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Abstract
To explore the role of IKKβ in gastric carcinogenesis, we established a conditional gastric
mucosal epithelium IKKβ knockout mouse (IkkβΔST) that did not differ phenotypically or
histologically from control mice (IkkβF/F). Gastric cancer was induced using N-methyl-N-
nitrosourea (MNU). After 8 months, the mean number (±SE) of tumors per body was significantly
less in the IkkβΔST group (0.80 ± 0.23) than in the IkkβF/F group (2.21 ± 0.48), although the size of
tumors did not differ between groups (2.75 ± 0.99 vs. 2.89 ± 1.12 mm, respectively). We
investigated the levels of several inflammatory cytokines in the stomach after a single oral dose of
MNU and found that IL-1α was significantly up-regulated in control mice compared to IkkβΔST

mice, whereas the levels of IL-1β, IL-6, and TNF-α were unchanged. MNU significantly increased
apoptotic cell death in control mice compared to IkkβΔST mice, and apoptosis was dependent on
decreased IL-1α expression. IL-1α also induced the proliferation of gastric cancer cells. Fewer
tumors were observed in IL-1 receptor knockout mice (Il-1r−/−; 1.17 ± 0.44) than in control mice
(2.42 ± 0.52). These results suggest that IKKβ regulates gastric carcinogenesis via IL-1α
expression, which is associated with anti-apoptotic signaling and cell proliferation.

Introduction
The development of cancer in various organs is often associated with chronic inflammation,
suggesting a strong relationship between inflammation and carcinogenesis (1). Abnormal
cellular alterations accompanying inflammation, such as oxidative stress, gene mutation,
epigenetic changes, and inflammatory cytokine-induced cell proliferation, have been
proposed as carcinogenic factors. The signal transduction pathways of carcinogenesis are
also under study (2). Understanding the mechanism by which inflammation leads to
carcinogenesis may enable the development of drugs targeted at important molecules in this
process, potentially providing a powerful tool for preventing cancer development.

The nuclear factor-kappa B (NF-κB) pathway is thought to play a role in the process leading
from inflammation to carcinogenesis and thus may be a candidate for targeted intervention
(3). Many pro-inflammatory stimuli activate NF-κB, primarily through inhibitor of κB (IκB)

4Correspondence to: Shin Maeda, Department of Gastroenterology, University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8655,
Tel: +81-3-3815-5411; Fax: +81-3-3814-0021; shinmaeda2-gi@umin.ac.jp.

NIH Public Access
Author Manuscript
Gastroenterology. Author manuscript; available in PMC 2011 August 15.

Published in final edited form as:
Gastroenterology. 2010 July ; 139(1): 226–38.e6. doi:10.1053/j.gastro.2010.03.047.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



kinase (IKK)-dependent phosphorylation and degradation of IκB proteins. Once activated,
NF-κB dimers stimulate the transcription of genes encoding cytokines, growth factors,
chemokines, and anti-apoptotic factors (4). IKK consists of two catalytic subunits, IKKκ and
IKKβ, and a regulatory component, IKKγ/NEMO. IKK and NF-κB activation by most
stimuli depend largely upon IKKβ (4), the absence of which increases susceptibility to
tumor necrosis factor-α (TNFα)-induced apoptosis and causes the loss of innate immunity
(5). NF-αB is instrumental for tumor promotion in a colitis-associated cancer (CAC) model
(6) and inflammation-associated liver cancer (7, 8). However, the inhibition of NF-αB in
keratinocytes promotes squamous cell carcinoma (9). Such results suggest that the impact of
NF-αB on cancer development may be cell type- or model-specific. NF-αB activation is
likely most critical in cancers in which inflammation acts as a tumor promoter, but a more
general role for NF-αB, and the inflammation driven by it, in cancers that are not associated
with chronic inflammation remains to be established.

Gastric cancer is the second leading cause of cancer deaths worldwide, although its
incidence has been declining in recent decades. A high-salt diet, smoked foods rich in
nitrates, and water contaminated with Helicobacter pylori appear to be major environmental
inducers of gastric cancer (10–13). A high-salt diet disrupts the gastric mucosal barrier, and
N-nitroso mutagens formed from dietary nitrates in a hypochlorhydric stomach can damage
DNA (10). The role of H. pylori in causing mucosal effects has been heavily investigated,
because of the possibility that some cancers could be prevented with antibiotic treatment
against H. pylori (13). However, the molecular signals that actually initiate the program of
irreversible transformation remain unclear.

To explore the role of IKKβ in gastric carcinogenesis, we established a conditional gastric
mucosal epithelium IKKβ knockout mouse (IkkβΔST) and analyzed it in an N-methyl-N-
nitrosourea (MNU)-mediated gastric cancer model. Mice lacking IKKβ in the gastric
epithelium exhibited a marked decrease in MNU-induced gastric carcinogenesis relative to
control mice. This inhibition of tumor development was correlated with a decrease in the
expression of IL-1α, which is associated with anti-apoptotic effects and cell proliferation.
Thus, IL-1α expression regulated via IKKβ signaling may represent a therapeutic target in
the prevention and treatment of gastric cancer.

Results
Generation of gastric epithelium IKKβ deficient mice

To generate conditional gastric mucosal epithelium IKKβ mutant mice (IkkβΔST), IkkβF/F

mice (14) were crossed with Foxa3-Cre transgenic mice expressing Cre recombinase, which
is active beginning on embryonic day 8.5 (E8.5) in the ventral foregut endoderm (15). Cre-
mediated recombination was assessed using Western blot analysis of whole stomach extract;
this analysis confirmed that stomachs from IkkβΔST mice produced less than 20% of the
normal level of IKKβ, whereas no change was observed in the forestomach or spleen, in
which Cre recombinase is not expressed (Figure 1A). Because the gastric epithelium
represents only 70–80% of the total gastric mass, the residual IKKβ expression was most
likely due to other cell types in the stomach.

IkkβΔST mice were born at Mendelian frequencies and exhibited no developmental
abnormality or morbidity. At 12 weeks of age, the body weights of male IkkβF/F and IkkβΔST

mice (26.9 ± 3.3 and 25.1 ± 2.2 g, respectively) were not significantly different. The gross
anatomy and histological organization of the IkkβΔST stomach were normal, and no
spontaneous gastric inflammation or tumor was observed for at least 1 year after birth
(Supplemental Figure 1 and data not shown). Thus, IKKβ is not required for stomach
development or long-term survival under normal husbandry.
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To determine whether NF-κB activity decreased in response to IKKβ knockout, IkkβF/F and
IkkβΔST mice were treated with lipopolysaccaride (LPS), a potent NF-κB activator, and
frozen sections were immunohistochemically stained with an anti-p65 antibody.
Visualization revealed that p65 nuclear staining decreased markedly in IkkβΔST mice
compared to IkkβF/F controls (Figure 1B).

IKKβ deficiency in the gastric epithelium inhibits gastric tumor development
To explore the role of IKKβ in gastric carcinogenesis, we used a mouse model of chemically
induced gastric carcinogenesis. In mice, the administration of MNU results in efficient
gastric cancer induction (16). IkkβF/F and IkkβΔST mice on the C57BL/6 genetic background
were given drinking water containing MNU in light-shielded bottles on alternate weeks
(total exposure of 5 weeks), and then normal tap water until week 40 (Figure 2A). The mean
number of detectable gastric tumors (± standard error, SE) was significantly lower in
IkkβΔST mice (0.80 ± 0.23) compared to IkkβF/F controls (2.21 ± 0.48; Figure 2B and C). In
contrast, the average sizes of tumors were similar in both IkkβF/F and IkkβΔST mice (2.75 ±
0.99 mm vs. 2.89 ± 1.12 mm, respectively; Figure 2D). After MNU administration, 86% of
the control mice developed gastric tumors, whereas only 60% of the IkkβΔST mice developed
tumors (p < 0.05; Figure 2E). These data suggest that IKKβ is involved in MNU-induced
gastric tumor development. Finally, we used immunohistochemistry to confirm that tumors
in IkkβΔST mice were IKKβ-deficient. Although IKKβ was present in IkkβF/F tumors, it was
detectable in fewer than 20% of IkkβΔST tumors. IKKβ present in IkkβΔST samples most
likely originated from other types of cells in stomach (Figure 2F).

IKKβ deficiency potentiates MNU-mediated apoptosis
A single oral dose of MNU activated NF-κB, as determined by p65 nuclear staining in
gastric epithelia from IkkβF/F mice at 4 h (Figure 3A). As expected, NF-κB activation was
not observed in IkkβΔST mice (Figure 3A).

Cellular injury is strongly linked to carcinogenesis, and IKKβ is reportedly required for
apoptosis associated with DNA damage (17). We therefore examined whether MNU
potentiates apoptotic induction in IkkβΔST mice. As expected, oral MNU administration
induced gastric apoptosis to a greater degree in IkkβΔST mice than in IkkβF/F mice, whereas
we found no difference between IkkβF/F and IkkβΔST mice without MNU treatment (Figure
3B and Supplemental figure 2).

Real-time reverse transcription-polymerase chain reaction (RT-PCR) analysis of anti-
apoptotic genes showed a marked induction of cIAP2 and A20 in IkkβF/F mice that was
nearly absent in IkkβΔST mice (Figure 3C). Compensatory proliferation is reportedly linked
to carcinogenesis (8). We therefore analyzed cell proliferation using proliferating cell
nuclear antigen (PCNA) immunostaining, but found no obvious difference between IkkβF/F

and IkkβΔST mice, indicating that increased apoptosis is not associated with stimulation of
the proliferative response (Supplemental Figure 3). In vitro, we decreased IKKβ expression
in SH101 human gastric cancer cells using a specific small interfering RNA (siRNA), which
showed no detectable induction of NF-κB activation (Figure 3D). After MNU treatment,
cells expressing IKKβsi showed higher levels of cell death and apoptosis than cells
transfected with control siRNA (Figure 3E and F). We analyzed the expression of anti-
apoptotic genes that are putatively regulated by NF-κB after MNU stimulation and found
that the expression of cIAP2 and A20 increased in control cells; in contrast, these genes
showed only very slight up-regulation in IKKβsi-expressing cells (Figure 3G).
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IKKβ deficiency decreases MNU-induced IL-1α expression
Pro-inflammatory cytokines, chemokines, and adhesion molecules, which regulate the
inflammatory responses, are frequently observed in tumor microenvironments, and many
cytokines released during the inflammatory response have critical roles in cancer cell
survival. We therefore analyzed the expression of inflammatory cytokines, using a cytokine
array, and found that, among more than 40 cytokines, MNU induced only IL-1α protein
expression in the stomachs of IkkβF/F mice; notably, this response was lacking in IkkβΔST

mice. IL-1β, TNF-α, and IL-6 were not induced in either IkkβF/F or IkkβΔST mice (Figure 4A
and Supplemental Figure 4).

In vitro, we assessed the level of IL-1α in the culture medium after MNU stimulation of
SH101 cells. The IL-1α level increased in medium collected from MNU-treated control
cells, but not in medium collected from IKKβsi-expressing cells (Figure 4B). These results
suggest that MNU-induced IL-1α expression is dependent upon IKKβ.

IL-1α increases cell proliferation and inhibits apoptosis
IL-1α modulates various growth-promoting pathways, including anti-apoptotic signaling and
cellular proliferation. Therefore, we analyzed the roles of IL-1α in tumor cell growth in
vitro. To investigate the anti-apoptotic function of this cytokine, we used a specific siRNA
to reduce IL-1α expression in SH101 gastric cancer cells, which constitutively express
IL-1α. The survival rate of MNU-treated cells expressing IL-1αsi was lower than that of
cells transfected with control siRNA (Figure 5A). We also examined the degree of apoptotic
induction, as determined by DNA release, and found that IL-1αsi-expressing cells showed
increased apoptosis relative to the control (Figure 5B).

To determine whether these effects were autocrine and paracrine, we pre-treated cells with
an IL-1 receptor antagonist (IL-1ra), followed by MNU stimulation. IL-1ra treatment
increased the degree of apoptotic induction compared to untreated cells (Figure 5C). These
results suggest that IL-1α acts as an anti-apoptotic agent in SH101 cells via autocrine and
paracrine signaling.

To confirm our results, we examined the effect of IL-1α pre-treatment on MNU-induced
apoptosis in a second gastric cancer cell line (AGS) that does not express IL-1α in the
resting condition. IL-1α pre-treatment decreased MNU-induced apoptosis (Figure 5D),
supporting the notion that IL-1α plays a role in anti-apoptotic signaling.

Next, to investigate the effect of IL-1α on cell proliferation, we stimulated AGS cells with
IL-1α and evaluated cell growth. IL-1α treatment increased cell numbers in a time-
dependent fashion compared to untreated controls (Figure 5E).

IL-1R deficiency inhibits MNU-induced gastric tumor development
To investigate the anti-apoptotic function of IL-1α in vivo, wild-type (WT) and IL-1 receptor
null mice (Il-1r−/−) were administered an oral dose of MNU, and apoptosis was analyzed
using the terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL)
assay. As in the case of IkkβΔST mice, MNU induced a greater degree of gastric apoptosis in
Il-1r−/− mice than in WT mice (Figure 6A and Supplementary figure 5).

Finally, to explore the role of IL-1 in gastric cancer development, we subjected Il-1r−/− mice
to MNU-induced gastric carcinogenesis. The number of detectable gastric tumors decreased
significantly in Il-1r−/− mice compared to WT controls (Figure 6B and C). In contrast, the
mean sizes of tumors were similar in WT and Il-1r−/− mice (Figure 6D). Among the MNU-
treated control mice, 82% developed gastric tumors, whereas only 67% of Il-1r−/− mice
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developed tumors (p < 0.05; Figure 6D). These data suggest that IL-1 signaling, as well as
IKKβ, is required for efficient gastric tumor induction in response to MNU administration.

Discussion
In this study, we showed that IKKβ is oncogenic in the gastric epithelium. This result is
consistent with the CAC model, in which the deletion of IKKβ in intestinal epithelial cells
led to an increase in epithelial apoptosis and a dramatic decrease in tumor incidence, without
affecting tumor size (6). In our model, MNU treatment caused more severe apoptosis in the
stomachs of IkkβΔST mice than in IkkβF/F mice, as in the CAC model. We also showed that
the expression of several anti-apoptotic genes regulated by NF-κB, including cIAP2 and
A20, decreased in the stomachs of IkkβΔST mice compared to IkkβF/F mice. Alkylating
agents, such as MNU, induce rapid p53-dependent apoptosis in gastric epithelial cells (18).
However, increased apoptosis in IkkβΔST mice appeared to be independent of p53 activation,
as p53 activation was unchanged in the epithelia of both IkkβF/F and IkkβΔST mice (data not
shown). Another possible mechanism for the observed increase in apoptosis in IKKβ-
deficient epithelial cells is enhanced c-Jun N-terminal kinase (JNK) activation (19, 20).
However, the lack of change in JNK activation in the two genotypes suggests that enhanced
JNK activation is not responsible for increased epithelial apoptosis in response to MNU
treatment (Supplemental Figure 6).

On the other hand, liver-specific IKKβ knockout mice treated with the chemical carcinogen
diethylnitrosamine (DEN) developed hepatocellular carcinoma (HCC) to a more severe
degree than did WT mice (8). In these mice, excessive HCC development was linked to the
increased compensatory proliferation of hepatocytes, which is a consequence of elevated
hepatocyte death in the absence of IKKβ. Based on PCNA staining, MNU treatment did not
affect the proliferative response in IkkβF/F vs. IkkβΔST mice, suggesting that MNU-induced
apoptosis does not stimulate a proliferative response in gastric epithelial cells (Supplemental
Figure 3). One possible explanation for this discrepancy between our study and that of
Maeda et al. (8) is that the turnover of gastric epithelial cells is very rapid compared to that
of hepatocytes. Numerous PCNA-positive nuclei are observed in gastric epithelia, even
without stimulation, whereas normal livers exhibit very few PCNA-positive hepatocytes and
hepatocytes rapidly begin to proliferate after liver injury.

In this study, we identified IL-1α as a key downstream molecule in gastric cancer
development. However, other major inflammatory cytokines regulated by NF-κB, including
IL-1β, TNFα, and IL-6, did not appear to be involved in this model, as we did not observe
the expression of these cytokines after MNU treatment. IL-1 signaling pathways are reported
to play an important role in gastric ulcer and cancer development. For example, IL-1 is
reported to potently inhibit gastric acid secretion and ulcer formation (21). Our results also
suggest that IL-l acts as an autocrine stimulator of human gastric cancer cells as reported
(22). IL-1 polymorphisms have also been associated with an increased risk of gastric cancer
(23). In addition to gastric cancer, IL-1α expression is induced by the potent carcinogen
7,12-dimethylbenz(a)anthracene (DMBA) and is associated with skin carcinogenesis in mice
(24). In this study, we have provided in vivo evidence that IL-1α is produced by gastric
epithelial cells and our data support the idea that IL-1 signaling is important in gastric cancer
development.

Recently, hepatocyte-specific IKKβ ablation was reported to enhance liver damage with the
release of IL-1α, whereas the inhibition of IL-1α action or the ablation of its receptor
inhibited carcinogen-induced compensatory proliferation and liver tumorigenesis (25). In
this case, IL-1α from necrotic cells functions as a damage-associated molecular pattern
(DAMP) molecule. In contrast, in our study, IL-1α gene expression was higher in IkkβF/F
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than in IkkβΔST mice, indicating that the mechanism of enhanced IL-1α protein expression in
gastric and liver tumorigenesis may differ.

We have shown that IL-1α plays roles in tumor growth and anti-apoptotic signaling, which
are the hallmarks of cancer (26). IL-1α activates several signaling pathways, including those
of NF-κB, JNK, p38, and extracellular signal-regulated kinase (ERK), and may be involved
in growth and anti-apoptotic signaling (27). Recently, Tu et al. (27) reported that the
stomach-specific expression of human IL-1β in transgenic mice led to spontaneous gastric
inflammation and cancer. They also suggested that the phenotype is correlated with the early
recruitment of myeloid-derived suppressor cells to the stomach, but they did not analyze the
function of IL-1β in tumor cell growth or anti-apoptotic signaling (28). Here, we analyzed
the recruitment of myeloid cells after MNU injection and found that very few inflammatory
cells accumulated in either IkkβF/F or IkkβΔST mice (data not shown).

H. pylori infection is the most important etiological agent of gastric cancer. We have
previously shown that H. pylori activates IKKβ/NF-κB signaling both in vitro and in vivo
and may be critical for gastric inflammation, ulcer formation, and cancer development (29–
31). IL-1α expression has also been reported in gastric epithelia infected with H. pylori (32).
These observations suggest that the IKKβ/NF-κB–IL1α axis in gastric epithelial cells is a
critical pathway for gastric carcinogenesis. However, H. pylori infection in conventional
mice, such as C57/BL6, caused such slight inflammation that it is impossible to evaluate the
relationship between inflammation and gastric carcinogenesis.

In conclusion, we established a conditional IKKβ gastric mucosal epithelium knockout
mouse and used it in a MNU-mediated gastric cancer model. Mice lacking IKKβ in the
gastric epithelium exhibited a marked decrease in gastric carcinogenesis relative to the
controls. Moreover, impaired tumor development was correlated with the decreased
expression of IL-1α signaling, which is associated with anti-apoptotic signaling and cell
proliferation (Figure 7). Thus, IKKβ/IL-1α may be an attractive target for the prevention and
treatment of gastric cancer.

Materials and Methods
Mice

This study was approved by the Ethics Committee of the Institute for Adult Diseases, Asahi
Life Foundation, and animal experiments were conducted in accordance with the Guidelines
for the Care and Use of Laboratory Animals of the same institution. Ikkβ F/F mice (14),
which are aphenotypic, were crossed with Foxa3-Cre transgenic mice (15) to eventually
generate IkkβF/F:Foxa3-Cre (referred to as IkkβST) mice. All mice were maintained under
pathogen-free conditions and a 12/12-h light/dark cycle.

Gastric cancer model
N-methyl-N-nitrosourea (MNU; Sigma Chemical) was dissolved in distilled water at a
concentration of 240 ppm and was freshly prepared twice a week for administration in
drinking water in light-shielded bottles. Six-week-old wild-type and Jnk1−/− mice were
given drinking water containing 240 ppm MNU on alternate weeks for a total of 10 weeks of
exposure, according to a protocol described in a previous report (33). The MNU-treated
mice were sacrificed 40 weeks after MNU administration began.

Preparation of tissue samples for tumor counting and histological analysis
Each mouse stomach was removed and opened along the greater curvature. The number and
long diameter of tumors in the stomach were measured under a dissecting microscope (5×
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magnification). Tumors > 0.5 mm in diameter were mapped and counted. After counting, all
of the excised stomachs were fixed for 24 h in neutral-buffered 10% formalin, embedded in
paraffin, sectioned at 4 μm, and stained with hematoxylin and eosin (H&E).

Immunohistochemistry and TUNEL assay
Sections were deparaffinized, rehydrated, treated with 3% H2O2 in phosphate-buffered
saline (PBS), and incubated overnight at 4°C with anti-p65 and anti-PCNA (Santa Cruz
Biotechnology) antibodies. The binding of the primary antibody was detected using biotin-
labeled anti-rabbit IgG or anti-rat IgG antibodies (1:500 dilution; Vector Laboratories),
followed by a streptavidin-horseradish peroxidase (HRP) reaction, visualization using 3,3′-
diaminobenzidine (Sigma-Aldrich), and counterstaining with hematoxylin. No specific
staining was observed in negative control slides prepared without the primary antibody. To
evaluate epithelial cell apoptosis, the TUNEL assay was performed according to the
manufacturer’s instructions (ApopAlert DNA Fragmentation Assay Kit, TAKARA Bio
Inc.).

Cells and MNU treatment
The human gastric cancer cell lines AGS and SH101 were maintained in RPMI-1640 or
Dulbecco’s modified Eagle’s medium (DMEM), supplemented with 10% fetal bovine serum
(FBS), L-glutamine, 100 units penicillin G, and 100 μg/mL streptomycin. For
transformation analysis, cells were exposed to MNU (100 μg/mL) for 1 h, once a week for
up to 6 weeks. Cell numbers were determined using a cell counting kit, according to the
manufacturer’s protocol (Dojindo Laboratories).

Immunoblotting and cytokine array
Culture supernatants were assayed using a Human Chemokine Antibody Array according to
the manufacturer’s instructions (RayBiotech, Inc.). Protein lysates were prepared from
cultured mouse embryonic fibroblasts (MEFs), separated by SDS-PAGE, transferred to
polyvinylidene difluoride membrane (Millipore), and analyzed by immunoblotting with anti-
IKKβ, anti-JNK1, anti-phospho-JNK, and anti-tubulin antibodies (Cell Signaling).

Quantitative real-time RT-PCR
Gastric tissues from MNU-treated mice were examined for mRNA expression using
quantitative real-time RT-PCR. RNA was extracted using ISOGEN reagents (Nippon Gene),
according to the manufacturer’s protocol. First-strand cDNA was generated using
SuperScript II (Invitrogen Life Technologies) and mRNA expression was measured via real-
time RT-PCR, using GAPDH mRNA for normalization. Primer sequences are available
upon request.

Statistical analysis
Data are expressed as the means ± standard error (SE). Differences were analyzed using
Student’s t-test. Values of P ≤ 0.05 were deemed statistically significant.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used in this paper

ERK extracellular signal-regulated kinase

IKK IkappaB kinase

IL interleukin

JNK c-Jun N-terminal kinase

MAPK mitogen-activated protein kinase

MNU N-methyl-N-nitrosourea

NF-κB nuclear factor kappa B

TNF tumor necrosis factor
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Figure 1.
Generation of IKKβ gastric epithelium knockout mice.
(A) Gastric mucosa, forestomach, and spleen of IkkβF/F and IkkβΔST mice were lysed, gel-
separated, and immunoblotted with antibodies against the indicated proteins. (B) IkkβF/F and
IkkβΔST mice were administered 10 mg of lipopolysaccharide (LPS); after 1 h, the stomachs
were extracted and stained with anti-p65 antibody. Left panel, IkkβF/F (×200, ×800); right
panel, IkkβΔST (×200, ×800).
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Figure 2.
Loss of IKKβ in the gastric epithelium inhibits gastric tumor development.
(A) Schematic overview of gastric carcinogenesis model. Black areas indicate MNU (240
ppm) administration periods, and white areas indicate MNU non-administration periods. (B)
Representative stomach tumors. Left panels, IkkβF/F tumors; right panels, IkkβΔST tumors.
Upper panels show macroscopic views of the tumor-bearing stomachs. Arrows indicate the
tumors. Lower panels show H&E staining of tumor parts (×200). (C) Number of tumors in
stomachs. Stomachs were observed macroscopically, and tumors > 1 mm in diameter were
counted. Values represent the means ± SE for IkkβF/F (n = 14) and IkkβΔST (n = 10) mice (*p
< 0.05). (D) Stomach tumor sizes. The stomachs were observed macroscopically, and
tumors > 1 mm in diameter were measured. Values represent the means ± SE for IkkβF/F (n
= 35) and IkkβΔST (n = 8) mice. (E) Tumor incidence rates in IKKβF/F (85.7%, 12/14) and
IKKβΔ ST (60.0%, 6/10) mice. (F) IKKβF/F and IKKβΔST tumors were immunoblotted with
antibodies against IKKβ and β-tubulin.
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Figure 3.
IKKβ knockdown potentiates MNU-mediated apoptosis.
(A) Four hours after the oral administration of MNU (1000 ppm), stomachs were stained
immunohistochemically with anti-phospho-p65 antibody (×200, ×800). (B) MNU (1000
ppm) was administered orally and apoptotic cells were identified using the TUNEL assay
(upper panels; ×100). Lower panels show counterstaining with DAPI (×100). (C) Total
mRNA was isolated 6 h after a single oral dose of MNU (1000 ppm) to IkkβF/F and IkkβΔST

mice. The expression levels of each gene were measured using real-time PCR. (D) Vector
carrying IKKβ siRNA or control siRNA was transfected into SH101 cells, followed by
treatment with 250 μM MNU after 48 h. The cells were corrected at the indicated times, and
NF-μB/p65 activity was quantified using ELISA. The y-axis shows p65 immunoreactivity
compared to that of recombinant p65. (E) Cells transfected with IKKβ siRNA (IKKβsi) or
control siRNA (control) were treated with MNU for 48 h, after which the numbers of living
cells were counted. The survival rates of treated vs. untreated cells are shown (*p < 0.05).
(F) Levels of DNA released into the culture medium 48 h after MNU stimulation were
measured (*p < 0.05). (G) Cells transfected with IKKβsi or control siRNA were treated with
MNU for 6 h, after which the expression levels of the indicated genes were measured using
real-time PCR (*p < 0.05).
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Figure 4.
Loss of IKKβ suppresses MNU-induced IL-1α expression.
(A) MNU (1000 ppm) was administered orally to IkkβF/F and IkkβΔST mice, and stomachs
were collected and lysed at the indicated times. Cytokine levels were measured using
ELISA. (B) SH101 cells transfected with IKKβ siRNA (IKKβsi) or control siRNA (control)
were treated with or without 250 μM MNU. IL-1α levels in the culture medium were
measured 12 h after MNU stimulation (*p < 0.05).
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Figure 5.
IL-1α promotes cell proliferation and inhibits apoptosis.
(A) SH101 cells transfected with IL-1α siRNA (IL-1αsi) or control siRNA (control) were
treated with 250 μM MNU for 48 h, after which the number of living cells was counted. The
survival rates of treated vs. untreated cells are shown (*p < 0.05). (B) Cells were treated as
above. The degree of apoptotic induction was determined based on the amount of released
DNA (*p < 0.05). (C) Cells were stimulated with or without 250 μM MNU and/or 50 ng/mL
of IL-1 receptor antagonist (IL-1ra) for 48 h, and the degree of apoptotic induction was
determined as above (*p < 0.05). (D) AGS cells were stimulated with or without 250 μM
MNU and/or 50 ng/mL IL-1α for 48 h, and the degree of apoptotic induction was
determined as above (*p < 0.05). (E) AGS cells were treated with or without IL-1α, and cell
numbers were determined at the indicated times (*p < 0.05).
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Figure 6.
IL-1R knockout inhibits MNU-induced gastric tumor development.
(A) MNU (1000 ppm) was administered orally to wild-type mice (WT) and IL-1 receptor
knockout mice (IL-1R−/−). After 4 h, the stomachs were removed and apoptotic levels were
determined via the TUNEL assay (upper panel; ×100). Lower panels show counter-staining
with DAPI (×100). (B) The numbers of tumors in WT and IL-1R−/− stomachs are shown.
The stomachs were observed macroscopically, and tumors > 1 mm of diameter were
counted. Values represent the means ± SE in WT (n = 14) and IL-1R−/− (n = 6) mice (*p <
0.05). (C) WT and IL-1R−/− stomach tumor sizes are shown. The stomachs were observed
macroscopically, and tumors > 1 mm in diameter were measured. Values represent the
means ± SE in WT (n = 31) and IL-1R−/− (n = 7) mice (*p < 0.05). (D) The tumor incidence
rate in each group is shown.
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Figure 7.
Proposed model of gastric carcinogenesis in MNU-treated mice.
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