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Both the use of non-steroidal anti-inflammatory drugs
(NSAIDs), such as indomethacin, and infection with Helico-
bacter pylori are major causes of gastric ulcers. Although some
clinical studies suggest that infection with H. pylori increases
the risk of developing NSAID-induced gastric lesions, the
molecular mechanism governing this effect is unknown. We
recently found that in cultured gastric cells, expression of endo-
plasmic reticulum (ER) chaperones (such as 150-kDa oxygen-
regulated protein (ORP150) and glucose-regulated protein 78
(GRP78)) is induced by NSAIDs and confers protection against
NSAID-induced apoptosis, which is important in the develop-
ment of NSAID-induced gastric lesions. In this study we have
found that co-culture of gastric cells with H. pylori suppresses
the expression of ER chaperones. This suppression was regu-
lated at the level of transcription and accompanied by a reduc-
tion in the level of activating transcription factor 6 (ATF6), one
of the transcription factors for ER chaperone genes. In vivo,
inoculation of mice with H. pylori suppressed the expression of
ER chaperones at gastric mucosa both with and without admin-
istration of indomethacin. Inoculation with H. pylori also stim-
ulated formation of indomethacin-induced gastric lesions and
mucosal cell death. In addition, we found that heterozygous
ORP150-deficient mice are sensitive to the development of
indomethacin-induced gastric lesions and mucosal cell death.
The results of this study suggest that H. pylori exacerbates
NSAID-induced gastric lesions through suppression of expres-
sion of ER chaperones, which stimulates NSAID-induced muco-
sal cell death.

The balance between aggressive and defensive factors deter-
mines whether gastric ulcers develop. The gastric mucosa is
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challenged by a variety of aggressive factors, and of these, both
non-steroidal anti-inflammatory drugs (NSAIDs)> and Helico-
bacter pylori are major causes of gastric lesions. Therefore,
an important question is whether infection with H. pylori
increases the risk of developing NSAID-induced gastric lesions
(in other words, if eradication of H. pylori would reduce the risk
of developing NSAID-induced gastric lesions). Recent clinical
studies suggest that infection with H. pylori increases the risk of
developing NSAID-induced gastric lesions (1-4); however,
some studies have shown the opposite effect (5, 6). Animal
models could be useful to address this issue. For example, some
reports have demonstrated that NSAID-induced gastric lesions
in mongolian gerbils are exacerbated by infection with H. pylori
(7-9), although the molecular mechanism governing this exac-
erbation is unclear.

An inhibitory effect of NSAIDs on cyclooxygenase (COX)
activity and the resulting decrease in the gastric level of pros-
taglandins (PGs), especially PGE,, was believed to be the only
explanation for the gastric side effects of NSAIDs because PGE,
is a strong protective factor for gastric mucosa (10). However,
the increased incidence of gastrointestinal lesions and the
decrease in PG levels induced by NSAIDs are not always linked
with each other. For example, it has been shown that higher
doses of NSAIDs are required for producing gastric lesions than
are required for inhibiting COX at the gastric mucosa (11),
suggesting that there are additional mechanisms involved in
the development of NSAID-induced gastric lesions. We have
recently demonstrated that NSAIDs induce apoptosis in cul-
tured gastric mucosal cells and at gastric mucosa in a manner
independent of COX inhibition (12-16) and have suggested
that both COX inhibition (measured as a decrease in the gastric
PGE, level) and gastric mucosal apoptosis are required for the
formation of NSAID-induced gastric lesions (16—18). There-

2The abbreviations used are: NSAID, non-steroidal anti-inflammatory drug;
ATF, activating transcription factor; CagA, cytotoxin-associated gene A;
CHOP, C/EBP homologous transcription factor; ER, endoplasmic reticulum;
ERSE, ER stress response element; GRP78, glucose-regulated protein 78;
IRE1, protein-kinase and site-specific endoribonuclease; PERK, protein
kinase R-like ER kinase; ORP150, 150-kDa oxygen-regulated protein; PG,
prostaglandin; S1P, site-1 protease; S2P, site-2 protease; VacA, vacuolating
cytotoxin A; XBP, X box binding protein.
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fore, protection against gastric mucosal apoptosis is important
for protecting gastric mucosa against the formation of NSAID-
induced lesions. As for the molecular mechanism governing
this apoptosis, we have proposed the following pathway. Per-
meabilization of cytoplasmic membranes by NSAIDs stimu-
lates Ca®" influx and increases intracellular Ca>" levels, which
in turn induces the endoplasmic reticulum (ER) stress response
(12,13, 19, 20). In the ER stress response, an apoptosis-inducing
transcription factor, C/EBP homologous transcription factor
(CHOP), is induced. We have previously shown that CHOP is
essential for NSAID-induced apoptosis (13). CHOP induces
expression of p53 up-regulated modulator of apoptosis and the
resulting activation of Bax, mitochondrial dysfunction, and the
activation of caspases and apoptosis (18, 21).

The ER stress response is induced by accumulation of
unfolded proteins in the ER, a process involving three types of
ER transmembrane proteins: protein kinase and site-specific
endoribonuclease (IRE1), protein kinase R-like ER kinase
(PERK), and activating transcription factor 6 (ATF6) (22—24).
ER stressors phosphorylate PERK, which in turn phosphory-
lates eukaryotic initiation factor-2q, leading to the activation of
ATF4 expression (25). In the presence of ER stressors, p90-
ATF6 (full-length ATF6) is translocated from the ER to the
Golgi apparatus, where it is sequentially cleaved by site-1 pro-
tease (S1P) and site-2 protease (S2P) into p50-ATF6 (24). Acti-
vation of IRE1 causes frame switch splicing of X box-binding
protein 1 (XBP-1), which produces the active (spliced) form of
XBP-1 (26). All of ATF4, p50-ATF6, and XBP-1 specifically
activate the transcription of ER stress response-related genes.
ER stress response-related proteins contain not only CHOP but
also ER chaperones (such as 150-kDa oxygen-regulated protein
(ORP150) and glucose-regulated protein 78 (GRP78)) that con-
fer protection against ER stressors by refolding unfolded pro-
teins in the ER. We have recently reported that up-regulation of
expression of GRP78 and ORTP150 by NSAIDs protects gastric
cells from NSAID-induced apoptosis in vitro (19, 20), suggest-
ing that ER chaperones are defensive factors for gastric mucosa.
Although it has been reported that expression of ER chaperones
is induced with the development of gastric lesions by water-
immersion stress (27), there is no direct (such as genetic) evi-
dence supporting the notion that ER chaperones are defensive
factors for gastric mucosa.

The identification of H. pylori in the human stomach has
changed the diagnosis and treatment of gastric diseases because
it is now clear that H. pylori plays an important role in various
gastric diseases, such as chronic gastritis, peptic ulcers, and gas-
tric cancers (28, 29). This idea is supported by clinical results
that eradication of H. pylori significantly decreases the risk of
these gastric diseases (2, 30, 31). Infection with H. pylori dam-
ages gastric mucosa through production of ammonia and
cytotoxic proteins such as vacuolating cytotoxin A (VacA) and
cytotoxin-associated gene A (CagA) and induction of host
inflammatory responses (32—-36). In addition to these mecha-
nisms, it is also possible that H. pylori damages gastric mucosa
through decreasing the expression of host defensive factors for
gastric mucosa. It was recently reported that H. pylori inhibit
the expression of heat shock proteins and mucin, both of which
are major defensive factors for gastric mucosa (35, 37). How-
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ever, the effect of H. pylori on other defensive factors, including
ER chaperones, has not been tested. In this study we found that
co-culture of gastric cells with H. pylori in vitro decreases the
expression of ER chaperones, and we suggest that this suppres-
sion is mediated by the degradation of ATF6. We also show that
inoculation of mice with H. pylori not only suppresses the
expression of ER chaperones at gastric mucosa but also exacer-
bates NSAID-induced gastric lesions and mucosal cell death.
We have also found that heterozygous ORP150-deficient mice
are sensitive to the development of NSAID-induced gastric
lesions and mucosal cell death. The results of this study suggest
that H. pylori exacerbates NSAID-induced gastric lesions
through suppression of expression of ER chaperones and the
resulting stimulation of NSAID-induced mucosal cell death.

EXPERIMENTAL PROCEDURES

Chemicals and Animals—RPMI 1640 and Helicobacter selec-
tion agar were obtained from Nissui Pharmaceutical Co (Osaka,
Japan). Aneropack Bikouki was from Mitsubishi Gas Chemical
(Tokyo, Japan). Horse serum was from Invitrogen. Paraformal-
dehyde, epoxomycin, cycloheximide, pepstatin A, and fetal
bovine serum (FBS) were from Sigma. E-64-d was from the
Peptide Institute Inc. (Tokyo, Japan). Indomethacin was ob-
tained from Wako Co. (Osaka, Japan). Brain heart infusion was
from Difco. Antibodies against GRP78, ATF4, ATF6, actin,
lamin, the N-terminal region of Bax (Bax N20), and CHOP were
from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies
against GRP94, GRP58, and protein disulfide isomerase were
from StressGen (San Diego, CA). An antibody against cyto-
chrome ¢ was from BD Biosciences, and that against connexin
43 was from Invitrogen. An antibody against GFP was from
Clontech (Mountain View CA), and that against ORP150 was
from our laboratory stocks (38). Terminal deoxynucleotidyl-
transferase was obtained from TOYOBO (Osaka, Japan). Biotin
14-ATP, Alexa Fluor 488 goat anti-rabbit (or anti-mice) immu-
noglobulin G, Alexa Fluor 594 goat anti-rat immunoglobulin G,
Lipofectamine (TM2000), Dynabeads Protein G, and Alexa
Fluor 488 conjugated with streptavidin were purchased from
Invitrogen. Mounting medium for immunohistochemical anal-
ysis (VECTASHIELD) was from Vector Laboratories (Burl-
ingame, CA). 4’,6-diamidino-2-phenylindole dihydrochloride
(DAPI) was from Dojindo (Kumamoto, Japan). The RNeasy kit
and HiPerFect transfection reagents were obtained from Qia-
gen (Valencia, CA), the first-strand ¢cDNA synthesis kit was
from Takara (Kyoto, Japan), and the iQ SYBR Green Supermix
was from Bio-Rad. The Dual Luciferase Assay System was from
Promega (Southampton, UK). Mice heterozygous for a truncat-
ed/inactivated mutant form of ORP150 (ORP150 /™) and their
wild-type counterparts (ORP150*/*) (6 — 8 weeks of age) were
prepared as described previously (38, 39). The experiments and
procedures described here were carried out in accordance with
the Guide for the Care and Use of Laboratory Animals as
adopted and promulgated by the National Institutes of Health
(Bethesda, MD) and were approved by the Animal Care Com-
mittee of Kumamoto University.

H. pylori Inoculation and Gastric Damage Assay—H. pylori
inoculation was done as described previously (40) with some
modifications. H. pylori strain ATCC43504 (CagA™ and
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VacA™) (a gift from Dr. Oguma, Okayama University) was cul-
tured in a brain heart infusion broth containing 10% horse
serum at 37 °C under a microaerophilic atmosphere. H. pylori
were also cultured on brain heart infusion agar supplemented
with heat-inactivated 7% horse blood or on Helicobacter selec-
tion agar under a gas-pack jar with an Anaeropack Bikouki.
Mice were orally inoculated with H. pylori ata dose of 2.0 X 10°
H. pylori/animal/0.5 ml of PBS every second day for 6 days
(total 3 times). H. pylori lysates were prepared by sonication of
cells in PBS. The protein concentration of lysates was deter-
mined by the Bradford method (41).

The gastric ulcerogenic response was examined as described
previously (18), with some modifications. H. pylori-inoculated
or non-inoculated mice (1 day after the final inoculation of
H. pylori) fasted for 6 h were orally administered with indo-
methacin (10 mg/kg, 10 ml 1% methylcellulose/kg). Twelve
hours later, the animals were sacrificed, after which their stom-
achs were removed, and the areas of gastric mucosal lesions
were measured by an observer unaware of the treatment they
had received. Calculation of the scores involved measuring the
area of all the lesions in square millimeters and summing the
values to give an overall gastric lesion index.

Cell Culture—AGS and MKN45 are human adenocarcinoma
gastric cell lines. Cells were cultured in RPMI1640 medium
supplemented with 10% FBS, 100 units/ml penicillin, and 100
pg/ml streptomycin in a humidified atmosphere of 95% air with
5% CO, at 37 °C.

Transfections were carried out using Lipofectamine
(TM2000) according to the manufacturer’s instructions. Cells
were used for experiments after a 24-h recovery period. Trans-
fection efficiency was determined in parallel plates by transfec-
tion of cells with a pEGFP-N1 control vector. Transfection effi-
ciencies were greater than 80% in all experiments. The plasmid
pCMVshort-EGFP-ATF6« (a gift from Dr. Mori, Kyoto Uni-
versity) (42) was transfected into AGS cells, according to the
manufacturer’s protocols.

SiRNA Targeting of Genes—The siRNAs for ATF6 and ATF4
and nonspecific siRNA were purchased from Qiagen. AGS cells
were transfected with siRNA using HiPerFect transfection re-
agent according to the manufacturer’s instructions.

Pulse-Chase Analysis—A pulse-chase experiment was car-
ried out with 0.1 mCi/ml Expre®*S**S protein labeling mix
(PerkinElmer Life Sciences) as described previously (43), with
some modifications. Cells were labeled with [>*S]methionine
and [**S]cysteine in methionine- and cysteine-free RPMI11640
medium for 30 min. To chase labeled proteins, cells were
washed with fresh complete medium three times and incubated
in fresh complete medium with or without H. pylori. ATF6 was
immunoprecipitated with its antibody and separated by SDS-
polyacrylamide gel electrophoresis followed by autoradiogra-
phy (Fuji BAS 2500 imaging analyzer).

Immunostaining—Plasmids (pCMVshort-EGFP-ATF6«) were
transfected into AGS cells, and cells were co-cultured with
H. pylori in the Lab-Tek II chamber slide system (Nalge Nunc
International, Rochester, NY). Cells were fixed in 4% paraform-
aldehyde for 20 min, blocked with goat serum for 15 min, then
incubated for 12 h with antibody against GRP94 in the presence
of 2.5% bovine serum albumin before finally being incubated for
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2 h with Alexa Fluor 594 goat anti-rat IgG. Samples were
mounted with VECTASHIELD. Images were captured on a
confocal laser-scanning fluorescence microscope (FLUOVIEW
FV500-IX-UV, Olympus).

RT-PCR and Real-time RT-PCR Analyses—Real-time RT-
PCR was performed as previously described with some modifi-
cations (44). Total RNA was extracted from gastric tissues or
cultured cells using an RNeasy kit according to the manufactur-
er’s protocol. Samples (2.5 ug RNA) were reverse-transcribed
using a first-strand cDNA synthesis kit. Synthesized cDNA was
used in real-time RT-PCR (Chromo 4 instrument; Bio-Rad)
experiments using iQ SYBR GREEN Supermix and analyzed
with Opticon Monitor Software. Specificity was confirmed by
electrophoretic analysis of the reaction products and by the
inclusion of template- or reverse transcriptase-free controls.
The cycle conditions were 2 min at 50 °C followed by 10 min at
90 °C and finally 45 cycles of 95 °C for 30 s and 63 °C for 60s. To
normalize the amount of total RNA present in each reaction,
actin cDNA was used as an internal standard.

Primers were designed using the Primer3 website and are
listed as forward and reverse, respectively. Human primers
were: atf4 (5'-tcaaacctcatgggttctcc-3’) and (5'-gtgtcatccaacgt-
ggtcag-3'); atf6, (5'-ctccgagatcagcagaggaa-3') and (5'-aatgact-
cagggatggtgct-3'); chop, (5'-tgcctttctctteggacact-3') and (5'-tgt-
gacctctgetggttctg-3'); grp78, (5'-tagegtatggtgetgetgte-3') and
(5'-tttgtcaggggtctttcace-3'); orp150, (5'-gaagatgcagageccatttc-
3') and (5'-tctgctccaggacctectaa-3'); xbp-1, (5'-aaacagagtagca-
gegeagactg-3') and (5'-ggatctctaaaactagaggcttggtg-3'); xbp-1
(u), (5'-agcactcagactacgtgcac-3') and (5'-ccagaatgcccaacaggat-
a-3'); actin, (5'-ggacttcgagcaagagatgg-3') and (5'- agcactgtgtt-
ggcgtacag-3'). Mouse primers were: atf6 (5'-catcaaaagctcc-
tcggttc-3) and (5'-gggtcgtctctgtggttgtt-3); grp78, (5'-gcttceg-
ataatcagccaac-3’) and (5'-gcaggaggaattccagtca-3'); orpl50,
(5'-cagactgaagaggcgaaacc-3') and (5'-ttcctgttcaggtccagete-3');
chop, (5'-acagaggtcacacgcacatc-3"), and (5'-gggcactgaccact-
ctgttt-3'); gapdh, (5'-tgcctttctcttcggacact-3' and (5'-tgtga-
cctetgetggttetg-3').

For regular RT-PCR, we used an initial denaturation step of
94 °C for 1 min followed by 30 cycles of denaturation at 94 °C
for 30 s, annealing at 60 °C for 20 s, and elongation at 72 °C for
1 min. A final elongation step at 72 °C for 10 min completed the
RT-PCR. The amplified PCR products were separated by 3%
agarose gel electrophoresis and then visualized with ethidium
bromide.

Immunoblotting Analysis—Total protein and nuclear pro-
tein extracts were prepared as described previously (20). The
protein concentration of each sample was determined by the
Bradford method (41). Samples were applied to polyacrylamide
SDS gels and subjected to electrophoresis, after which the pro-
teins were immunoblotted with appropriate antibodies.

Histological, Immunohistochemical, and Terminal Deoxy-
nucleotidyltransferase-mediated Biotinylated UTP Nick End
Labeling (TUNEL) Analyses—Gastric tissue samples were fixed
in 4% buffered paraformaldehyde and embedded in paraffin
before being cut into 4-mm sections.

For histological examination (hematoxylin and eosin (H&E)
staining), sections were stained first with Mayer’s hematoxylin
and then with 1% eosin alcohol solution. Samples were
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mounted with Malinol and inspected with the aid of an Olym-
pus BX51 microscope.

For immunohistochemical analysis, sections were blocked
with 2.5% goat serum for 10 min, incubated for 12 h with anti-
body against ORP150 or GRP78 in the presence of 2.5% bovine
serum albumin, and finally incubated for 2 h with Alexa Fluor
488 goat anti-rabbit immunoglobulin G in the presence of
DAPI (5 mg/ml). Samples were mounted with VECTASHIELD
and inspected using fluorescence microscopy (Olympus BX51).

For TUNEL assays, sections were incubated first with pro-
teinase K (20 mg/ml) for 15 min at 37 °C, then with terminal
deoxynucleotidyltransferase and biotin 14-ATP for 1 h at 37 °C
and finally with Alexa Fluor 488 conjugated with streptavidin
for 1 h. Samples were mounted with VECTASHIELD and
inspected using fluorescence microscopy (Olympus BX51).

Luciferase Assay—The pGL-3/ERSE (ER stress response ele-
ment) plasmid, which was constructed by inserting ERSE (5'-
ccaatcagaaagtggcacg-3’) just upstream of the luciferase gene
(45), was kindly provided by Dr. Gotoh (Kumamoto Univer-
sity). The pGL-3/grp78pro plasmid, which was constructed by
inserting the human grp78 promoter (from —304 to +7 region)
into the same region (46), was generously provided by Dr. Mori
(Kyoto University).

The luciferase assay was performed as described previously
(47). Cells were transfected with 1 ug of one of the Photinus
pyralis luciferase reporter plasmids (pGL-3 or its derivatives)
and 0.125 pg of the internal standard plasmid bearing the
Renilla reniformis luciferase reporter (pRL-SV40). P. pyralis
luciferase activity in cell extracts was measured using the
Dual Luciferase Assay System and then normalized for R. reni-
formis luciferase activity.

Statistical Analysis—Two-way analysis of variance followed
by the Tukey test or the Student’s ¢ test for unpaired results was
used to evaluate differences between more than three groups or
between two groups, respectively. Differences were considered
to be significant for values of p < 0.05.

RESULTS

Effect of H. pylori on Expression of ER Chaperones in Vitro—It
was previously reported that co-culture of AGS cells with H. py-
lori at a bacteria:cell ratio of 200:1 causes partial induction of
apoptosis (48,49). In the current study we examined the expres-
sion of ER chaperones under these conditions and, using MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide) assay, determined cell viability to be 80% after a 24-h
incubation of AGS cells with H. pylori (data not shown). As
shown in Fig. 1, A and B, treatment of cells with H. pylori
decreased the levels of ORP150 and GRP78. Similar results
were observed in another gastric cell line (MKN45) (Fig. 1C). A
slight reduction of levels of other ER chaperones (such as
GRP94 and protein disulfide isomerase but not GRP58) was
also observed in cells treated with H. pylori (Fig. 1, A and B).
We also found that treatment of AGS cells with H. pylori cell
lysates also decreased the levels of ORP150 and GRP78; how-
ever, the extent of these decreases was not as apparent as that
observed with H. pylori (Fig. 1, D and E). Unlike the ER chaper-
ones, the level of CHOP was increased by co-culture of cells
with H. pylori (Fig. 1, A and B).
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Real-time RT-PCR analysis revealed that the H. pylori-de-
pendent down-regulation of expression of ORP150 and GRP78
and up-regulation of expression of CHOP was also observed at
the level of mRNA (Fig. 24). We also performed a luciferase
reporter assay using a reporter plasmid where the promoter of
the grp78 gene was inserted upstream of the luciferase gene
(pGL-3/grp78pro). As shown in Fig. 2B, co-culture of cells with
H. pylori decreased the luciferase activity in cells with pGL-3/
grp78pro but not in those with the control vector (pGL-3).
These results suggest that co-culture of cells with H. pylori
inhibits the transcription of ER chaperone genes.

Mechanism for Suppression of Expression of ER Chaperones
by H. pylori—To understand the molecular mechanism gov-
erning suppression of expression of ER chaperones by H. pylori,
we first examined the effect of H. pylori on the level of ER stress
response-related transcription factors (ATF6, ATF4, and XBP-
1). Co-culture of cells with H. pylori decreased the level of ATF6
protein (p90-ATF6) but not atf6 mRNA (Figs. 1, A and B, and
2C). We also found that the level of p50-ATF6 in nuclear
extracts decreased after co-culture of cells with H. pylori (Fig. 1,
Fand G). On the other hand, the levels of ATF4 protein and atf4
mRNA did not alter after co-culture with H. pylori (Figs. 1, A
and B, and 2C). Furthermore, although treatment of cells with
indomethacin increased the level of the spliced form (active
form) of xbp-1 mRNA, treatment of cells with H. pylori did not
result in a similar observation (Fig. 2D). We also found that
treatment of cells with indomethacin or H. pylori decreases or
increases, respectively, the level of un-spliced form (inactive
form) of xbp-1 mRNA by real-time RT-PCR analysis (Fig. 2E).
These results suggest that ATF6, rather than ATF4 and XBP-1,
is responsible for suppression of expression of ER chaperones
by H. pylori.

To confirm this idea, we performed a luciferase assay using a
reporter plasmid where the ATF6 binding consensus sequence,
ERSE, was inserted upstream of the luciferase gene (pGL-3/
ERSE). As shown in Fig. 2B, treatment of cells with H. pylori
decreased the luciferase activity in cells with pGL-3/ERSE, sug-
gesting that the transcriptional activity of ATF6 decreased after
treatment of cells with H. pylori. This is consistent with the
observation that the level of p50-ATF6 decreased in H. pylori-
treated cells (Fig. 1, F and G).

For further confirmation of the idea that ATF6 plays an
important role in H. pylori-dependent suppression of expres-
sion of ER chaperones, we examined the effect of siRNA for
ATEF®6 on the expression of ER chaperones. As shown in Fig. 3,
transfection of cells with siRNA for ATF6 suppressed expres-
sion of not only ATF6 but also ORP150 and GRP78, affecting
both mRNA and protein levels. The transfection did not affect
the expression of chop mRNA (Fig. 34). On the other hand,
transfection of cells with siRNA for ATF4 suppressed expres-
sion of ATF4 but not that of ORP150 and GRP78 (supplemental
Fig. S1). The results in Fig. 3 suggest that the reduction in the
level of ATF6 is partly involved in the H. pylori-dependent sup-
pression of expression of ER chaperones but not for induction
of expression of CHOP.

We also examined the effect of H. pylori cell lysates on
levels of p90-ATF6 and p50-ATF6. As shown in Fig. 1, D-G,
levels of p90-ATE6 and p50-ATF6 were slightly decreased by
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FIGURE 1. Down-regulation of expression of ER chaperones by H. pylori. AGS (A, B, and D-G) or MKN-45 (C) cells were co-cultured with H. pylori at a
bacteria:cell ratio of 200:1 (A-C, F, and G) or with H. pylori lysates (D-G) for the indicated periods. Whole cell extracts (A, C, and D) or nuclear extracts (F) were
analyzed by immunoblotting with an antibody against ORP150, GRP78, CHOP, ATF6, ATF4, GRP94, GRP58, protein disulfide isomerase (PD), actin, or lamin. The
intensity of each band in three independent experiments (one of them is shown in A, D, and F) was determined and expressed relative to the control (B, E, and

G, respectively). Values are the mean = S.D. (n = 3).**, p < 0.01; * p < 0.05.
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FIGURE 2. Inhibitory effects of H. pylori on transcription of ER stress response-related genes. AGS
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treated with indomethacin (IND) for 24 h (D and E). A, C, and E, the relative expression of each gene was
monitored by real-time RT-PCR using a specific primer for each gene. Values normalized to the actin gene
are expressed relative to the control sample. B, AGS cells were co-transfected with pRL-SV40 (internal
control plasmid carrying the R. reniformis luciferase gene) and pGL-3 or its derivatives (pGL-3/grp78pro
and pGL-3/ERSE) and cultured for 24 h. Cells were then co-cultured with or without H. pylori at a bacteria:
cell ratio of 200:1 for 24 h, and P. pyralis luciferase activity was measured and normalized for R. reniformis
luciferase activity. The 100% value of the P. pyralis luciferase activity is 5.4 X 10°,7.4 X 10°, or 2.4 X 10*
units for pGL-3/grp78pro, pGL-3/ERSE, or pGL-3, respectively. D, RT-PCR was performed with total RNAs
and primer sets for detecting the un-spliced (xbp-1(u)) and spliced (xbp-1(s)) forms of xbp-T mRNA, which
were separated by agarose gel electrophoresis. Values are the mean = S.D. (n = 3).**,p < 0.01; %, p < 0.05;
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 S1P and
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.
4@G). 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-

NOVEMBER 26, 2010+VOLUME 285+-NUMBER 48

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.

We also examined the effect of H. pylori on subcellular local-
ization of ATF6 using GFP-ATF6. As shown in Fig. 4/, GFP-
ATEF6 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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FIGURE 3. Effect of siRNA for ATF6 on expression of ER chaperones. AGS cells were transfected with siRNA

for ATF6 (siATF6) or nonspecific siRNA (ns) and were incubated for 48 h (A) or 72

(B and C) expression was monitored and expressed as described in the legends of Figs. 1 and 2. Values are the

mean = S.D. (n = 3).** p < 0.01; %, p < 0.05; n.s., not significant.

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 monitored
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

37308 JOURNAL OF BIOLOGICAL CHEMISTRY

produced gastric lesions, and this
lesion production was significantly
enhanced by pre-administration of
H. pylori (Fig. 6A). 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. 7A4). 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

h (B). The mRNA (A) and protein
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bacteria:cell ratio of 200:1 for 24 h (B) or indicated periods (/). A, B, and E-H, whole cell extracts were analyzed by immunoblotting (WB) with an antibody against
GFP, ATF6, or actin. C, AGS cells were pulse-labeled for 30 min with [**S]methionine and [**S]cysteine and then chased with excess amounts of cold methionine
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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- DISCUSSION

methacin-induced gastric mucosal cell death was more appar-
ent in heterozygous ORP150-deficient mice than in wild-type
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

NOVEMBER 26, 2010+ VOLUME 285+NUMBER 48

There have been contradictory reports about whether infec-
tion with H. pylori increases the risk of developing NSAID-in-
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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FIGURE 5. Effect of H. pylori on expression of ER chaperones at gastric mucosa. H. pylori were orally inoculated into mice (C57/BL6) at a dose of 2.0 X
108 H. pylori/animal every second day for 6 days (total 3 times). One day after the final inoculation, H. pylori-inoculated or control mice were orally
administered 10 mg/kg of indomethacin (/IND), and their stomachs were removed after 12 h. A, total RNA was extracted and subjected to real-time
RT-PCR using a specific primer for each gene. Values normalized to the gapdh gene are expressed relative to the control sample. B, sections of gastric
tissues were subjected to immunohistochemical analysis with an antibody against ORP150 or GRP78 and DAPI staining (magnification, 200 times). Cand
D, protein expression was monitored and expressed as described in the legend of Fig. 1. Values are given as the mean = S.E. **, p < 0.01; *, p < 0.05; n.s.,
not significant.
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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

NOVEMBER 26, 2010+ VOLUME 285+NUMBER 48
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by S1P is involved in this degrada-
tion of ATF6. The observation that
the level of p50-ATF6 (the proteo-
lytic product of SI1P 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
ATFG6 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 ATF6. 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
of GRP78 and ORP150 by siRNA stimulated NSAID-induced

IND

H. pylori + IND
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FIGURE 7. Indomethacin-induced gastric lesions and mucosal cell death in heterozygous ORP150-defi-
cient mice. Heterozygous ORP150-deficient mice (ORP150"/") and wild-type mice (ORP150*/*) were orally
administered with 10 mg/kg of indomethacin (IND), and their stomachs were removed after 12 h. Gastric
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Figs. 5 and 6. Values are mean = S.E. **, p < 0.01; *, p < 0.05; n.s., not significant. n.s., not significant.

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 mucosa and
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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IND 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 to be 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 exacerbation 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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