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Summary

The initial signalling events leading to Helicobacter pylori infection associated changes in motility,
cytoskeletal reorganization and elongation of gastric epithelial cells remain poorly understood.
Because focal adhesion kinase (FAK) is known to play important roles in regulating actin cytoskeletal
organization and cell motility we examined the effect of H. pylori in gastric epithelial cells co-cultured
with H. pylori or its isogenic cag pathogenicity island (PAI) or oipA mutants. H. pylori induced FAK
phosphorylation at distinct tyrosine residues in a dose- and time-dependent manner.
Autophosphorylation of FAK Y397 was followed by phosphorylation of Src Y418 and resulted in
phosphorylation of the five remaining FAK tyrosine sites. Phosphorylated FAK and Src activated
Erk and induced actin stress fibre formation. FAK knock-down by FAK-siRNA inhibited H.
pylori-mediated Erk phosphorylation and abolished stress fibre formation. Infection with oipA
mutants reduced phosphorylation of Y397, Y576, Y577, Y861 and Y925, inhibited stress fibre
formation and altered cell morphology. cag PAI mutants reduced phosphorylation of only FAK Y407
and had less effect on stress fibre formation than oipA mutants. We propose that activation of FAK
and Src are responsible for H. pylori-induced induction of signalling pathways resulting in the
changes in cell phenotype important for pathogenesis.

Introduction

Helicobacter pylori infection causes continuing damage to gastric structure and function and
is the major cause of gastric malignancy. H. pylori strain-specific factors including the cag
pathogenicity island (PAI) and the outer membrane protein, OipA, are known to influence the
risk of developing clinical H. pylori-related diseases (Yamaoka et al., 2000; 2002). The cag
PAI encodes a type IV secretion system that injects CagA and possibly other bacterial proteins
into host cells (Odenbreit et al., 2000; Viala et al., 2004). Injected CagA undergoes tyrosine
phosphorylation by Src family kinases (SFK) and has been associated with cytoskeletal
changes, cell elongation and motility (Selbach et al., 2002; Moese et al., 2004). The role of
other virulence factors has not been studied in detail in relation to signalling molecules involved
in regulating cell proliferation, migration and motility.

Multiple signalling pathways are involved in inducing changes in actin filament dynamics and
cell adhesion (for review see reference Parsons, 2003). Focal adhesion kinase (FAK) is a
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cytoplasmic non-receptor tyrosine kinase that serves as a scaffolding protein to recruit the Src
homology (SH) 2- and SH3-containing molecules that function in the regulation of cell shape,
migration and motility. FAK contains six tyrosine (Y) residues (Y397, Y407, Y576, Y577,
Y861 and Y925) and the phosphorylation patterns at these sites differ in response to different
stimuli (Schlaepfer et al., 1999). Extracellular stimuli are associated with autophosphorylation
of Y397 resulting in a high-affinity binding site for the SH2 domains of SFK and
phosphoinositide-3 kinase (PI3K) (Schaller etal., 1994; Guan, 1997). Phosphorylation of Y397
is thought to be required for normal FAK-mediated regulation of cell motility, migration and
cell spreading (Schaller et al., 1994; Sieg et al., 1999). The formation of a transient FAK- Src
dual kinase signalling complex results in phosphorylation of the remaining five FAK sites and
maximal enzymatic activity. However, phosphorylation of Y407 inhibits FAK
autophosphorylation and kinase activity and negatively regulates both the enzymatic and
biological activities of FAK (Lim et al., 2007). Phosphorylation of Y576 and Y577 enhance
FAK kinase activity and are important for adhesion-induced FAK activation and consequent
downstream signalling (Mitraetal., 2005). Phosphorylation of Y861 and Y925 produces active
binding sites for Grb2 and is also linked to Ras-mitogen-activated protein kinase (MAPK)
signalling (Calalb et al., 1996; Schlaepfer et al., 1999).

Activation of FAK and Src result in phosphorylation of downstream targets including
extracellular signal regulated kinase (Erk) with are localized at focal adhesion sites which
provide cell contact with the extracellular matrix (ECM). Therefore activated FAK and Src
provide the structural links between the ECM and polymerized actin filaments involved in
focal adhesion, cell shape and motility (Hanks and Polte, 1997; Weisberg et al., 1997; Small
et al., 2002). Recent reports have suggested that the cell surface protein, epidermal growth
factor receptor (EGFR) is involved in activation of cytoskeletal proteins including FAK, and
cellular processes including focal adhesion formation and actin polymerization (Sieg et al.,
2000; Toral et al., 2003).

This study evaluated the early events in H. pylori infection leading to alterations in morphology,
migration and motility of gastric epithelial cells. We report a novel H. pylori-induced sequence
of events in gastric epithelial cells that involved selective phosphorylation of FAK Y397 and
Src Y418 followed by complete activation of FAK, resulting in upregulation of Erk and actin
stress fibre formation. We propose that this signalling pathway and its functional consequences
are important in the H. pylori-induced phenotypic changes such that FAK or Src inhibitors
might constitute important therapeutic targets. We further demonstrate that EGFR and Src are
involved in H. pylori-induced tyrosine phosphorylation of FAK and suggest that OipA
modulates cell surface receptor activation and provide a driving force that initiates these signal
transduction pathways.

H. pylori infection induces dose and time-dependent tyrosine phosphorylation of FAK

Site-specific phosphorylation of FAK was measured by immunoblot of H. pylori TN2GF4-
infected AGS cell lysates. H. pylori infection at a multiplicity of infection (moi) of 100 for 1
h markedly enhanced phosphorylation of all six FAK tyrosine residues (Fig. 1A). Similar
patterns were observed using MKN28 and MKNA45 cells and different H. pylori strains (data
not shown). An moi of 100 was used in all subsequent experiments based on our previous
studies showing that cell viability of cells infected with H. pylori at an moi of 100 was
unchanged compared with uninfected cells (Choi et al., 2007) and that the potential
confounding effects of reduced adherence by the oipA mutants were eliminated (Yamaoka et
al., 2004).
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Time-course experiments showed that significant upregulation of tyrosine phosphorylation of
FAK Y397 was observed within 5 min after infection with strain TN2GF4. Upregulation was
observed at all six phosphorylation sites within 30 min in AGS cells (Fig. 1B). These findings
are in agreement with the previous consensus in other systems that tyrosine phosphorylation
of FAK Y397 is an early event (Parsons, 2003). Phosphorylation of Y397, Y576 and Y577
reached maximal levels within 1 h (Fig. 1B) whereas sites Y407, Y861 and Y925 reached
maximal levels at 90 min and declined to basal levels 12 h after H. pylori infection (data not
shown). Phosphorylation of Y397, Y576 and Y577 also declined to basal levels 3 h post
infection (data not shown). Similar patterns were observed using MKN28 and MKN45 cells
and using the different H. pylori strains (data not shown). We therefore used AGS cells and
strain TN2GF4 in subsequent experiments.

H. pylori-mediated phosphorylation of Src Y418/Y527 and FAK-Src complex formation

FAK Y397 binds to the SH2 domain of Src to form the Src—FAK signalling complex required
for complete FAK activation and for downstream signalling (Thomas et al., 1998; Schlaepfer
et al., 1999). Autophosphorylation of Src Y418, which is located in the activation loop of the
kinase domain, results in upregulation of Src activity. In contrast, Src Y527 is located in the
carboxyl terminus and is a negative regulator of Src (Cooper et al., 1986; Nada et al., 1991).
We performed a time-course analysis of activation of Src Y418 and Y527 following H.
pylori infection of AGS cells (Fig. 2A). H. pylori induced phosphorylation of Src Y418 as
early as 5 min post infection. Phosphorylation of Src Y418 then gradually decreased. In
contrast, phosphorylation of Src Y527 was first evident as early as 10 min (Fig. 2A) and
remained phosphorylated up to 4 h after infection (data not shown). Total Src levels were
unchanged during the observation periods (data not shown) and thus the density of phospho-
specific sites was normalized to that of B-actin for semi-quantitative analyses (Fig. 2A).

To test whether FAK was associated with Src, whole-cell lysates from mock-infected or H.
pylori-infected AGS cells were subjected to immunoprecipitation with anti-FAK antibody
followed by immunoblotting with anti-FAK or Src-phosphospecific antibodies (Fig. 2B).
These experiments confirmed that H. pylori infection resulted in phosphorylation of FAK
Y397,Y861and Y925 and that FAK was associated with Src. Phosphorylation of Y418 reached
maximal levels at 15 min after H. pylori infection and declined after 1 h. In contrast, H.
pylori time-dependent induced phosphorylation of Src at Y527 with the levels increasing up
to 60 min post infection. The total levels of Src remained unchanged. The association of FAK
with Src suggests the formation of FAK-Src signalling complexes likely to be involved in
modulating downstream signalling responses.

Effect of inhibition of Src and PI3K on FAK and Src phosphorylation

Src is involved in the complete activation of FAK. Binding of FAK to the SH2 domain of Src
is associated with activation of PI3K as well as other downstream partners and substrates that
together regulate actin and adhesion dynamics and cell migration (Schlaepfer and Hunter,
1996; Guan, 1997; Westhoff et al., 2004; Mitra et al., 2005). To examine the roles of Src and
PI3K in H. pylori infection-associated activation of FAK, AGS cells were pretreated for 1 h
with chemical inhibitors of the Src tyrosine kinase (PP2) 10 and 20 mM or PI3K inhibitor
LY294002 (5 and 10 pM) and then infected with H. pylori. Our preliminary experiments using
Akt as a control down-stream mediator of PI3K showed that 5 pM of LY294002 was sufficient
to inhibit H. pylori-mediated phosphorylation of PI3K (data not shown). These inhibitors did
not affect the total levels of FAK, Src or Erk1/2 (data not shown) and therefore the density of
phospho-specific sites was normalized to that of B-actin for semi-quantitative analyses (Fig.
3A). Pre-treatment with PP2 resulted in the dramatic inhibition of phosphorylation of all sites
except for FAK Y397. These results show that H. pylori-mediated activation of FAK Y397 is
located upstream and independent of Src whereas tyrosine phosphorylation at the other FAK
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sites requires the involvement of Src. In contrast, administration of LY294002 (5 and 10 uM)
prior to infection had no effect on H. pylorimediated activation of all sites for FAK (data not
shown), suggesting that P13K is localized downstream of FAK and is not involved in H.
pylori induced tyrosine phosphorylation of FAK in AGS cells.

Reduced expression of FAK by siRNA inhibits phosphorylation of Erk1/2

Numerous studies have shown that H. pylori induces Erk1/2 activation in gastric epithelial
cells via both cag PAI-dependent and independent mechanisms (Choi et al., 2007; Pillinger
et al., 2007). In agreement with our previous studies (Choi et al., 2007), H. pylori induced
phosphorylation of Erk1/2 in AGS cells in a time-dependent manner with maximal levels
occurring between 60 and 120 min (data not shown). Activation of Erk1/2 is a candidate target
for mediating FAK-mediated signalling and actin stress fibre formation. This idea is based on
the observations that Erk1/2 activated by extracellular stimuli localizes in newly forming focal
adhesions as well by the fact that involvement of FAK is a key step in regulation of kinases
responsible for modulation of cell motility and migration (Klemke et al., 1997; Fincham et
al., 2000; Sawhney et al., 2006; Chen et al., 2007). We therefore inhibited FAK expression in
AGS cells to explore the relationship between FAK, Erk1/2 and actin stress fibre formation.
We confirmed that the expression of total FAK was markedly inhibited by FAK-specific
SiRNA. Cell lysates from AGS cells transfected with FAK siRNA followed by H. pylori
infection for 1 h were unable to induce tyrosine phosphorylation of FAK Y397 and Y861 (Fig.
3B). Downregulation of FAK expression by siRNA resulted in dramatic inhibition of H.
pylori-induced tyrosine phosphorylation of Erk1/2 (Fig. 3B). These data are consistent with
involvement of FAK in the regulation H. pylori-associated Erk1/2 phosphorylation.

Immunofluorescence analyses of FAK activation

The above experiments showed that H. pylori infection resulted in complete activation of FAK
followed by Src induced Erk1/2 phosphorylation. The effect of H. pylori infection on
phosphorylation of FAK in focal complexes and their relationship to actin stress fibre formation
was examined by immunofluorescence microscopy. Mock-infected AGS cells had low basal
levels of FAK with poorly developed actin stress fibres or lamellipodium (Fig. 4; left column).
H. pylori infection markedly enhanced phosphorylation of FAK Y397, Y576, Y577, Y861 and
Y925; phosphorylated FAK colocalized along the tips of long and enlarged actin filaments
(Fig. 4; right column). These bundles of actin filaments (stress fibres) typically were found in
the cytoplasm of H. pylori-infected AGS cells, possibly related to phosphorylation of focal
adhesion proteins. This cellular stressor resulted in alignment of the actin filaments to form
stress fibres and areas of focal adhesion. Phosphorylated FAK was localized at the leading
edges of the actin stress fibres. Overall, the results were consistent with interaction between
FAK phosphorylation and actin stress fibre formation leading to phenotypic changes in cell
morphology resulting from changes in actin cytoskeletal organization and formation of
lamellipodia.

The effects of FAK knock-down by siRNA on phosphorylation at Y397 and its relationship to
actin stress fibre formation in AGS cells were examined by immunofluorescence microscopy
(Fig. 5A). Non-transfected cells or cells transfected with control siRNA vectors followed by
H. pylori infection showed an increase in phosphorylation of FAK Y397 and actin stress fibre
formation. Knock-down of FAK by siRNA not only diminished H. pylori-induced FAK Y397
phosphorylation, but also abolished actin stress fibre formation. These data confirm that
phosphorylation of FAK is required for H. pylori-induced actin stress fibre formation. Similar
results were obtained using FAK Y861 antibody (data not shown). Collectively, these results
strongly suggest that phosphorylation of FAK and actin stress fibre formations are key early
events in H. pylori-associated phenotypic changes.
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To confirm that activation of Src is involved in changes in cell morphology, AGS cells were
treated for 1 h with the Src tyrosine kinase inhibitor PP2 or PI3K inhibitor LY294002 the and
then infected with H. pylori at an moi of 100. Staining with anti-FAK Y861 antibody confirmed
involvement of Src, but not PI13K (Fig. 5B) and was consistent with the immunoblot data (Fig.
3A). These results are also consistent with the notion that Src plays an important role in
transmitting downstream signals that affect cytoskeletal reorganization and other phenotypic
changes in H. pylori-infected cells.

Effect of H. pylori virulence factors on phosphorylation of FAK and Src

A number of cellular signalling pathways are known to be affected by the cag PAI and OipA
(Yamaokaetal., 2004). Therefore, we used wild-type H. pylori TN2GF4 and its cag PAI totally
deleted and oipA mutants to examine the effects of these virulence factors on phosphorylation
of FAK and Src activation in AGS cells (Fig. 6A). The oipA mutants were associated with
significantly reduced phosphorylation of FAK Y397, Y576, Y577, Y861 and Y925 compared
with wild-type H. pylori. In contrast, the cag PAI mutants were only associated with reduced
phosphorylation of FAK Y407. OipA is an outer membrane protein and to examine whether
other outer membrane proteins had similar effects, we evaluated isogenic mutants of the outer
membrane proteins BabA, AIpAB, HorG and HorK. In contrast to the oipA mutants, none of
these mutants reduced phosphorylation of FAK Y397 (data not shown). These results suggest
that OipA likely is the major factor involved in inducing tyrosine phosphorylation of FAK.
Interestingly, the cag PAI mutant synergized phosphorylation of FAK Y861. Phosphorylation
levels of FAK Y397, Y576, Y577 and Y925 in AGS cells infected with the double oipA/cag
PAI mutants were similar to those seen with the oipA mutant alone, levels of FAK Y407 were
similar to those seen with the cag PAI mutants, and levels of FAK Y861 were similar to those
in cells infected with the parental strain TN2GF4 (data not shown). These data suggest the
function of OipA and cag PAI in activation of FAK are independent of one another. These
results were confirmed using isogenic mutants for the cag PAI or oipA from strains
ATCC43504 and 26695 as parental strains (data not shown). In addition, we also examined 14
clinical isolates (four with cag PAI-positive/OipA-positive, three with cag PAI-positive/OipA-
negative, three with cag PAI-negative/OipA-positive and four with cag PAI-negative/ OipA-
negative strains). Phosphorylation levels of FAK Y397 was significantly higher in AGS cells
infected with either cag PAI-positive/OipA-positive or cag PAl-negative/OipA-positive
strains than those with either cag PAI-positive/OipA-negative or cag PAIl-negative/Oip-
Anegative strains (Fig. 6B), confirming that cag PAI is not involved in phosphorylation of
FAK Y397.

Both cag PAI and oipA mutants were associated with a reduction in phosphorylation of Src
Y418/Y527 compared with wild-type H. pylori, (Fig. 6C) suggesting that both virulence factors
modulate Src activation; however, the effects of OipA were greater than those of the cag PAI.
The fact that phosphorylation of FAK Y397 was independent of cag PAI suggests that the
cag PAI activates Src Y418/Y527 via an FAK Y397 independent pathway. Total Src levels
were unchanged irrespective of the mutation of the cag PAI or oipA (data not shown).

Immunofluorescence staining was performed to confirm the effects of these virulence factors
on actin stress fibre formation and cell morphology (Fig. 6D). AGS cells infected with wild-
type H. pylori showed formation of actin stress fibres. However, actin stress fibre formation
was rarely observed when the oipA mutants were used, confirming the OipA dependency of
stress fibre formation and phenotypic changes. In contrast, actin stress fibres were evident in
cells infected with the cag PAI mutant although fibre formation was less extensive compared
with cells infected with wild-type H. pylori. Similar patterns were observed using isogenic
mutants for the cag PAI or 0ipA from strains ATCC43504 and 26695 as parental strains (data
not shown).
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Involvement of EGFR in H. pylori-induced phosphorylation of FAK and Erk1/2

It has been reported that EGFR is overexpressed in various types of tumours and is involved
in cell migration, invasion and cell survival signalling. There is also evidence to suggest FAK
may be involved in EGF-induced EGFR signalling as inhibiting FAK expression also inhibits
EGF or EGFR-dependent cell migration in invasive cancer cells (Jones etal., 2001). Therefore,
we examined the role of EGFR in H. pylori-mediated signalling using AG1478, an inhibitor
of EGFR (Levitzki and Gazit, 1995). Pre-treatment of AGS cells with AG1478 did not
influence the levels of total FAK or Erk1/2 (data not shown); however, it significantly reduced
H. pylori-induced FAK Y397 and Erk1/2 phosphorylation (Fig. 7A) consistent with the
hypothesis that tyrosine phosphorylation of cell surface receptor EGFR and subsequent
activation of FAK and Erk1/2 are involved in H. pylori-mediated downstream signalling. These
data were confirmed by using EGFR-specific sSiRNA which showed reduced phosphorylation
of FAK Y397, Y861 and Erk1/2 from lysates of cells transfected with EGFR siRNA followed
by H. pylori infection for 1 h (Fig. 7B).

We also examined H. pylori-mediated activation of EGFR in AGS cells using Y845
phosphospecific antibody. H. pylori induced phosphorylation of EGFR Y845 in a time-
dependent manner with the maximum effect being observed 7.5 min after H. pylori infection
(Fig. 7C). Importantly, the oipA mutants abolished the H. pylori-associated phosphorylation
of EGFR Y845 at 10 min (Fig. 7D). Of interest, the cag PAI mutants were also associated with
areduction of phosphorylation of EGFR Y845. Total EGFR levels were unchanged during the
observation periods irrespective of the mutation of the cag PAI or oipA (data not shown). Thus,
these experiments did not identify whether there is a threshold level or critical level of
phosphorylation or whether EGFR is directly involved in activating phosphorylation of FAK
Y397. EGFR has several phosphorylation sites in addition to Y845 and additional studies will
be required to provide a detailed understanding of the proposed relationship between H.
pylori infection and activation of EGFR.

Discussion

The interaction of FAK and Src produces a molecular switch resulting in tyrosine
phosphorylation of the remaining FAK sites and determines the fate of downstream signalling
events (for review see reference Parsons, 2003). Recent studies in non-gastric cells have shown
that Y397 is required for FAK-mediated regulation of cell motility, migration and cell-
spreading signals (Schaller et al., 1994; Sieg et al., 1999). Using gastric epithelial cells, we
show that H. pylori infection is associated with rapid and transient phosphorylation of FAK
Y397, followed by phosphorylation of Src Y418 and Y527 as well as activation of the five
remaining FAK tyrosine phosphorylation sites. We show that OipA is responsible for most of
the FAK phosphorylation and propose that OipA-induced activation of FAK Y397 is an early
event and possibly a prerequisite for complete activation of FAK and the subsequent
intracellular signalling that results in actin stress fibre formation. Our data are consistent with
activation of FAK being a key regulator of the H. pylori-induced morphological changes of
gastric epithelial cells. This observation also is consistent with recent reports of a pool of active
FAK at focal adhesion sites localized at distal tips of cell extensions following H. pylori
infection (Tsutsumi et al., 2006).

Although there is agreement that OipA is involved in attachment of the bacterium to host cells
(Yamaokaetal., 2004; Dossumbekova et al., 2006), its other functions are still unclear as many
of the same candidate functions have also been linked with the cag PAI (Yamaoka et al.,

2000; 2002). The current study using both OipA-negative isogenic mutants and clinical isolates
clearly showed a novel role for OipA in the initiation of site-specific activation of FAK. OipA
appears to be involved in the steps leading to phosphorylation of FAK at Y397, Y576, Y577,
Y861 and Y925. Tyrosine phosphorylation of Src and FAK are key elements in cell motility
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and invasiveness; elevated levels of FAK and Src have also been observed in various epithelial
tumours (Owens et al., 1995; Slack et al., 2001; Playford and Schaller, 2004; Avizienyte and
Frame, 2005) and site-specific tyrosine phosphorylation of FAK has been linked to cell
adhesion, invasive ovarian tumours, expression of gastrin releasing peptide and tumour
differentiation in colon cancer (Aronsohn et al., 2003; Matkowskyj et al., 2003; Moon et al.,
2003; Avizienyte and Frame, 2005; Grisaru-Granovsky et al., 2005). These data suggest a role
for OipA in gastric carcinogenesis through its involvement with FAK and its known effects
on cell motility and invasiveness. Together these observations suggest that inhibition of OipA
may lead to site-specific inhibition of FAK tyrosine phosphorylation and provide a therapeutic
strategy for inhibiting the FAK-Src signalling complex and its various downstream signalling
pathways.

The molecular mechanisms by which OipA interacts with host cells remains unclear. However,
because OipA is an outer membrane protein involved in attachment of the organism to host
cells, it seems likely that phosphorylation of FAK Y397 may be involved in the interaction
between OipA and cell surface receptors responsible for the transmitting the downstream
signals leading to activation of FAK. H. pylori-induced phosphorylation of EGFR Y845 and
inhibition of FAK and Erk1/2 phosphorylation by inhibitions of EGFR function suggest that
OipA might associate either directly or indirectly with EGFR to modulate FAK and
downstream signals leading to cytoskeletal changes and cell motility. Experiments are
underway to test this hypothesis.

Although the cag PAI has been associated with marked changes in cell morphology, cell
migration and cell motility (Churin et al., 2001; Su et al., 2003; Moese et al., 2004), we clearly
show that the cag PAI is not involved in the initial phosphorylation of the FAK Y397 or of
other sites except Y407. Our results both agree and differ somewhat from those recently
reported (Kwok et al., 2007). Kwon et al. reported that wild-type H. pylori induce
phosphorylation of FAK Y397 (the only phosphorylation site examined) followed by
phosphorylation of Src Y418 which are in agreement with our results. They also reported that
cagL mutants of parental strain P12 did not induce phosphorylation of FAK Y397. CagL is a
component of the cag PAI type 1V secretion system. We did not assess selective CagL deletion
but instead deleted the entire cag PAI. Our results were confirmed with multiple strains
including three parental strains and their cag PAI totally deleted mutants and importantly 14
clinical isolates with different cag PAI/OipA function. These results confirmed that the cag
PAl is notinvolved in the initial phosphorylation of the FAK Y397. The reason for the different
results is unclear and they might be explained by strain differences and further studies will be
needed to explore outcomes related to elimination of the cag PAI compared with elimination
of only cagL.

Our results also differ from studies in which epithelial cells were transfected with plasmids
expressing the CagA protein (Tsutsumi et al., 2006). In those experiments, ectopic expression
of CagA was associated with a reduction in FAK activation (Tsutsumi et al., 2006). We used
live H. pylori and thus CagA was naturally injected into epithelial cells by the bacterial type
IV secretion system. In contrast to the transfection experiments, activation of FAK was one of
the earliest events noted in the natural infection. Some of the differences in outcome between
experiments in which CagA was transfected and the natural injection of CagA include the
possible injection of other proteins (e.g. peptidoglycan) into host cells (Viala et al., 2004) and
the fact that injection would tend to focus events near the cell surface. Most importantly,
transfection also would eliminate identification of other critical bacterial-host cell interactions
(e.g. the OipA-associated activation of FAK). Our results clearly confirm that OipA, and not
the cag PAI or CagA, plays an important role in overall FAK activation. These conclusions
are also supported by recent reports showing that H. pylori-induced activation of actin stress
fibre formation was independent of cagA, cagE or VacA status and by evidence that during
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the initial stage of H. pylori infection, the motility of AGS cells are independent of the presence
of the cag PAI (Su et al., 2003; Moese et al., 2004).

Finally, we note that our experiments were performed in vitro. Preliminary studies using
immunohistochemistry of human gastric mucosal biopsy specimens showed phosphorylated
FAK is present in the cytoplasm of epithelial cells in infected mucosa (see Fig. S1). Further
in vitro—in vivo correlation studies are warranted.

Experimental procedures

Reagents

Cell culture

H. pylori

Site- and phospho-specific affinity-purified polyclonal antibodies for FAK (Y397, Y407,
Y576, Y577, and Y861), Src Y418 (in human c-Src), Erk1/2 (p44/p42 MAPK) (T202/Y204),
polyclonal purified anti-FAK and monoclonal antipaxillin were purchased from Biosource
(Camarillo, CA). Site- and phospho-specific antibodies to FAK Y925, EGFR Y845 and Src
Y527, mouse anti-Src monoclonal antibody, affinity-purified horseradish peroxidase (HRP)-
conjugated goat-anti-rabbit 19G (H and L) or horse-antimouse 1gG and the LumiGLO®
chemiluminescent substrate detection system were obtained from Cell Signaling Technology,
(Beverly, MA). Mouse anti-B-actin monoclonal antibody and FITC-conjugated anti-rabbit IgG
were purchased from Sigma-Aldrich (St Louis, MO). Selective F-actin probe Alexa Fluor 594
phalloidin, 4',6-diamidino-2-phenylindole (DAPI), and SlowFade Antifade kit were obtained
from Molecular Probes (Eugene, OR). All chemical inhibitors were obtained from Calbiochem
(San Diego, CA). The mammalian FAK siRNA and EGFR siRNA/siAB™ Assay Kits were
purchased from Upstate Cell Signaling Solution (Lake Placid, NY). Immunoprecipitation
reagents were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).

The human gastric epithelial cancer cell lines AGS (American Type Culture Collection,
Manassas, VA), MKN28 and MKN45 (Riken Bank, Tsukuba, Japan) were grown at 37°C and
5% CO5 in RPMI 1640 medium supplemented with penicillin, streptomycin and 10% FBS.
Cells were seeded at a density of 1 x 10° cells per well in six-well plates, 1 x 10° cells in 10
cm dishes, or were grown on glass coverslips in 10% FBS. Cells were serum-starved overnight
before experiments. Cells at 80% confluence were left untreated in RPMI 1640 medium or
were co-cultured with H. pylori for specified times and specified moi as described in the legends
for all figures.

Three functional oipA-positive/cag PAI-positive H. pylori strains (TN2GF4, ATCC43504 and
26695), their isogenic oipA mutants and cag PAI totally deleted mutants, and oipA and cag
PAI double mutant of strain TN2GF4 have been described (Yamaoka et al., 2000; Kudo et
al., 2005). We also used isogenic babA mutant, alpAB mutant, horG mutant and horK mutant
(Yamaokaetal., 2000; Lu etal., 2007). H. pylori TN2GF4 was isolated from a Japanese gastric
ulcer patient and causes gastric cancer in Mongolian gerbils (Watanabe et al., 1998). In some
experiments, we also used clinical isolates obtained from Colombian patients with non-ulcer
dyspepsia. H. pylori were cultured on brain heart infusion agar plates containing 7% horse
blood for 24-36 h at 37°C under microaerophilic conditions. The bacteria were collected and
suspended in phosphate-buffered saline (PBS) and the density was estimated by
spectrophotometry (Ag2s) and by microscopic observation.
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Immunoblotting and immunoprecipitation

AGS cells were co-cultured with H. pylori at the specified moi or were co-cultured at an moi
of 100 for specified times as indicated in the figure legends. Protein extraction and immunoblots
were performed using standard techniques. For semi-quantitative analysis, X-ray films were
scanned and quantified using Image J 1.36 software (http://rsbweb.nih.gov/ij/) from the
National Institutes of Health.

For immunoprecipitation analysis, equivalent amounts of protein from control or infected
samples were incubated with antibodies for 2 h at 4°C and then collected with Protein A
Sepharose 4 Fast Flow or Protein G Sepharose 4 Fast Flow (Amersham Biosciences,
Piscataway, NJ). The precipitates were washed three times with lysis buffer and once with
PBS, and then were subjected to 8% SDS-PAGE, transferred to immobilon membranes, and
then probed with specific antibodies as described in the text.

Immunofluorescence

After co-culture with H. pylori, AGS cells were fixed in 3.7% formaldehyde in PBS (pH 7.6)
for 10 min at room temperature, washed with PBS, and then permeabilized by soaking
coverslips in 0.1% Triton X-100 in PBS for 5 min. Non-specific reactivity was blocked with
5% normal goat serum for 30 min at room temperature. Polymerized actin and phosphorylated
proteins were visualized by incubating the cells with phospho-specific antibodies (10-30 pg
ml~1) in a humidified chamber overnight at 4°C followed by incubation with FITC-conjugated
anti-rabbit 1gG secondary antibody and selective F-actin probe Alexa Fluor 594 phalloidin.
Nucleic acid was counterstained with DAPI (300 nM). The coverslips were mounted on slides
using the SlowFade Antifade kit (Molecular Probes, Eugene, OR) to prevent rapid photo-
bleaching as recommended by the manufacturer. The images were acquired using filters
appropriate for FITC, Alexa Fluor 594 phalloidin and DAPI.

Fluorescence microscopy

H. pylori-induced tyrosine phosphorylation and F-actin stress fibre formation was visualized
by fluorescence microscopy (Olympus, America Melville, NY, USA). Images were captured
at 1000x magnification or as indicated in the figure legends. Representative images of each
sample were taken in triplicate. Images were obtained before substantial photo-bleaching
occurred, and uninfected or H. pylori-infected cells subjected to identical culture, fixation,
staining and microscopy conditions allowed meaningful comparisons between samples.

siRNA transfection and silencing FAK or EGFR protein expression

AGS cells (1 x 105) plated in six-well plates (~80% confluent) were transfected with FAK-
specific sSiRNAs or non-specific sSiRNA (pKD-NegCon-v1) or transfected similarly with
EGFR-specific siRNA or non-specific negative control siRNAs (100 pmol) using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions.
Cells were cultured for 1-4 days after transfection. Cells were collected and suspended in
serum-free medium overnight before infection with H. pylori for 1 h at an moi of 100.

Statistical analyses

All experiments were performed at least three times. Statistical analysis was performed by
Mann-Whitney Rank Sum test or non-paired t-test depending on the data set using SigmaStat
3.01 (SPSS, Chicago, IL). A P-value of less than 0.05 was accepted as statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. H. pylori infection promotes dose and time-dependent phosphorylation of FAK in AGS cells
A. Whole-cell lysates from mock-infected cells or from cells infected for 1 h with wild-type
H. pylori at moi of 25-200 were analysed by immunoblot using indicated phospho-specific

FAK antibodies.

B. Whole-cell lysates from mock-infected cells or from cells infected for 5-60 min with wild-

type H. pylori at an moi of 100 were analysed using indicated phospho-specific FAK

antibodies. Mock-infected control cells were incubated for 60 min. The density of phospho-
specific FAK was normalized to that of total FAK and the levels were expressed as fold increase
compared with those of mock-infected control cells. At least three independent co-cultures
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were performed. Data are presented as average values + SE. *P < 0.05, **P < 0.01 versus
mock-infected control cells.
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Fig. 2. H. pylori-mediated activation of Src in AGS cells

A. Lysates from mock-infected cells or cells infected with wild-type H. pylori at an moi of 100
for 5-60 min were prepared as described in Experimental procedures and were immunoblotted
with phospho-specific Src Y418 or Y527 antibodies. Blots were re-probed with p-actin
antibody as an internal control. For quantification, the density of phospho-specific sites was
normalized to that of B-actin and the levels were expressed as fold increase compared with
those of mock-infected control cells. At least three independent co-cultures were performed.
Data are presented as average values + SE. *P < 0.05, **P < 0.01 versus mock-infected control
cells.
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B. Mock-infected cells or cells infected with wild-type H. pylori for the indicated times were
lysed and subjected to immunoprecipitation with anti-FAK antibody. Immune complexes were
analysed by immunoblot to detect activated FAK and coprecipitated Src using phospho-
specific FAK Y397, Y861, Y925, Src Y418 and Y527 antibodies. The amount of precipitated
protein was monitored by stripping and re-probing the same membranes with anti-Src
antibodies. At least three independent co-cultures were performed. Phosphorylation was not
detected when lysates from uninfected or infected cells were immunoprecipitated with normal
rabbit 1gG or protein A-Sepharose beads alone (data not shown). Data representative of three
separate experiments are presented. IP, immunoprecipitation.
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Fig. 3. Effect of inhibition of Src or downregulation of FAK on H. pylori-mediated phosphorylation
of FAK and Erk1/2

A. AGS cells were pretreated for 1 h with 10 or 20 uM of Src kinase inhibitor PP2 followed
by infection with H. pylori for 1 h at an moi of 100. Src Y418 phosphorylation was assessed
after 5 min. Whole-cell lysates were subjected to SDS-PAGE and were immunoblotted with
indicated phospho-specific antibodies. The same blots were re-probed with B-actin antibody
to verify equal loading. At least three independent co-cultures were performed. For
quantification, the density of phospho-specific sites was normalized to that of B-actin and the
levels were expressed as fold increase compared with those of mock-infected control cells.
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Data are presented as average values = SE. *P < 0.05, **P < 0.01 versus H. pylori-infected
cells without inhibitors.

B. Equal amounts of total cell lysate from mock-infected AGS cells, cells transfected with
plasmid containing negative control sequence, or cells transfected with a plasmid containing
siRNA sequence specific for FAK. Seventy-two hours post transfection, cells were infected
for 1 h with wild-type H. pylori and proteins were analysed by SDS-PAGE and immunoblot
with total FAK, total ERK, phospho-specific FAK Y397, Y861 and Erk1/2 antibodies. Data
representative of six independent experiments are presented.
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Fig. 4.

H. pylori-induced tyrosine phosphorylation of FAK colocalizes with F-actin in AGS cells.
AGS cells grown on coverslips were mock infected (left column) or infected for 1 h at an moi
of 100 with wild-type H. pylori (right column) and prepared for immunofluorescence to detect
actin stress fibre formation and localization of FAK. Fixed cells were incubated with indicated
phospho-specific FAK antibodies followed by incubation with FITC-conjugated anti-rabbit
1gG secondary antibody (green), Alexa Fluor 594 phalloidin (red), and DAPI (blue) as
described in Experimental procedures. Data representative of five independent experiments
are presented.
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Fig. 5. Effects of inhibition of FAK and Src on actin fibre formation

A. AGS cells were plated on coverslips and were left untreated, transfected with negative
control siRNA plasmid or with FAK siRNA plasmid, and then mock infected or infected with
H. pylori for 1 h. Cells were fixed and incubated with phospho-specific FAK Y397 antibody
followed by incubation with FITC-conjugated anti-rabbit IgG secondary antibody (green),
Alexa Fluor 594 phalloidin (red) and DAPI (blue). Data representative of five independent
experiments are presented.

B. AGS cells were grown on coverslips and were mock-treated, pretreated for 1 h with 10 mM
of Src kinase inhibitor PP2 or 5 uM of PI3K inhibitor LY294002 (LY), followed by infection
for 1 h with H. pylori at an moi of 100. Cells were fixed and incubated with FAK Y861 antibody
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followed by incubation with FITC-conjugated anti-rabbit IgG, Alexa Flour 594 for F-actin and
DAPI for nuclear staining. Data representative of five independent experiments are presented.
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Fig. 6. Isogenic mutants of H. pylori virulence factors downregulate site-specific phosphorylation
of FAK and Src

A-C. Cells were mock infected or infected with wild-type H. pylori, cag PAI mutants or
oipA mutants, and whole-cell lysates were subjected to immunoblot analyses using (A)
phospho-specific FAK or (C) phospho-specific Src. The same blots were re-probed with anti-
FAK and/or anti-B-actin antibody for internal controls. Cells were also mock infected or
infected with 14 clinical isolates (four with cag PAI-positive/OipA-positive, three with cag
PAI-positive/OipA-negative, three with cag PAI-negative/OipA-positive and four with cag
PAI-negative/OipA-negative strains) and whole-cell lysates were subjected to immunoblot
analyses using phospho-specific FAK Y397 (C). At least three independent co-cultures were
performed. For quantification, the density of phospho-specific sites was normalized to that of
(A, B) total FAK or (C) or p-actin, and the levels are expressed as fold increase compared with
those of mock-infected control cells. Data are presented as average values + SE. *P < 0.05,
**P < 0.01 versus wild-type H. pylori-infected cells (A, C) or cag PAI-positive/OipA-positive
isolates infected cells (B).
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D. Mock-infected AGS cells or AGS cells infected with wild-type H. pylori, cag PAI mutants

or with oipA mutants were stained with F-actin antibodies (red) and DAPI (blue) for nuclear
staining.
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Fig. 7. Effects of EGFR inhibitions on H. pylori-induced activation of FAK and Erk1/2

A. AGS cells were pretreated for 1 h with 1 pM EGFR inhibitor AG1478 followed by infection
with H. pylori for 1 h at an moi of 100. Whole-cell lysates were subjected to SDS-PAGE and
immunoblotted with indicated phospho-specific antibodies. The same blots were re-probed
with anti-B-actin antibody to verify equal loading (data not shown). At least three independent
co-cultures were performed. For quantification, the density of phospho-specific sites was
normalized to that of B-actin, and the levels are expressed as fold increase compared with those
of mock-treated control cells. Data are presented as average values + SE. *P < 0.05, **P <
0.01 versus H. pylori-infected cells without inhibitors.
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B. Equal amounts of total cell lysate from mock-infected AGS cells, cells transfected with
plasmid containing negative control sequence, or cells transfected with a plasmid containing
SiRNA sequence specific for ERFR. Seventy-two hours post transfection, cells were infected
for 1 h with wild-type H. pylori and proteins were analysed by SDS-PAGE and immunoblot
with total EGFR, total FAK, phospho-specific FAK Y397 and Y861 antibodies. Data
representative of three independent experiments are presented.

C. Whole-cell lysates from mock-infected cells or from cells infected for 5-60 min with wild-
type H. pylori at an moi of 100 were analysed using phospho-EGFR Y845 antibody. Cell lysates
from cells that were mock infected for 10 min were used as controls. At least three independent
co-cultures were performed and semi-quantification was performed as described in (A). Data
are presented as average values + SE. *P < 0.05, **P < 0.01 versus mock-infected control cells.
D. Cells were mock infected or infected with wild-type H. pylori, cag PAI mutants or oipA
mutants for 10 min and whole-cell lysates were subjected to immunoblot analyses using EGFR
Y845 antibody. At least three independent co-cultures were performed and semi-quantification
was performed as described in (A). Data are presented as average values £ SE. **P < 0.01
versus wild-type H. pylori-infected cells.
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