphorylated by the host cellu-
lar kinases.!'*"7 In addition, CagA forms a physical
complex with SHP-2, which is known to play an impor-
tant positive role in mitogenic signal transduction, and
stimulates phosphatase activity.?? In Japan, nearly 100%
of the strains possess functional cag PAL?3¢ and the
incidence of atrophic gastritis and gastric cancer is quite
high compared with Western countries.’’” There are two
major CagA subtypes, the East Asian and the Western
type. We recently discovered that East Asian CagA has
a distinct sequence at the SHP-2-binding site, and that
the East Asian-specific sequence confers stronger SHP-
2 binding and transforming activities than Western
CagA.3t

East Asian CagA-positive H. pylori is associated
with atrophic gastritis and gastric cancer, and persistent
active inflammation induced by the East Asian CagA-
positive strain may play a role in its pathogenesis.®
Endemic circulation of H. pylori populations carrying
biologically more active CagA proteins in East
Asian countries, where the mortality rate of gastric
cancer is among the highest in the world, may be in-
volved in increasing the risk of gastric cancer in these
populations.
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