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n.s., not significant. .

H. pylori and ER Chaperones

lori-dependent decrease in the level
of ATF6 was observed even in cells
pretreated with cycloheximide. We
also found that the H. pylori-depen-
dent decrease in the level of ATF6
was observed for GFP-ATF6, whose
expression is regulated by the strong
cytomegalovirus promoter (Fig. 4B).
We also examined the effect of
H. pylori on the stability of p90-
ATF6 by the pulse-chase experi-
ment. As shown in Fig. 4, C and D,
the labeled p90-ATF6 disappeared
more rapidly in the presence of .
H. pylori treatment than its absence.
These results suggest that post-
translational modification of ATF6,
such as protein degradation, is
responsible for the lower level of
ATF6 observed after treatment of
cells with H. pylori. '

In addition to cleavage by S1Pand
S2P, it is known that ATF6 is con-
tinuously degraded by the protea-
some-ubiquitin pathway (50, 51).
Thus, using specific inhibitors, we
examined the contribution of these
systems to the H. pylori-dependent
decrease in the level of ATF6. As
shown in Fig. 4E, an inhibitor- of
the proteasome-ubiquitin system,
epoxomycin, weakly suppressed the
H. pylori-dependent decrease in the.
level of ATF6. On the other hand, an.
inhibitor of S1P, 4-(2-aminoethyl)-
benzenesulfonyl fluoride (AEBSF),
did not affect the level of ATF6 in
the presence of H. pylori (Fig. 4F).
Furthermore, we found that inhibi-
tors of lysosomal proteases (pepsta-
tin A (an inhibitor of aspartate pro-
teases) and E-64-d (an inhibitor of
cysteine protease)) also weakly sup-
pressed the H. pylori-dependent
decrease in the level of ATF6 (Fig.
4G). Interestingly, combination of

. epoxomycin and inhibitors of lyso-

somal proteases resulted in clear

treatment of cells with H. pylori cell lysates, but the decrease
occurred more slowly than that of ORP150 and GRP78.

As described above, atf6 mRNA expression was not affected
by H. pylori (Fig. 2C). Thus, either suppression of translation or
post-translational modification of ATF6 (such as degradation
by proteases) may be responsible for the observed reduction in
the level of ATF6 after co-culture of cells with H. pylori. To
address this issue, we first examined the effect of H. pylori on
the level of ATF6 in cells pretreated with cycloheximide, an
inhibitor of protein synthesis. As shown in Fig. 44, the H. py-
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suppression of the H. pylori-dependent decrease in the level of
ATF6 (Fig. 4H). The results in Fig. 4 suggest that H. pylori
decreases the level of ATF6 partly through modulation of its
degradation by the proteasome-ubiquitin and lysosomal
systems.

Wealso examined the effect of H. pylori on subcellular local-
ization of ATF6 using GFP-ATF6. As shown in Fig. 4/, GFP-
ATF6 co-localized with GRP94 (ER marker). Although the level
of GFP-ATF6 was decreased, the localization of ATF6 was not
clearly affected by treatment of cells with H. pylori (Fig. 41).
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Effect of H. pylori on the Gastric Ulcerogenic Response and
Expression of ER Chaperones Induced by Indomethacin in Mice—
To evaluate the in vivo relevance of our in vitro observation that
H. pylori suppress the expression of ER chaperones, we first
examined the effect of oral inoculation of H.pylori on the
expression of ER chaperones at gastric mucosa. We monijtored
by real-time RT-PCR analysis the mRNA expression of ER
chaperones and CHOP after administration of indomethacin
and/or H. pylori in gastric tissues. Oral inoculation of H. pylori
to mice suppressed the background (without indomethacin
administration) expression of orp150 and grp78 mRNAs but
not chop' mRNA (Fig. 5A). Indomethacin administration up-
regulated the expression of orp150, grp78, and chop mRNAs,
whereas the expression of orp150 and grp78 mRNAs but not

. that of ‘chop. mRNA was significantly suppressed by prior
administration of H. pylori (Fig. 5A). Immunohistochemical
analyses also demonstrated that oral inoculation with H. pylori
decreased the levels of ORP150 and GRP78 at gastric mucosa in
both the presence and absence of indomethacin administration
(Fig. 5B). We consider that the staining of ORP150 and GRP78
in Fig. 5B is specific, because no positive staining was observed
without a primary antibody (supplemental Fig. S2). We also
performed immunoblotting analysis, and suppression of the
gastric expression of ORP150 and GRP78 by inoculation with
H. pylori in both the presence and absence of indomethacin
treatment was confirmed (Fig. 5, C and D). Indomethacin-in-
duced expression of GRP78 and CHOP was also confirmed (Fig.
5, C and D). Furthermore, we found that the gastric level of
p90-ATF6 was decreased by inoculation with H. pylori in both
the presence and absence of indomethacin treatment (Fig. 5, C
and D). We also found that there is a tendency that inoculation
with H. pylori decreases the levels of ORP150 and GRP78 in the
presence of indomethacin treatment in the small intestine but
not other organs (supplemental Fig. S34).

The observation that inoculation with H. pylori reduces the
gastric expression of ER chaperones suggests that this inocula-
tion stimulates protein aggregation in ER in gastric cells. To
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address this idea, we examined the
effect of H. pyloriinoculation on the
gastric level of connexin 43, which is
known to be degraded by ER-associ-
ated degradation when it is aggre-
gated in the ER (52, 53). As shown in
supplemental Fig. S3, B and C, the
gastric level of connexin 43 was
decreased by H. pylori inoculation,
suggesting that H. pylori stimulate
aggregation of the protein in ER.

The effect of pre-administration
of H. pylori on the development of
gastric lesions after oral administra-
“tion of indomethacin was examined.
Administration of indomethacin
produced gastric lesions, and this
lesion production was significantly
enhanced by pre-administration of
H. pylori (Fig. 6A4). Administration
of H. pylori alone did not signifi-
cantly produce gastric lesions under the conditions used (Fig.
6A). Histological analysis with H&E staining also supported the
notion that indomethacin-produced gastric lesions are exacer-
bated by pre-administration of H. pylori (Fig. 6B).

As mentioned above, gastric mucosal cell death plays an
important role in the formation of NSAID-induced gastric
lesions. We, therefore, examined the effect of pre-administra-
tion of H. pylori on this process. The level of gastric mucosal cell
death was determined by TUNEL assay. An increase in the
number of TUNEL-positive cells was observed after indo-
methacin administration, and this increase was more apparent
in mice pre-administered with H. pylori than in.control mice
(Fig. 6C). We also examined the effect of H. pylori on indo-
methacin-induced expression of ORP150, GRP78, and p90-
ATF6 or apoptosis in vitro. Treatment of cells with H. pylori
decreased the levels of these proteins and increased apoptotic
cells in both the presence and absence of indomethacin treat-
ment (supplemental Fig. S4, A and B). These results suggest that
H. pylori exacerbate indomethacin-induced gastric lesion for-
mation by stimulating indomethacin-induced gastric mucosal
cell death. :

The results in Figs. 5 and 6 suggest that H. pylori exacerbates
indomethacin-induced gastric lesion formation through down-
regulation of expression of ER chaperones. To test this idea
using a genetic approach, the development of gastric lesions
after oral administration of indomethacin was compared
between heterozygous ORP150-deficient mice (ORP150 /)
and wild-type mice (ORP150*/*). Indomethacin-induced gas-
tric lesions were significantly worse in heterozygous ORP150-
deficient mice than in wild-type controls (Fig. 74). ORP150
deficiency did not affect the background level of gastric lesions
(Fig. 7A). Immunohistochemical analyses confirmed that the
level of ORP150 in gastric mucosa was lower in heterozygous
ORP150-deficient mice than wild-type mice in both the
presence and absence of indomethacin administration (Fig.
7B). These results show that ORP150 plays an important role
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‘the resulting stimulation of indomethacin-induced gastric
mucosal cell death.

in protecting gastric mucosa against indomethacin-induced
lesions.

We also examined the indomethacin-induced gastric muco-
sal cell death in heterozygous ORP150-deficient mice. Indo-
methacin-induced gastric mucosal cell death was more appar-
ent in heterozygous ORP150-deficient mice than in wild-type

DISCUSSION

There have been contradictory reports about whether infec-
tion with H. pylori increases the risk of developing NSAID-in-

mice (Fig. 7C). These results suggest that ORP150 protects
the gastric mucosa from indomethacin-induced cell death.
Combining the results in Figs. 5-7, we consider that H. py-
lori exacerbates indomethacin-induced gastric lesion forma-
tion partly through down-regulation of ER chaperones and
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duced gastric lesions (in other words, whether eradication of
H. pylorireduces the risk of developing NSAID-induced gastric
lesions) (1-6, 54). This may be due to differences in diagnostic
criteria (endpoints), standards for patient recruitment, and
populations used for these studies. The most we can conclude is
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that under certain conditions infection with H. pylori increases
the risk of developing NSAID-induced gastric lesions. Thus, it

is important to examine the effect of H. pylori on factors that’

affect the formation of NSAID-induced gastric lesions. In this
study we have focused on ER chaperones and found that co-
culture of gastric cells with H. pylori decreases the level of ER
chaperones. This is the first observation that H. pylori affect the
expression of ER stress response-related proteins. However,
although we used here the transient infection model of H. py-
lori, the infection in humans is chronic. The H. pylori strain
used in this study does not colonize mice (data not shown), and
thus, studies in the future need to be done with strains that do
colonize mice. )

By using real-time RT-PCR and luciferase reporter assays, we
have shown that the H. pylori-dependent decrease in the level
of ER chaperones in vitro is regulated at the level of transcrip-
tion. Of three ER stress response-related ' transcription factors

. (ATF6, ATF4, and XBP-1), only the level of ATF6 (but not the
atf6 mRNA) was decreased by co-culture of cells with H. pylori,
suggesting that ATF6 is involved in the H. pylori-dependent
suppression of transcription of ER chaperone genes. Because
the H. pylori-dependent decrease in the level of ER chaperones

"was observed in cells whose protein synthesis was inhibited and
H. pylori decreased the stability of p90-ATF6, post-transla-
tional modification (protein degradation) of ATF6 would be
involved in this process. Analysis with each inhibitor suggested
that the proteasome-ubiquitin system rather than degradation
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by SIP is involved in this degrada-
tion of ATF6. The observation that
the level of p50-ATF6 (the proteo-
lytic product of S1P and S2P) did
not increase after co-culture of cells
with H. pylori further supports this
notion. We also suggest that pro-
tein degradation in lysosomes is
involved in this degradation of

. ATF6. It is known that VacA per-
turbs endocytic traffic at a late stage
(55, 56), and as such it is possible
that H. pylori affects the traffic of
ATF6 to lysosomes and its degra-
dation in lysosomes: Furthermore,
because the suppression of H. py-
lori-dependent degradation of
ATF6 by inhibitors of proteasomal
and lysosomal proteases was weak,
other proteases seem to be in-
volved in this degradation.

We found that not only H. pylori
themselves but also cell extracts of
H. pylori suppress the expression of

~ ER chaperones. in vitro. However,
the suppression of expression of ER
chaperones by cell extracts of H. py-
lori was not as great as that induced
by H.pylori themselves, and cell
extracts of H. pylori did not affect
the level of ATF6 so distinctly (Fig.
1, D-G). Furthermore, the decrease in level of ATF6 occurred
more slowly that that of ORP150 and GRP78 in the presence of
cell extracts of H. pylori (Fig. 1), suggesting that the decrease in
levels of ORP150 and GRP78 observed with cell extracts of
H. pylori is not due to the decrease in levels of ATE6. In other
words, results suggest that the mechanism for the decrease in
levels of ORP150 and GRP78 is different between H. pylori cells
and cell extracts of H. pylori. We also compared the signal path-
way for induction of apoptosis between H. pylori cells and cell
extracts of H, pylori. As shown in supplemental Fig. S5, the
decrease in Bax and increase in cytochrome c in cytosol frac-
tions (an indicator for mitochondria-mediated apoptosis) and
induction of expression of CHOP were not observed with apo-
ptosis induced by cell extracts of H. pylori so apparently as that
induced by H. pylori cells, suggesting that the signal pathway
for induction of apoptosis is also different between H. pylori
cells and cell extracts of H. pylori. Although siRNA for ATF6
suppressed the expression of ER chaperones, the extent of sup-
pression was not as apparent as that seen with H. pylori. These
results suggest that in addition to the mechanism described
above (the ATF6-mediated mechanism), an ATF6-indepen-
dent and as yet unknown mechanism that can be reproduced
with cell extracts of H. pylori should also be mainly involved
in the H. pylori-dependent suppression of expression of ER
chaperones.
We have previously reported that suppression of expression

IND

H. pylori + IND

H. pylori + IND

‘of GRP78 and ORP150 by siRNA stimulated NSAID-induced
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apoptosis in cultured gastric cells (19, 20). We have also sug-
gested that NSAID-induced apoptosis at gastric mucosa plays
an important role in the formation of NSAID-induced gastric
lesions (16 -18). These results suggest that ER chaperones play
a protective role against the development of NSAID-induced
gastric lesions; however, there is no direct evidence supporting
this notion. In this study we have shown that heterozygous
ORP150-deficient mice display phenotypes sensitive to indo-
methacin-induced gastric mucosal cell death and gastric lesion
formation. This is the first genetic evidence that an ER chaper-
one is protective against NSAID-induced gastric lesion forma-
tion. This result also suggests that inducers of ER chaperones
may be therapeutically beneficial against NSAID-induced gas-
tric lesions, as is the case for heat shock proteins inducers
(18, 57).

The in vitro observation that expression of ER chaperones is
suppressed by H. pylori suggests that H. pylori would suppress
the expression of GRP78 and ORP150 at the gastric mucosaand
stimulate NSAID-induced gastric mucosal cell death and lesion
formation. In fact, we have shown that pre-inoculation of mice
with H. pylori not only suppresses the expression of ER chaper-
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ones but also stimulates NSAID-in-
duced cell death and gastric lesion
formation.

We also showed in vitro that co-
culture of gastric cells with H. pylori
up-regulates the expression of
CHOP, suggesting that this up-reg-
ulation is involved in the H. pylori-
dependent stimulation of NSAID-
induced cell death. There are two
possible mechanisms that could
explain this up-regulation of CHOP.
One is that H. pylori directly affects
the expression of CHOP. However,
because siRNA for ATF6. did not
up-regulate the expression of
CHOP, H. pylori-dependent degra-
dation of ATF6 must not be
involved. The other possibility is
that this up-regulation is a result of
the suppression of expression of
ER chaperones, as we previously
reported that suppression of expres-
sion of GRP78 and ORP150 by
siRNA induces the expression of
CHOP in the presence of NSAIDs
(19, 20).

Although we suggest that the
H. pylori-dependent ~ exacerbation
of indomethacin-induced gastric
lesion formation is mediated by the
suppression of expression of ER
chaperones, various other mecha-
nisms are likely tobe involved in this
exacerbation. For example, cyto-
toxic proteins produced by H. py-
lori, such as VacA and CagA, which
are known to induce apoptosis in gastric cells (32-36), may
stimulate indomethacin-induced cell death, resulting in exac-
erbation of indomethacin-induced gastric lesions. CagA dis-
rupts the epithelial apical junction complex (58), which may
also be involved in H. pylori-dependent exacérbation of indo-
methacin-induced gastric lesions. We believe that this animal
model for H. pylori-dependent exacerbation of indomethacin-
induced gastric lesion formation will be useful in future studies
for examining the relationship between H. pylori and NSAIDs
and their involvement in the production of gastric lesions.
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