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Background:H. pyloriCagA oncoprotein is delivered into gastric epithelial cells, where it interacts with SHP2 oncoprotein
and PAR1 kinase.
Results: CagA dimerization stimulates the CagA-SHP2 interaction and thereby causes enhanced SHP2 deregulation.
Conclusion: PAR1-mediated CagA dimerization plays an important role in the oncogenic activity of CagA.
Significance: Inhibition of CagA dimerization has therapeutic value in preventing gastric carcinoma.

Chronic infection with Helicobacter pylori cagA-positive
strains is associated with atrophic gastritis, peptic ulceration,
and gastric carcinoma. The cagA gene product, CagA, is deliv-
ered into gastric epithelial cells via type IV secretion, where it
undergoes tyrosine phosphorylation at the EPIYAmotifs. Tyro-
sine-phosphorylated CagA binds and aberrantly activates the
oncogenic tyrosine phosphatase SHP2, which mediates induc-
tion of elongated cell morphology (hummingbird phenotype)
that reflects CagA virulence. CagA also binds and inhibits the
polarity-regulating kinase partitioning-defective 1 (PAR1)/mi-
crotubule affinity-regulating kinase (MARK) via the CagA multi-
merization (CM) sequence independently of tyrosine phosphory-
lation. Because PAR1 exists as a homodimer, two CagA proteins
appear to be passively dimerized through complex formation
with a PAR1 dimer in cells. Interestingly, a CagA mutant that
lacks theCMsequence displays a reduced SHP2 binding activity
and exhibits an attenuated ability to induce the hummingbird
phenotype, indicating that the CagA-PAR1 interaction also
influences the morphological transformation. Here we investi-
gated the role of CagA dimerization in induction of the hum-
mingbird phenotype with the use of a chemical dimerizer,
coumermycin.We found that CagA dimerization markedly sta-
bilizes the CagA-SHP2 complex and thereby potentiates SHP2
deregulation, causing an increase in the number of humming-
bird cells. Protrusions of hummingbird cells induced by chemi-
cal dimerization of CagA are further elongated by simultaneous
inhibition of PAR1. This study revealed a role of the CM
sequence in amplifying the magnitude of SHP2 deregulation by
CagA, which, in conjunction with the CM sequence-mediated
inhibition of PAR1, evokes morphological transformation that
reflects in vivo CagA virulence.

Helicobacter pylori is a Gram-negative bacterium infecting
more than half of the global human population. Since its first
report in 1984,H. pylori has been shown to cause upper gastro-
intestinal disorders such as chronic atrophic gastritis and pep-
tic ulcerations. Furthermore, chronic infection with H. pylori
strains producing the CagA protein is the highest risk factor for
the development of gastric carcinoma (1, 2). CagA is encoded
by the cagA gene, which is located in the cag pathogenicity
island, a DNA segment that also contains a set of genes encod-
ing components of a bacterial microsyringe termed the type IV
secretion system (3).
H. pyloriCagA is delivered into gastric epithelial cells via the

cag pathogenicity island-encoded type IV secretion system (1).
Inside the host cells, CagA underlies tyrosine phosphorylation
at the Glu-Pro-Ile-Tyr-Ala (EPIYA) motif, which is present in
variable numbers in the C-terminal region, by Src family
kinases and/or Abl kinase (4). The C-terminal region of CagA
from H. pylori isolated in East Asian countries is composed of
EPIYA-A, EPIYA-B, and EPIYA-D segments, each of which
contains a single EPIYAmotif. Hence, East AsianCagA is struc-
turally defined as ABD-type CagA. On the other hand, the
C-terminal region of CagA isolated from the rest of the world
(Western CagA) comprises EPIYA-A, EPIYA-B, and a variable
number of Western-specific EPIYA-C segments, which also
contain a single EPIYA motif. Accordingly, Western CagA is
defined structurally as ABCn-type CagA (where n is an arbi-
trary number) (1, 5).
Tyrosine-phosphorylatedCagAacquires the ability to specif-

ically bind to the Src homology-2 (SH2)2-containing protein-
tyrosine phosphatase SHP2 (6). SHP2 is expressed in a wide
range of cell types, and gain-of-function mutations of SHP2
have been found in a variety of humanmalignancies, indicating
that constitutively activated SHP2 acts as an oncoprotein (7, 8).
Physiologically, SHP2 functions as a positive regulator of sig-
nals generated by growth factor/cytokine stimuli that promote
Erk MAP kinase signaling in both Ras-dependent and Ras-in-
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dependentmanners.More recently, SHP2was found to activate
the nuclear Wnt signal through tyrosine dephosphorylation of
parafibromin, a component of the RNA polymerase II-associ-
ated factor complex (9). SHP2 possesses two SH2 domains
(N-SH2 and C-SH2) at the N-terminal region, a protein-ty-
rosine phosphatase domain, and a C-terminal tail. The N-SH2
domain interacts with the protein-tyrosine phosphatase
domain, which inhibits phosphatase activity. Binding of phos-
photyrosyl peptides to the N- and/or C-SH2 domain induces a
conformational change in SHP2 that relieves interaction
between the protein-tyrosine phosphatase domain and the SH2
domain, resulting in phosphatase activation. The bacterial
CagA protein also binds to the SH2 domains of SHP2 and aber-
rantly activates the phosphatase activity in a manner that is
dependent on CagA tyrosine phosphorylation (6). In addition
to Erk activation, CagA-deregulated SHP2 dephosphorylates
and inactivates focal adhesion kinase (FAK), a tyrosine kinase
that controls the turnover of focal adhesion spots (10). As a
consequence, CagA induces an elongated cell shape known as
the hummingbird phenotype.
In polarized epithelial cells, CagA disrupts the tight junction

and causes loss of epithelial cell polarity in a tyrosine phos-
phorylation-independent manner (11). This CagA activity is
mediated by a specific interaction with partitioning-defective 1
(PAR1)/microtubule affinity-regulating kinase (MARK) (12).
There are four PAR1 isoforms (PAR1a/MARK3, PAR1b/
MARK2, PAR1c/MARK1, and PAR1d/MARK4) inmammalian
cells, which redundantly phosphorylate microtubule-associ-
ated proteins (MAPs) and thereby regulate stability of microtu-
bules (13). CagA binds to all of the PAR1 family members in a
tyrosine phosphorylation-independent manner and inhibits
the kinase activity (14). The PAR1-binding region of CagA has
been shown to be a C-terminal 16-amino acid sequence, which
was originally identified as a CagA multimerization (CM)
sequence (12, 15, 16).
The CagA-SHP2 interaction requires both the N-SH2 and

the C-SH2 domains of SHP2, whereas CagA proteins possess-
ing a single EPIYA-C or -D segment can form a stable complex
with SHP2 (17). Based on this observation, a model in which a
CagA dimer simultaneously binds to the two SH2 domains of
an SHP2 molecule to make a stable CagA-SHP2 complex was
reported (12, 18). Because PAR1b, and probably other PAR1
members as well, is thought to exist as a dimer in cells, two
CagA molecules may be passively dimerized through binding
with a PAR1 dimer via the CM sequence (12, 19). The model
predicts that theCagACMsequence is essential not only for the
CagA-PAR1 interaction but also for stable CagA-SHP2 com-
plex formation.
In this work, we investigated the role of CagAdimerization in

the pathophysiological action of CagA using a chemical dimeriza-
tion technique. We demonstrated that CagA dimerization stabi-
lizes CagA-SHP2 interaction and thereby potentiates deregula-
tion of the SHP2 oncoprotein by CagA.

EXPERIMENTAL PROCEDURES

Expression Vectors—pSP65SR� mammalian expression vec-
tors for hemagglutinin (HA)-taggedwild-typeCagA (ABD-type
CagA) and the CagA mutant lacking the CM sequence,

CagA�CM, have been described previously (16, 18). A CagA
mutant in which the EPIYAmotif of the EPIYA-D segment was
changed to EPIFA (CagA-ABd) was made by site-directed
mutagenesis. The gene encoding CagA-ABd was tagged with
the FLAG or HA sequence epitope and was cloned into
pSP65SR�. A DNA fragment encoding B-subunit of bacterial
DNA gyrase (GyrB)-fused CagA�CM (GyrB-CagA�CM) was
made from CagA�CM by introducing a DNA sequence encod-
ing 1–219 amino acids of GyrB into the 5� end of the cagA gene.
The fusion DNA was cloned into pSP65SR�. The DNA frag-
ment encoding FLAG-tagged CagA, FLAG-tagged GyrB-
CagA�CM, or HA-tagged GyrB-CagA�CM was cloned into
pSP65SR�. A pEFmammalian expression vector for T7-tagged
human PAR1b/MARK2 has been described previously (12, 14).
The cDNA fragment encoding FLAG-tagged human PAR1b/
MARK2 was cloned into pSP65SR�.
Antibodies—Anti-HA monoclonal antibody 3F10 (Roche

Applied Science) was used as primary antibody for immuno-
blotting and immunostaining. Anti-FLAG monoclonal anti-
body M2 (Sigma) was used as primary antibody for immuno-
precipitation and immunoblotting. Anti-SHP2 polyclonal
antibody C-18 (Santa Cruz Biotechnology), anti-phosphoty-
rosine monoclonal antibody 4G10 (Millipore), anti-FAK
(pY576) phospho-specific polyclonal antibody (BioSource),
anti-actin polyclonal antibody C-11 (Santa Cruz Biotechnol-
ogy), anti-T7 polyclonal antibody (M-21, Santa Cruz Biotech-
nology), and anti-PAR1b antibody (provided by S. Ohno, Yoko-
hama City University, Yokohama, Japan) were used as primary
antibodies for immunoblotting.
Cell Culture and Transfection—AGS human gastric epithe-

lial cells were cultured in RPMI 1640 medium supplemented
with 10% fetal bovine serum (FBS) and at 37 °C in 5%CO2. Cells
were transfected with expression vectors or siRNA by using
Lipofectamine 2000 reagent (Invitrogen) according to theman-
ufacturer’s protocol.
Immunostaining—Cells were fixed with Mildform 10N

(Wako) for 20 min and permeabilized with 0.5% Triton X-100
for 20 min. The fixed cells were then treated with a primary
antibody and were visualized with Alexa Fluor 488- or 546-
conjugated secondary antibody (Invitrogen). F-actin was
stained with Alexa Fluor 546-phalloidin (Invitrogen). The
nuclei were stained with 4�,6-diamidino-2-phenylindole dihy-
drochloride n-hydrate (DAPI). Imageswere captured by using a
confocal microscope system (TCS-SPE, Leica).
Cell Morphological Analysis—The morphology of the AGS

cells was observed at 17 h after transfection. AGS cells were
transiently transfected with expression vectors. At 8 h after
transfection, cells were treatedwith orwithout 700 nM coumer-
mycin andwere cultured for an additional 9 h. Cell morphology
was examined by light microscopy. Cells showing the hum-
mingbird phenotype were counted in 10 different fields in each
of three dishes (the area of one field � 0.25 mm2). For detailed
cell morphological analysis, the morphology of the AGS cells
was captured at 17 h after transfection by using a confocal
microscope system (TCS-SPE, Leica). Images of individual cell
morphology were analyzed by using the ImageJ software
(National Institutes of Health, rsbweb.nih.gov). Hummingbird
phenotype was defined as an elongated cell morphology, in
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which the ratio of the longest protrusion of cell to the shortest
cell diameter was more than 2-fold.
Immunoprecipitation and Immunoblotting—AGS cells were

harvested at 17 h after transfection and lysed in lysis buffer (50
mM Tris-HCl, pH 7.5, 100 mMNaCl, 5 mM EDTA, 1% Brij-35, 2
mMNa3VO4, 10mMNaF, 10mM �-glycerophosphate, 10�g/ml
aprotinin, 10�g/ml leupeptin, 10�g/ml trypsin inhibitor, 2mM

PMSF). Total cell lysates and immunoprecipitates were sub-
jected to SDS-polyacrylamide gel electrophoresis (PAGE). Pro-
teins transferred to PVDF membrane filters (Millipore) were
incubated in primary antibodies and then visualized by using
Western blot chemiluminescence reagent (PerkinElmer Life
Sciences). Intensities of chemiluminescence on the immuno-
blotted filters were quantitated by using a luminescence image
analyzer (LAS-4000, Fuji Film).
RNA Interference—PAR1b-specific siRNA-709 has been

described previously (14). siRNA was transfected into cells
using Lipofectamine 2000 reagent. At 24 h after siRNA treat-
ment, cells were transfected with plasmid vectors. At 17 h after
plasmid transfection, cells were subjected to cell morphological
analysis.

RESULTS

Construction and Expression of a GyrB-CagA Fusion Protein—
Upon delivery into host gastric epithelial cells,H. pyloriCagA is
thought to passively homodimerize through its interactionwith
a PAR1 dimer via the CM sequence (12, 19). To formally proof
the presence of a PAR1 dimer in cells, AGS human gastric epi-
thelial cells were transiently transfected with a FLAG-tagged
PAR1b vector and/or a T7-tagged PAR1b vector. The cell
lysates were immunoprecipitated with an anti-FLAG antibody,
and the anti-FLAG immunoprecipitates were subjected to
immunoblottingwith an anti-T7 antibody. As shown in Fig. 1A,
T7-tagged PAR1b was efficiently co-precipitated with FLAG-
tagged PAR1b, demonstrating homodimerization of PAR1b in
cells. Next, to understand the role of CagA dimerization in its
pathophysiological action,we sought to dimerizeCagAwithout
the help of PAR1. The PAR1-binding CM sequence is located
immediately downstream of the EPIYA-C segment and
EPIYA-D segment in the C-terminal region of Western CagA
and East Asian CagA, respectively (supplemental Fig. 1) (5, 12,
16). Interestingly, the N-terminal 16-amino acid stretch of the
EPIYA-C segment is exactly the same as the CM sequence.
Accordingly, Western CagA possesses at least two CM
sequences, each of which can independently bind to PAR1
(supplemental Fig. 1) (12). Given this structural difference, we
chose East AsianCagA (ABD-typeCagA isolated fromH. pylori
strain F32) containing only a single CM sequence. To generate
a CagA mutant that can dimerize in the absence of PAR1, we
first deleted the CM sequence from CagA and generated a
CagA mutant, CagA�CM. To conditionally dimerize
CagA�CM, we made use of coumermycin, an antibiotic iso-
lated from Streptomyces rishiriensis, which consists of two
identically substituted coumarin rings joined by a methyl pyr-
role (20). Coumermycin specifically binds to the N-terminal
subdomain (24 kDa) of GyrB with a stoichiometry of 1:2.
Because of this unique binding property, the coumermycin-
GyrB dimerization strategy has been successfully applied to the

artificial homodimerization of proteins of interest (21–25). To
chemically dimerize CagA with coumermycin, we fused the
GyrB sequence to the N terminus of CagA�CM and generated
GyrB-CagA�CM (Fig. 1B). The DNA encoding C-terminal
HA-tagged CagA�CM, HA-tagged GyrB-CagA�CM, or
FLAG-tagged GyrB-CagA�CM was inserted into a pSP65SR�
mammalian expression vector.
Subcellular Localization and Tyrosine Phosphorylation of

CagA Mutants—To characterize biological properties of the
CagA mutants in cells, AGS cells were transiently transfected
with an expression vector for HA-tagged wild-type CagA
(ABD-type), HA-tagged CagA�CM, or HA-tagged GyrB-
CagA�CM. Cell lysates were then prepared andwere subjected
to immunoblotting analysis using an anti-HA antibody. As
expected from the primary sequences, CagA�CM and GyrB-
CagA�CM were detected as 130-, and 154-kDa proteins,

FIGURE 1. Generation of conditionally dimerizable CagA. A, ho-
modimerization of PAR1b in cells. Total cell lysates (TCLs) prepared from AGS
cells transiently transfected with a FLAG-tagged PAR1b vector and/or a
T7-tagged PAR1b vector were immunoprecipitated with an anti-FLAG anti-
body, and the anti-FLAG immunoprecipitates (IP) were subjected to immuno-
blotting (IB) with the indicated antibodies. B, strategy for chemical dimeriza-
tion of CagA using the coumermycin-GyrB system. The 1–219-amino acid
stretch of GyrB was fused to the N terminus of CagA�CM, which lacks the CM
sequence and thereby cannot bind to PAR1. Because coumermycin bivalently
binds with GyrB, two GyrB-CagA�CM mutants can be artificially dimerized in
the presence of coumermycin. C, AGS cells were transiently transfected with
an HA-tagged CagA, CagA�CM, or GyrB-CagA�CM expression vector. At 17 h
after transfection, cells were harvested and lysed. TCLs were subjected to
immunoblotting with the indicated antibodies.

Dimerization Potentiates H. pylori CagA Virulence

33624 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 38 • SEPTEMBER 23, 2011

http://www.jbc.org/cgi/content/full/M111.258673/DC1
http://www.jbc.org/cgi/content/full/M111.258673/DC1


respectively, in AGS cells (Fig. 1C). H. pylori-delivered CagA
has been shown to localize to the inner side of the plasmamem-
brane (26, 27). We therefore investigated subcellular distribu-
tion of transfected CagA mutants in AGS cells. Immuno-
staining of cells with an anti-HA antibody showed that both
CagA�CM and GyrB-CagA�CM were localized to the plasma
membrane like wild-type CagA (Fig. 2A). Cell lysates were also
prepared from the transfected AGS cells and were subjected to
immunoblotting with an anti-phosphotyrosine antibody. The
results of the experiment revealed that the GyrB-CagA�CM
mutant underwent tyrosine phosphorylation to levels compa-

rable with that of wild-type CagA in AGS cells (Fig. 2B). The
results also showed that coumermycin treatment did not influ-
ence the tyrosine phosphorylation level of GyrB-CagA�CM
(Fig. 2B). Hence, both the wild-type CagA and the GyrB-
CagA�CM mutant are localized to the plasma membrane,
where they are tyrosine-phosphorylated, in gastric epithelial
cells.
Chemical Dimerization of CagA in Gastric Epithelial Cells—

Given the above described observations, we next investigated
whether the GyrB-CagA�CMmutant expressed in AGS cells is
capable of specifically dimerizing in a coumermycin-dependent
manner. As a positive control experiment, we co-expressed
HA-tagged wild-type CagA vector and FLAG-tagged wild-type
CagA vector in AGS cells. Total cell lysates prepared from the
transfected cells were immunoprecipitated with an anti-FLAG
antibody, and the immunoprecipitates were immunoblotted
with an anti-HA antibody. As reported previously (16), HA-
tagged wild-type CagA was detectable in FLAG-tagged wild-
type CagA immunoprecipitates, indicating that CagA is
homodimerized in AGS cells (Fig. 3). AGS cells were then co-
transfected with an HA-tagged GyrB-CagA�CM vector and a
FLAG-taggedGyrB-CagA�CMvector andwere cultured in the
presence or absence of coumermycin at a final concentration of
700 nM, which did not induce any toxicity toAGS cells (data not
shown). Total cell lysates prepared were immunoprecipitated
with an anti-FLAG antibody, and the immunoprecipitates were
immunoblotted with an anti-HA antibody. HA-tagged GyrB-
CagA�CM was also co-immunoprecipitated with FLAG-
tagged GyrB-CagA�CM from lysates prepared from cells
treated with coumermycin but not from lysates prepared from
cells without coumermycin treatment (Fig. 3). From these
observations, we concluded that GyrB-CagA�CM was condi-
tionally homodimerized by coumermycin in cells.
We next investigated whether chemical dimerization of

CagA influences the degree of CagA-SHP2 complex formation.
Upon coumermycin treatment of AGS cells transfected with
theHA-tagged and FLAG-taggedGyrB-CagA�CMvectors, the
amount of SHP2 co-immunoprecipitated with FLAG-tagged

FIGURE 2. Biological properties of conditionally dimerizable CagA in
cells. A, subcellular localization of CagA mutants. AGS cells were transfected
with an HA-tagged CagA, CagA�CM, or GyrB-CagA�CM vector. Cells were
fixed at 17 h after transfection and immunostained with an anti-HA antibody
(green). Nuclei were stained with DAPI (blue). Confocal x-y images are shown.
Scale bar, 10 �m. B, tyrosine phosphorylation of CagA mutants. AGS cells were
transiently transfected with an HA-tagged CagA or GyrB-CagA�CM vector in
the presence or absence of 700 nM coumermycin. At 17 h after transfection,
cells were harvested and lysed. TCLs were subjected to immunoblotting with
the indicated antibodies. IP, immunoprecipitates.

FIGURE 3. Chemical dimerization of GyrB-CagA�CM by coumermycin.
AGS cells were transfected with the indicated vectors. At 8 h after transfec-
tion, coumermycin was added at a final concentration of 700 nM to the cul-
ture, and cells were incubated additional 9 h before harvest. TCLs were pre-
pared and subjected to immunoprecipitation with an anti-FLAG antibody.
Immunoprecipitates (IP) and TCLs were subjected to immunoblotting (IB)
with the indicated antibodies.

Dimerization Potentiates H. pylori CagA Virulence

SEPTEMBER 23, 2011 • VOLUME 286 • NUMBER 38 JOURNAL OF BIOLOGICAL CHEMISTRY 33625



GyrB-CagA�CM was markedly increased (12.8-fold) (Fig. 3,
left panel, third row, second and third lanes). Also notably, the
level of SHP2 that co-precipitated with chemically dimerized
GyrB-CagA�CM was comparable with that of SHP2 that co-
precipitated with wild-type CagA (Fig. 3, left panel, third row,
third and fourth lanes). These observations indicated that CagA
dimerization plays a critical role in the formation of a stable
CagA-SHP2 complex.
Morphogenetic Activity of Monomeric and Dimeric CagA

Proteins—Expression of CagA in AGS cells, either by infection
with cagA-positive H. pylori or by transfection of a CagA
expression vector, induces an elongated cell morphology
termed the hummingbird phenotype. The morphological
change, which is characterized by development of one or two
long protrusions, requires aberrant activation of SHP2 byCagA
that has been tyrosine-phosphorylated at the EPIYA-C or
EPIYA-D segment (6, 28). Indeed, a CagA mutant, CagA-ABd,
in which the tyrosine residue in the EPIYA-D segment was
replaced by non-phosphorylatable phenylalanine, neither
bound to SHP2 nor induced the hummingbird phenotype in
AGS cells, although it retained the ability to dimerize because of
the presence of the PAR1-binding CM sequence (Fig. 4). Nota-
bly, the CagA-ABd mutant was tyrosine-phosphorylated in
cells because of the presence of the EPIYA-A and -B segments,
although the level was less than that of wild-type CagA. We
therefore wished to know the contribution of CagA dimeriza-
tion to induction of the hummingbird phenotype by CagA-ac-
tivated SHP2. To this end, we examined the hummingbird-in-
ducing potential of a monomeric CagA by transiently
transfecting a CagA�CM vector into AGS cells. In this mor-
phological study, we defined cells showing the hummingbird
phenotype (hummingbird cells) as those having cell protrusion,
the length of which is more than 2-fold of the length of the
shortest diameter of the cell. Although the efficiency was much
lower than that induced by wild-type CagA, expression of
CagA�CMwas also capable of inducing an elongated cell shape
characteristic of the hummingbird phenotype (Fig. 5A). Like-
wise, expression of GyrB-CagA�CM in the absence of coumer-
mycin caused the hummingbird phenotype in a very small frac-
tion of transected AGS cells (Fig. 5B). These observations are
consistent with the finding that monomeric GyrB-CagA�CM
can still bind to SHP2 in the absence of coumermycin, although
the amount of SHP2 bound was much less than that of SHP2
that formed complexes with wild-type CagA (Fig. 3, left panel,
third row, compare second and fourth lanes). Because the
CagA�CMmutant has only a single SHP2-binding site (EPIYA-
D), the observations also indicate that a monomeric CagA can
interact with either theN-SH2 domain or the C-SH2 domain of
SHP2 in a tyrosine phosphorylation-dependent manner to
form an unstable CagA-SHP2 complex, which could only
weakly induce the hummingbird phenotype because of its tran-
sient nature.
Next, to investigate the effect of CagA dimerization on the

morphogenetic activity of CagA, AGS cells were transfected
with a GyrB-CagA�CM vector and were then treated with
coumermycin to conditionally dimerize the CagAmutant. The
results of cell morphological analysis with a microscope
revealed that coumermycin treatment substantially increases

the number of cells displaying the hummingbird phenotype
(Fig. 5B). In cells showing the hummingbird phenotype, CagA is
distributed throughout the cell membrane but is absent in the
distal ends of the protrusions. Conversely, active FAK, which
has escaped from CagA-deregulated SHP2, is characteristically
concentrated at the tips of the cell protrusions in hummingbird
cells (10). Accordingly, we stained AGS cells expressing
CagA�CMwith an anti-active FAK (anti-FAK pY576) antibody
and confirmed specific accumulation of active FAK in the distal
ends of cell protrusions. Specific accumulation of active FAK at
the tips of the cell protrusions was also observed in humming-
bird cells induced by GyrB-CagA�CM with or without
coumermycin (Fig. 5C). Accordingly, CagA dimerization per se
enhances the ability of CagA to induce cell elongation, inde-
pendently of CagA-PAR1 interaction.We then wished to know
whether there is any qualitative difference between humming-
bird cells induced by wild-type CagA and those induced by
artificial dimerization of GyrB-CagA�CM. To this end, AGS

FIGURE 4. Failure of hummingbird phenotype induction by CagA lacking
a functional SHP2-binding site. A, upper, AGS cells were transfected with an
HA-tagged CagA or CagA-ABd vector, and cell morphology was observed by
light microscopy at 17 h after transfection. Red arrows indicate hummingbird
cells induced by CagA (middle). Lower left, the number of hummingbird cells
induced by CagA or CagA-ABd at 17 h after transfection was counted. Error
bars, �S.D. (n � 3), *, p � 0.01, Student’s t test. Lower right, at this time point,
TCLs were also prepared and were subjected to immunoblotting (IB) with the
indicated antibodies. B, AGS cells were co-transfected with CagA-FLAG and
CagA-HA vectors or CagA-ABd-FLAG and CagA-ABd-HA vectors. At 17 h after
transfection, TCLs were prepared and subjected to immunoprecipitation
with an anti-FLAG antibody. The anti-FLAG immunoprecipitates (IP) were
separated on SDS-polyacrylamide gel followed by immunoblotting with the
indicated antibodies.
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cells were transfected with a CagA or GyrB-CagA�CM vector
together with an EGFP expression vector (at the molar ratio
of 10:1). Cells were then cultured in the presence or absence of
coumermycin. To qualitatively evaluate the morphology of
hummingbird cells, EGFP-positive AGS cells were automati-
cally captured by using ImageJ software (Fig. 6A) (14), and the
lengths of cell protrusion were quantitated. Comparison of cell
lengths revealed that the cell protrusion induced by chemical
dimerization ofGyrB-CagA�CMwas significantly shorter than
that induced by expression of wild-type CagA (Fig. 6B). These

results indicate that CagA dimerization on its own causes an
attenuated form of the hummingbird phenotype.
Synergism of PAR1 Inhibition in Induction of the Humming-

bird Phenotype—Lastly, we wished to gain insights into the
mechanism that directs longer protrusions in hummingbird
cells, whichwere characteristically induced by the expression of
wild-type CagA in AGS cells. The CM sequence is not only
required for CagA homodimerization but is also critically
involved in the inhibition of kinase activity of PAR1 by CagA
(12, 16). We therefore assumed that reduced activity of

FIGURE 5. Induction of hummingbird phenotype by monomeric and dimeric CagA proteins. A, AGS cells were transfected with a CagA or CagA�CM vector,
and cell morphology was observed by light microscopy at 17 h after transfection. Red arrows indicate hummingbird phenotype induced by CagA (left). The
number of hummingbird cells was counted. Error bars, �S.D. (n � 3), *, p � 0.01, Student’s t test (right). B, AGS cells were transfected with a CagA, CagA�CM,
or GyrB-CagA�CM vector. At 8 h after transfection, coumermycin was added to the culture, and cells were incubated for an additional 9 h before harvest. Cell
morphology was analyzed by light microscopy. Red arrows indicate hummingbird cells induced by CagA (left). The number of hummingbird cells was counted.
Error bars, �S.D. (n � 3), *, p � 0.01, Student’s t test (right). C, cells were co-stained with anti-active FAK (pY576) (green) and anti-HA (red) antibodies. Nuclei were
visualized by DAPI staining (blue). Confocal x-y images are shown. White arrows indicate distal ends of membrane protrusions in cells with the hummingbird
phenotype. Scale bar, 10 �m.
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dimerized CagA�CM in inducing cell elongation is due to fail-
ure of the CagAmutant to inhibit PAR1. To address this possi-
bility, we knocked down PAR1b, a major PAR1 isoform
expressed in AGS cells, by treating cells with specific siRNA
(Fig. 7A). The PAR1b-inhibited AGS cells were then trans-

fected with a wild-type CagA or GyrB-CagA�CM vector
together with EGFP vector, treatedwith or without coumermy-
cin, and then subjected tomorphological analysis usingmicros-
copy. The results of the experiment revealed that hummingbird
cells induced by chemical dimerization of GyrB-CagA�CM
developed longer cell protrusions when PAR1b expression was
simultaneously inhibited (Fig. 7B). In a reciprocal experiment,
we ectopically overexpressed PAR1b in AGS cells with or with-
out CagA. In the absence of CagA, AGS cells expressing PAR1b
showed a slightly more rounded morphology when compared
with the morphology of PAR1b-nonexpressing cells (Fig. 7C).
Furthermore, expression of CagA or CagA�CM together with
PAR1b in AGS cells abolished induction of the hummingbird
phenotype by CagA (Fig. 7D) (14). Hence, full induction of the
hummingbird phenotype by CagA requires two independent
functions of the CM sequence: 1) dimerization of CagA that
potentiates SHP2 deregulation and 2) inhibition of PAR1
activity.

DISCUSSION

In this work, we generated a CagA mutant that is condition-
ally homodimerized by a chemical dimerizer in the absence of
PAR1 in cells. Upon forced dimerization, the CagAmutant dis-
played amarked increase in its ability to interact with the SHP2
oncoprotein, which was concomitantly associated with the
potentiation of CagA activity to induce an aberrantly elongated
cell morphology known as the hummingbird phenotype.
The hummingbird phenotype requires tyrosine phosphory-

lation of the EPIYA-C or EPIYA-D segment of CagA, to which
SHP2 binds (1, 6, 17). Intriguingly, H. pylori strains carrying
East Asian CagA (ABD-type CagA) are more closely associated
with severe gastric atrophy and gastric carcinoma than are
H. pylori strains carrying Western CagA (ABCn-type CagA)
(29, 30). AmongH. pylori strains carryingWestern CagA, those
having CagA with a larger number of EPIYA-C segments are
more likely to induce intestinal metaplasia and gastric carci-
noma than are those having CagA with fewer EPIYA-C seg-
ments (31–34). In transgenic mouse studies, East Asian CagA
was shown to be more oncogenic than Western CagA (35, 36).
In parallel with these observations, East Asian CagA proteins
display greater ability to bind SHP2 and exhibit stronger activ-
ity to induce the hummingbird phenotype than do Western
CagA proteins (17, 37). Likewise, Western CagA proteins with
more EPIYA-C segments show greater ability to induce the
hummingbird phenotype than do those with fewer EPIYA-C
segments (17, 37). Hence, the magnitude of hummingbird
induction by individual CagA correlates well with the disease
outcome of cagA-positive H. pylori infection, indicating that it
reflects the degree of CagA virulence, particularly the onco-
genic potential of CagA.
Induction of the hummingbird phenotype by CagA is influ-

enced by the CM sequence, a 16-amino acid stretch originally
identified as a sequence thatmediates CagA homodimerization
(16). Subsequent studies have shown that the CM sequence
directly interacts with the catalytic domain of the PAR1 family
of polarity-regulating serine/threonine kinases and thereby
inhibits their kinase activity (12, 14). Because PAR1 is present
as a dimer within the cell (Fig. 1A), two CagA proteins may

FIGURE 6. Qualitative analysis of hummingbird cells. A, AGS cells were
transfected with an EGFP vector together with a CagA or GyrB-CagA�CM
vector. At 8 h after transfection, coumermycin was added to the culture, and
cells were incubated an additional 9 h before analysis. The cell morphological
change was observed by a fluorescence microscope (left). The longest diam-
eter was measured by using images analyzed with the ImageJ software
(right). Scale bar, 100 �m. B, the longest diameters of cells expressing CagA or
GyrB-CagA�CM, which were calculated from images presented in panel A
(right), are shown. Red dots show cells that are longer than the maximum
value of control cells. n � 200, *, p � 0.01, Mann-Whitney U test.
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interact with a PAR1 dimer via the CM sequence and thus be
passively homodimerized. The dual functions of the CM
sequence in both CagA dimerization and PAR1 inhibition,
however, have made it difficult to determine the relative
contribution of each of the CM functions to its pathophysi-
ological activity.
To investigate the functional role of CagA dimerization

without taking into account the influence of CagA-PAR1

interaction, we used a chemical dimerizer, coumermycin,
which enables conditional dimerization of a CagA mutant
(CagA�CM) that lacks the CM sequence and thus cannot
bind to PAR1. Coumermycin can specifically dimerize the
bacterial GyrB domain, and the coumermycin-GyrB system
has been successfully utilized for conditional dimerization of
heterologous proteins such as c-Raf-1, ASK1, L-selectin,
STAT3, and JAK kinases, demonstrating its versatile

FIGURE 7. Effect of PAR1 inhibition on the hummingbird phenotype. A, AGS cells treated with PAR1b-specific siRNA for 24 h were transfected with a CagA
or GyrB-CagA�CM vector. At 17 h after vector transfection, lysates were prepared and were subjected to immunoblotting (IB) with the indicated antibodies.
B, AGS cells transfected with PAR1b-specific siRNA for 24 h were co-transfected with CagA or GyrB-CagA�CM and EGFP vectors. At 8 h after transfection,
coumermycin was added to the culture, and cells were incubated for an additional 9 h before analysis. Cell morphology was observed by using a fluorescence
microscope (upper). Scale bar, 100 �m. Lower, the longest diameters of cells expressing CagA or GyrB-CagA�CM, which were calculated from images presented
in upper right panels are shown. Red dots show cells that are longer than the maximum value of control cells. n � 200, *, p � 0.01, Mann-Whitney U test (lower).
C, AGS cells were transfected with a PAR1b expression vector. At 17 h after transfection, cell morphology was observed by staining cells with an anti-T7
antibody (green), phalloidin (red), or DAPI (blue). Scale bar, 10 �m. D, AGS cells were transfected with a PAR1b expression vector with or without a CagA or
CagA�CM vector. At 17 h after transfection, cell morphology was observed by light microscopy. Red arrows indicate hummingbird phenotype induced by CagA
(upper). TCLs were prepared and were subjected to immunoblotting with the indicated antibodies (middle). Lower, the number of hummingbird cells was
counted. Error bars, �S.D. (n � 3), *, p � 0.01, Student’s t test.
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application for functional study of protein dimerization
(21–25).
A mutant CagA lacking the CM sequence weakly interacts

with SHP2, indicating that a tyrosine-phosphorylated CagA
monomer is still capable of binding to one of the two SH2
domains of SHP2 to form an unstable CagA-SHP2 complex.
Upon chemical dimerization of CagA, however, the amount of
the CagA-SHP2 complex is markedly increased. Hence, simple
dimerization of CagA per se appears to be sufficient for stable
interaction of CagA with SHP2. This observation supports the
previously proposed model that two CagA proteins, each con-
taining a single EPIYA-C or EPIYA-D segment, simultaneously
bind to the two SH2 domains of a single SHP2 in an EPIYA
phosphorylation-dependent manner to form a stable complex
comprising two PAR1 proteins, two CagA proteins, and an
SHP2 protein (Fig. 8) (12, 19).
In addition to the enhanced SHP2 interaction, chemical

dimerization of CagA substantially increased the number of
cells displaying the hummingbird phenotype. This observation
is in agreementwith the results of previous studies showing that
deregulation of SHP2 by CagA is required for induction of the
hummingbird phenotype (12, 38). Notably, however, hum-
mingbird cells induced by chemically dimerized CagA were
substantially fewer and less elongated than those induced by
wild-type CagA. This observation suggests that SHP2 deregu-
lation is not sufficient for induction of the full-blown hum-
mingbird phenotype, which is characterized by the appearance
of robustly elongated cells, and suggests a role of CM-mediated
PAR1 inhibition in enhancing the hummingbird phenotype.
This idea is supported by the observation that hummingbird
cells induced by chemical dimerization of CagA, which does
not have the CM sequence and thus cannot inhibit PAR1,
developed longer protrusions when PAR1 expression was

simultaneously inhibited by siRNA. The present study there-
fore emphasizes the functional integrity of the CagA oncopro-
tein that enables simultaneous perturbation of two distinct
effectors, SHP2 and PAR1, in opposite directions to manifest
full virulence potential.
In the present study, CagA was chemically dimerized

through the N-terminal region, whereas wild-type CagA was
dimerized via the CM sequence located in the C-terminal
region. Despite substantial differences in the mode of CagA
dimerization, the amount of SHP2 that formed a complex with
chemically dimerizedCagAwas almost comparablewith that of
SHP2 bound to wild-type CagA (Fig. 3). This observation may
be explained by the intrinsically unstructured nature of the
C-terminal CagA region that spans the EPIYA segments and
the CM sequence (15). A highly dynamic property of the
unstructured C-terminal region of CagA may enable efficient
interaction with SHP2 once two CagA proteins are juxtaposed
through dimerization.
Transgenic mice systemically expressing CagA spontane-

ously develop gastrointestinal and hematological malignancies
(35, 36). In contrast, tumor formation is not observed in trans-
genic mice expressing phosphorylation-resistant CagA, which
cannot bind SHP2 (35). Hence, aberrant activation of SHP2 by
CagA plays a pivotal role in the oncogenic transformation of
gastric epithelial cells and in the development of gastric adeno-
carcinoma by cagA-positive H. pylori infection (1, 5, 19, 39).
The present study further highlights the importance of CagA
dimerization,mediated by a PAR1 dimer, in the deregulation of
SHP2 and also the importance of CagA dimerization in the
pathogenic action of H. pylori CagA. The results, in turn, indi-
cate a therapeutic application for inhibition of CagA dimeriza-
tion in preventing H. pylori-associated gastric carcinoma.

FIGURE 8. Model for induction of the hummingbird phenotype by chemical dimerization of CagA. As a monomer, GyrB-CagA�CM undergoes tyrosine
phosphorylation (circled P) but barely induces the hummingbird phenotype because of unstable interaction with SHP2. In the presence of coumermycin,
dimerized GyrB-CagA�CM molecules bind to the two SH2 domains of a single SHP2 protein and thereby form a stable CagA-SHP2 complex, which induces an
attenuated form of the hummingbird phenotype as a result of SHP2 deregulation. The full-blown hummingbird phenotype by chemically dimerized GyrB-
CagA�CM requires simultaneous inhibition of PAR1 kinase activity. This indicates that the CM sequence has a dual role in mediating both CagA dimerization
and PAR1 inhibition in induction of the hummingbird phenotype.
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