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Gastric Metaplasia Induced by Helicobacter pylori Is Associated with
Enhanced SOX9 Expression via Interleukin-1 Signaling
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Histopathological changes of the gastric mucosa after Helicobacter pylori infection, such as atrophy, metaplasia, and dysplasia,
are considered to be precursors of gastric cancer, yet the mechanisms of histological progression are unknown. The aim of this
study was to analyze the histopathological features of the gastric mucosa in mice infected with H. pylori strain PMSS1 in relation
to gastric stem cell marker expression. C57BL/6] mice infected with PMSS1 were examined for histopathological changes, levels
of proinflammatory cytokines, and expression of stem cell markers. Histopathological gastritis scores, such as atrophy and meta-
plasia, and levels of proinflammatory cytokines, such as tumor necrosis factor alpha (TNF-a) and interleukin-1f (IL-1), were
increased after PMSS1 infection. Expression levels of the cell proliferation and stem cell markers CD44 and SOX9 were also sig-
nificantly increased in PMSS1-infected mice. Importantly, almost all metaplastic cells induced by PMSS1 infection expressed
SOX9. When IL-1 receptor (IL-1R) knockout mice were infected with PMSS1, metaplastic changes and expression levels of stem

cell markers were significantly decreased compared with those in wild-type (WT) mice. In conclusion, H. pylori infection in-
duced the expression of cytokines and stem cell markers and histopathological metaplasia in the mouse gastric mucosa. SOX9
expression, in particular, was strongly associated with metaplastic changes, and these changes were dependent on IL-1 signaling.
The results suggested the importance of SOX9 in gastric carcinogenesis.

Helicobacter pylori, a microaerophilic, spiral-shaped, Gram-
negative bacterium, was first isolated in 1983 by Warren and
Marshall (1). H. pylori colonizes the human gastric epithelium,
causing atrophic gastritis and potentially triggering histological
progression to carcinoma (2—4). Epidemiological studies have
shown that cag pathogenicity island (PAI)-positive H. pylori
strains are more likely to cause atrophic gastritis and gastric cancer
than are cag PAI-negative strains (5-7).

The cag PAI, a cluster of ~30 genes encoding a type IV secre-
tion system (T4SS), is a major virulence factor of H. pylori. Studies
of host cell signaling by H. pylori strains with the cag PAI revealed
that important intracellular signaling cascades, including nuclear
factor kB (NF-kB) and mitogen-activated protein kinase
(MAPK), were especially activated by these types of strains (8, 9).
Consequent upregulation and secretion of interleukin-8 (IL-8)
from epithelial cells recruit activated neutrophils and monocytes
into the lamina propria, where they secrete proinflammatory cy-
tokines such as IL-1B and tumor necrosis factor alpha (TNF-«)
(10, 11).

In animal models of H. pylori infection, the SS1 strain, which
contains cagA genes, has been widely employed (12). However, it
was recently revealed that the SS1 strain had a nonfunctional cag
PAI and did not induce IL-8 or translocate CagA (13). In contrast,
it was reported previously that the original human isolates, desig-
nated pre-mouse SS1 (PMSS1), has a functional cag PAI (14). In
this report, an isogenic mutant of PMSS1 lacking an essential
component of the T4SS (AcagE), did not induce the pathological
changes typically observed in PMSS1-infected stomachs.

During chronic H. pylori infection and histological gastritis,
two types of mucous cell metaplasia develop in the human stom-
ach epithelium and represent putative preneoplastic lesions: gob-
let cell intestinal metaplasia (IM) and spasmolytic polypeptide-
expressing metaplasia (SPEM) (15). Both IM and SPEM are
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present in the stomach after diagnosis of gastric cancer and are
recognized as useful histological markers for gastric cancer risk
(16, 17). SPEM has characteristic deep antral gland cells or Brun-
ner’s glands and expresses trefoil factor family 2 (TFF2) and
MUCS6, while IM demonstrates clear lineage characteristics of the
intestines, with expression of TFF3 and MUC2 (18-20).

In normal corpus gastric units, progenitor cells located in the
gland neck give rise to four types of epithelial cells, including pep-
sinogen-secreting zymogenic chief cells, acid-producing parietal
cells, and two types of mucous cells; surface mucous cells with
TFF1 and MUCS5AC expression; and mucous neck cells with TFF2
and MUCG6 expression (18, 19). Parietal cell atrophy causes in-
creased proliferation of normal stem/progenitor cells in the isth-
mus (21). Clinically, the distributions of chronic parietal cell at-
rophy and SPEM have been associated with gastric cancer in 90%
of resected stomachs (22, 23), suggesting that SPEM could repre-
sent a surrogate marker of gastric cancer risk. However, the mo-
lecular mechanisms leading to SPEM and the expansion of pro-
genitors in H. pylori-induced gastritis are largely unknown.

Received 24 November 2015 Accepted 28 November 2015
Accepted manuscript posted online 7 December 2015

Citation Serizawa T, Hirata Y, Hayakawa Y, Suzuki N, Sakitani K, Hikiba Y, Ihara S,
Kinoshita H, Nakagawa H, Tateishi K, Koike K. 2016. Gastric metaplasia induced by
Helicobacter pyloriis associated with enhanced SOX9 expression via interleukin-1
signaling. Infect Immun 84:562-572. doi:10.1128/IA1.01437-15.

Editor: S. R. Blanke
Address correspondence to Yoshihiro Hirata, hiratay-int@h.u-tokyo.ac jp.

* Present address: Kosuke Sakitani, Division of Digestive and Liver Diseases and
Herbert Irving Cancer Research Center, Columbia University College of Physicians
and Surgeons, New York, New York, USA.

Copyright © 2016, American Society for Microbiology. All Rights Reserved.

February 2016 Volume 84 Number 2


http://dx.doi.org/10.1128/IAI.01437-15
http://crossmark.crossref.org/dialog/?doi=10.1128/IAI.01437-15&domain=pdf&date_stamp=2015-12-7
http://iai.asm.org

Tissue stem cells, which are classically defined by vital self-
renewal and multipotency properties, play pivotal roles in carci-
nogenesis (24). Several molecules, including Lgr5, SOX2, Troy,
CD44, DCAMKL-1, and SOXO9, have been identified as potential
gastric stem cell and progenitor cell markers (24-29). Recently,
Khurana et al. and Bertaux-Skeirik et al. reported that the expres-
sion of CD44 was increased in atrophic gastritis and metaplasia
induced by H. pylori infection (21). However, the expression of
the other stem cell markers in H. pylori-induced gastritis is largely
unknown.

In this study, a mouse model of cag PAI-positive H. pylori in-
fection was examined to understand the expression of stem cell
markers in the development of SPEM.

MATERIALS AND METHODS

Animals. Six- to ten-week-old C57BL/6] male mice were purchased from
CLEA Japan Inc. (Tokyo, Japan), and IL-1 receptor knockout (IL-1R KO)
mice on a C57BL/6] background were purchased from the Jackson Labo-
ratory (Sacramento, CA, USA). Mice were maintained in a specific-patho-
gen-free environment in the Animal Care Facility of The University of
Tokyo under conditions required by institutional guidelines. All animal
experiments were carried out according to protocols approved by the
Ethics Committee of The University of Tokyo.

Bacteria. The H. pylori PMSS1 and SS1 strains were obtained from
Anne Miiller at The University of Ziirich (14) and from A. H. Mitchell at
The University of New South Wales (30), respectively. The H. pylori
strains were grown on brucella broth (Becton Dickinson, Franklin Lakes,
NJ, USA) containing 7.5% fetal bovine serum (Invitrogen, Carlsbad, CA,
USA) under microaerobic conditions at 37°C for 48 h. Colonies were
harvested from plates of brucella broth containing 7.5% fetal bovine se-
rum under microaerobic conditions for 24 h.

Infection of mice with H. pylori. Mice were fasted for 24 h and inoc-
ulated intragastrically with a 0.1-ml bacterial suspension containing ~1 X
10® CFU/ml in phosphate-buffered saline (PBS) by using a feeding needle.
The mice were inoculated with the bacteria three times during a 7-day
period. Control mice received sterile PBS. Animals were sacrificed at 12,
24, and 48 weeks postinfection (wpi). The stomachs were removed at each
time point and divided longitudinally into two halves. One half of the
stomach was fixed in 10% formalin for histopathological analysis, and the
other half was used to assess colonization and to extract protein, DNA,
and RNA.

Assessment of H. pylori colonization. Bacterial culture and colony
counting were performed as described previously (31). Stomach strips
were homogenized in 0.3 ml PBS. Serial dilutions of each sample were
spread onto brucella broth agar plates. After a 3- to 5-day incubation at
37°C under a microaerobic atmosphere, the numbers of H. pylori colonies
were counted. H. pylori colonization was quantified by determining the
number of CFU per stomach tissue sample.

RNA extraction and real-time PCR. Total RNA was extracted from
stomach strips by using the NucleoSpin RNA II kit (TaKaRa Bio Inc.,
Otsu, Japan) and converted to cDNA by using the ImProm-II reverse
transcriptase system (Promega, Madison, WI, USA) according to the
manufacturer’s instructions. IL-13, TNF-a, SOX9, CD44, and glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) were amplified by using
FastStart Universal SYBR green Master (Roche, Basel, Switzerland) in an
ABI 7000 real-time PCR fluorescence reader (Life Technologies, Carlsbad,
CA, USA), using specific primers. GAPDH levels were used for normal-
ization.

Protein extraction and enzyme-linked immunosorbent assays. Pro-
tein extraction from mouse gastric samples was performed by tissue dis-
ruption using a homogenizer with lysis buffer (50 mmol/liter Tris-HCl
[pH 7.6], 1% Triton X-100, 5 mmol/liter EDTA, 1 mmol/liter Na;VO,)
with cOmplete Mini protease inhibitor tablets (Roche). Samples were
centrifuged at 15,000 rpm for 15 min, the supernatant was recovered, and
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total protein was determined by using the Bio-Rad protein assay (Bio-Rad
Laboratories, Hercules, CA, USA). IL-1B (mouse IL-1( ELISA Max stan-
dard set; BioLegend, San Diego, CA, USA) and TNF-a (mouse TNF-«
Quantikine immunoassay; R&D Systems, Minneapolis, MN, USA) en-
zyme-linked immunosorbent assays (ELISAs) were performed by using
gastric protein extracts according to the manufacturers’ protocols.

Histological examination and grading of gastritis. Sections stained
with hematoxylin and eosin were used to determine the degree of gastritis,
based on a previously described method (32). The severity of gastric pa-
thology was graded on a scale of 0 to 6 for chronic inflammation, atrophy,
metaplasia, and hyperplasia. All sections were graded blindly.

Immunohistochemistry. Sections were deparaffinized and rehy-
drated in a graded series of ethanol solutions. The sections were subjected
to antigen retrieval by boiling for 20 min in 1 mmol/liter sodium citrate
(pH 6.0) in a microwave oven. After cooling, the slides were exposed to
3% hydrogen peroxide for 5 min before incubation with the appropriate
blocking agent for 30 min. After washing with 0.1% Tween 20 in PBS
(PBS-T), the slides were incubated overnight at 4°C with the following
primary antibodies: rabbit polyclonal anti-TNF-a antibody (1:200;
Abcam, Cambridge, MA, USA), rabbit polyclonal anti-IL-1f antibody
(1:200; Abcam, Cambridge, MA, USA), rabbit polyclonal anti-Ki67 (1:
200; Abcam, Cambridge, MA, USA), rabbit polyclonal anti-PCNA (1:200;
Santa Cruz Biotechnology, Santa Cruz, CA, USA), rat monoclonal anti-
CD44 (1:100; AbD Serotec, Oxford, United Kingdom), rabbit polyclonal
anti-SOX9 (1:100; Millipore, Bedford, MA, USA), and mouse monoclo-
nal anti-TFF2 (1:200; kindly provided by S. Nomura at The University of
Tokyo). The primary antibody was probed with a biotinylated secondary
antibody and detected by using an avidin/biotin detection system (Vec-
tastain ABC kit; Vector Laboratories Ltd., Peterborough, United King-
dom) according to the manufacturer’s instructions. Slides were developed
with Histofine Simple Stain DAB solution (Nichirei Biosciences, Tokyo,
Japan) and counterstained with Mayer’s hematoxylin. Alcian blue at pH
2.5 (Sigma-Aldrich, St. Louis, MO, USA) was used according to the man-
ufacturer’s instructions.

Immunofluorescence staining. Sections were deparaffinized, rehy-
drated, and blocked with 10% goat serum in PBS-T for 1 h. The slides were
then incubated overnight at 4°C with the following antibodies: fluorescein
isothiocyanate (FITC)-conjugated Griffonia simplicifolia lectin IT (GSII)
(1:3,000; Vector Laboratories, Burlingame, CA, USA), mouse monoclonal
anti-H/K-ATPase (1:200; Medical & Biological Laboratories, Nagoya, Ja-
pan), mouse monoclonal anti-MIST1 and goat polyclonal anti-pepsin C
(1:200; Santa Cruz Biotechnology), rabbit polyclonal anti-Helicobacter
pylori (1:50; Dako, Santa Clara, CA, USA), rat monoclonal anti-mouse
F4/80 (1:500; AbD Serotec), and purified rat anti-mouse Ly-6G and Ly-6C
(1:200; Becton Dickinson). After washing with PBS-T, secondary anti-
bodies (Alexa Fluor 555-conjugated goat anti-rabbit IgG antibody, Alexa
Fluor 555-conjugated rabbit anti-goat IgG antibody, Alexa Fluor 488-
conjugated goat anti-mouse IgG antibody, and Alexa Fluor 488-conju-
gated goat anti-mouse IgM antibody [1:1,000; Molecular Probes, Carls-
bad, CA, USA]) were applied for 1 h. Nuclear counterstaining was
performed by using Hoechst 33342 (1:1,000; Dojindo Molecular Technol-
ogies, Kumamoto, Japan). The slides were mounted by using fluorescence
mounting medium (Dako) and examined under a fluorescence micro-
scope.

Statistical analysis. All results were expressed as mean values = stan-
dard errors of the means (SEM) for each sample. Differences were ana-
lyzed by using the Mann-Whitney U test. Statistical significance was set at
a P value of <0.05.

RESULTS

H. pylori with the cag PAI induces severe metaplastic changes in
infected mice. Male C57BL/6] mice were infected with the H.
pylori PMSS1 or SS1 strain. Colonization levels and histopatho-
logical scores were assessed at 12 wpi. No significant difference in
colonization between the two strains was observed (Fig. 1A). Both
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FIG 1 The PMSS1 strain induces severe gastritis in C57BL/6 mice. C57BL/6
mice were infected at 6 weeks of age with the SS1 or PMSSI strain and
sacrificed at 12 wpi. (A) CFU per stomach. NS, not significant. (B) Low-
magnification (X40) (left) and high-magnification (X200) (right) micro-
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strains induced gastritis, but chronic infection with PMSS1 in-
duced marked pathological changes, such as neutrophil infiltra-
tion to the lamina propria and submucosa, compared with infec-
tion of mice with SS1 (Fig. 1B). Chronic inflammation, atrophy,
metaplasia, and hyperplasia scores were significantly higher in
PMSS1-infected mice than in mice infected with SS1 (P < 0.001)
(Fig. 1C). Next, proinflammatory cytokine expression in the
stomach of H. pylori-infected mice was examined. The gastric tis-
sues of mice infected with PMSS1 had significantly higher levels of
TNF-a and IL-18 mRNAs than did those of SS1-infected mice
(P < 0.05) (Fig. 1D).

As PMSSI induced more severe metaplastic changes than did
SS1 after 12 weeks, mice were evaluated over longer time periods
of PMSSI infection. Colonization levels of PMSS1 tended to de-
crease over time, although the difference was not significant (Fig.
2A). Histopathologically, mice with PMSS1 infection showed pro-
gression of metaplasia and hyperplasia (Fig. 2B and C), whereas
chronic inflammation and atrophy were shown to regress after 24
wpi. The stomach tissues of PMSS1-infected mice were also ana-
lyzed for proinflammatory cytokines. TNF-« and IL-13 mRNA
and protein expression levels increased with PMSS1 infection in a
time-dependent manner (P < 0.05) (Fig. 2D and E). Immunobhis-
tochemical (IHC) staining for TNF-a and IL-1 also showed that
these cytokines were highly expressed in cells in the lamina pro-
pria or submucosal layer of PMSS1-infected stomachs (Fig. 2F and
G). We then examined the cellular sources of these cytokines. As
shown by immunofluorescence, TNF-a was produced in most
F4/80-positive macrophages and Gr-1-positive neutrophils. As
for IL-13, most macrophages but not neutrophils were costained
with IL-18 (Fig. 2H and I). These results indicated that the cag
PAI-positive PMSS1-infected mouse model exhibits many impor-
tant aspects of human gastritis, such as metaplasia and cytokine
expression.

PMSS1 upregulates the expression of cell proliferative and
metaplastic markers in the gastric epithelium. PCNA and Ki67,
which are indicative of proliferating cells, are normally expressed
in the progenitor zone in the isthmus of the gastric glands. Their
expression largely extended bidirectionally from the isthmus at 24
weeks in response to PMSS1 infection (Fig. 3A and B). Numbers of
alcian blue-positive mucous cells were increased from the neck to
the base of the gastric gland in PMSSI1-infected mice after 24 wpi
but not in uninfected mice (Fig. 3C). We also examined TFF2
expression and GSII labeling as an indicator of metaplastic
change. In control stomachs, TFF2 expression as well as GSII la-
beling were observed in neck lesions. In PMSS1-infected stom-
achs, TFF2 expression significantly increased to the base of the
gastric gland (Fig. 3D). Double staining of H. pylori-infected
stomachs showed that TFF2-expressing or GSII-labeled cells were
mostly Ki67 or PCNA positive in their nuclei (Fig. 3E and F). We
also examined the location of infected bacteria. H. pylori can be

graphs of gastric tissues of one representative mouse. A magnified view (mag-
nification, X400) of neutrophil infiltration into the submucosa is shown in the
inset. Bar = 500 pm. (C) Pathology scores for stomachs infected with SS1 or
PMSS1 were assigned by the use of four parameters: chronic inflammation,
atrophy, metaplasia, and hyperplasia. Data represent the means of the scores +
SEM (n = 6 to 8). **, P < 0.001 compared with SSI-infected stomachs. (D)
Gastric TNF-a and IL-1 mRNA expression levels determined by real-time
reverse transcription-PCR. Each mRNA level is standardized to the GAPDH
level. *, P < 0.05 compared with uninfected controls.
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FIG 3 PMSS1 upregulates expression of cell proliferation and metaplasw markers in the murine stomach. (A and B) IHC staining with PCNA and Ki67 reveals
cell proliferation in PMSS1-infected murine gastric mucosa at 24 wpi compared with the controls. (C and D) Hlstochemlcal (alcian blue) and THC (TFF2)
staining reveals metaplastic changes in PMSS1-infected murine gastric mucosa at 24 wpi compared with the controls. Shown are low-magnification (X40) (left)
and high-magnification (X200) (right) micrographs of the gastric tissues of one representative mouse. (E and F) Analysis of cell proliferation markers in control
and PMSS1-infected mice by costaining with metaplastic markers. (E) Ki67 and TFF2; (F) PCNA and GSII. Shown are low-magnification (X100) (left) and
high-magnification (X200) (right) micrographs of the gastric tissues of one representative mouse. Bar = 500 wm. (G) IHC analysis of H. pylori and GSII in
PMSS1-infected murine gastric mucosa at 24 wpi. Shown are high-magnification (X200) micrographs of the gastric tissues of one representative mouse.

control

PMSS1

detected not only at the gastric surface but also in the middle of the
gastric gland with GSII-labeled metaplastic cells (Fig. 3G). These
data suggested that H. pylori infection induced cell proliferation
and SPEM formation in murine gastric tissues, consistent with
data from multiple previous studies (33-35).

PMSS1 upregulates the expression of stem cell markers in
murine gastric tissues. Next, the expression of putative gastric
stem cell markers in the gastric epithelium of mice with or without
H. pylori infection was examined. CD44, a type I transmembrane
glycoprotein that serves as the receptor for an extracellular matrix
component (hyaluronic acid), is a cell surface marker of gastric
cancer stem cells (26). In our study, we found CD44-positive cells
only at the squamocolumnar junction but not in the corpus epi-

thelium of control mouse stomachs (Fig. 4A, top). After PMSS1
infection, CD44 was expressed at the base of the corpus glands
(Fig. 4A, bottom), and there was a significant increase in CD44
expression compared with that in control mice, as reported in
previous studies (P < 0.05) (36, 37) (Fig. 4B and C).

SOXO9 has also been associated with stem cells and pluripotent,
mitotically active progenitor cells in many organs. SOX9 expres-
sion in normal gastric mucosa was located predominantly at the
isthmus of the corpus and at the base of the gland of the antrum
(Fig. 4D, top). After PMSSI1 infection, SOX9-positive cells ex-
tended beyond their normal location in the neck to the base of the
gland of the gastric corpus (Fig. 4D, bottom). The murine stom-
ach after PMSS1 infection displayed a significant increase in SOX9

FIG 2 Time course of PMSS1-induced gastritis. C57BL/6 mice were infected at 6 weeks of age with PMSS1 and sacrificed at the indicated times. (A) CFU per
stomach over the course of infection (n = 4 to 10). (B) Low-magnification (X40) (left) and high-magnification (X200) micrographs of gastric tissue of one
representative mouse per group. Bar = 500 pm. (C) Pathology scores were assigned as described in the legend of Fig. 1C. Data are depicted as means = SEM (n =
4 t0 8). (D) Gastric TNF-a and IL-1 mRNA expression levels determined by real-time reverse transcription-PCR compared with those in uninfected controls.
Each mRNA level is standardized to the GAPDH level. (E) Gastric TNF-a and IL- 1 protein expression levels determined by an ELISA. *, P < 0.05 compared with
noninfected controls. (F and G) IHC staining with TNF-« and IL-1{ in PMSS1-infected murine gastric mucosa at 24 wpi compared with that in the controls.
Shown are low-magnification (X40) (middle) and high-magnification (X200) (left and right) micrographs of the gastric tissues of one representative mouse per
group. Bar = 500 pm. (H and I) Analysis of TNF-a and IL-1{ in PMSS1-infected mice by costaining with markers of the cellular sources. (H) TNF-o and F4/80
as well as TNF-a and Gr-1. (I) IL-13 and F4/80 as well as IL-1 and Gr-1. Shown are high-magnification (X200) micrographs of the gastric tissues of one
representative mouse.
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FIG 4 PMSSI1 upregulates the expression of stem cell markers in murine gastric tissues. (A and D) THC staining of CD44 and SOX9 in PMSS1-infected mice
compared with control mice. Shown are low-magnification (X40) (left) and high-magnification (X200) (right) micrographs of the gastric tissues of one
representative mouse per group. Bar = 500 pwm. (B and E) Numbers of CD44-positive or SOX9-positive cells in PMSS1-infected mice at the indicated times. HPF,
high-power field. (C and F) Time course of CD44 and SOX9 mRNA expression in PMSS1-infected mice compared with control mice. CD44 and SOX9 mRNA
levels are standardized to the GAPDH level. Data are depicted as the means = SEM (n = 4 to 10). *, P < 0.05; **, P < 0.001 (compared with noninfected controls).

expression compared with that in control mice (P < 0.05) (Fig. 4E
and F). These results indicated that H. pylori infection induced the
expansion of stem cell markers in mice.

SOX9 expression increases along with development of SPEM
and fundic gland atrophy. In IHC staining, the location of SOX9-
positive cells closely resembled that of alcian blue- and TFF2-
positive metaplasia (Fig. 5A). As seen after double staining (Fig.
5B), SOX9 expression was uniformly observed in GSII-positive
cells. In addition, consistent with data shown in Fig. 3E and F,
SOX9-positive cells mostly coexpressed the cell proliferation
marker PCNA (Fig. 5C). Thus, SOX9-positive cells expanded after
H. pylori infection seemed to be proliferative cells with a metaplas-
tic marker.

To further characterize proliferative SOX9-positive cells, the
expression of several gastric gland-specific markers was deter-
mined. As shown in Fig. 5D, SOX9 expression almost corre-
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sponded to the cells positive for the SPEM marker TFF2 in H.
pylori-infected mice. In noninfected mice, SOX9 and TFF2 ex-
pressions were limited to the isthmus of the gastric gland. After H.
pyloriinfection, these cells appeared to expand to the whole gland.
In contrast, SOX9 expression was almost exclusive from H/K-
ATPase expression, which is characteristic of parietal cells (Fig.
5E). Pepsin C- or MIST1-positive cells were found at the base of
the gastric gland in noninfected mice, which were negative for
SOX9 expression (Fig. 5F and G, top). H. pylori infection signifi-
cantly reduced the pepsin C- or MIST1-positive chief cell lineages
in the stomach, and colocalization with SOX9 was not observed
(Fig. 5F and G, bottom). These results suggested that SOX9 ex-
pression increases along with fundic gland atrophy and SPEM
expansion.

When we examined CD44-expressing cells, CD44- and GSII-
double-positive cells were found only in the bottom of gastric
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stomachs. (C to I) Tissues from control or PMSS1-infected mice at 24 wpi were analyzed by IHC staining. Shown are low-magnification (X100) (left) and
high-magnification (>X200) (right) micrographs of the gastric tissue of one representative mouse per group. Bar = 500 wm. PCNA and SOX9 (C), SOX9 and

TFF2 (D), H/K-ATPase and SOX9 (E), pepsin C and SOX9 (F), Mist1 and SOX9 (G), CD44 and GSII (H), and CD44 and SOX9 (I)

glands. However, many GSII-positive cells in the middle of the
gland were CD44 negative in PMSS1-infected mouse stomachs
(Fig. 5H). Similarly, CD44- and SOX9-double-positive cells were
found only in the base of gastric glands, while SOX9-single-posi-
tive cells extended to the middle of glands (Fig. 5I). Thus, SOX9
but not CD44 expression corresponded well to SPEM cells.

Role of IL-1 signaling in PMSS1-infected mice. As there were
increased levels of proinflammatory cytokines such as IL-13 as
well as histopathological gastritis in PMSS1-infected mouse stom-
achs, it was hypothesized that SOX9 expression may be driven by
proinflammatory cytokines. IL-1R KO mice were inoculated with
PMSS1, and the contribution of IL-1 signaling to SOX9 upregu-
lation was evaluated at 12 wpi. No significant difference in colo-
nization between wild-type (WT) and IL-1R KO mice was ob-
served (Fig. 6A). We found mild gastritis in PMSS1-infected IL-1R
KO mice compared to noninfected IL-1R KO mice (Fig. 6B, right).
Compared to WT mice, IL-1R KO mice exhibited attenuated gas-
tritis after PMSS1 infection (Fig. 6B, bottom). Histopathological
scores of chronic gastritis, atrophy, metaplasia, and hyperplasia in
IL-1R KO mice were statistically lower than those in WT mice
(P < 0.05) (Fig. 6C). In addition, the gastric mucosa of IL-1R KO
mice showed decreased levels of the proliferative marker PCNA
and metaplastic markers such as alcian blue- or TFF2-positive
cells (Fig. 6D to F). These data suggested that the loss of IL-1
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were used for IHC analysis.

signaling attenuated not only inflammation but also cell prolifer-
ation and metaplastic changes in PMSS1-infected gastric mucosa.

Finally, the expression of stem cell markers was examined with
this model. CD44 and SOX9 expressions in the corpus were not
upregulated in PMSS1-infected IL-1R KO mice compared with
those in PMSS1-infected WT mice (Fig. 7A and B, top and mid-
dle). In particular, the SOX9 expression level was significantly
decreased in PMSSI1-infected IL-1R KO mice compared with
PMSS1-infected WT mice (P < 0.05) (Fig. 7C and D). Indeed, in
IL-1R KO mice, SOX9 expression did not expand from the isth-
mus, as was observed for uninfected IL-1R KO mice (Fig. 7B,
bottom). The lack of SOX9 expression in PMSS1-infected IL-1R
KO mice was similar to that in SS1-infected WT stomachs (Fig.
7E), in which upregulation of IL-1p was not observed (Fig. 1D).
These results indicated that IL-1 signaling is important for SOX9
expression and metaplastic changes in H. pylori-infected gastric
mucosa.

DISCUSSION

In this study, chronic H. pylori infection increased the expression
of gastric stem cell markers in mice. In particular, SOX9 expres-
sion expanded from the isthmus in noninfected stomachs to the
base of the gastric glands in H. pylori-infected stomachs in a time-
dependent manner. The numbers of cells expressing SOX9 in-
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FIG 6 Role of IL-1 signaling in PMSS1-induced gastritis and metaplasia. WT and IL-1R KO mice were infected with PMSS1 for 12 weeks. (A) Comparison of
bacterial densities in each group. Shown are data for IL-1R KO mice (gray) and WT mice (black) (n = 8). (B) Histopathological changes in PMSS1-infected IL-1R
KO mice or WT mice. Shown are low-magnification (X40) (left) and high-magnification (X200) (right) micrographs of the gastric tissues of one representative
mouse. Bar = 500 wm. (C) Pathology scores were assigned as described in the legend of Fig. 1C. *, P < 0.05; **, P < 0.001 (compared with PMSS1-infected WT
mice) (n = 6 to 8). (D to F) PCNA staining (D), alcian blue staining (E), and TFF2 staining (F) of PMSSI-infected WT and IL-1R KO mice. Shown are
low-magnification (X40) (left) and high-magnification (X200) (right) micrographs of the gastric tissues of one representative mouse. Bar = 500 pm.

creased along with SPEM histological progression, which was
characterized by TFF2 and alcian blue staining. Additionally, H.
pylori-induced metaplastic changes were severely attenuated in
IL-1 signaling-deficient mice, which also showed decreased SOX9
expression in the stomach. These results suggested that SOX9
plays a key role in the development of metaplastic changes in H.
pylori-infected stomachs.

IM and SPEM were considered precursors of gastric cancer and
useful surrogate markers of cancer risk in H. pylori-infected stom-
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achs in many studies (17, 38, 39). Mice reportedly develop only
SPEM in the fundic glands in H. pylori gastritis, while humans
developed SPEM and IM in H. pylori infections and atrophic gas-
tritis (40). The reason for these metaplastic differences between
humans and mice has not been resolved. In our examinations, H.
pylori infection did not induce CDX2 expression in mice accord-
ing to IHC analysis and quantitative PCR (qPCR) (data not
shown). As CDX2 is a critical transcription factor in the develop-
ment of IM (18) and is negatively regulated by SOX9 (41), SOX9
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FIG 7 Association of IL-1 signaling with stem cell markers in PMSS1-induced gastritis. (A and B) IHC staining of CD44 and SOX9 in PMSS1-infected WT and
IL-1R KO mice and uninfected IL-1R KO mice (1 = 6 to 8). Shown are low-magnification (X40) (left) and high-magnification (X200) (right) micrographs of
the gastric tissues of one representative mouse per group. Bar = 500 pm. (C) Numbers of SOX9-positive cells in PMSS1-infected IL-1R KO mice compared with
those in WT mice. ¥, P < 0.05 compared with infected WT mice. (D) SOX9 mRNA expression levels in gastric tissue were determined by real-time reverse
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Shown are low-magnification (>X40) (left) and high-magnification (>X200) (right) micrographs of the gastric tissues of one representative mouse. Bar = 500 pm.

upregulation resulting from H. pylori infection in the mouse fun-
dic gland may account for the metaplastic differences observed.

Previous studies using models of mouse gastritis indicated that
chronic Helicobacter felis infection induces SPEM in fundic glands,
in addition to typical gastric atrophic pathologies such as parietal cell
loss and decreased numbers of chief cells (34). Another study showed
that hypergastrinemic transgenic mice with or without H. felis infec-
tion developed metaplasia and carcinoma in the corpus (42), al-
though gastrin-deficient mice with H. felis infection exhibited only
minimal changes in the corpus, indicating the importance of hyper-
gastrinemia in the development of SPEM (43). Another study also
reported a possible role for SPEM as a precursor of dysplasia in the
mouse model (35). Importantly, eradication of Helicobacter early
during infection in a mouse model inhibited the progression of meta-
plasia and dysplasia (44). Thus, a mechanistic analysis of the develop-
ment of SPEM using mouse models would be useful for our under-
standing and prevention of gastric cancer.

In this study, H. pylori infection enhanced SOX9 expression
in the mouse stomach. SOX9 is a transcription factor that controls
the embryonic formation of various tissues and organs, including
the digestive system (45-47). In the intestines, SOX9 expressed
in the proliferative compartment under the control of Wnt signal-
ing was suggested to represent a biomarker of crypt stem or pro-
genitor cells (46). In the stomach, the exact location and definitive
markers of gastric stem cells have not yet been established, but
previous morphological and cell kinetic studies have suggested
that multipotent stem cells reside in the isthmus region (21, 24,
29). SOX9 expression was also observed at the neck and isthmus of
the fundic gland (48) (Fig. 4D), suggesting that SOX9 is a potential
marker of gastric stem cells. SOX9 is highly expressed in human
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gastric metaplasia and carcinoma as well as in duodenal and colon
cancers (48). Our findings indicating that H. pylori infection in-
creased the number of SOX9-expressing stem cells and enhanced
SPEM formation may represent important processes of gastric
carcinogenesis. Interestingly, we found that gastric gland cells
marked with SOX9 and TFF2 were mostly positive for cell prolif-
eration markers (Fig. 3E and F and 5C). Thus, unlike normal
differentiated cells, SPEM that develops after Helicobacter infec-
tion and is accompanied with inflammation possesses a prolifer-
ative ability, as was reported in previous studies (35, 49).

Another stem cell marker, CD44, was recently reported to play
a functional role in H. pylori-induced epithelial cell proliferation
and metaplasia (21, 36). Khurana et al. showed that CD44 expres-
sion was found in the isthmus in control mice, which expanded to
the base after H. pylori infection. They found that atrophy induced
CD44 expression, which regulates cell proliferation via STAT3
activation. Our study also showed that numbers of CD44-positive
cells were significantly increased in PMSS1-infected mice com-
pared with those in control mice, consistent with data from multiple
previous studies (37, 50). We found that CD44-positive cells also
expressed SOX9, especially at the base of the gastric gland (Fig. 5I) but
not in the middle gland, where SOX9- and TFF2-double-positive
cells reside (Fig. 5D). Thus, it may be possible that several different
characteristics of H. pylori-infected stomach, such as metaplasia or
proliferation, are independently associated with different stem cell
markers, such as SOX9 and CD44. Our study demonstrated a close
association between metaplasia and SOXO.

The role of IL-1 signaling in gastric carcinogenesis has been
investigated intensively. Several reports suggested that inflamma-
tory responses initiated by IL-1 play a pivotal role, and others
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showed that antiapoptotic pathways governed by IL-1 signaling
were responsible for carcinogenic potential (51-53). Human sin-
gle nucleotide polymorphism data also indicated the importance
of IL-1PB in the progression of gastric atrophy (5, 54). In this study,
the cag PAI-positive H. pylori PMSS1 strain induced IL-13 expres-
sion, which was not observed after infection with the SS1 strain
(Fig. 1E). In addition, the use of IL-1R KO C57BL/6] mice dem-
onstrated that IL-1 signaling was necessary for inflammatory and
metaplastic responses in the stomach but not for protection
against infection. In our experiments, SOX9 expression was re-
duced in H. pylori-infected IL-1R KO mice compared with that in
WT mice, in accordance with decreased SPEM in the pathology.
These data suggest that IL-1 signaling enhances carcinogenesis via
SOX9 expression in H. pylori-infected stomachs.

Regulation of the SOX9 transcript by IL-1 stimulation in the
digestive system was not reported. We examined the effect of
IL-1P on cultured gastric cancer cells or gastric organoids gener-
ated from normal mouse stomach, but neither SOX9 protein nor
transcript levels were increased by stimulation (data not shown).
For this reason, analysis of the mechanisms of SOX9 upregulation
via IL-1 signaling in H. pylori-infected stomach remains an impor-
tant area for future research. In this study, SOX9 expression cor-
related with the severity of inflammation and with the expansion
of SPEM in the H. pylori-infected mouse model, in which severe
gastric gland atrophy was evident, including the loss of differenti-
ated parietal and chief cells. A similar association between SOX9
expression and metaplasia was reported for AGR2 KO mice, in
which decreased numbers of differentiated gastric cells and in-
creased numbers of proliferating cells were evident without in-
flammation or H. pylori infection (55). Thus, inflammation itself
may have an indirect role in the enhancement of SOX9, which is
essential for SPEM formation. Itis also possible that IL-1 signaling
enhanced SOX9 expression via atrophy, but not via inflammation,
in H. pylori-infected mice.

In conclusion, this study indicated that cag PAI-positive H.
pylori infection induced cytokine expression, stem cell marker ex-
pression, and histopathological metaplasia in the mouse gastric
mucosa. SOX9 expression in particular was highly associated with
metaplastic changes, and this change was dependent on IL-1 sig-
naling. These results suggested the importance of SOX9 expres-
sion in H. pylori-induced gastric carcinogenesis.
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