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Summary

The signalling pathways leading to the development of Helicobacter pylori-induced gastric cancer
remain poorly understood. We tested the hypothesis that H. pylori infections involve the activation
of Akt signalling in human gastric epithelial cancer cells. Immunoblot, immunofluorescence and
kinase assays show that H. pylori infection of gastric epithelial cells induced phosphorylation of Akt
at Ser 473 and Thr 308. Mutations in the H. pylori virulence factor OipA dramatically reduced
phosphorylation of Ser 473, while the cag pathogenicity island mutants predominantly inhibited
phosphorylation of Thr 308. As the downstream of Akt activation, H. pylori infection inactivated the
inactivation of glycogen synthase kinase 3p at Ser 9 by its phosphorylation. As the upstream of Akt
activation, H. pylori infection activated epidermal growth factor receptor (EGFR) at Tyr 992,
phosphatidylinositol 3-OH kinase (P13K) p85 subunit and PI3K-dependent kinase 1 at Ser 241.
Pharmacologic inhibitors of PI3K or mitogen-activated protein kinase kinase (MEK), Akt knock-
down and EGFR knock-down showed that H. pylori infection induced the activation of
EGFR—PI3K—PI3K-dependent kinase 1—Akt—extracellular signal-regulated kinase signalling
pathways, the inactivation of glycogen synthase kinase 3p and interleukin-8 production. The
combined functions of cag pathogenicity island and OipA were necessary and sufficient for full
activation of signalling at each level. We propose activation of these pathways as a novel mechanism
for H. pylori-mediated carcinogenesis.

Introduction

Helicobacter pylori infection is now considered to be the major cause of gastric cancer.
Although chronic H. pylori infection leads to the development of clinical gastroduodenal
diseases in approximately 20% of infected patients, the risk of developing cancer varies widely
among individual cases. This suggests that H. pylori-host interaction, host genetics,
environmental factors and H. pylori factors may all be important determinants of the outcome
of a particular H. pylori infection. H. pylori virulent factors, such as cag pathogenicity island
(PALI) and outer inflammatory protein (OipA), are known to influence the risk of developing
clinical H. pylori-related diseases, including gastric cancer (Yamaoka et al., 2000; 2002;
2006). The cag PAI encodes a type 1V secretion system injecting virulence factors such as
CagA and peptidoglycan into the host cells and interfere host signalling (Backert and Selbach,
2008). OipA is one member of a large outer membrane protein family. Both cag PAl and OipA
are reported to be involved in the induction of pro-inflammatory cytokines, such as interleukin
(IL)-8 and IL-6 from gastric epithelial cells through NF-xB and extracellular signal regulated
kinase (Erk) signalling pathways (Yamaoka et al., 2004; Lu et al., 2005).
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In a number of different cancers, including gastric cancer, the serine/threonine protein kinase
Akt [also called protein kinase B (PKB)] is overexpressed, inappropriately activated, or
expressed in phosphorylated form (Han et al., 2006; Manning and Cantley, 2007; Murakami
et al., 2007). Akt is activated by various growth factors and survival factors and is a critical
downstream effector of phosphatidylinositol 3-OH kinase (PI3K) signalling. Akt also plays a
role as a regulator of diverse biological processes, including cell proliferation, apoptosis,
glycogen metabolism, migration, cell survival and tumorigenesis (Vivanco and Sawyers,
2002; Chang et al., 2003; Dummler and Hemmings, 2007; Manning and Cantley, 2007).
Previous reports also established a link between activation of NF-xB and PI13K/Akt, the
upstream kinases of NF-«xB, to modulate cell proliferation and antiapoptotic signalling (Zhong
et al., 1998; Sizemore et al., 1999; Grandage et al., 2005). However, H. pylori-mediated
regulation of cytokines through involvement of PI3K/AKkt has not been well studied.

Complete activation of Akt requires activation of two key regulatory sites, Threonine (Thr)
308 in the catalytic domain and Serine (Ser) 473 in the C-terminal regulatory domain (Brazil
and Hemmings, 2001; Sarbassov et al., 2005). PI3K-dependent kinase 1 (PDK1) has been
identified as the upstream kinase responsible for Ser 308 phosphorylation; however, the
identification of tentative kinase PDK2 responsible for Ser 473 phosphorylation remains
controversial (Kawakami et al., 2004; Sarbassov et al., 2005; Manning and Cantley, 2007).
Once activated, Akt changes its subcellular distribution to gain proximity to downstream target
proteins, such as glycogen synthase kinase 3 (GSK3), a key enzyme involved in glycogen
metabolism (Manning and Cantley, 2007). GSK3 is constitutively active under resting
conditions, but becomes inactivated by phosphorylation of inhibitory serine residues, GSK3p
(Ser 9) and GSK3a. (Ser 21). Inactivation of GSK3 by Akt signalling has been linked to cell
proliferation, inflammation, metabolism, apoptosis and the development of various cancers
(Cohen and Frame, 2001; Frame and Cohen, 2001; Doble and Woodgett, 2003; Woodgett,
2005; Jope et al., 2007).

The present study was designed to test the hypothesis that H. pylori infection affects the
pathogenesis of gastric cancer through the activation of Akt signalling pathways. We examined
the effects of live H. pylori infection on the epidermal growth factor receptor (EGFR) and
PI3K/Akt signalling pathways and IL-8 induction from human gastric epithelial cancer cells.
We also examined the effects of H. pylori virulence factors, cag PAI and QipA, on these
signalling pathways.

pylori infection on phosphorylation of Akt in gastric cancer cell lines

Prior to H. pylori infection, total Akt protein was found to be highly expressed in multiple
epithelial cancer cell lines (Fig. 1A). H. pylori infection of AGS cells caused a marked increase
in Akt phosphorylation at both Thr 308 and Ser 473 (Fig. 1B and C) compared with uninfected
cells incubated in infection media (mock-infected). Phosphorylation of Thr 308 was detected
within 5 min and reached maximum levels within 15 min of H. pylori infection at a multiplicity
of infection (MOI) of 100 (Fig. 1B). In contrast, phosphorylation of Ser 473 reached maximal
levels after 30 min of H. pylori infection, suggesting the use of different upstream regulators
for the activation of the two Akt phosphorylation sites. Full phosphorylation of Akt was
achieved within 60 min of infection, suggesting that Akt activation is an early event in H.
pylori infection. Further, the levels of phosphorylated Thr 308 and Ser 473 were observed to
increase with increasing MOI (Fig. 1C). Transient infection of H. pylori did not affect total
Akt protein levels at any time point or MOI (Fig. 1B and C, lower panel). Similar patterns of
Akt phosphorylation were observed using MKN28 and MKN45 cells and/or different H.
pylori strains (data not shown).
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In subsequent experiments, we used an MOI of 100 for H. pylori infection of AGS cells (unless
otherwise indicated), as this level of infection eliminates the potential confounding effects of
reduced adherence by the oipA mutants (Yamaoka et al., 2004) without affecting cell viability
(Choi et al., 2007).

Effect of cag PAI and OipA on phosphorylation of Akt in gastric cancer cell lines

We found that infection of AGS cells with the oipA mutant H. pylori led to dramatically reduced
levels of phosphorylation of Ser 473 compared with infection with wild-type H. pylori. In
contrast, oipA mutants caused only a slight, though significant, reduction in the
phosphorylation of Thr 308 (Fig. 2A). The cag PAI mutations of H. pylori had the opposite
effects and completely abolished H. pylori-induced phosphorylation of Thr 308 compared with
infection with wild-type H. pylori and only a slight, but significant, reduction in the
phosphorylation of Ser 473 (Fig. 2A). The loss of OipA and CagA production in oipA mutants
and cag PAI mutants was confirmed by re-probing the immunoblot with anti-OipA antiserum
and anti-CagA antibody respectively (Fig. 2A). Infection with double cag PAI/oipA mutants
resulted in complete inhibition of the phosphorylation of Ser 473, confirming that cag PAI also
affects the phosphorylation of Ser 473. Importantly, these data suggested that the combined
activities of cag PAI and OipA are sufficient for full activation of Akt.

We also used an Akt kinase assay to examine Akt Kinase activity against its GSK3 substrate
following H. pylori infection (Fig. 2B). Infection of cells with wild-type H. pylori induced Akt
activity against GSK3a/p (Ser 21/Ser 9), and infection with cag PAI mutants led to marked
reduction of H. pylori-induced Akt activity compared with wild-type H. pylori. The oipA
mutations were also associated with decreased Akt activity; however, their effects were less
dramatic than the cag PAI mutations. As expected, the combination of cag PAI and oipA
mutants had a more profound effect on kinase activity of Akt than cag PAI mutants alone,
confirming that both cag PAI and OipA affected kinase activity of Akt.

As OipA is an outer membrane protein, we examined whether other outer membrane proteins
affected the phosphorylation of Akt. We evaluated the phenotypes of isogenic mutants of the
H. pylori outer membrane proteins BabA, AlpAB, HorG and HorK. In contrast to the oipA
mutants, none caused reduced levels of Akt phosphorylation (data not shown). Collectively,
our results are consistent with cag PAI and OipA affecting site-specific activation of Akt.

These results were confirmed by immunofluorescence microscopy with phospho-specific
antibodies to Akt. Mock-infected AGS cells had low fluorescence signals, indicating low basal
levels of phosphorylated Akt (Fig. 2C). H. pylori infection markedly enhanced fluorescence
signals for both phospho-Thr 308 and phospho-Ser 473 Akt in the cytoplasm of AGS cells.
Infection of cells with oipA mutants and cag PAI mutants led to the same patterns of reduced
Akt phosphorylation by immunofluorescence microscopy as were found by immunoblot
analyses (Fig 2A and C).

Effect of H. pylori infection on inactivation of GSK3

The serine/threonine protein kinase GSK3 is constitutively active under resting conditions and
becomes inactivated by phosphorylation of inhibitory serine residues, GSK3p (Ser 9) and
GSK3a (Ser 21), by the kinases PKA, PKB and PKC (for review see Jope et al., 2007). H.
pylori infection markedly enhanced phosphorylation of GSK3p (Ser 9) in an MOI-dependent
manner without affecting total GSK3 protein levels (Fig. 3A). Infection with oipA mutants and
cag PAI mutants resulted in significant reduction of GSK3p (Ser 9) phosphorylation compared
with infection with wild-type H. pylori, although these effects were stronger with oipA mutants
than with cag PAI mutants (Fig. 3B). Infection with double cag PAIl/oipA mutants resulted in
complete reduction of the phosphorylation of GSK3p (Fig. 3B), suggesting that the combined
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activities of cag PAl and OipA are involved in inactivation of GSK3 by inducing the full levels
of phosphorylation of GSK3p and possibly GSK3a following H. pylori infection.

In agreement with the consensus that GSK3p is located downstream of PI3K/Akt in the
signalling pathway, pre-treatment of AGS cells with pharmacologic PI3K inhibitor completely
blocked H. pylori-induced phosphorylation of GSK3p (Fig. 3C). Pre-treatment of cells with
pharmacologic mitogen-activated protein kinase kinase (MEK) inhibitor also blocked the
phosphorylation of GSK3p, suggesting that Erk is involved in the regulation of H. pylori-
induced GSK3p phosphorylation and that Erk is located upstream of GSK3 or influencing H.
pylori-induced GSK3 inactivation. Pre-treatment of cells with PKA inhibitor slightly reduced
H. pylori-induced phosphorylation of GSK3p (Fig. 3C), suggesting that complete
phosphorylation of GSK3 is regulated not only by PKA, but also by other factors, probably
PKB and PKC.

pylori infection on phosphorylation of PI3K and PDK1

The possible activation of PI3K and PDK1, putative upstream mediators of Akt, in response
to H. pylori infection has not been investigated. Phosphorylation of Akt Thr 308 has been
reported to involve the activation of PDK1 (Kawakami et al., 2004; Sarbassov et al., 2005;
Manning and Cantley, 2007). We found that H. pylori infection of AGS cells enhanced the
phosphorylation of the p85 subunit of PI3K, with maximal levels detected 30 min after infection
at an MOI of 100 (Fig. 4A). In addition, H. pylori infection dramatically induced the
phosphorylation of PDK1 Ser 241; the levels increased at 15 min and then persisted for 60 min
after infection. The total PDK1 protein levels remained unchanged (Fig. 4A).

Interestingly, infection with cag PAI mutants caused reduced H. pylori-induced
phosphorylation of both the PI3K p85 subunit and PDK1 Ser 241 compared with infection
with wild-type H. pylori (Fig. 4B). These results are in agreement with the hypothesis that Akt
Thr 308 is regulated by the PI3K p85 subunit and PDK1. The oipA mutations reduced the H.
pylori-induced phosphorylation of PI3K and PDK1 to a lesser extent than the cag PAI
mutations; however, infection with the double cag PAI/oipA mutations resulted in complete
inhibition of the phosphorylation of PI3K and PDK1 (Fig. 4B), suggesting that the combined
activities of cag PAI and OipA are sufficient for full phosphorylation of PI3K p85 subunit and
PDK1 Ser 241 in response to H. pylori infection.

As expected, pre-incubation with the pharmacological PI13K inhibitor, LY 294002, abrogated
H. pylori-induced phosphorylation of Akt at both sites (data not shown). PI3K inhibitor also
inhibited H. pylori-induced phosphorylation of PDK1 (Fig. 4C), confirming that PDK1 is
downstream of PI3K in the signalling pathway.

Effect of Akt knock-down by siRNA on H. pylori-induced phosphorylation of GSK3, PDK1
and mitogen-activated protein kinase

Various cell surface receptors can regulate mitogen-activated protein kinase (MAPK)
signalling pathways. We have previously reported that H. pylori induced the phosphorylation
of Erk and p38 MAPK (Yamaoka et al., 2004; Choi et al., 2007) and hypothesized that Akt
signalling might be responsible for H. pylori-mediated regulation of Erk and p38. Transfection
of the control siRNA plasmid did not affect H. pylori-induced phosphorylation of Akt, PDK1,
GSK3p, Erk or p38 (Fig. 5). As expected, Akt knock-down by Akt-specific SiRNA led to
undetectable levels of GSK3p (Ser 9) phosphorylation after H. pylori infection, but had no
effect on H. pylori-induced phosphorylation of PDK1 Ser 241. These results confirm that
GSK3p is a downstream target of Akt, whereas PDK1 is upstream of Akt in the signalling
pathway. Akt knock-down was also resulted in an absence of Erk Thr202/Tyr204
phosphorylation following H. pylori infection (Fig. 5). These data suggest that Akt plays
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essential roles in the H. pylori-mediated activation of Erk—GSK3p signalling pathways. In
contrast, Akt knock-down had no effect on the H. pylori-induced phosphorylation of p38
Thr180/Tyr182, indicating that this protein is either upstream of Akt or is activated by Akt-
independent mechanisms.

Involvement of EGFR in H. pylori-mediated phosphorylation of PDK1/AKT signalling

The EGFR is overexpressed in various types of tumours and is involved in cell migration,
invasion and cell survival signalling (De et al., 2008). Recent reports indicate that H. pylori
infection induces the transactivation of EGFR in gastric epithelial cells (Jorissen et al., 2003;
Ashktorab etal., 2007; Keates et al., 2007). We hypothesized that site-specific phosphorylation
of EGFR and possible subsequent activation of PI3K signalling pathways are necessary for the
H. pylori-mediated activation of Akt. As expected, H. pylori infection induced the
phosphorylation of EGFR Tyr 992 (Fig. 6A). Infection with cag PAI mutants markedly reduced
the levels of H. pylori-induced phosphorylation of EGFR Tyr 992 as compared with infection
with wild-type H. pylori. Infection with 0ipA mutants also decreased the levels of
phosphorylation of EGFR Tyr 992 (Fig. 6B). Infection with a double cag PAIl/oipA mutant
completely blocked H. pylori-induced EGFR Tyr 992 phosphorylation, suggesting that the
combined activities of cag PAI and OipA are sufficient for full phosphorylation of EGFR Tyr
992 triggered by H. pylori infection.

We next examined the role of EGFR in H. pylori-induced activation of Akt signalling pathways
using EGFR-specific siRNA. Transfection of the control siRNA plasmid did not affect H.
pylori-induced phosphorylation of Akt, PDK1, GSK3p, Erk or p38 (Fig. 6C). After EGFR
knock-down by EGFR-specific SIRNA, detectable levels of phosphorylation of PDK1 Ser 241,
Akt Ser 473, Erk Thr202/Tyr204 and GSK3p (Ser 9) were no longer induced by H. pylori
infection, suggesting that EGFR signalling is essential for H. pylori-mediated regulation of the
PDK1—Akt—Erk—GSK3p pathways. Immunofluorescence microscopy using a
pharmacologic inhibitor of EGFR confirmed that inhibition of EGFR dramatically blocked H.
pylori-induced phosphorylation of Akt Ser 473 and Thr 308 (data not shown). Overall, H.
pylori-induced activation of PI3K/Akt signalling pathway and its downstream targets required
EGFR-mediated signalling.

The EGFR knock-down also reduced the levels of H. pylori-mediated phosphorylation of p38;
however, H. pylori infection still triggered some phosphorylation of p38 in the absence of
EGFR expression (Fig. 6C), suggesting the existence of EGFR-independent mechanisms for
activation of p38.

Role of EGFR and PI3K/Akt in H. pylori-induced IL-8 production in gastric epithelial cells

We previously reported that H. pylori induced IL-8 production through Erk and NF-xB
involvement while isogenic mutants of both cag PAI and OipA significantly blocked IL-8
production in gastric epithelial cells (Yamaoka et al., 2004). We also showed that IL-8 levels
reached maximal levels at 18-21 h after H. pylori infection at an MOI of 100 and plateaued
until 30 h irrespective of H. pylori strain (Yamaoka et al., 2004). We therefore co-cultured H.
pylori with AGS cells at an MOI of 100 for 18 h to evaluate the role of H. pylori-activated
EGFR and PI3K/Akt on IL-8 production.

To test the hypothesis that EGFR signalling pathway plays a role in H. pylori-induced IL-8
production, we utilized pharmacologic inhibitor of EGFR (AG1478) to inhibit EGFR
phosphorylation followed by infection with wild-type H. pylori, cag PAI mutants or oipA
mutants. Pre-treatment of AGS cells with pharmacologic EGFR inhibitor blocked wild-type
H. pylori-induced IL-8 by approximately 60%, while inhibition of EGFR activation suppressed
cag PAI or oipA mutants” mediated IL-8 production by only approximately 30% (Fig. 7A).
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Furthermore, pre-treatment of AGS cells with pharmacologic PI3K inhibitors blocked wild-
type H. pylori-induced IL-8 by approximately 50%, while inhibition of PI13K activation
suppressed cag PAI or oipA mutants’ mediated IL-8 production by only approximately 25%
(Fig. 7B). Similar results were observed in MKN28 and MKN45 cells (data not shown). These
results suggested that the activation of EGFR-PI3K signalling, at least in part, positively
regulated H. pylori-mediated IL-8 production and both cag PAI and OipA are involved in
EGFR-related IL-8 production.

Discussion

Results from the current study have led to the conclusion that infection with live H. pylori
induces EGFR- and PI3K-dependent phosphorylation of PDK1 and Akt, and the subsequent
activation of Erk, inactivation of GSK3 and IL-8 production. Importantly, we found that the
H. pylori virulence factors, cag PAI and OipA, differentially regulate phosphorylation of Akt
on sites Thr 308 and Ser 473. The oipA mutation reduced the levels of Akt Ser 473, whereas
the cag PAI mutation reduced activation of Akt Thr 308 in response to H. pylori infection. The
specific functions of cag PAI or OipA in signalling the activation of Akt Ser 473 or Thr 308
might cause an imbalance in downstream proliferation and apoptotic signalling. Importantly,
infection of cag PAIl/oipA double mutants completely blocked H. pylori-mediated activation
of both Akt sites, suggesting that both OipA and cag PAI are required for complete activation
of Akt. Activated Akt signalling pathways are key mediators of diverse cellular responses, such
as cell survival, proliferation and cell motility in other systems (Chang and Karin, 2001;
Vivanco and Sawyers, 2002; Suthiphongchai et al., 2003; Liu et al., 2006). Upregulated Akt
activation has also been observed in tissues adjacent to gastric tumours and Akt has been
implicated in influencing the chemoresistance of gastric cancers (Vivanco and Sawyers,
2002; Ang et al., 2005; OKi et al., 2005). Taken together, phosphorylation of Akt mediated by
the combination of cag PAI and OipA is suggested to be a regulator of intracellular signalling
involved in the regulation of a number of cellular functions involved in gastric carcinogenesis.

We have observed for the first time that H. pylori infection causes the inactivation of GSK3
through the activation of Akt kinase activity against GSK3p. These findings are in agreement
with previous studies of Akt-mediated signalling in other systems (Delcommenne et al.,
1998; Stambolic and Woodgett, 2006). Inactivation of GSK3 has been linked to cell
proliferation, inflammation, metabolism, apoptosis and the development of various cancers
through the activities of Akt signalling pathways (Cohen and Frame, 2001; Frame and Cohen,
2001; Doble and Woodgett, 2003; Woodgett, 2005; Jope et al., 2007). We propose that
inactivation of GSK3p during H. pylori infection may be important for IL-8 production and in
the development of various pathologic conditions leading to gastric cancer. Regulation of IL-8
gene transcription by H. pylori appears to be mediated mainly through NF-xB and AP-1
(YYamaoka et al., 2004). Our preliminary data using uninfected gastric epithelial AGS cells
shows that GSK3p inhibitor SB216763 induced upregulation of AP-1, but not of NF-xB, and
also induced IL-8 production (F.H. Tabassam et al., unpubl. data). As H. pylori infection
induced the inactivation of GSK3p, GSK3p—AP-1 pathway might regulate I1L-8 production.
GSK3 is one of the key elements of the Wnt pathway, which governs B-catenin homeostasis.
Nuclear translocation of B-catenin and its association with LEF/TCF transcription factors are
key steps in the transduction of Wnt signalling, which is aberrantly activated in a variety of
human cancers (Frame and Cohen, 2001). There are several reports that -catenin signalling
induces IL-8 expression in other systems [e.g. umbilical endothelial cells (Masckauchan et
al., 2005) and primary human hepatocytes (Levy et al., 2002)], and direct binding of B-catenin
to the putative LEF/TCF site in the IL-8 promoter has been confirmed to play important roles
in IL-8 induction in primary human hepatocytes (Levy et al., 2002). Our preliminary data show
that following inactivation of GSK3p by H. pylori infection, -catenin was released from a
GSK3p/B-catenin complex, with subsequent nuclear translocation (F.H. Tabassam et al.,
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unpubl. data). Overall, we suggest that GSK33—AP-1 and GSK3p—f-catenin pathways will
regulate IL-8 induction in H. pylori-infected gastric epithelial cells. Importantly, recent studies
showed that both OipA and CagA are involved in the nuclear translocation of B-catenin (Franco
et al., 2008), and OipA and cag PAI are involved in the activation of AP-1 (Choi et al.,
2007). In the present study, although we did not focus on the each factor in the cag PAI and/
or factors related to the cag PAI (e.g. peptidoglycan), interaction between CagA and p-catenin
might play important roles in the Akt—GSK3p-related pathways. Further studies will be
necessary to investigate the roles of CagA on the pathways. As was the case for Akt activation,
maximal inactivation of GSK3p by H. pylori required functional cag PAI and OipA proteins,
and the combination of cag PAI and OipA activities was sufficient for complete inactivation
of GSK3p. It is well known that patients infected with cag PAI-positive/OipA-positive H.
pylori strains are at a higher risk for developing gastric cancer than those infected with cag
PAI-negative/OipA-negative strains (Yamaoka et al., 2002; 2006). However, how the
functions of cag PAI and OipA combine to act as carcinogens has not been established,
although several potentially carcinogenetic molecules interact with cag PAI and/or OipA,
including SHP-2 (Higashi et al., 2002) and FAK (Tabassam et al., 2008). The results of our
Akt knock-down experiments suggested that Akt is essential for H. pylori-mediated GSK3p
signalling pathways. Overall, we propose a novel mechanism to explain H. pylori-induced
cytokine production and a possible link to carcinogenesis, in which cag PAl and OipA combine
to trigger the inactivation of GSK3 through activated PI3K/Akt signalling pathways.

To establish the upstream signalling events that direct H. pylori-mediated Akt phosphorylation,
we confirmed that H. pylori infection increases the phosphorylation of the PI3K p85 subunit
and PDK1. PI3K is a heterodimer composed of a p85-regulatory and a p110 catalytic subunit.
Once activated, PI3K generates phosphatidylinositol-3,4, -bisphosphate and
phosphatidylinositol-3,4,5-trisphos-phate to activate PI3K-dependent kinases, including PDKs
and Akt, to regulate diverse cellular functions, such as cell growth, differentiation, cell motility
and cell survival (Alessi and Cohen, 1998; Wang et al., 2000; Cantley, 2002; Vivanco and
Sawyers, 2002; Woodgett, 2005; Manning and Cantley, 2007). In the present study, we found
that cag PAI was most important in the phosphorylation of P13K p85 subunit and PDK1 Ser
241 after H. pylori infection. These results are in agreement with the hypothesis that PDK1 is
the upstream kinase responsible for phosphorylation of Akt Thr 308 (Kawakami et al., 2004;
Sarbassov et al., 2005; Manning and Cantley, 2007). However, OipA activity also contributed
to the activation of PI3K and PDK1, and cag PAI/oipA mutants completely blocked H. pylori-
mediated activation of P13K p85 subunit and PDK1 Ser 241. These results confirmed that the
combination of cag PAI and OipA is sufficient for full activation of PI3K—PDK1 signalling
pathways, as is the case for Akt—Erk—GSK3p downstream signalling.

Immunofluorescence images obtained using phospho-specific antibodies for Akt illustrated
that activated Akt was localized to the cell periphery where activated cell surface receptors
initiate H. pylori-mediated signalling. A role for EGFR as the surface receptor for H. pylori-
induced signalling has been previously reported (Keates et al., 2007; Tabassam et al., 2007);
however, the direct involvement of EGFR in activating Akt signalling in response to H.
pylori infection has not been previously investigated. In the present study, EGFR was found
to undergo rapid tyrosine phosphorylation at Tyr 992 following H. pylori infection; the kinetics
of H. pylori-mediated EGFR activation coincide with phosphorylation of PI3K and Akt and
are consistent with recent reports describing H. pylori-induced tyrosine phosphorylation of
EGFR in gastric epithelial cells (Keates et al., 2007). EGFR knock-down completely inhibited
H. pylori-induced phosphorylation of PDK1 and Akt, resulting in the inhibition of downstream
effectors, such as Erk and GSK3p. Overall, our current study provides evidence to support the
hypothesis that activation of EGFR is involved in the initiation of H. pylori-mediated PI3K/
Akt signalling, followed by Erk—GSK3p signalling pathways. In addition, we have confirmed
that the combination of cag PAI and OipA is sufficient for full activation of these signalling
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pathways. All lines of evidence in this study converge to show that activated EGFR is a critical
mediator in H. pylori-mediated signalling and that activated Akt is a novel cellular mediator
of H. pylori-induced signalling. In addition, we also found that the activation of EGFR-PI3K
signalling, at least in part positively regulated H. pylori-mediated I1L-8 production and both
cag PAI and OipA are involved in EGFR-related IL-8 production. These results may have
important implications for the development of drugs to counteract the effects of H. pylori
infection. As EGFR and PI3K/Akt are overexpressed in gastric cancer, we propose that agents
antagonizing these signalling pathways (e.g. blocking EGFR activation or silencing Akt
expression) might provide more selective alternatives for the management of gastric cancer.

Finally, previous studies in other cell systems have suggested that the activation of Akt is
required in order for phosphorylation of p38 MAPK to impair cell proliferation (Gratton et
al., 2001; Parekh and Rao, 2007). Surprisingly, we could not confirm these results, as Akt
knock-down did not block H. pylori-mediated p38 activation. These data suggest that p38
activation is divergent and that Akt-mediated interaction is either not required for p38
activation or upstream of Akt in the signalling pathway. We speculate that H. pylori activate
cell surface receptors or non-receptor kinases, which activate p38 independent of Akt.
Although the underlying mechanism is unknown, we propose that H. pylori-induced p38
activation is, at least in part, regulated by EGFR as EGFR knock-down blocked H. pylori-
induced p38 activation.

Experimental procedures

Reagents

Cell culture

Site and phospho-specific affinity-purified polyclonal antibodies for Akt Thr 308 and Ser 473,
GSK3a/pSer 9 and Ser 21, PDK1 Ser 241, Erk Thr 202/Tyr204, p38 Thr 180/Tyr 182 and
EGFR Tyr 992; polyclonal purified anti-Akt, GSK3p, PDK1 and Erk; affinity-purified
horseradish peroxidase-linked goat anti-rabbit/-mouse 1gG (H and L) and LumiGLO reagent
chemiluminescent substrate detection system were obtained from Cell Signalling Technology
(Beverly, MA). Anti-OipA antiserum was described previously (Kudo etal., 2004). Anti-CagA
antibody was purchased from Austral Biologicals (San Ramon, CA). FITC-conjugated anti-
rabbit, mouse monoclonal antiB-actin antibodies and protease inhibitor cocktail were purchased
from Sigma-Aldrich (St Louis, MO). Selective nuclear probe DAPI, and SlowFade Antifade
kit were obtained from Molecular Probes (Eugene, OR). Pharmacological inhibitors of EGFR
(AG1478), PI3K (LY 294002), PKA (H-89, Dihydrochloride) and MEK1 (U0126) were
purchased from Calbiochem (La Jolla, CA). Mammalian EGFR siRNA/siAB Assay Kits were
purchased from Upstate Cell signalling Solution (Lake Placid, NY), and mammalian Akt
siRNA kit expression plasmids were purchased from Cell Signalling Technology (Beverly,
MA).

Human gastric epithelial cancer cell lines AGS (American Type Culture Collection, Manassas,
VA), MKN28 (Riken Bank, Tsukuba, Japan) and MKN45 (Riken Bank) were grown in RPMI
1640 medium supplemented with penicillin, streptomycin and 10% FBS in a humidified 5%
CO, atmosphere at a density of 1 x 10° cells in six-well plates or 1 x 10° cells in 10 cm dishes.
To avoid the influence of serum, gastric cells were serum-starved overnight before
experiments. Cells with 80% confluence were left untreated in RPMI 1640 medium, co-
cultured with H. pylori for specified times and/or with specified MOI as described in figure
legends.
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Three functional oipA-positive/cag PAI-positive H. pylori strains (TN2GF4, ATCC43504 and
26695), their isogenic oipA mutants, cag PAI totally-deleted mutants and oipA and cag PAI
double mutants were used (Yamaoka et al., 2000; Kudo et al., 2005). We also used isogenic
babA mutants, alpAB mutants, horG mutants and horK mutants (Yamaoka et al., 2000; Lu et
al., 2007). H. pylori TN2GF4 was originally isolated from a Japanese gastric ulcer patient and
has been shown to colonize Mongolian gerbils consistently for at least 1 year and to cause
reproducible mucosal damage (Watanabe et al., 1998). H. pylori were cultured on brain heart
infusion agar plates containing 7% horse blood and incubated at 37°C under microaerophilic
conditions for 24-36 h. The cells were suspended in PBS and the density was estimated by
spectrophotometry (Agos) and by microscopic observation.

Protein extraction and immunoblot

Confluent gastric 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. Cells were lysed with
lysis buffer containing 20 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% Triton X-100,1 mM EDTA,
1 mM NagVO,4, 1 mM PMSF sodium pyrophosphate, 1 ug ml~1 leupeptin and protease-
inhibitor cocktail, and immunoblot was performed using standard techniques with indicated
phospho-specific antibodies. In experiments using isogenic mutants, X-ray films were scanned
and semiquantified as described previously (Tabassam et al., 2007). Statistical analysis was
performed in immunoblot using isogenic mutants by non-paired t-test using SigmaStat 3.01
(SPSS, Chicago, IL). A P-value of less than 0.05 was accepted as statistically significant.

Kinase activity assay

Akt kinase assays were performed according to the manufacturer’s instructions. Briefly,
confluent AGS cells were serum-starved over night and left untreated or co-cultured for 1 h
with H. pylori at an MOI of 100. Cells were lysed with ice-cold lysis buffer (20 mM Tris-HCI
pH 7.5, 150 mM NacCl, 1% Triton X-100, 1 mM EDTA, 1 mM NazgVOy, 2.5 mM sodium
pyrophosphate, 1 mM B-glycerolphosphate, 1 ug ml~1 leupeptin, 1 mM PMSF and protease-
inhibitor cocktail). Total proteins from cell lysates were immunoprecipitated with immobilized
ant-Akt monoclonal antibody that recognizes all Akt isoforms. Immunoprecipitated pellets
were washed and incubated in kinase buffer containing GSK3 fusion protein and cold ATP.
The kinase activity of Akt was analysed by detecting GSK3 phosphorylation using phospho
GSK3o/p (Ser 21/9) antibody, as recommended by the manufacturer.

Silencing Akt or EGFR protein expression

The AGS cells were plated in six-well plates and allowed to reach ~80% confluencecon on the
day of transfection. To downregulate Akt expression, negative control sSiRNA or Akt-specific
siRNA were introduced into the cells according to the manufacturer’s instructions. Similarly,
cells were transfected with EGFR-specific siRNA or non-specific negative control sSiRNAs
(100 pmol) using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions. Briefly, 100 pmol of siRNAs diluted in 200 pl of Opti-MEM
(Invitrogen, Carlsbad, CA) and 5 ul of Lipo-fectamine 2000 was diluted in 200 ul of Opti-
MEM. Diluted siRNA and Lipofectamine 2000 were mixed and incubated for 15 min at room
temperature for lipid complex formation. For subsequent transfection, complexes were added
to each well and incubated for 4 h followed by incubation with 20% FBS. After 24 h, the media
were changed to complete media and incubated for an additional 1-4 days after transfection,
as indicated in the figure legends. Before infection with H. pylori, cells were suspended
overnight in serum-free medium and infected for 1 h with H. pylori at an MOI of 100. Protein
extraction and immunoblotting were performed according to established protocols.
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Fluorescence microscopy

Helicobacter pylori-induced Akt Ser 473 phosphorylation in AGS cells was visualized by
fluorescence microscopy (Olympus, America Melville, NY). H. pylori-infected or -uninfected
cells were subjected to identical culture, fixation, staining and microscopy conditions for
comparisons between samples. Images were captured at 1000x magnification obtained before
substantial photo-bleaching occurred and representative images of each sample were taken in
triplicate.

Determination of IL-8 productions

Invitro IL-8 production was measured as described previously (Yamaoka et al., 2004). Briefly,
gastric epithelial cells (approximately 5 x 10° mI~1) were plated onto 24-well plates and
cultured for 2 days. Serum-starved cells were pre-incubated with or without 5 uM EGFR
inhibitor (AG1478) or 10 uM PI3K inhibitor (LY 294002) for 2 h followed by H. pylori
infection at an MOI of 100 for 18 h. Culture supernatants were collected and assayed for I1L-8
production by an ELISA (R and D Systems; Minneapolis, MN). Statistical analysis was
performed by non-paired t-test using SigmaStat 3.01. A P-value of less than 0.05 was accepted
as statistically significant.
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Fig. 1. Effect of H. pylori infection on phosphorylation of Akt in gastric epithelial cells

A. Whole-cell lysates from AGS, MKN28 or MKN45 were analysed for total Akt expression
by immunoblot using anti-Akt antibody. The blots were re-probed with B-actin to verify equal
loading.

B. Cell lysates from mock-treated AGS cells or from cells infected with wild-type H. pylori
for 5-60 min at an MOI of 100 were analysed by immunoblot using indicated phospho-specific
Akt antibodies. Mock-infected control cells were incubated for 30 min.

C. Cell lysates from mock-infected AGS cells or from cells infected for 30 min with increasing
MOI (12.5-200) of wild-type H. pylori were assayed by immunoblot with indicated phospho-
specific Akt antibodies. The blots were re-probed with total Akt and B-actin antibodies to verify

Cell Microbiol. Author manuscript; available in PMC 2010 February 23.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tabassam et al.

Page 14

equal loading and used as internal control (B and C). At least three independent co-cultures
were analysed (A, B and C).
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Fig. 2. Effects of cag PAI and OipA on phosphorylation of Akt in AGS cells

A. AGS cells were mock-infected or infected for 30 min with wild-type H. pylori, cag PAI
mutants, oipA mutants or cag PAI/oipA double mutants at an MOI of 100. Whole-cell lysates
were subjected to immunoblot analyses using indicated phospho-specific Akt antibodies. The
blots were re-probed with B-actin to verify equal loading. Anti-CagA antibody or anti-OipA
antiserum was used to assay CagA or OipA expression in H. pylori mutants. At least five
independent co-cultures were analysed. The blots were re-probed with total Akt and B-actin
antibodies to verify equal loading and used as internal control. For semiquantification, the
density of phospho-specific sites was normalized to that of total Akt and the levels were
expressed as fold increase compared with those of mock-infected control cells. Data are
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presented as average values + SE (fold induction compared with mock-infected cells). **P
<0.01 versus wild-type H. pylori-infected cells.

B. Akt kinase activity was evaluated using the same cell lysates used in the immunoblot
analyses. Equal amount of whole-cell lysates were immunoprecipitated with immobilized anti-
Akt antibody and incubated in kinase buffer containing GSK3 fusion protein and cold ATP.
Akt kinase activity was analysed by detecting phosphorylation of GSK-3 using phospho-
GSK3a/B (Ser 21/9) antibodies. Data are representative of three independent experiments.

C. AGS cells were mock-infected or infected for 15 min with wild-type H. pylori, cag PAI
mutants, oipA mutants or cag PAl/oipA double mutants (an MOI of 100). Cells were subjected
to identical conditions for fixation, staining and incubation with primary Akt Thr 308, Akt Ser
473 and secondary (FITC) antibody. DAPI was used for nuclear staining. Representative
images of each sample were taken in triplicate.
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Fig. 3. Effect of H. pylori infection on phosphorylation of GSK3

A. Cell lysates from mock-infected AGS cells or cells infected for 30 min with wild-type H.
pylori at an MOI of 12.5-200 were analysed by immunoblot with phospho-specific GSK3p
(Ser 9) antibody. The blots were re-probed with total Akt and B-actin antibodies to verify equal
loading and used as an internal control. At least three independent co-cultures were analysed.
B. AGS cells were mock-infected, treated with PMA (100 nM) or infected for 30 min with
wild-type H. pylori, cag PAI mutants, oipA mutants or double cag PAIl/oipA mutants (an MOI
of 100). PMA was used as a positive control. Whole-cell lysates were subjected to immunoblot
analyses using phospho-specific GSK3p (Ser 9) antibody. At least five independent co-cultures
were analysed. For semiquantification, the density of phospho-specific sites was normalized
to that of total Akt and the levels were expressed as fold increase over mock-infected control
cells. Data are presented as average values + SE (fold induction compared with mock-infected
cells). *P <0.05, **P <0.01 versus wild-type H. pylori-infected cells.

C. AGS cells were pre-treated for 1 h with 10 or 20 uM of pharmacologic PI3K inhibitor
LY294002 or MEK1 inhibitor U0126, followed by infection for 30 min with wild-type H.
pylori at an MOI of 100 (left panel). Similarly, AGS cells were pre-treated for 1 h with 5 pM
PKA inhibitor H89 followed by infection for 30 min with H. pylori at an MOI of 100 (right
panel). Whole-cell lysates were analysed by immunoblot with phospho-specific GSK3pB
antibody. The blots were re-probed with total Akt and p-actin antibodies to verify equal loading
and used as internal control. At least three independent co-cultures were analysed.
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Fig. 4. Effect of H. pylori infection on phosphorylation of PI3K and PDK1

A. Cell lysates from mock-infected AGS cells or cells infected for 5-60 min with wild-type
H. pylori at an MOI of 100 were analysed by immunoblot with phospho-specific PI3K p85
and PDK1 Ser 241 antibodies. The blots were re-probed with total PDK1 and B-actin antibodies
to verify equal loading and used as internal control. At least three independent co-cultures were
analysed.

B. AGS cells were mock-infected or infected with for 30 min wild-type H. pylori, cag PAI
mutants, oipA mutants or double cag PAI/oipA mutants (an MOI of 100) and whole-cell lysates
were subjected to immunoblot analyses using indicated phospho-specific antibodies. At least
five independent co-cultures were analysed. For semiquantification, the density of phospho-
specific sites was normalized to that of p-actin and the levels were expressed as fold increase
over mock-infected control cells. Data are presented as average values + SE (fold induction
over mock-infected cells). *P <0.05, **P <0.01 versus wild-type H. pylori-infected cells.

C. Whole-cell lysates from mock-infected AGS cells or cells infected for 30 min with wild-
type H. pylori at MOls from 50 to 200 or AGS cells were pre-treated for 1 h with 5-20 uM of
pharmacologic PI3K inhibitor LY294002, followed by infection for 30 min with H. pylori (an
MOI of 100). Whole-cell lysates were analysed by immunoblot using indicated phospho-
specific PDK1 Ser 241 antibodies. The blots were re-probed with total PDK1 and f-actin
antibody to verify equal loading and used as internal control. At least three independent co-
cultures were analysed.
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Effect of Akt Knock-down by Akt-specific SiRNA on H. pylori-induced phosphorylation of
GSK3, PDK1 and MAPK. AGS cells were transfected with negative control siRNA, or
transfected with Akt-specific SiIRNA for 72 h followed by 30 min incubation with or without
wild-type H. pylori. Equal amounts of protein from whole-cell lysates were subjected to
immunoblot analyses, as described in Experimental procedures, using indicated phospho-
specific antibodies. At least three independent co-cultures were analysed.
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Fig. 6. Effect of EGFR on H. pylori -mediated Akt activation and downstream signalling

A. AGS cells were mock-infected, treated with PMA (100 nM) or infected for 30 min with
wild-type H. pylori at an MOI of 50-200. PMA was used as a positive control. Whole-cell
lysates were subjected to immunoblot analyses using phospho-specific EGFR Tyr 992
antibody. The same blots were re-probed with B-actin and used as an internal control. At least
three independent co-cultures were analysed.

B. AGS cells were mock-infected or infected for 30 min with wild-type H. pylori, cag PAI
mutants, oipA mutants or double cag PAI/oipA mutants (an MOI of 100). Whole-cell lysates
were subjected to immunoblot analyses using phospho-specific EGFR Tyr 992 antibody. At
least five independent co-cultures were analysed. For semiquantification, the density of
phospho-specific sites was normalized to that of B-actin and the levels were expressed as fold
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increase over mock-infected control cells. Data are presented as average values + SE (fold
induction over mock-infected cells). **P <0.01 versus wild-type H. pylori-infected cells.

C. AGS cells were transfected with negative control siRNA, or transfected with EGFR-specific
siRNA for 72 h followed by 30 min incubation with or without wild-type H. pylori. Equal
amounts of proteins from whole-cell lysates were subjected to immunoblot analyses, as
described in Experimental procedures, using indicated phospho-specific antibodies. At least
three independent co-cultures were analysed.
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Fig. 7.

Role of the EGFR and PI13K in H. pylori-induced IL-8 production in gastric epithelial cells.
AGS cells were mock-infected or infected with H. pylori for 18 h with or without pre-treating
for 2 hwith 5 uM EGFR inhibitor (AG1478) (A) or 10 uM of PI3K inhibitor (LY 294002) (B).
IL-8 levels from the culture supernatants (pg ml~1) were measured by ELISA assay. Data are
presented as mean = SE from at least three independent experiments. *P <0.05, **P <0.01 and
***P <(0.001 versus H. pylori-infected cells without inhibitors.
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