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Abstract

Background Helicobacter pylori induces chronic inflam-
mation and intestinal metaplasia (IM) through genetic and
epigenetic changes and activation of intracellular signaling
pathways that contribute to gastric carcinogenesis. How-
ever, the precise mechanism of IM in gastric carcinogen-
esis has not been fully elucidated. We previously found
that intestine-specific homeobox (ISX) mRNA expression
increased in organoids cultured from Helicobacter-infected
mouse mucosa. In this study, we elucidate the role of ISX
in the development of IM and gastric carcinogenesis.
Methods 1SX expression was assessed in Helicobacter-
infected mouse and human gastric mucosa. MKN45 gastric
cancer cells were co-cultured with H. pylori to determine
whether Helicobacter infection induced ISX expression.
We established stable MKN45 transfected cells expressing
ISX (Stable-ISX MKN45) and performed a spheroid colony
formation assay and a xenograft model. We performed ISX
immunohistochemistry in cancer and adjacent gastric
tissues.

Results ISX expression was increased in mouse and
human gastric mucosa infected with Helicobacter. The
presence of IM and H. pylori infection in human stomach
was correlated with ISX expression. H. pylori induced ISX
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mRNA and protein expression. CDX1/2, cyclinD1, and
MUC2 were upregulated in Stable-ISX MKN45, whereas
MUCSAC was downregulated. Stable-ISX MKN45 cells
formed more spheroid colonies, and had high tumorigenic
ability. ISX expression in gastric cancer and adjacent
mucosa were correlated.

Conclusions 1SX expression induced by H. pylori infec-
tion may lead to IM and hyperproliferation of gastric
mucosa through CDX1/2 and cyclinD1 expression, con-
tributing to gastric carcinogenesis.

Keywords ISX - H. pylori - Gastric carcinogenesis -
Intestinal metaplasia

Introduction

Helicobacter pylori is classified as a class 1 carcinogen by
IARC. H. pylori infection in the stomach results in gastric
inflammation, which leads to stepwise changes, such as
chronic gastritis, intestinal metaplasia, and gastric cancer
[1]. Gastric cancer is the third leading cause of cancer-
related deaths worldwide; thus, therapies targeting this
cancer are needed [2]. H. pylori-induced signaling path-
ways contribute to intestinal metaplasia and gastric car-
cinogenesis [3-5]. CDX1/2 is a well-known intestine-
specific homeobox gene, and CDX transgenic mice
develop gastric cancer, suggesting that CDX plays a key
role in intestinal metaplasia and carcinogenesis [6].
Although eradication for H. pylori is now covered by
national health insurance in Japan, the reduction of cancer
risk after eradication seems to be limited to 75 % of
“ideal” cases (observed risk reduction was about 40 %) [7,
8]. The relationship between CDX expression and gastric
carcinogenesis has been called irreversible “field

@ Springer


http://dx.doi.org/10.1007/s00535-016-1176-2
http://crossmark.crossref.org/dialog/?doi=10.1007/s00535-016-1176-2&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00535-016-1176-2&amp;domain=pdf

950

J Gastroenterol (2016) 51:949-960

cancerization”, in which the progression of carcinogenesis
will not stop [9], and “field cancerization” may become a
target for the development of novel therapeutics in gastric
cancer.

We previously found that ISX mRNA expression
increased in organoids cultured from Helicobacter-infected
mouse gastric mucosa (unpublished observation). ISX is a
245-amino-acid protein located in the nucleus that contains
one homeobox DNA-binding domain and maps to human
chromosome 22. ISX shows an intestine-specific expres-
sion pattern in adult and fetal intestine [10]. The home-
odomain transcription factor plays a critical role in
differentiation, proliferation, and organogenesis [11];
however, ISX has not been associated with these roles in
intestine [12, 13]. ISX is an important regulator of hepa-
tocellular carcinoma (HCC) progression with significant
potential as a prognostic and therapeutic target in HCC
[14]. ISX expression enhances the proliferation of HCC by
directly binding to cyclinD1 promoter in vitro and in vivo.
Since we have previously found the increase of ISX
expression  in  Helicobacter-infected metaplastic
mucosa (unpublished observation), we hypothesized that
ISX in gastric cancer cells was an important regulator of
gastric cancer progression with significant potential as a
prognostic and therapeutic target.

Recent evidence in vivo suggests that tumors originate
from cancer stem cells [15, 16]. Cancer stem cells are
defined as “cells within a tumor that possesses the capacity
for self-renewal and that can cause the heterogeneous lin-
eages of cancer cells that constitute the tumor” [17].
Several studies have demonstrated possible interactions
among H. pylori, stem cells, and gastric cancer [18-21].
Other studies suggest that cancer stem cells exist in gastric
cancer and that these cells possibly originated from resi-
dent stem cells, differentiated epithelial cells, or stem cells
derived from bone marrow-derived cells [22, 23]. CD44
was proposed as a marker for gastric cancer stem cells and
for gastric tissue stem cells [24]. Takaishi et al. reported
that gastric antral stem cells could be the origin of some
types of gastric cancer [25]. Wada et al. suggested that
CD44 expression in a mouse model promoted the survival
and proliferation of basal cryptic progenitor-like cells that
gave rise to spasmolytic polypeptide-expressing meta-
plasia, resulting in progression of the metaplasia-carcinoma
sequence in the stomach [26]. Our previous observation on
organoids from mouse gastric mucosa infected with Heli-
cobacter suggested that ISX expression was restricted to
stem or progenitor cells. Thus we hypothesized that H.
pylori-induced ISX expression in stem/progenitor cells
contributed to the progression of cancer stem cells.

The aim of this study was to investigate our hypothesis
that H. pylori-induced ISX expression contributed to
intestinal metaplasia, cell proliferation, and the acquisition
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of cancer stem cell characteristics, resulting in gastric
carcinogenesis.

Methods
Patients

This study was performed in accordance with the Decla-
ration of Helsinki and was approved by the Ethics Com-
mittee/Institutional Review Board of Yokohama City
University Hospital, Japan (no. B130307022). The subjects
gave written informed consent and patient anonymity was
preserved. We used 12 endoscopic gastric biopsy samples
from 12 patients with gastritis and 28 patients with early
gastric cancer resected by endoscopic submucosal dissec-
tion. Patients with gastritis were recruited consecutively at
Yokohama City University Hospital, Kanagawa, Japan.
Two biopsy specimens were taken from greater curvature
of pyloric zone. One biopsy sample was immediately
stored in RNAlater (Qiagen, Hilden, Germany) at —20 °C
until mRNA measurements. The other biopsy sample was
fixed with 10 % neutral formalin and embedded in paraffin
for immunohistochemical staining.

Gastric cancer tissue microarray

We used tissue microarrays for immunohistochemical
analysis in advanced gastric cancer, consisting of 55 cases/
100 cores of gastric adenocarcinoma with matched adja-
cent tissue and normal tissue. Pathological diagnosis was
defined as manufacturer’s instructions (BC01114, US
Biomax, Rockville, MD, USA).

Chronic Helicobacter felis infection model

Helicobacter felis (H. felis) strain (ATCC 49179) used in
this study has been described previously [27]. Mice were
inoculated with H. felis or with sterile broth as a control.
Inocula (0.2 ml H. felis, 10" colony-forming units/ml)
were delivered by oral gavage three times per week using a
sterile gavage needle. Infection status was confirmed by
gastric antrum histology. Animals were killed at 6 and
12 months post-infection by CO, asphyxiation and
necropsied as described previously [27].

Reagents

Recombinant human tumor necrosis factor (TNF)-a
(10 ng/ml) and interleukin (IL)-1pB (10 ng/ml) were used to
stimulate the cells (R&D Systems, Minneapolis, MN,
USA). We used well-characterized inhibitor NEMO-
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binding domain (NBD) peptide as a nuclear factor kappa B
(NF-xB) signaling inhibitor, as described previously [28].

Establishing ISX stable transfectant cells and ISX
knockdown cells

To establish gastric cells that stably express ISX, MKN45
cells were transfected with myc-tagged human ISX (ORI-
GENE, Rockville, MD, USA). To establish the ISX
knockdown cells, MKN-74 cells were transfected with
pEGFP-H1/ISX short hairpin RNA interference vector
(shISX vector), which was kindly provided by Shin-Hsien
Hsu [14]. All plasmid transfections were performed with
X-tremeGENE HP DNA transfection reagent (Roche,
Basel, Switzerland). These transfectants were cultured with
150 pg/ml G418 at least 3 weeks, and selected clones were
subjected to immunoblot analysis with anti-myc antibody
(Cell Signaling Technology, Danvers, MA, USA) or anti-
ISX antibody (Santa Cruz Biotechnology, Santa Cruz, CA,
USA). GFP fluorescence observation was also used to
confirm the presence of transgene (Stable-shISX MKN74).

Luciferase assay

MKN45 were seeded in six-well plates and cultured under
standard conditions. When about 80 % confluent, cells
were transfected with DNA mix in 200 pl of Opti-MEM
media (ThermoFisher Scientific, Waltham, MA, USA), free
of antibiotic and antimycotic. In all, 0.2 pg of reporter
plasmid, pGL3-[—760 £ 261]CDX2-Luc (kindly provided
by Makoto Saegusa [29]) was used for cell transfection
with X-tremeGENE HP DNA transfection reagent (Roche).
Cells were co-transfected with 0.8 pg of either human ISX
vector (ORIGENE), human CDX2 vector (ORIGENE), or
the corresponding empty vector and also of the 0.01 pg
Renilla luciferase reporter vector. Twenty-four hours post-
transfection, total extracts were prepared using the Dual-
Luciferase Reporter Assay System Kit (TOYO INK,
Tokyo, Japan) according to the manufacturer’s instructions,
and luciferase activity was measured in Luminometer
Model TD-20/20 (Promega, Madison, WI, USA). Each
experiment was carried out at least three times. Results
were expressed as mean £ SD and were expressed as fold
induction compared with values obtained for the empty
vector.

CDX2 knockdown experiments

MKN45 cells were seeded in six-well plates and at about
80 % confluence, cells were transfected with a mix of three
double-stranded small interfering RNA (siRNA) directed to
different sequences of CDX2 mRNA (siCDX2) (Santa
Cruz Biotechnology) or scrambled controls in a total

concentration of 40 nM. The siRNA duplexes were used in
a ratio of 1:10 relatively to X-tremeGENE siRNA Trans-
fection Reagent (Roche).

Spheroid colony formation assay

Cells were inoculated into each well (10 cells or 25 cells/
well) of ultra-low-attachment 96-well plates (Sigma-
Aldrich, St. Louis, MO, USA) supplemented with 100 pl
serum-free RPMI-1640 medium (ThermoFisher Scientific),
10 mM HEPES, 20 ng/ml human recombinant epidermal
growth factor (ThermoFisher Scientific), and 10 ng/ml
human recombinant basic fibroblast growth factor (Ther-
moFisher Scientific). All wells were examined under a light
microscope after 2 weeks. The visualized spheroid bodies
were dissociated and seeded in each of the wells, as
described above, and the wells were examined again
2 weeks later. Images of the spheroid colonies were
recorded using a light microscope (Leica Microsystems,
Wetzlar, Germany) and a 600ES-CU CCD camera (Pixera
Corp. Santa Clara, CA, USA). The images were converted
to JPEG files using Pixera viewfinder 3.0.1. Areas of
emerging spheroid colonies were assessed with the public
domain Java image-processing software ImageJ 1.48.
(http://rsb.info.nih.gov/ij/index.html).

In vivo anti-tumor study (xenograft model)

Approximately 107 stably expressing ISX gastric cancer cells
(Stable-ISX MKN45) and parent MKN45 cells in the logarithmic
growth phase were suspended in 0.2 ml phosphate-buffered
saline and injected subcutaneously into the flanks of immun-
odeficient BALB/c Nude mice (Charles River Laboratories
Japan, Yokohama, Japan) (n = 8 each). Tumor diameters were
measured weekly using electronic calipers and converted to
volume (V) using the formula V = d x d x d. Tumor weights
were also measured at 5 weeks.

Statistical analysis

Data were analyzed using SPSS 11.0 software (SPSS Inc.,
Chicago, IL, USA) and expressed as mean =+ standard
error. Student’s ¢ test was used to detect significant dif-
ferences between two groups. Multiple comparisons were
performed with one-way analysis of variance. Spearman’s
p and Kendall’s T were used to assess correlations. A value
of p < 0.05 was considered to indicate significance.

All protocols for culturing H. pylori (TN2 [30] and TN2-
AcagPAI [31] at MOI of 100), cell culture (MKN-45 and
MKN-74 human gastric cancer cell lines), real-time qRT-
PCR analysis, immuno-histochemical staining, immuno-
blotting analysis, and immuno-fluorescence were detailed
in supplementary methods.
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Results

ISX expression was increased in H. pylori-infected
human gastric mucosa

ISX has been reported to be specifically expressed in the
intestine [10]. Initially, we analyzed ISX expression in
human gastric mucosa with or without H. pylori infection.
Immunohistochemical analysis showed that ISX expression
increased significantly in gastric mucosa infected with H.
pylori compared with that of uninfected gastric mucosa
(Fig. 1a). ISX mRNA expression was upregulated and
significantly correlated with protein expression after Heli-
cobacter infection (Fig. 1b). We also analyzed expression
of well-known intestinal markers CDX2 and MUC2, and
found that both markers were expressed more frequently in
H. pylori-infected gastric mucosa than in uninfected
mucosa (Fig. la, b). The correlation between mRNA
expression and immunohistochemical staining of each
molecule was significant (ISX: Spearman’s p = 0.648,
p = 0.023; CDX2: Spearman’s p = 0.693, p = 0.013),
and MUC2: Spearman’s p = 0.821, p = 0.001). We also
confirmed a correlation between ISX and CDX2 mRNA
expression (Fig. Ic), or CDX2 and MUC2, as described
previously [32, 33]. These results indicated that ISX
mRNA and protein expression were induced by H. pylori
infection and were strongly correlated with the expression
of intestinal metaplasia markers.

ISX expression was induced by Helicobacter
infection in mouse stomach

To clarify whether ISX expression is induced by Heli-
cobacter infection, we used a chronic mouse gastritis
model infected with H. felis. The results showed that ISX
mRNA expression increased significantly at 6 and
12 months post-infection compared with uninfected mice
(Fig. 1d). ISX expression at 12 months was significantly
higher than that of 6 months. In addition, the number of
ISX-positive gastric epithelial cells increased significantly
in H. felis-infected stomachs, as confirmed by immuno-
histochemical analysis (Fig. le, f). These results suggest
that Helicobacter infection induces ISX expression in
gastric epithelial cells in mice.

H. pylori induced ISX expression in vitro

To confirm whether ISX expression was induced by H.
pylori infection in vitro, we performed quantitative real-
time PCR and immunoblot analyses of ISX expression.
ISX mRNA expression increased significantly in MKN45
cells 3 h after co-culturing with H. pylori (Fig. 2a). ISX
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protein expression in MKN45 cells was also detected at 12,
18, and 24 h after co-culturing with H. pylori, then
decreased thereafter until 36 h after stimulation (Fig. 2b).
Since proinflammatory cytokines, such as TNF-o and IL-
1B, are known as ISX inducers in HCC cells [14], and these
cytokines were also induced by H. pylori infection in the
stomach, we investigated whether TNF-o, IL-183, or H.
pylori could induce ISX expression in gastric cancer cells.
As shown in Fig. 2¢, stimulation with TNF-a, IL-1f3, or H.
pylori induced ISX protein expression, as confirmed by the
immunoblot analysis. Numerous signaling pathways, such
as NF-«B, are activated by H. pylori and most of activation
depends on the presence of the H. pylori major virulence
factor, cagPAI [34, 35]. To assess whether ISX expression
was cag-dependent and to determine whether ISX expres-
sion was induced by activating NF-xB signaling, we
infected MKN45 cells with either wild-type or cagPAI-
negative isogenic mutant of H. pylori, and performed qRT-
PCR analysis for ISX mRNA expression. As shown in
Fig. 2d, ISX mRNA expression induced by H. pylori was
cagPAI dependent, and NF-kB signaling was involved in
ISX expression in gastric cancer cells as assessed by NF-
kB inhibitor NBD.

ISX expression enhanced cell proliferation
and induced biological markers for intestinal
metaplasia and cell stemness

To investigate the biological function of ISX in vitro, we
established stably expressing ISX gastric cancer cells
(Stable-ISX MKN45). We performed real-time qRT-PCR
and immunoblot analysis to determine whether ISX con-
tributed to cell proliferation, intestinal metaplasia, or
stemness. As expected, mRNA expression of MUCS5AC, a
gastric marker, was down-regulated, whereas intestinal
markers, such as MUC2 and CDX1/2, were up-regulated in
Stable-ISX MKN45 cells compared to those in parent
MKN45 cells (Fig. 3a). In addition, protein expression of
cyclinD1, a cell-cycle regulator, CDX1/2, a key intestinal
metaplasia transcription factor, and CD44, a gastric cancer
stem cell marker, were upregulated by overexpressing ISX
(Fig. 3b), suggesting that ISX plays key roles in prolifer-
ation, intestinal metaplasia, and stemness in gastric
epithelial cells. To confirm whether ISX induced tran-
scriptional activity of CDX2, we performed CDX2 dual-
luciferase reporter assay with transient expression of ISX
(Fig. 3c). After co-transfection of ISX and CDX?2 promotor
construct, transcriptional activity of CDX2 was signifi-
cantly enhanced with overexpression of ISX. We also
performed immunofluorescence to confirm the nuclear
localization of ISX upon the transfection of ISX expressing
vector (Fig. 3d).
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Fig. 1 ISX expression induced by Helicobacter infection in human
and mice gastric mucosa. a Representative immunohistochemical
staining of ISX, CDX2, and MUC?2 in human gastric mucosa. b qRT-
PCR analysis of ISX, CDX2, and MUC2 expression in H. pylori-
infected human gastric mucosa (*indicates a statistically significant
difference p < 0.05. Original magnification x100). ¢ Correlation of
ISX expression with CDX2 expression, and CDX2 expression with
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MUC2 expression in human gastric mucosa. d qRT-PCR analysis of
ISX expression in mice infected with Helicobacter felis for 6 or
12 months (*indicates a significant statistically difference p < 0.05).
e Representative immunohistochemical staining of ISX in mice
infected with Helicobacter felis. Original magnifications, x 100 (fop)
and x400 (bottom). f Rate of ISX-positive cells in mice infected with
Helicobacter felis (*indicates a significant difference p < 0.05)
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Fig. 2 ISX expression induced by H. pylori infection in vitro. a qRT-
PCR analysis of ISX expression with H. pylori infection. Gastric
cancer cells (MKN45) were cultured with H. pylori (TN2) for 8 h ata
multiplicity of infection of 100 (M.O.I.100) (*p < 0.05). b Im-
munoblot analysis of ISX expression (GAPDH as internal control) in
MKNA45 cultured with H. pylori (TN2, M.0.1.100) for 12, 18, 24, 30,
or 36 h. ¢ Immunoblot analysis of ISX stimulated with TNF-o (20 ng/
ml), IL-13 (10 ng/ml), or H. pylori (TN2, M.O.1.100) for 24 h in

ISX as a key molecule for intestinal phenotype

To further investigate the role of ISX in intestinal pheno-
type, we established ISX knockdown cells that stably
transfected shISX vector in MKN74 cells (Stable-shiSX
MKN74). We confirmed the significant decrease of CDX2
in both mRNA and protein level in Stable-shISX MKN74
(Fig. 4a, b), indicating that CDX?2 was regulated, at least in
part, by ISX expression. Another intestinal marker, MUC2,
was also decreased in Stable-shiISX MKN74. On the other
hand, when we performed knockdown of CDX2, decreased
expression of MUC2 did not affect the expression level of
ISX, suggesting that ISX shares the upstream signaling
pathway of CDX2 regulation (Fig. 4c) [32, 36].

ISX expression in human gastric cancer

To investigate whether ISX expression in the stomach con-
tributes to gastric carcinogenesis, we assessed positive rate of
ISX in gastric cancer tissues. In early gastric cancer, 12/28
(42.9 %) samples were positive for ISX protein expression
(Fig. 5a), whereas in advanced gastric cancer, 19/45 (42 %)
were positive for ISX protein expression (Fig. 5b). Clinical
characteristics of early or advanced gastric cancer were

@ Springer

H.pylori
Ohr  12hr 18hr 24hr 30hr 36hr

P
GAPDH ‘ ; : : =
_sn B

Relative mRNA expression of 1SX

control TN2 APAI
H.pylori

TN2+NBD

MKN45. d qRT-PCR analysis of ISX mRNA expression in MKN45
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APAI). To assess the contribution of NF-kB signaling, MKN45 cells
were treated with an NF-xB inhibitor, NBD peptide (200 uM). After
1 h, cells were co-cultured with wild-type H. pylori (TN2-WT,
M.O.I1.100) for 24 h, RNA was extracted, and qRT-PCR was
performed (TN2-WT + NBD)

shown in supplementary Tables (ST1 and ST2). In advanced
gastric cancer, the ISX-positive group was more progressed
compared to ISX-negative group (ST2). Other parameters
were not statistically significant regardless of the status of ISX
expression. We also performed immunohistochemical stain-
ing to clarify ISX expression in gastric cancer and its adjacent
tissues. Interestingly, ISX expression in adjacent tissues was
strongly correlated with its in advanced gastric cancer tissues
(R = 0.746, p < 0.001, Fig. 5c). In addition, ISX immuno-
histochemical staining was highly correlated with high grade
of pathological differentiation (Fig. 5d). These results indi-
cated that high ISX expression in gastric cancer may be
associated with gastric cancer progression.

ISX expression accelerates tumorigenesis in gastric
cancer cells

Since cells stably expressing ISX were CD44-positive
(Fig. 3b), we assessed the association between ISX
expression and tumorigenesis using a spheroid colony
formation assay in serum-free medium [25]. Stable-ISX
MKN45 cells formed a greater number of spheroid colonies
compared with parent cells (colony number per well; 86.5
vs. 3.8, ave., p < 0.001, Fig. 6a, b), suggesting that ISX
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Fig. 3 a, b mRNA/protein expression analysis in stably expressing
ISX gastric cancer cells (Stable-ISX MKN45). a qRT-PCR analysis of
MUCSAC, MUC2, CDX1, CDX2, CyclinD1, or CD44 mRNA
expression in Stable-ISX MKN45 or parent MKN45 were performed.
b Immunoblot analysis of ISX, CDX1, CDX2, CyclinD1, and CD44
in Stable-ISX MKN45 or parent MKN45. GAPDH was used as
internal control. ¢, d Luciferase reporter assay and immunofluores-
cence analysis. ¢ CDX2 dual-luciferase reporter assay showing ISX-
induced CDX2 upregulation in MKN45 cells. After co-transfection of

expression in gastric cancer cells accelerates tumorigene-
sis, resulting in growth and invasion of tumor cells.

We next validated the tumorigenicity of Stable-ISX
MKN45 cells in xenograft model. Stable-1SX MKN45 cells
showed significantly increased in tumor size compared
with that of parent MKN45 cells (mock vs. stable, volume:
761 vs. 1278 mm’ at 4 weeks, 1003 vs. 1645 mm’ at
5 weeks, p < 0.05 and weight: 333 vs. 535 mg, p < 0.05)
at 5 weeks post inoculation (Fig. 6¢, d). All these data
suggested that ISX played a key role in tumorigenicity and
tumor progression of human gastric cancer.

ISX and CDX2 promotor construct, transcriptional activity of CDX2
was significantly enhanced. CDX2 expression vector was used as a
positive control. The values obtained were corrected for transfection
efficiency with Renilla luciferase activity, and results were expressed
as fold induction compared with values obtained for the empty vector
(here normalized to 1) (*p < 0.05). d Immunofluorescence micro-
scopy showing nuclear localization of ISX (green, arrowhead) upon
ISX transfection in MKN45 cells

Discussion

This is the first report focusing on ISX expression and
intestinal metaplasia in the setting of Helicobacter-asso-
ciated gastric carcinogenesis. Based on our previous
observation regarding mRNA expression profile of orga-
noids, we isolated the novel gene ISX that may play key
roles in intestinal metaplasia and cancer (unpublished
observation). ISX is normally expressed only in the intes-
tine but is also expressed in Helicobacter-infected stomach,
suggesting that ISX may be a novel transcription factor for
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Helicobacter-induced intestinal metaplasia [10]. Apart
from the expression pattern of CDX2, an intestinal home-
obox gene and regulator of intestinal homeostasis [6, 37],
ISX was distinctly expressed in Helicobacter-infected
gastric epithelial cells, suggesting that ISX may have a
distinct biological role in regulating intestinal metaplasia in
the stomach.

We demonstrated that ISX expression was induced, at
least in part, by activating the NF-kB pathway, which was
not contradicted by a previous study [14]. A variety of
intracellular signaling pathways are activated in H. pylori-
infected gastric epithelium, and the NF-xB and mitogen-
activated protein kinase (MAPK) pathways are key in the
development of inflammation and carcinogenesis [38, 39].
As ISX expression depended on the presence of the Heli-
cobacter virulence factor cagPAI, we hypothesized that the
ISX expression mechanism may be shared with inflam-
mation amplifiers, such as TNF-a, IL-1f, or IL-6, which
induce chemokine release via an enhanced positive-feed-
back loop in the NF-kB pathway, and are maintained in
gastric cancer and gastritis [40, 41]. It has been reported
that ISX mRNA expression may be activated through
increased NF-xB (p65) binding to ISX promoter in HCC
cell [14]. Promoter analysis of ISX gene is required to
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determine whether ISX contains NF-kB and/or MAPK
binding sites and whether ISX is truly regulated by these
signaling pathways.

Cancer stem cell theory has been broadly discussed, and
some stomach markers, such as CD44 and Sox-2, have
been reported as putative stem or cancer stem cell markers
[25, 26, 42]. Our previous observation in organoids from H.

felis mice model revealed that ISX was expressed in

Helicobacter-infected primary gastric cells. As forced
expression of ISX induced the expression of CD44, ISX
may trigger the conversion of matured epithelial cells into
undifferentiated stem cells by activating Wnt/B-catenin
signaling [43]. We also noticed that CDX1 and CDX2 were
upregulated after forced expression of ISX. Since CDXI1
confers an intestinal phenotype on gastric epithelial cells
by inducing a stemness-associated reprogramming factor
[44], ISX may function as a master reprogramming regu-
lator in mature cells.

Some limitations of our study should be mentioned.
Although we confirmed that ISX enhanced transcriptional
activity of CDX2, and overexpression of ISX induced
increase of CDX2 expression, we have no direct evidence
that ISX protein binds directly to the promoter region of
CDX2. As for cyclinD1, it has already been confirmed to
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have a putative region to which ISX binds and then func-
tions as a transcriptional regulator [14]. The putative
sequence of the ISX binding site was detected in the
upstream regions of CDX2 after an in silico database
search, suggesting that ISX may regulate transcription of
CDX2 by binding directly to the promoter.

Few studies have reported the biological functions of
ISX [12, 14]. We demonstrated that overexpression of
ISX enhanced cell proliferation and tumorigenic activity
in gastric cancer cells, at least in part, through upregu-
lation of cyclinD1 expression. CyclinD1 is induced by
gastrin or H. pylori infection in the gastric milieu and is
associated with gastric carcinogenesis [45, 46]. Over-
expression of cyclinD1 in breast cancer plays a key role
in cancer development [47]. All of these data suggest
that ISX exerts its effect on carcinogenesis through
cyclinD1 expression. Further investigation is required to
determine whether ISX per se has a potential to initiate
cancer using an ISX-knockout mouse cancer model
in vivo [12].

We showed that Stable-ISX MKN45 cells developed
spheroid colonies. Liu et al. found that spheroid colony-
forming cells from MKN-45 cells contain gastric cancer
stem cell characteristics of sustained self-renewal, high

proliferation, resistance to drugs, and high CD44 expres-
sion [25, 48]. Thus we think that ISX expression may be a
novel therapeutic target for cancer cells that have resistance
to chemotherapy. We hypothesized that chronic inflam-
mation by H. pylori activates several signaling pathways,
including NF-xB and signal transducer and activator of
transcription 3 (STAT3), which induces release of proin-
flammatory cytokines, such as TNF-o, IL-1fB, and IL-6.
ISX expression by these cytokines, in turn, induces CD44
expression possibly through the WNT/B-catenin pathway
in mature gastric stem cells, resulting in generation of
gastric cancer stem cells.

Patients with poorly differentiated adenocarcinoma have
shorter survival than those with well-differentiated stom-
ach carcinoma [49]. We found a positive correlation
between ISX expression and poorly differentiated cancer
using a microarray, suggesting that ISX expression could
become a biomarker of intestinal metaplasia useful for
prediction of gastric cancer prognosis [50]. One study
proposed three subtypes of H. pylori-associated gastric
cancers; genomically stable tumors are enriched for a dif-
fuse histological variant (69 %), whereas tumors with
chromosomal instability and microsatellite unstable tumors
are a poorly diffuse type (12 and 11 %, respectively) [51].
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Fig. 6 Spheroid colony formation assay and xenograft model of
Stable-ISX MKN45 gastric cancer cells. a Representative spheroid
colony under light microscopy, (left) mock, and (right) Stable-1SX
MKN45 (original magnification x200). b Area of spheroid colonies
after 2 weeks. Values are mean = SEM. Stable-1SX MKN45 showed
more spheroid colony formation compared with control (mock vs.
Stable-1SX MKN45 **p < 0.001). ¢, d Tumor volume in nude mice

Further investigation is required to determine which cancer
subtype fits with ISX-positive cancer, as with CDX2 [52].
In conclusion, we proposes here that H. pylori-induced
ISX expression is a key factor in intestinal metaplasia and
gastric carcinogenesis (acquisition of cancer stem cell char-
acteristics and promoting cancer cell survival and prolifera-
tion). Therefore, ISX-targeted therapy may inhibit “field
cancerization” and resistance to cancer chemotherapy.
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