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SHP-2 Tyrosine Phosphatase as
an Intracellular Target of
Helicobacter pylori CagA

Protein
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Helicobacter pylori CagA protein is associated with severe gastritis and gastric
carcinoma. CagA is injected from the attached Helicobacter pylori into host cells
and undergoes tyrosine phosphorylation. Wild-type but not phosphorylation-
resistant CagA induced a growth factor-like response in gastric epithelial cells.
Furthermore, CagA formed a physical complex with the SRC homology 2 domain
(SH2)~containing tyrosine phosphatase SHP-2 in a phosphorylation-dependent
manner and stimulated the phosphatase activity. Disruption of the CagA—SHP-2
complex abolished the CagA-dependent cellular response. Conversely, the CagA
effect on cells was reproduced by constitutively active SHP-2. Thus, upon
translocation, CagA perturbs cellular functions by deregulating SHP-2.

Helicobacter pylori, which infects about 50%
of the world’s population, causes gastric dis-
eases ranging from gastritis to cancer and has
been classified as a group I carcinogen. CagA
is the product of the cagd gene, which is
carried in virulent type I strains of H. pylori.
The correlation between expression of CagA
and H. pylori virulence has been well-docu-
mented (/—4). In particular, increased fre-
quency of gastric carcinoma and MALT (mu-
cosal-associated lymphoid tissue) lymphoma
in patients infected with cagd* H. pylori
strains suggests that CagA is associated with
an increased risk of gastric cancer. However,
no direct role for CagA in pathogenesis or
function has been described.

After attachment of cagd™® H. pylori to
gastric epithelial cells, CagA is directly in-
jected from the bacteria into the cells via the
bacterial type IV secretion system and under-
goes tyrosine phosphorylation in the host
cells (5-9). The cagd™* H. pylori-host cell
interaction also triggers morphological
changes similar to those induced by growth
factor (5). Translocated CagA may be in-
volved in dysregulation of host cell functions,
thereby contributing to pathogenesis.

To examine the role of the CagA protein in
the host cell, the cagA gene isolated from the H.
pylori standard strain NCTC11637 was COOH-
terminal-tagged with the hemagglutinin (HA)
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and was cloned into pSP65SRa. The expres-
sion vector was transfected into AGS human
gastric epithelial cells or monkey COS-7 cells,
and CagA expression was confirmed by immu-
noblotting with antibody to HA (Fig. 1A) (10,
11). Immunoblotting with antibody to phospho-
tyrosine revealed that the expressed CagA un-

derwent tyrosine phosphorylation (Fig. 1A).
The NCTC11637-derived CagA protein pos-
sesses seven potential tyrosine phosphorylation
sites (residues -117, -893, -912, -965, -999,
-1033, and -1100). Of these, residues -893,
-912, -965, -999, and -1033 constitute five cop-
ies of the EPIYA sequences. Notably, residues
-965, -999, and -1033 are made by three repeats
of the “D1+D2+D3” element (/2). We gener-
ated a CagA mutant in which all of the tyrosine
residues present in the five copies of the Glu-
Pro-lle-Tyr-Ala (EPIYA) sequences were re-
placed by alanine. The mutant CagA did not
undergo any tyrosine phosphorylation in cells
(Fig. 1A). Thus, one or several of these tyrosine
residues were apparently in vivo tyrosine phos-
phorylation sites of CagA.

AGS cells contacted with cagd* H. pylori
respond by producing the hummingbird pheno-
type, characterized by elongation and spreading
of cells (5). We examined morphological
changes in AGS cells after transfection of the
CagA expression vector. At 17 hours after
transfection, 20 to 30% of the cells (transfection
efficiency was approximately 40%) exhibited
the hummingbird phenotype (Fig. 1B). In con-
trast, phosphorylation-resistant CagA failed to
induce any morphological changes in AGS
cells. Thus, CagA was the necessary and suffi-
cient H. pylori component for the hummingbird
phenotype, and tyrosine phosphorylation of
CagA was required. CagA preferentially local-
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izes in the plasma membrane (/3), but this
membrane localization was independent of ty-
rosine phosphorylation and was also observed
in the case of phosphorylation-resistant CagA
(Fig. 1B).

The hummingbird phenotype resembles the
morphological changes caused by exposure to
hepatocyte growth factor (HGF) (5). Other re-
ports suggest that activation of SHP-2 (I/4-16),
a cytoplasmic tyrosine phosphatase that con-
tains two tandem SH2 domains, plays a major
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Fig. 2. Interaction between CagA and SHP-2. (A)
AGS cells were transfected with WT CagA-HA, PR
CagA-HA, or a control empty vector. WT CagA-
HA or SHP-2 was immunoprecipitated from ly-
sates prepared in the presence or absence of
Na,VO,, a tyrosine phosphatase inhibitor. The
immunoprecipitates (IP) and total cell lysates
(TCL) were immunoblotted (IB) with antibodies
as described. Pre-immune rabbit IgG was used for
a control antibody. (B) Amounts of tyrosine-phos-
phorylated CagA in the supernatants of AGS cells
transfected with WT CagA-HA before and after
immunodepletion with antibody to SHP-2 or the
control antibody.
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role in the HGF-induced cellular morphological
changes (/7). Indeed, SHP-2 positively regu-
lates signal transduction events from a variety
of activated receptor tyrosine kinases (/4—16).
We found that SHP-2 was expressed in AGS
cells, whereas SHP-1, another SH2-containing
phosphatase, was hardly detectable (/8). Be-
cause SH2 domains are phosphotyrosine-bind-
ing modules (/9), we investigated the capacity
of CagA to bind SHP-2. In lysates from AGS
cells transfected with the CagA expression vec-
tor, CagA co-immunoprecipitated endogenous
SHP-2 and vice versa (Fig. 2A). In contrast, the
phosphorylation-resistant CagA and SHP-2 did
not co-immunoprecipitate each other. Further-
more, SHP-2 failed to co-immunoprecipitate
unphosphorylated CagA (Fig. 2A). Thus, CagA
binds SHP-2 in gastric epithelial cells in a
tyrosine phosphorylation-dependent manner.
Furthermore, immunodepletion of SHP-2 from
the lysates of AGS cells expressing CagA si-
multaneously depleted almost all, if not all, of
the tyrosine-phosphorylated CagA from the ly-
sates (Fig. 2B). Thus, tyrosine-phosphorylated
CagA binds SHP-2 stoichiometrically in these
cells.

Physical interaction between tyrosine-phos-
phorylated CagA and SHP-2 was also demon-
strated in COS-7 cells (Fig. 3A). Using the
COS-7 cells, we examined regions in SHP-2
that are required for CagA binding. A SHP-2
mutant lacking the SH2 domains (SHP-2ASH2-
Myc) had totally lost the ability to bind CagA,
whereas another mutant lacking the phospha-
tase domain (SHP-2APD-Myc) retained CagA-
binding activity (Fig. 3B) (20). Thus, tyrosine-
phosphorylated CagA appears to interact spe-
cifically with the SH2 domains of SHP-2.

Binding of phosphotyrosine-peptide to the
SH2 domains of SHP-2 is considered to re-

lieve the autoinhibitory mechanism and re-
veal its previously latent phosphatase activity
(21-25). To determine whether this is also
the case with the CagA-SHP-2 interaction,
we expressed the Myc-tagged SHP-2 in the
presence or absence of CagA in COS-7 cells
and we immunoprecipitated SHP-2 with an
antibody to Myc. The immune complex was
then subjected to an in vitro phosphatase
assay (26). Phosphatase activity of SHP-2
was potently stimulated when it formed a
complex with CagA (Fig. 3C).

We next investigated whether the CagA-
SHP-2 complex was involved in the induction
of the hummingbird phenotype. Expression of
CagA together with the phosphatase-defective
SHP-2APD-Myc, which still interacts physical-
ly with CagA via the SH2 domains (Fig. 3B),
strongly reduced the induction of the humming-
bird phenotype (Fig. 4A). To rule out the pos-
sibility that SHP-2APD-Myc competitively in-
hibited the binding of CagA with SH2-contain-
ing molecules other than SHP-2 that are in-
volved in the hummingbird phenotype, we
ectopically expressed wild-type SHP-2, which,
like SHP-2APD-Myc, should act as a competi-
tor for such molecules if they exist. Despite
twofold higher levels than those of SHP-2APD-
Myc, wild-type SHP-2 did not inhibit the hum-
mingbird phenotype by CagA (Fig. 4A), arguing
against the existence of such molecules. Thus,
complex formation of CagA and endogenous
SHP-2 is an essential prerequisite for the induc-
tion of the hummingbird phenotype in AGS
cells. Moreover, treatment of CagA-expressing
AGS cells with an SHP-2-specific phosphatase
inhibitor, calpeptin (27), inhibited the induction
of the hummingbird phenotype (Fig. 4B), indi-
cating that SHP-2 phosphatase activity is re-
quired for the morphological changes.
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Lastly, we investigated whether SHP-2
was capable of inducing the hummingbird-
like morphological changes in the absence of
CagA. Because CagA is cell membrane—as-
sociated (Fig. 1B), recruitment of SHP-2 by
CagA may serve as a mechanism for relocal-
ization of the cytoplasmic phosphatase to the
cell membrane. Accordingly, we generated a
membrane-targeted, constitutively active
SHP-2 by adding the membrane-localization
signal derived from v-Src (28) to the SHP-2
mutant lacking the SH2 domains (Myr-SHP-
2ASH2-Myc) (20, 23, 24). Ectopic expres-
sion of Myr-SHP-2ASH2-Myc in AGS cells
provoked cellular morphological changes in-
distinguishable from the hummingbird phe-
notype induced by CagA (Fig. 4, C and D)
(13). On the other hand, constitutively active
SHP-2 lacking the membrane-targeting signal
(SHP-2ASH2-Myc) was incapable of induc-
ing the morphological changes (Fig. 4C).
Thus, membrane-tethering of activated
SHP-2 was necessary and sufficient for the
induction of the hummingbird phenotype.

We demonstrate here that H. pylori vir-
ulence factor CagA, which is translocated
from the bacteria into gastric epithelial
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cells (5—-9), can perturb mammalian signal
transduction machineries and modify cellu-
lar functions by physically interacting with
a host cell protein, SHP-2. SHP-2, like its
Drosophila homolog Corkscrew, is known
to play an important positive role in -the
mitogenic signal transduction that connects
receptor tyrosine kinases and ras (14, 15).
Also, SHP-2 is actively involved in the
regulation of spreading, migration, and ad-
hesion of cells (29-32). Deregulation of
SHP-2 by CagA may induce abnormal pro-
liferation and movement of gastric epithe-
lial cells, promoting the acquisition of a
cellular transformed phenotype. Our results
provide a molecular basis for the patholog-
ical actions of CagA on gastric epithelial
cells.

CagA is noted for its amino acid se-
quence diversity among different H. pylori
strains. The phosphorylation of the EPIYA
motif is located in the repeat region of
CagA and is expanded by duplication. Ac-
cordingly, the number and sequence poly-
morphism of the CagA phosphorylation
sites, which collectively determine binding
affinity of CagA to SHP-2, may be impor-
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Immunoglobulin-Domain
Proteins Required for
Maintenance of Ventral Nerve
Cord Organization

Oscar Aurelio,” David H. Hall,2 Oliver Hobert'*

During development, neurons extend axons along defined routes to specific
target cells. We show that additional mechanisms ensure that axons maintain
their correct positioning in defined axonal tracts. After termination of axonal
outgrowth and target recognition, axons in the ventral nerve cord (VNC) of
Caenorhabditis elegans require the presence of a specific VNC neuron, PVT, to
maintain their correct positioning in the left and right fascicles of the VNC. PVT
may exert its stabilizing function by the temporally tightly controlled secretion
of 2-immunoglobulin (Ig)-domain proteins encoded by the zig genes. Dedicated
axon maintenance mechanisms may be widely used to ensure the preservation

of functional neuronal circuitries.

The development of axonal tracts in the nervous
system depends on defined and tightly regulated
interactions between individual cell types that
ultimately guide axons to their specific targets.
In the nematode C. elegans, the PVT interneu-
ron plays a prominent role during the develop-
ment of the ventral nerve cord (VNC). The cell
body of PVT is located at the posterior end of
the VNC and its axon, which is one of the first
to pioneer the VNC (7), extends along the entire
length of the right VNC from the posterior of the
animal into the anteriorly located nerve ring (2).
PVT transiently expresses the unc-6/netrin guid-
ance cue during embryonic development (3) and
embryonic ablation of PVT as well as mutations
in unc-6/netrin cause defects in dorso-ventral
axon attraction into the VNC (4).

Various aspects of axon pathfinding and tar-
get recognition are regulated by members of the
immunoglobulin superfamily (IgSF) of secreted
and cell surface bound proteins (5). In a com-
prehensive and genome-wide analysis of ex-
pression patterns of IgSF proteins in C. elegans
(6), we noted that six members of a novel
family of secreted 2-Ig domain proteins, termed
zig-1, zig-2, zig-3, zig-4, zig-5, and zig-8 (Fig.
1A), are co-expressed in the PVT neuron of
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larval and adult stage animals (Fig. 1, B and C).
Given the previously established embryonic role
of PVT in axon guidance in mid-embryonic
stages, we were intrigued to find that the onset
of expression of all six PVT-expressed zig re-
porter gene constructs occurred significantly lat-
er than the stages of embryonic VNC axon
outgrowth; this is particularly apparent with
zig-1::gfp, zig-2::gfp, zig-3::gfp, zig-4.:gfp, and
zig-8::gfp, whose expression is activated
postembryonically in the first larval (L1) stage
(Fig. 1, D and E). This expression profile
prompted us to investigate a potential postem-
bryonic role of PVT by assessing the effect of its
microsurgical removal in the L1 stage. Using a
reporter gene that labels the complete VNC, we
noted that 30% of animals in which PVT was
laser ablated in the L1 stage contained axons
that were aberrantly placed across the ventral
midline (Fig. 2, B through D). By ablating PVT
in the L1 stage of animals in which various
subsets of neurons in the VNC are labeled with
2fp (7), we determined that the misplaced axons
derived from the AVKL/R, PVQL/R, HSNL/R,
and RMEV neuron classes (Fig. 2, A, C, and D).
With the exception of HSNL/R, the axons of all
these neuron classes have completed their out-
growth in mid- to late embryonic stages, i.e.,
long before we ablated PVT in the first larval
stage. The observation that PVT ablation in the
L1 stage disrupts the correct positioning of em-
bryonically generated axons thus reveals an un-
expected nonautonomous role for a neuron in
maintaining VNC architecture past the stage of
its initial patterning.
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PVT is required to exert its maintenance
function during a narrowly defined temporal
window. Laser ablation of PVT at the L1, L2,
and adult stages revealed that PVT function is
only required during the L1 stage (Fig. 2D).
Moreover, individual PVT-ablated animals that
were scored at any stage later than the L1 stage
as either “wild type” or “defective,” still showed
the same phenotype when scored 2 days after
the initial scoring (n = 14). Thus, axons that
have drifted in the L1 stage, will remain in the
inappropriate track, while axons that managed
to remain in the correct position, will not flip
over at later stages. One explanation for the
stability of the phenotype past the L1 stage
could be the growth of the physical barrier
presented by the hypodermal ridge, which sig-
nificantly increases its size during larval devel-
opment (8). Another, not mutually exclusive
possibility for the stability of the phenotype is
that a drifted axon is kept in the opposite cord by
homophilic interaction with the axon of its con-
tralateral analog (9). Double laser ablations re-
vealed this to be indeed the case. In the absence
of PVT, the aberrant axon flip-over of PVQL
into the right VNC is suppressed if PVQR is
ablated (Fig. 2D).

We also considered the possibility that
axon flip-over into the opposite fascicle in
PVT-ablated animals may be facilitated by
the mechanical force provided by the con-
stant bending of animals along their longitu-
dinal axis during sinusoidal locomotion of the
animals. We tested this hypothesis by cultur-
ing PVT-ablated L1 animals on plates that
contain the cholinergic agonist levamisole,
which immobilizes animals due to hypercon-
traction of their body wall muscles (/0). In an
independent approach, we ablated PVT in
muscle-defective unc-97 animals (/7). Both
immobilization protocols caused a complete
suppression of the axon flip-over phenotype
upon PVT ablation (Fig. 2D), suggesting that
movement and hence mechanical force is a
contributing factor for the axon flip-over.

Taken together, our data suggest that spe-
cifically at the L1 stage the left and right VNC
are intrinsically unstable structures that require
the presence of a specific neuron to maintain
the integrity of individual axonal tracts (Fig.
2E). PVT presumably supplies stabilizing cues
that prevent axons from drifting into the oppo-
site fascicle, an event that is facilitated by me-
chanical force and homophilic attraction of bi-
laterally analogous axons in the opposite fasci-
cle. Stabilizing cues provided by PVT either
directly help to anchor axons in the left or right
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