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A novel rasH2 mouse carcinogenesis model that is highly susceptible to 4-NQO-induced
tongue and esophageal carcinogenesis is useful for preclinical chemoprevention studies
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We investigated the susceptibility of 4-nitroquinoline 1-oxide
(4-NQO)-induced tongue carcinogenesis in male CB6F1-Tg-rasH2
@Jcl mice (Tg mice). The Tg mice were administered 4-NQO (20
p.p.mm. in drinking water) for 2, 4, 6 or 8§ weeks, and thereafter
they were untreated up to week 24. At week 24, a higher incidence
(80%) of tongue neoplasm with dysplasia was noted in the mice
that received 4-NQO for 8 weeks in comparison with the other
groups (20 % incidence for each) treated with 4-NQO for 2, 4 and
6 weeks. Esophageal tumors also developed in the Tg mice were 4-
NQO. Immunohistochemical observation revealed that the EP
receptors, especiaily EP; and EP,, expressed in the tongue and
esophageal lesions induced by 4-NQO, thus suggesting the in-
volvement of prostaglandin (PG) E; and EP,, receptors in the
tongue and esophageal carcinogenesis. Using this animal model,
we investigated the potential chemopreventive ability of pitavas-
tatin (1, 5 and 10 p.p.m. in diet for 15 weeks), starting 1 week after
the cessation of 4-NQO-exposure (20 p.p.m. in drinking water for
8 weeks). Dietary pitavastatin at 10 p.p.m. significantly reduced
the incidence and multiplicity of the tongue, but not esophageal
neoplasms by the modulation of prostaglandin E2 biosynthesis,
EP; and EP, expression and proliferation. Our results thus sug-
gest that a rasH2 mouse model of 4-NQO-induced tongue and
esophageal carcinogenesis can be utilized for investigating the
pathogenesis of cancer development in these tissues and may well
prove to be useful for identifying candidate cancer chemopreven-
tive agents for the upper digestive organs.

Introduction

Oral cancer is the 1 1th most common human neoplasm and accounts
for 3% of all newly diagnosed cancers (1). While this epithelial ma-
lignancy mainly developed in the elderly in the past. an increased
number of young patients with oral malignancy being seen at present
in Europe, North America and India are increased today (2.3). Such
prevalence is largely associated with the habit of using chewing to-
bacco and other related products. More than 90% of oral cancers are
histopathologically squamous cell carcinomas (SCCs) (4). with
>300 000 new cases being diagnosed every year worldwide (5). De-
spite efforts to improve the overall outcome, the survival rates of oral
cancer patients have not changed for the last 20 years. Since ~50 to
70% of patients die within 5 years due to local recurrence, invasion or
metastasis in the esophagus and/or lung, or second primary cancers,
generally elsewhere in the oral cavity (‘field cancerization’ theory)
(6-8). the prognosis is poor. The detection of many cancers including
oral cancer is often too late for successful intervention. Therefore. if

Abbreviations: COX. cyclooxygenase: PAP. squamous cell papilloma; PBS,
phosphate buffer saline; PCNA| proliferative cell nuclear antigen; PG, prosta-
elandin: PGE,, prostaglandin Ej; SCC. squamous cell carcinoma; 4-NQO,
4-nitroquinoline 1-oxide.

appropriate biological markers can identify pre-malignant lesions.
then we can detect them and prevent cancer development before they
progress to malignancies by the use of chemoprevention modalities or
other therapeutics (9,10). The incidence rates for one of the oral pre-
malignant lesions, leukoplakia with dysplastic nature, in the Japanese
are somewhat higherthan those reported from India. since the risk
habits of the two countries are both markedly difterent (11).

The development of oral cancer is a multistep process, which in-
cludes hyperplasia, dysplasia and finally neoplasm (benign and ma-
lignant) (10). During these steps, the accumulation of genetic
alterations, including chromosomal aberrations. DNA mutations, am-
plifications or deletions and/or epigenetic alterations (methylation)
occur (12-15). These events are often influenced by exposure to en-
vironmental agents. These include tobacco smoke, alcohol beverages
and viruses as the major risk factors (10). In patients, the analysis of
these events during the multistep process is hampered by the unavail-
ability of biopsies obtained at all stages (namely hyperplasia. dyspla-
sia and neoplasm) of carcinogenesis. However. animal models of oral
carcinogenesis allow the reproducible isolation of all stages, including
normal tissues, which are then amenable to pathological, genetic and
biochemical analyses. Thus, appropriate animal models are essential
for investigating the transition of oral squamous epithelium trom
normal through dysplastic states and ultimately into SCC. There are
several animal models for oral carcinogenesis (16). Among them, the
systemic application of 4-nitroquinoline 1-oxide (4-NQO) via drink-
ing water is easily able to induce tongue twmors in rats (10,17) and
mice (18). Recent reviews (5.19) have concluded that the rat 4-NQO-
induced tongue carcinogenesis is the main model for simulating the
process of oral carcinogenesis in humans with a fair degree of re-
liability. However. in contrast to rats (10), oral and esophageal tumors
develop in mice that receive 4-NQO in drinking water (18). This
suggests that a mouse model initiated with 4-NQO is useful for in-
vestigating field cancerization in the regions (8).

H-ras mutations are implicated in human and murine oral
carcinogenesis (20-22). Ras mutations are observed in oral cancer
with different frequencies in different countries (20,23). Our recent
findings suggest that human c-Ha-ras proto-oncogene-carrying trans-
genic rats are highly susceptible to a water-soluble carcinogen 4-NQO
in their tongue (24). thus suggesting an excellent rat model for in-
vestigating oral cancer development and treatment/chemoprevention
of this malignancy. Few studies, nevertheless, have addressed the
aspect of ras activation, while considering its possible role in mouse
oral carcinogenesis. CBOFI-Tg rasH2@Jcl mice (Tg mice) were de-
veloped by Saitoh er al. (25) to evaluate the association of chemically
induced transgene expression and tumor induction (26.27). Three
copies of the human transgene were integrated into the mouse genome
in a tandem array through pronuclear injection. The Tg mice are
hemizygous for the human c-Ha-ras transgene under control of its
endogenous promoter and enhancer sequences. Expression of the
transgenic protein is observed in normat tissues and increased ~2-fold
in chemically induced tumors (28). Mutation of the endogenous
mouse ras genes or of the transgene is infrequent and unpredictable.

Prostaglandins (PGs) are generated via the cyclooxygenase (COX)-
1 and -2 and are known to be elevated in the rat tongue following
4-NQO exposure (29), COX-1 and COX-2 both catalyze the first re-
action in the conversion of arachidonic acid into PGs, of which pros-
taglandin E; (PGE») is the major product found in the rat tongue
exposed to 4-NQO (29). COX-1 is the constitutively expressed iso-
form, and COX-2 is the inducible isoform (30). Although a number of
studies indicate that the inhibition of PGE, biosynthesis through
COX-2 expression contributes to the suppression of cancer develop-
ment in a variety of tissues (31), including tongue cancer (24.32).
COX-2 deregulation is reported in smokeless tobacco-related oral
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carcinogenesis (33,34). COX-1 is also involved in carcinogenesis in
the colon (35,36) and the tongue (T. Tanaka, Y. Yasui. M. Kim, in
preparation). Therefore, both isoforms are involved in carcinogenesis
(37). PGE, manifests its biological activities through four known
G-protein-coupled membrane receptors, EP}, EP,, EP; and EP, (38).
Recently reported findings suggest that these PGE, receptors contrib-
ute to murine tumorigenesis in the colon (37). skin (39) and mammary
gland (40). We have recently reported that an EP;-selective antagonist,
ONO-8711, can effectively inhibit 4-NQO-induced tongue carcino-
genesis in rats (41), thus suggesting that certain EP receptors are in-
volved in chemically induced tongue carcinogenesis. However,
detailed investigations on the expression of all EP receptors are scarce.

In the current study, we investigated the susceptibility of 4-NQO-
induced tongue carcinogenesis in male Tg mice to inspect our
previous finding that the tongue of human c-Ha-ras proto-oncogene-
carrying transgenic rats is highly susceptible to 4-NQO-induced car-
cinogenesis. In addition, we immunohistochemically examined the
different expression of four EP receptors in normal squamous epithe-
lium, in dysplasia and in neoplasms in the tongue of Tg mice that are
adequately evaluated for consideration for carcinogenicity testing of
pharmaceutical candidates (42). Subsequently, the chemopreventive
potential of a lipophilic statin, pitavastatin (43), against 4-NQO-
induced carcinogenesis in the Tg mice was investigated to determine
whether this animal model can be utilized for preclinical animal stud-
ies for cancer chemoprevention. Pitavastatin affects the expression of
p21¥l that is jnvolved in oral cancer development (21.44). and ras
p21 is a target for cancer chemoprevention by statins (45). In addition,
pitavastatin is able to inhibit NAD(P)H oxidase activity (46), which is
involved in 4-NQO-induced mutagenicity, carcinogenicity and oxida-
tive stress (47). Statins modulate PGs biosynthesis and downregulate
COX-2 expression (48). We thus suspected that pitavastatin affects
oral carcinogenesis in the Tg mice treated with 4-NQO.

Materials and methods

Animals, diets and carcinogen

Male CB6F1-Tg rasH2@Jcl mice (Tg) and non-Tg males bred by CLEA J apan
(Tokyo, Japan) at 6 weeks of age were obtained and maintained in plastic cages
in an experimental room controlled at 23 = 2°C temperature, 50 + 10% hu-
midity and lighting (12 h light/dark cycle). They were all allowed free access to
a powdered basal diet of CRF (Charles River Formula)-1 (Oriental Yeast Co.,
Ltd, Tokyo, Japan) and to tap water. The experiments were conducted accord-
ing to the ‘Guidelines for Animal Experiments in Kanazawa Medical Univer-
sity’. A carcinogen, 4-NQO (98% pure. CAS no. 56-57-5, Wako Pure
Chemical Ind., Osaka, Japan) was used to induce tongue and/or esophageal
tumors in this study. :

Experimental procedure for developing the rasH2 tongue and esophageal
carcinogenesis model

Actotal of 22 Tg and 24 non-Tg male mice were transferred to the experimental
room after a 1 week quarantine. They were given tap water containing 20
p-p-m. 4-NQO for 2 (group 1. n = 5, each of Tg and non-Tg mice). 4 (group
2.n = 5, each of Tg and non-Tg mice). 6 (group 3, = 5. each of T and non-
Tg mice) and 8 weeks (group 4, n = 5. each of Tg and non-Tg mice), and
thereafter they received no further treatments. Two rasH2 mice (group 5) and
four non-Tg mice (group 5) were untreated controls. The animals were killed at
24 weeks to determine the occurrence of preneoplasms and neoplasms in the
tongue and esophagus. At killing by exsanguination under a deep ether anes-
thesia, macroscopic observations were carefully performed and the numbers of
grossly visible tumors in the tongue and esophagus were recorded, and then
these tissues with or without tumors were processed for histopathological
examination after being fixed in 10% buffered formalin. The tongues and
esophagus with or without lesions were also processed to assess the expression
of EP receptors and a cell proliferation biomarker by immunohistochemistry.
For a histological examination, the tissue and gross lesions were fixed in 10%
buffered formalin, embedded in paraffin blocks and then the histological sec-
tions were stained with hematoxylin and eosin. Epithelial lesions (dysplasia
and neoplasia) in both tissues were diagnosed according to the criteria de-
scribed by Kramer er al. (49). To determine the multiplicity of the tongue
and esophageal lesions, the tissue specimens were examined for gross lesions
without the use ol any magnification aid. Tissue specimens from both the
tongue and esophagus were cut in half longitudinally and each tissue specimen
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was fixed in 10% butfered formalin. Each tissue specimen was totally sub-
mitted as multiple transverse sections for histological processing. This aver-
aged 5~6 pieces/tissue specimen of the tongue and [0-12 pieces/tissue
specimen of the esophagus. The lesions in the tissues were counted on all
slides stained with hematoxylin and eosin, and then the sum was divided by
the number of slides, and they were expressed as the mean * SD.

Immunohistochemistry of EP receptors

An immunohistochemical analysis of the EP receptors, EP;_;. of the tongue
and esophagus specimens from all the mice was done. Four-micrometer-thick
paraffin sections of the 10% buffered formalin-fixed tongue and esophagus
were mounted on salinized glass and deparatfinized in xyline and descending
strengths of ethanol. The sections were washed in 0.05 M phosphate buffer
saline (PBS, pH 7.6). The endogenous peroxidase activity and non-specific
binding were blocked by incubations with 0.3% hydrogen peroxide in meth-
anol for 5 min at room temperature. After being rinsed with PBS three times for
9 min and exposed to PBS/1% bovine serum albumin for S min at room
temperature to reduce non-specific binding, the slides were incubated over-
night at 4°C with rabbit polyclonal antibodies against EP, (code no. 101740,
Cayman Chemical Co.. Ann Arbor. MI), EP; (code no. 101760, Cayman
Chemical Co.), EP; (code no. 101750, Cayman Chemical Co.) and EP, (code
1no. 101775, Cayman Chemical Co.), all being diluted at 1:1500 in PBS. The
slides were rinsed three times for 9 min in PBS and incubated for 30 min in
Dako Envision+ Peroxidase Rabbit (K4003, Dako Japan, Kyoto, Japan). The
slides were rinsed three times for 9 min in PBS. Thereafter, they were in-
cubated for | min in 3,3'-diaminobenzidine-4HC! and rinsed with PBS. Fi-
nally. the sections were counterstained with Mayer's hematoxylin. The
negative controls were prepared by substituted primary antibody with buffered
saline. To estimate the degree of stainability of the EP receptors in the lesions.
the grading system (grade 0-5) was used: grade 0-10, no immunoreactivity:
grade 1, very weak immunoreactivity in 11-20% of cells; grade 2, weak
immunoreactivity in 21-30% of cells; grade 3, weak immunoreactivity in
31-40% of cells; grade 4, moderate immunoreactivity in 41-50% of cells
and grade 5, marked immunoreactivity in 51-100% of cells. The results of
the immunohistochemical analysis were blindly scored as a ‘normal” appearing
squamous epithelium, severe dysplasia, squamous cell papilloma (PAP) and
SCC that developed in all groups.

Preclinical chemoprevention study of pitavastatin using rasH2 male mice
Since no tumors developed in the tongue and esophagus of non-Tg mice,
a preclinical chemoprevention study for evaluating possible inhibitory effects
of pitavastatin on 4-NQO-induced tumorigenesis was conducted in male Tg
mice. Forty-two Tg males were divided inlo six experimental and control
groups. Groups | through 4 were given 4-NQO (20 p.p.m. in drinking water)
for 8 weeks, Group 1 received no further treatment. Starting 1 week after the
cessation of 4-NQO exposure, animals in groups 2, 3 and 4 were fed the diets
containing pitavastatin at dose levels of 1, 5 and 10 p.p.m. for 15 weeks,
respectively. Group 5 was given the diet mixed with {0 p.p.m. pitavastatin.
Group 6 was an untreated control. At week 24, all mice were killed by exsan-
guination under deep ether anesthesia. and the macroscopic inspections were
carefully performed. After killing, the number of grossly visible tumors in the
tongue, esophagus and other tissues were recorded, photos were taken and then
the organs with lesions were processed for histopathological examination after
fixation in 10% buffered formalin. Each tongue was cut in half longitudinally:
one half was used for histopathology and immunohistochemistry and the re-
mainder for PGE; determination. Five serial sections (4 pm each) were made
from the tissue specimens after embedding in paraffin. One section was used
for histopathology and the others for immunohistochemistry of the EP recep-
tors, EP; and EP;, proliferative cell nuclear antigen (PCNA) and cyclin DI,
The histopathological diagnosis was done on the sections stained with he-
matoxylin and eosin. Epithelial lesions (dysplasia and neoplasia) in the tongue
and esophagus were diagnosed according (o the criteria described by Kramer
et al. (49). The multiplicities of the tongue and esophageal lesions were de-
termined, as described above. An immunohistochemical analysis of EP; and
EP, was performed as described above. The intensity and localization of the
immunoreactivity against the EP, and EP, primary antibodies were determined
on the tongue sections containing SCC using a microscope (Olympus BX41.
Olympus Optical Co., Ltd, Tokyo. Japan) and evaluated for the intensity of the
immunoreactivity of EP; and EP; on a 0-4+ scale. The overall intensity of the
staining reaction was scored with O indicating no immunoreactivity and no
positive cells, 14- weak immunoreactivity and <10% positive cells, 2+ mild
immunoreactivity and 10~30% positive cells, 3+ moderate immunoreactivity
and 31-60% positive cells and 4+ strong immunoreactivity and 61-100%
positive cells. To assess the proliferative activity of the tongue SCC developed
in groups i through 4. the PCNA-labeling index was quantified. The immu-
nohistochemical detection of PCNA-positive nuclei was done using an
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immunochistochemical analysis kit (Dako Japan). The lubeling indices were
calculated by counting the PCNA-positive nuclei in at least 100 cells at three
different fields of tongue and esophagus from each mouse. Cyclin DI immu-
nohistochemistry was also performed for the evaluation of cell cycle activity of
tongue SCCs. Briefly, 4 um paraffin-embedded sections from tongue SCCs
developed in groups 1 through 4 were deparaffinized with three changes of
xylene and hydrated using a graded series of alcohol. Slides were incubated
twice in | mM ethylenediaminetetraacetic acid (pH 8.0) at 121°C in an auto-
clave. 5 min cach to effect antigen retrieval before staining, then exposed
overnight to 1:100 diluted cyelin D1 mouse monoclonal antibody (Novocastra
Laboratories, Newcastle upon Tyne, UK). Slides were then developed by the
avidin-biotin—peroxidase complex methods. Cells were considered positive for
cyclin D1 when detinite nuclear staining was identified. The positive cell ratio
(percentage) for eyelin D1 was determined by randomly observing 100 cancer
cells under magnification <400 (>25 fields) to score. Positive cell ratios were
caleulated as numbers per 100 cells.

For the determination of the PGE, content, the tongue tissue (~100 mg)
without tumors was obtained from groups 1-6 after killing. The samples were
then placed into microcentrifuge tubes containing 1 ml of sodium phosphate
buffer (10 mmoV/l, pH 7.4) and finely minced with scissors for 15 s, The
samples were then incubated for 20 min at 37°C in a shaking water bath.
Following the incubation period, the samples were centrifuged at 9000g for
30 s and the supernatants collected. The supernatants were flash frozen in
liquid nitrogen and stored at —80°C for subsequent determination of PGE,
content. The PGE; level was assayed using the PGE; ELISA kit (Cayman
Chemical Co.) according to the manufacturer’s instructions.

Staristical analysis

A statistical analysis of the incidence of lesions was performed using Fisher’s
exact probability test, and the other results expressed as the mean £ SD were
analyzed by Student-Newman-Keuls multiple comparison test using the
GraphPad [nStat software (version 3.05. GraphPad Software. San Diego.
CA). A level of £ < 0.05 was considered to be statistically significant.

Results

Animal model study

General observation. All Tg and non-Tg mice in groups 1-5 showed
a good tolerance for 4-NQO-exposure in their drinking water. The
growth curves during the study did not significantly differ among the
groups with different treatment periods and between the two pheno-
types (data not shown). After killing. the mean body, liver and relative
liver weights did not significantly differ among the groups (data not
shown). :

Tongue and esophageal tumors development. Whereas no tumors or
dysplastic lesions developed in any organs, including the tongue.
esophagus and forestomach, of the non-Tg mice that received drink-
ing water with or without 4-NQO, exophytic tongue and esophageal
tumors developed in the Tg mice that received 4-NQO (Figure 1A).
One large forestomach tumor. histologically diagnosed as an SCC,
developed in a rasH2 mouse that received 4-NQO for 6 weeks. Such
neoplasms were not observed in the untreated Tg mice. A large forest-
omach tumor developed in one mouse of group 3. but no umors were
observed in tissues other than the tongue and esophagus of any ani-
mals. The cumulative distribution of the tongue and tumors is illus-
trated in Figure 1B. When compared with the rasH2 mice that
received 4-NQO for 2. 4 or 6 weeks. a nunber of tongue and esoph-
ageal tumors developed, distributed in whole parts of the tissues. The
tongue and esophageal tumors were histopathologically PAP and SCC
(Figure 1C). As summarized in Figure 2A, the number of tumors
increased with the increased duration of 4-NQO-exposure: the highest
incidence and multiplicity of tongue (100% incidence with a multi-
plicity of 2.80 £ 1.30 per tongue) and esophageal (60% incidence
with a multiplicity of 1.40 £ 1.67 per esophagus) tumors were ob-
served in the Tg mice given 4-NQO for 8 weeks. Preneoplastic lesions
that were diagnosed to be dysplasia with various degrees of atypia
also developed in the tongue and esophagus with or without tumors in
the Tg mice that received 4-NQO (Figure 2B). The incidence and
multiplicity of dysplasia were increased when the duration of the
4-NQO exposure was increased. In addition, the histopathological
grade of dysplasia depended on the duration of the 4-NQO exposure.
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Fig. 1. Tongue and esophageal tumors developed in rasH2 mice that veceived
4-NQO in drinking water for 2 (G1, group 1), 4 (G2, group 2). 6 (G3. group
3) or 8 weeks (G4, group 4). (A) Macroscopic view of tongue and esophageal
tumors. A large forestomach tumor developed in a rasH2 mouse of group 3.
(B) Tumor distribution in the tongue and esophagus. (C) Histopathology of
tongue and esophageal tumors: 1, tongue PAP; 2, tongue SCC; 3, esophageal
PAP and 4, esophageal SCC. Hematoxylin and eosin stain, original
magnification: 1, x10; 2, x50; 3, x20 and 4, % 20.

EP vreceptors' immunohistochemistry of tongue and esophageal
lesions. As indicated in Figure 3. the neoplasins and dysplasias that
developed in the tongue and esophagus expressed EP,_4 receptors,
while the expression in the non-lesional and normal squamous epi-
thelium of the tongue and esophagus was quite low or absent. Among
the EP receptors, EP, and EP, expressed as strongly positive in the
dysplastic lesions and neoplasms in these tissues. The expression was
observed in the cytoplasm of the cells that composed the lesions.

Chemoprevention study

General observation. All Tg mice belonging to groups 1-5 showed
a good tolerance of the weatment with 4-NQO and/or pitavastatin. The
mean body weight (26.0 = 5.5 g) of group 2 (4-NQO — | pp.m.
pitavastatin) and the mean body (28.4 + 4.5 @), liver (1.39 £ 023 g)
and relative liver weights (4.89 = 0.23 /100 g body wt) of group 3
(4-NQO — 5 p.p.m. pitavastatin) were significantly lower than that
(body weight, 35.9 x 6.1 g: liver weight, 1.81 = 0.29 g and relative
liver weight, 5.07 + 0.31 g/100 g body wt) of group I (4-NQO alone)
at week 24 (P < 0.05, for each comparison). However. the values of
group 4 (4-NQO— 10 p.p.m. pitavastatin) were comparable with
those of group 1 (data not shown).

Tongue and esophugeal tumor development. As summarized in Table L.
tongue tumors with a 100% incidence and a multiplicity of
220 £ 1.23 developed in rasH2 mice that received 4-NQO alone
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Fig. 2. Incidence and multiplicity of (A) tumors and (B) dysplasia that developed in the tongue and esophagus of rasH2 mice that received 4-NQO in their

drinking water.

(group 1). Feeding with pitavastatin reduced the incidence and mul-
tiplicity of tongue tumors: 5 p.p.m. pitavastatin in the diet after
4-NQO-exposure significantly lowered the incidence and multiplicity
of tongue PAP (P = 0.03316 and P < 0.05, respectively) and 10 p.p.m.
pitavastatin in the diet significantly lowered the incidence of tongue

PAP (P = 0.0316), SCC (P = 0.0229), total tumors (PAP + SCC.
P = 0.0065) and the multiplicity of total tongue tumors (P < 0.05).
Regarding tongue dysplasia, feeding with 1 and 5 p.p.m. pitavastatin
significantly reduced the incidence of mild dysplasia (P = 0.0065
and P = 0.0015, respectively), and 10 p.p.m. pitavastatin in the diet
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Tongue

Immunohistochemistry

H & E stain EP1

L

EP2 EP3

 Esophagus

H & E stain EP1

EP2

EP3 EP4

Fig. 3. Immunohistochemical expression of EP;_ receptors in the normal epithelium and lesions induced by 4-NQO in tongue and esophagus. Expression of EP_
4 receptors is weak in the normal squamous epithelium of both tissues. Expression of EP; and EP, is strong in the dysplasia, PAP und SCC. whereas that of EP; and
EP; is weak in the lesions. nl, normal squamous epithelium: DYS, squamous cell dysplasia. Hematoxylin and cosin stain and immunohistochemistry of EP_y,

original magnification %20,

significantly lowered the incidence of severe tongue dysplasia
(P = 0.0306, Table 1). Similarly, dietary teeding with 5 p.p.m. pitavas-
tatin significantly reduced the multiplicity of mild dysplasia of the
tongue (P < 0.05), and pitavastatin feeding at all dose levels signifi-
cantly lowered the multiplicity of total dysplasia (mild. moderate
and severe dysplasia) (P < 0.01 at | pp.m.. P < 0.001 at 5 and
10 p.p.m.).

Regarding esophageal tumors, the incidence of SCC was signifi-
cantly reduced by feeding with 10 p.p.m. pitavastatin (P = 0.0076).
Although the incidence and multiplicity of esophugeal SCC and total
tumors (PAP + SCC, Table I decreased after the administration of
pitavastatin at all dose levels. the reduction did not reach statistical
significance (Table II). Treatment with pitavastatin at all dose levels
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lowered the multiplicity of esophageal dysplasia to various degrees;
the differences were not significant (Table 1I).

PCNA-labeling index and cyclin Dl-positive index of tongue
SCC. The PCNA-labeling indexes of SCCs developed in the Tg mice
belonging to groups 1—4 are illustrated in Figure 4. The index of group |
(Figure 4A) was the greatest and that of group 4 (Figure 4A) was the
lowest among the groups: group 1. 74.2 = 9.9: group 2. 53.6 = 15.0;
group 3. 39.8 £ 7.7 and group 4, 33.4 + 8 (Figure 4A). The values of
groups 2 (P << 0.01). 3 (P < 0.001) and 4 (P < 0.001) were signit-
icantly smaller than those of group 1. The index of group 4
(P < 0.01) was also significantly lower than that of group 2. As to
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Fig. 4. Immunohistochemical analysis of PCNA-labeling index and EPy/EP, expression of tongue SCCs and PGE, levels of the tongue (preclinical
chemoprevention study). (A) PCNA-labeling indices (mean = SD) of tongue SCCs in groups 1-4. Inserts are PCNA-immunohistochemistry from a SCC
developed in group 1 that received 4-NQO alone (original magnification, x50) and in group 4 that received 4-NQO and 10 p.p.m. pitavastatin (original
magnification, x50). (B) Scores of immunohistochemical expression of EP, and EP» receptors in tongue SCCs developed in groups 1—4., (C) PGE, contents in the

tongue without tumors.

cyclin Di-positive index (mean = SD or mean) of SCCs, the values of
groups 2 (n = 5. 38.00 % 6.28, P < 0.01), 3 (n = 4, 24.50 = 9.26.
P < 0.001) and 4 (n = I, 24.50) were smaller than that of group |
(57.00 = 8.21.n = 8).

Scores of EP; and EP; receprors’ immunoreactivities in the tongue
SCC. As shown in Figure 4B. the tongue SCC that developed in
groups 1—4 expressed EP; and EP, receptors, the strongest being
the SCC of group 1. The dietary pitavastatin reduced the score of both
EP; and EP, reactivity, and the values of group 3 were significantly
lfower than those of group 1 (EP; for P < 0.05 and EP- for P < 0.01).
The mean values (2 for EP; and 1 for EP,) of group 4 were also low,
but a statistical analysis could not be done because of the small sample
size from group 4.

Tongue PGE- level. The PGE; content of the tongue is illustrated in
Figure 4C. The PGE; content (13.60 = 3.66 pg/mg tissue, P < 0.01)
of group 1 (4-NQO ualone) was significantly greater than group 6
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(untreated, 8.00 = 1.83 pg/mg tissue). The pitavastatin feeding re-
duced the level and the value of group 4 (4-NQO — 10 p.p.m. pit-
avastatin, 9.25 = [.67 pg/mg tissue) was significantly smaller than
that of group 1 (P < 0.05). The value of group 5 (10 p.p.m. pitavas-
tatin, 850 £ 1.29 pg/mg tissue) was comparable with that
(8.00 = 1.80) seen in group 6.

Discussion

In this study. we demonstrated that rasH2 mice are highly susceptible
to a genotoxic carcinogen, 4-NQO, in drinking water and many neo-
plasms developed in their tongue and esophagus within the 24 exper-
imental weeks. Interestingly, the EP receptors. especially EP1 and
EP2. were immunohistochemically expressed in the lesions (dysplasia
and neoplasm) induced by 4-NQO in these tissue specimens. This
novel animal carcinogenesis model is useful to investigate field can-
cerization in the head and neck regions (oral cavity and esophagus)
(6,7). The model also can be used to identify cancer chemopreventive
agents in these tissues, as we revealed that dietary pitavastatin was



capable of inhibiting the tumor development in the tissue specimens,
especially the tongue.

Similar to the high frequency of p53 mutation in human oral can-
cers (50), a high percentage of ras mutation is also detected in Indian
patients (51), but infrequently in white Caucasian populations (52).
Especially, a high frequency of mutation in codons 12 and 61 of the
H-ras gene was observed in chewing tobacco-related oral cancers in
India (20). Among the ras genes, mutations of the H-ras (28%) and
K-ras genes (33%), but not the N-ras gene, were found in oral tumors
from the eastern Indian population (51). Therefore, the ras gene mu-
tation is relatively high in oral cancer associated with tobacco chew-
ing, and ras and p53 mutational events might be independent and
mutually exclusive (53).

Our previous work (24) demonstrated that c-Ha-ras proto-
oncogene transgenic rats are highly susceptible to 4-NQO-induced
carcinogensis in the tongue, but not the esophagus. Other different
findings from the c-Ha-ras proto-oncogene transgenic rats are that the
tongue tumors distributed throughout the dorsal site of the tongue in
this study. whereas the tongue tumors developed in the dorsal site of
the root of the tongue of the c-Ha-ras proto-oncogene transgenic rats
that received 4-NQO in their drinking water (24). The reasons for this
are not known, but the species difference and/or the difference in the
distribution of an enzyme (DT-diaphorase) that catalyzes the conver-
sion of 4-NQO to an ultimate carcinogen, 4-hydroxyaminoquinoline
1-oxide (54), in the tongue may reflect the differences observed.

In the current study, tongue and esophageal tumors developed in the
rasH2 mice that received 4-NQO (20 p.p.m. in drinking water) for 4-8
weeks. Similar findings have been reported by Tang er al. (18), who
were able to induce numerous tumors in these tissues of CBA and
C57BL/6 mice when given 4-NQO in drinking water for 16 weeks.
Their extensive work also indicated alterations in the expression of
intermediate filaments (K14 and K!), proliferation activity by esti-
mating bromodeoxyuridine-positive nuclei and a cell cycle inhibitor,
pl6. In this study, we observed that 4-NQO-induced tongue and
esophageal carcinogenesis depends on the duration of a carcinogen
treatment and that 4 weeks of treatment is sufficient to induce tumors
in two tissues. As Tang ef al. (18) did not observe any tumors in the
tissue specimens other than the tongue and esophagus, we found only
one forestomach tumor in a rasH2 mouse that received 4-NQO for 6
weeks. In our previous investigation using c-Ha-ras proto-oncogene
transgenic rats, no tumors developed in their forestomach when given
4-NQO in drinking water. Recently, Fong ef al. (55) have reported
interesting findings that rats given 4-NQO in drinking water and
fed a zinc-deficient diet developed tumors in the tongue, esophagus
and forestomach, whereas those given 4-NQO and a zinc-sufficient
diet had tumors occur only in the tongue. suggesting that dietary
modulation, including zinc, influences a manifestation of field
cancerization.

Regarding mice genetically modified for tongue carcinogenesis, the
p33 transgenic mice have been reported to be highly susceptible to
4-NQO-induced oral cancer (56). When the palate of the p53Val135/WT
mice was treated by the direct application of 4-NQO with a hairbrush,
which had been dipped in 4-NQO solution, thrice weekly for 16 weeks
and followed by no further treatment for 32 weeks, a greater incidence
and multiplicity of squamous cell tumors in the oral cavity, esopha-
gus and forestomach were observed in comparison with the p53WTWT
mice at 48 experimental weeks. Their microarray data suggest the
importance of the p53 mutation, alteration in p53-dependent apopto-
sis and cell proliferation during the carcinogenesis of these tissues.
These findings also supported the belief that the crosstalk of apopto-
sis, cell cycle arrest, transforming growth factor B signaling pathway
and Ras-mitogen-activated protein kinase pathway may be involved in
tumorigenesis. In the current study, we observed numerous tumors
mainly in the tongue and esophagus, occurring as early as 24 weeks,
although no p53 mutations were determined. Recently, Caulin et al.
(587) developed an interesting mouse model without the use of a car-
cinogen, in which the focal activation of an oncogenic K-rasGi2D
allele in the oral squamous epithelium resulted in the development of
a number of oral cavity tumors with an altered expression pattern of

4-NQO-induced tongue carcinogenesis in rasH2 mice

keratin 16 weeks after the activation. Taken together, ras mutation
and/or activation as well as p53 mutation are therefore considered to
be involved in oral cancer development.

Using rasH2 mice., we investigated the chemopreventive ability of
pitavastatin in 4-NQO-induced tongue and esophageal carcinogene-
sis. The dietary pitavastatin is therefore considered to have the poten-
tial to suppress the development of tongue tumorigenesis, whereas the
potential in esophageal carcinogenesis was relatively weak in com-
parison with that observed in tongue carcinogenesis. The reasons for
this are not known, but a different bioavailability of dietary pitavas-
tatin in these tissues is considered to be one possible explanation. In
this study, the PGE, content in the tongue was lowered by the treat-
ment with pitavastatin. The findings support our previous results that
lowering the PGE, content by treatment with COX-2 inhibitors
(24.32) and a non-steroidal anti-inflammatory drug (58) suppresses
4-NQO-induced carcinogenesis. In this study. the dietary administra-
tion of pitavastatin reduced the immunohistochemical expression of
EP, and EP; in the tongue, thus suggesting the involvement of these
receptors in tongue carcinogenesis. The inhibitory effects of pitavas-
tatin on carcinogenesis has recently been observed in colon tumori-
genesis in our laboratory (43). In addition. an EP, antagonist, ONO-8711.,
in the diet effectively inhibits tongue tumor development in human
c-Ha-ras transgenic rats initiated with 4-NQO (41). Besides these
effects of pitavastatin, we observed that dietary pitavastatin at all
doses significantly lowers the PCNA-labeling index of tongue SCCs.
thus suggesting that this drug is able to inhibit the growth of tongue
SCCs possibly through affecting events during the tumor progression
stage. Additionally, feeding with pitavastatin (groups 2—4) reduced
the cyclin Dl-positive rates of cancer cells when compared with
group 1 (4-NQO alone). The findings are of interest, because H-ras
and cyclin D1, a downstream of the Ras, influence the susceptibility of
oral cancer (21). Thus, the multiple effects of pitavastatin on the
expression of EP; and EP, receptors, PGE, content, proliferation
and cell cycle may result in inhibition of tongue carcinogenesis ini-
tiated with 4-NQO in rasH2 mice.

Using this model, detailed research on molecular and proteomics
events, such as the involvement of inflammation in tongue/esophageal
carcinogenesis. could be conducted to fight oral and esophageal
epithelial malignancies. In addition, the gene—environment and
gene-gene interactions in the carcinogenesis (59) of these tissues
can be investigated using this rasH2 mouse model, since the H-ras
gene and other members of the ras gene family also appear to be
a common target for the coding sequence mutations in the initiation
of carcinogenesis at several organ sites and in various species by
specific carcinogens (60).
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The activation of Wnt/B-catenin signalling has an impor-
tant function in gastrointestinal tumorigenesis. It has been
suggested that the promotion of Wnt/p-catenin activity
beyond the threshold is important for carcinogenesis. We
herein investigated the role of macrophages in the promo-
tion of Wnt/$-catenin activity in gastric tumorigenesis. We
found f-catenin nuclear accumulation in macrophage-
infiltrated dysplastic mucosa of the KI19-Wntl mouse
stomach. Moreover, macrophage depletion in Apc®”'®
mice resulted in the suppression of intestinal tumorigen-
esis. These results suggested the role of macrophages in the
activation of Wnt/f-catenin signalling, which thus leads to
tumour development. Importantly, the conditioned med-
ium of activated macrophages promoted Wnt/p-catenin
signalling in gastric cancer cells, which was suppressed
by the inhibition of tumour necrosis factor (TNF)-«.
Furthermore, treatment with TNF-« induced glycogen
synthase kinase 3B (GSK3p) phosphorylation, which re-
sulted in the stabilization of p-catenin. We also found that
Helicobacter infection in the KI19-Wntl mouse stomach
caused mucosal macrophage infiltration and nuclear
B-catenin accumulation. These results suggest that macro-
phage-derived TNF-a promotes Wnt/f-catenin signalling
through inhibition of GSK3p, which may contribute to
tumour development in the gastric mucosa.
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Introduction

The canonical Wnt signalling pathway (Wnt/p-catenin path-
way) operates by stabilizing B-catenin (Taketo, 2006). The
phosphorylation of B-catenin by glycogen synthase kinase 38
(GSK3B) results in degradation through the ubiquitin path-
way. The binding of Wnt ligands to a Frizzled receptor leads
to inhibition of the B-catenin degradation complex consisting
of APC, AXIN and GSK3f thereby allowing the nuclear
translocation of stabilized B-catenin followed by transcrip-
tional activation of the Wnt target genes. Wnt/B-catenin
signalling has an important function in the maintenance of
intestinal stem cells and progenitor cells (Korinek et al, 1998;
van de Wetering et al, 2002), and its activation causes
gastrointestinal tumour development (Oshima et al, 1995,
2006; Fodde et al, 2001).

The activation level of Wnt/B-catenin signalling has been
reported to be a determining factor for the multiplicity of
intestinal polyposis in several types of Apc gene mutant mice
(Gaspar and Fodde, 2004; Li et al, 2005). Moreover, nuclear 8-
catenin accumulation is predominantly observed in the inva-
sion front of colon cancer in comparison to the non-invasive
tumour area (Brabletz et al, 1998). Furthermore, sensitivity of
embryonic stem (ES) cells for differentiation is inhibited by
increase of Wnt/B-catenin signalling activity (Kielman et al,
2002). These results, taken together, suggest that the promo-
tion of the Wnt/B-catenin activity beyond the threshold level
is required for tumorigenesis, invasion and the maintenance
of cell stemness.

On the other hand, it has been established that inflamma-
tion has an important function in cancer development

" (Coussens and Werb, 2002). The activation of tumour necro-

sis factor (TNF)-a or NF-xB pathway is required for the
development of hepatocellular carcinoma (Pikarsky et al,
2004) and intestinal tumours (Greten et al, 2004;
Popivanova et al, 2008) through the induction of growth
factors and suppression of apoptosis. Although several sig-
nalling pathways have been reported for the promotion of
Wnt/B-catenin activity (Fodde and Brabletz, 2007), it has not
been elucidated yet whether the inflammatory response con-
tributes to the promotion of Wnt/p-catenin signalling during
tumorigenesis.

Gastric cancer is the second most common cancer in the
world and it is closely associated with Helicobacter
pylori infection, which leads to chronic inflammation
(Correa, 2003). Moreover, the activation of the Wnt/B-catenin
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signalling is found in about 30% of gastric cancer (Clements
et al, 2002), suggesting that Wnt activation is one of the
major causes for gastric cancer development., We recently
showed that cooperation of Wnt signalling and prostaglandin
E; (PGE,) pathway causes gastric cancer development in a
transgenic mouse model (Oshima et al, 2006). Because
the activation of PGE, signalling induces infiltration and
activation of macrophages in the gastric mucosa (Oshima
et al, 2004, 2005), these results collectively suggest that
activated macrophages promote the Wnt/p-catenin signalling
activity, which thus contributes to gastric cancer.

We herein show that TNF-u derived from activated
macrophages promotes the Wnt/B-catenin activity in gastric
cancer cells through the suppression of GSK3B. Moreover,
Helicobacter infection in the WntI transgenic mice resulted in
macrophage infiltration and the activation of Wnt/B-catenin
signalling in the gastric mucosa, which thus led to
gastric tumorigenesis. These results suggest that activated

macrophages in inflammatory microenvironment have an -

important function in gastric tumorigenesis through the
promotion of the Wnt/pB-catenin activity.

Results

Macrophage infiltration and B-catenin nuclear

accumulation in gastric dysplasia of K19-Wnt1

transgenic mice '

K19-Wntl transgenic mice expressing Wntl in the gastric
epithelial cells develop sporadic dysplastic lesions in the
glandular stomach (Oshima et al, 2006). In these dysplastic
lesions, inflammatory cells infiltrated the submucosa,
whereas cell infiltration was rarely detected in the adjacent
normal mucosa (Figure 1A). By immunostaining, we found
macrophage infiltration in the dysplastic mucosa, whereas
tissue macrophages were only sparsely scattered in the
normal mucosa (Figure 1B and H). We also found strong
nuclear staining of B-catenin in the epithelial cells of the
dysplastic mucosa (Figure 1C). Notably, B-catenin-accumu-
lated epithelial cells were physically associated with stromal
macrophages in the dysplastic lesions (Figure 1E). In con-
trast, mild B-catenin accumulation was found only in the cell
proliferation zone of the normal mucosa (Figure 1I). We
confirmed the increase in the B-catenin-positive index in
the dysplastic lesion to be associated with the increased
number of infiltrated macrophages (Figure 1F). Moreover,
the number of Ki-67-positive proliferating cells increased in
the dysplastic mucosa when compared with that in the
adjacent normal region (Figure 1D and J). The mean Ki-67
labelling indices in the dysplastic lesions and normal mucosa
were 43 and 15%, respectively (P=0.007). We also con-
firmed by BrdU incorporation analysis that cell proliferation
was increased in dysplastic lesions (Figure 1G). On the basis
of these results, we hypothesized that macrophage infiltration
by inflammatory responses causes promotion of Wnt/
B-catenin signalling activity in gastric epithelial cells, which
probably leads to dysplastic changes in the gastric mucosa.

Requirement of macrophages for intestinal tumour
development in Apc*”"® mice

To examine whether infiltrated macrophages are required for
tumorigenesis, we performed crossing experiments using
op/op mice, in which the number of macrophages
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significantly decreased in the majority of tissues because of
Csfl mutation {Cecchini et al, 1994). We first examined
whether op/op mutation suppressed macrophage infiltration
in the inflamed stomach using K19-C2mE mice, which
develop gastritis with heavy macrophage accumulation
(Oshima et al, 2004). However, mucosal macrophages were
still found in the stomach of the K19-C2mE op/op compound
mice (Supplementary Figure 1). We therefore crossed op/op
mice with Apc®”*® mice, a model for intestinal polyposis
caused by Wnt activation (Oshima et al, 1995). ApcA™¢
mice develop numerous polyps in entire intestinal tract
(Figure 2A), and macrophages were infiltrated in the polyp
stroma (Figure 2B). Interestingly, Apc*”*® op/op compound
mice showed dramatic suppression of intestinal polyposis
(Figure 2C and E), and macrophages were not found in the
polyp tissues (Figure 2D). Moreover, the number of polyps
>1mm significantly decreased in Apc®”'® op/op compound
mice by 80% compared with Apc*”'® mice. Although it
remains to be elucidated as to whether the loss of
the CSF-1 function affects tumorigenesis, these results
suggest that macrophages were required for the growth of
Wnt/B-catenin-activated tumour cells. Consistently, the BrdU
labelling index also decreased in Apc®”® op/op mouse
tumours (Figure 2F).

Fluctuation of Wnt/B-catenin signalling activity

in gastric cancer cells

We next examined the regulation of the Wnt/B-catenin sig-
nalling activity by in vitro experiments using human gastric
cancer cells, AGS and Kato-Ill. AGS cells harbour a hetero-
zygous mutation in the p-catenin gene (CTNNBI) at codon 34
(Caca et al, 1999; Supplementary Figure 2), whereas CTNNBI
is amplified in Kato-III cells (Suriano et al, 2005). Consistent
with the previous results (Nojima et al, 2007), both cell lines
showed an elevated f-catenin/TCF transcriptional activity as
detected by a TOPFLASH assay (Supplementary Figure 3). By
immunocytochemistry, the cytoplasmic and nuclear accumu-
lation of B-catenin was found in both AGS and Kato-lII cells
(Figure 3A, left). We also found the nuclear localization of
active form of B-catenin, unphosphorylated on Ser37 and
Thr4l {van Noort et al, 2002; Figure 3A, right), thus indicat-
ing the activation of Wnt/B-catenin signalling. However,
several cells showed a weak B-catenin staining intensity
(Figure 3A, arrowheads), suggesting that the level of
Wnt/B-catenin signalling activity varies in populations.

To examine the Wnt/f-catenin activity in the live cells, we
transfected a TOPEGFP vector that expressed a green fluor-
escent protein (GFP) in response to B-catenin/TCF transcrip-
tional activity (Figure 3B), and established AGS-GFP and
Kato-III-GFP cell lines. We confirmed that GFP expression
was induced in B-catenin accumulated cells after the transient
transfection of mutant CTNNBI (S33A) expression vector
(Figure 3C). Importantly, we directly found by time-lapse
video analysis that the Wnt/B-catenin activity was not con-
stant but fluctuated in individual AGS-GFP cells
(Supplementary Video 1).

To confirm the fluctuation of Wnt/B-catenin activity, we
isolated by cell sorting the high-GFP (top 5%) and low-GFP
(bottom 5%) populations corresponding to high and low
Wnt/B-catenin signalling activity, respectively, from AGS-
GFP and Kato-IlI-GFP cells (Figure 3D, left). Immediately
after isolation, both populations showed distinct GFP
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Figure 1 Macrophage accumulation and nuclear localization of P-catenin in dysplastic lesion of the KI9-Wntl mouse stomach.

(A) Representative histology of a dysplastic lesion in the K1 9-Wntl glandular stomach (H&E stafning). The arrowheads indicate the dysplastic
mucosal area. The arrows indicate submucosal inflammatory infiltration. High-magnifications of boxed area (D, dysplastic lesion; and N,
adjacent normal mucosa) in serial sections are shown in (B-E, G) and (H-J), respectively. Immunostaining results for macrophage marker
F4/80 (B, H), p-catenin (C, I), Ki-67 (D, J), and BrdU (G) are shown. The arrowheads in (B, H) indicate mucosal macrophages. The inset in
(C) indicates the nuclear localization of p-catenin in epithelial cells, whereas the inset in (I) indicates weak cytoplasmic accumulation of
B-catenin. The arrows in (D, G) indicate proliferating cells that are positive for Ki-67 and BrdU, respectively. (E) Double immunofluorescence
staining for F4/80 (red) and B-catenin (green) in dysplastic lesion. Arrowheads indicate macrophages. (F) The mean ratio of B-catenin-
accumulated epithelial cells and the mean number of infiltrated macrophages per field in the dysplastic lesion and adjacent normal mucosa.
The arrows in (I, J) indicate normal progenitor cells localized in gland neck with mild accumulation of p-catenin and positive Ki-67 staining.

Bars indicate 100 pm.

intensities (Figure 3D, centre). Importantly, however, the GFP
intensities of the isolated populations returned to a similar
distribution to the unsorted cells after culturing for 5 days
(Figure 3D, right). These results confirmed that the activation
level of Wnt/p-catenin signalling fluctuates in each cell.

We next examined the level of Wnt/B-catenin activity in
cell cycle-synchronized Kato-1II-GFP cells. However, the ratio
of a high-GFP population did not change during cell cycling,
thus indicating Wat/B-catenin fluctuation to be independent
of the cell cycle status (Supplementary Figure 4}.

Promotion of Wnt/p-catenin activity in gastric cancer
cells by activated macrophages and TNF-u

We next examined whether the activity of Wnt/B-catenin
signalling is promoted by activated macrophages using the
GFP reporter-transfected cells. We prepared a conditioned
medium of macrophage cell line, RAW264, activated with
lipopolysaccharide (LPS) for 24 h; (hereafter, CM-LPS {+)).
A conditioned medium from unstimulated RAW264 cells was
used as the control (CM-LPS (—)). When AGS-GFP and Kato-
1II-GEP cells were stimulated with CM-LPS (+), the high-
GFP population (corresponding to top 2% in the untreated
control cells) significantly increased in a CM concentration-
dependent manner (Figure 4A and B, left and top, red area).
In contrast, stimulation of the cells with CM-LPS (—) or LPS
alone did not affect the Wnt/p-catenin activity in either cell
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line (Figure 4A and B, middle and bottom). These results
indicate that the soluble factor(s) derived from activated
macrophages promote the Wnt/B-catenin activity in gastric
cancer cells.

TNF-o is a key mediator for inflammation and is produced
by activated macrophages. Notably, treatment of the cells
with a neutralizing antibody against TNF-o significantly
suppressed the effect by CM-LPS (+) to enhance the
Wnt/B-catenin activity in both cell lines (Figure 4C).
Furthermore, direct treatment with TNF-o increased the
level of Wnt/B-catenin activity (Figure 4D). We detected the
expression of both TNF R1 and TNF R2 on AGS and Kato-HI
cells as well as in the primary cultured gastric epithelial cells
(Supplementary Figure 5A and C and data not shown).
Importantly, the blockade of either receptor by neutralizing
antibody significantly suppressed the TNF-o-induced Wnt/
B-catenin activation (Supplementary Figure SB). These
results suggest that TNF-o signalling through both TNF R1
and TNF R2 is thus involved in the promotion of the Wat/
B-catenin activity. By immunohistochemistry, we found most
TNF-u-expressing cells in gastric tumours to be macrophages,
whereas CD11c-positive dendritic cells were rarely detected
(Supplementary Figure 6A). Importantly, treatment of
the K19-Wntl mice with anti-TNF-e-neutralizing antibody
resulted in a decrease of the B-catenin immunostaining
intensity in the dysplastic lesions (Supplementary Figure 6B).
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Figure 2 Suppression of intestinal tumorigenesis by depletion of
macrophages. (A, C) Representative photographs of small intestine
of Apc*”® mice (A) and Apc®”'® ap/op compound mutant mice (C)
were taken using a dissecting microscope. The arrowheads indicate
intestinal polyps. Bars indicate 2mm. (B, D) F4/80 macrophage
immunostaining of polyp tissues in Apc®™® (B) and Apc®7'® op/op
compound mice (D). The arrows indicate macrophages. Bars in-
dicate 100 pm. (E) The number of total polyps and large polyps
>1mm in diameter of Apc*™® (Cont) and Apc®™*® op/op compound
mice (op/op) are shown as mean t s.d. (F) BrdU labelling index in
polyps of Apc®”'® (Cont) and Apc™”'® op/op mice (op/op) are shown
as meants.d. *P<0.05 in comparison to the control.

Moreover, we examined the Wnt-promoting effect of
other inflammatory cytokines, IL-1B, IL-6 and IL-11, which
have an important function in gastric tumorigenesis (Howlett
et al, 2005; Fox and Wang, 2007). However, these cytokines
did not promote Wnt/B-catenin activity in gastric
cancer cells, although IL-1p slightly increased the high-GFP
population in AGS-GFP cells (Supplementary Figure 7).
These results, taken together, suggest that TNF-a is one of
the important macrophage-derived factors that promote
the Wnt/B-catenin activity in gastric epithelial cells and
cancer cells.

Suppression of -catenin phosphorylation by TNF-u
through the inhibition of GSK3p in gastric cancer cells
By a flow cytometry analysis, we found that the level of
unphosphorylated B-catenin increased significantly in Kato-
III cells when cells were treated with CM-LPS (+) or TNF-a
(Figure 5A). By western blotting, we confirmed the increased
level of unphosphorylated B-catenin in Kato-III cells stimu-
lated with CM-LPS (+) or TNF-o. (Figure 5B). These results
suggested that CM-LPS (+) or TNF-u suppressed the phos-
phorylation of B-catenin, resulting in Wnt/p-catenin promo-
tion. Significantly, treatment with TNF-o resulted in an
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increase of GSK3B phosphorylation on Ser9 both in
AGS and Kato-Ill cells (Figure 5C), which caused the
suppression of the GSK3B activity (Cross et al, 1995).
The mean relative band intensities of the phosphorylated
GSK3pB to the control level were 2.03+0.14 (P=0.009)
and 1.68%0.31 (P=0.03) in the AGS and Kato-lll cells,
respectively. Interestingly, a strong immunostaining signal
for phosphorylated GSK3 was found in a sub-population
of Kato-III cells that also showed nuclear accumulation
of B-catenin at the same time (Figure 5D). These results
suggest that the promotion of Wnt/B-catenin signalling is
regulated by the GSK3p phosphorylation status in gastric
cancer cells. Akt is an important kinase for phosphorylation
of GSK3B at Ser9 (Sharma et al, 2002). Importantly, the
active form of Akt, phosphorylated on Ser473, increased
significantly after TNF-o stimulation in both AGS and
Kato-1II cells (Figure SC). The mean relative band intensities
of the phosphorylated Akt to the control level were
2.08+0.16 (P=0.005) and 1.81£0.19 (P=0.002) in the
AGS and Kato-III cells, respectively. These results suggest
that TNF-o accelerates the GSK3pB phosphorylation through
the activation of the Akt pathway.

NF-xB-independent promotion of Wnt/B-catenin activity
in gastric cancer cells

To examine whether NFxB is involved in Wnt/B-catenin
promotion by activated macrophages, we transfected IxB-

-superrepressor (IkBSR) expression vector into AGS-GFP

cells and established two sublines, in which TNF-a-induced
NF-xB activation was suppressed (Figure 6A). Notably, the
TNF-a- or CM-LPS (+ )-induced promotion of the Wnt/B-
catenin activity did not change in either of IxBSR-transfected
AGS-GFP cells (Figure 6B), thus suggesting the existence of
an NF-xB-independent mechanism for the TNF-o-induced
Wnt/B-catenin promotion.

When Kato-III cells were treated with the protein synthesis
inhibitor cycloheximide, the unphosphorylated B-catenin-
positive population decreased gradually in an incubation
time-dependent manner, probably due to the phosphorylation
of B-catenin by GSK3 (Figure 6C, black lines). However, the
simultaneous treatment with CM-LPS (+) significantly
suppressed the cycloheximide-induced decrease of this
population (Figure 6C, red lines). Therefore, it is also
possible that activated macrophages suppress B-catenin
phosphorylation independent of protein synthesis, which is
consistent with the results that the transcription factor NF-xB
pathway is not involved in the suppression of B-catenin
phosphorylation.

Macrophage infiltration and Wnt/B-catenin activation in
mouse gastric epithelial cells by Helicobacter infection
We next examined whether Wnt/B-catenin signalling is acti-
vated by infection-associated inflammation in the mouse
stomach. H. felis, a close relative of H. pylori was infected
into K19-Wntl mouse stomach. At 8 weeks after H. felis
infection, the infiltration of macrophages was found in the
H. felis-infected gastric mucosa (Figure 7A-C), whereas tis-
sue macrophages were sparsely scattered in the non-infected
mucosal area (Figure 7G-I). Such an inflamed mucosa in the
infected K19-Wntl mice was only detected by histological
examinations, and this inflamed mucosa was distinct from
the spontaneously developed dysplastic lesions (Figure 1A).
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Figure 3 Fluctuation of the Wnt/B-catenin activity in gastric cancer cells. (A} Representative results of immunocytochemistry of AGS
(top panels) and Kato-IIl (bottom panels) using anti-total B-catenin antibody (green) and DAPI (blue) (left panels) or anti-unphosphorylated
B-catenin antibody (red) (right panels) of the same specimen. The arrows indicate cells with accumulated both total and unphosphorylated
f-catenin. The arrowheads indicate cells with weak or loss of B-catenin staining. (B) Construction of TOPEGFP expression vector. EGFP ¢cDNA
was inserted between TCF-binding site/TK minimum promoter and SV40 pA signal. (C) Representative results of immunocytochemistry of
Kato-III-GFP cells transiently transfected with pcDNA3-833A-B-catenin for 72 h. GFP expression (green) with DAPI staining (blue) (left panel),
and unphosphorylated B-catenin (red) of the same specimen (right panel) are shown. The arrows indicate the cell cluster with elevated GFP
and unphosphorylated B-catenin levels. (D) Representative results of flow cytometry for GFP fluorescence of AGS-GFP (top) and Kato-III-GFP
(bottom) cells. Flow cytometry results of the isolated high-GFP (top 5%, red line) and low-GFP (bottom 5%, blue line) populations at 0 h

(centre) and S days (right) after isolation by cell sorting.

Importantly, the number of B-catenin-accumulated epithelial
cells increased significantly in the infected and inflamed
mucosa compared with that in the non-inflamed mucosa
(Figure 7D, J and M). These results suggest that the infec-
tion-associated inflammation promotes the Wnt/B-catenin
signalling activity in gastric epithelial cells in vivo.
Moreover, in the inflamed mucosa, the epithelial cell prolif-
eration detected by Ki-67 immunostaining significantly in-
creased (Figure 7E, K and N). Furthermore, the number of
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H* /K™ -ATPase-positive parietal cells decreased dramatically
in the H. felis-infected area, thus indicating the suppression of
epithelial differentiation (Figure 7F, L and O). These results,
taken together, suggest that infiltrated macrophages in re-
sponse to Helicobacter infection have an important function
in the activation of Wnt/p-catenin signalling, thereby enhan-
cing the proliferation and suppression of differentiation.
When Apc*”'® mice were infected with H. felis, we did
not find any B-catenin-accumulated dysplastic cells in the
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Figure 4 Enhancement of Wnt/B-catenin signalling by the activated macrophages in gastric cancer cells. (A, B) Representative results of flow
cytometry of AGS-GFP (A) and Kato-III-GFP cells (B). The cells were treated with CM-LPS () (top), CM-LPS (-} (middle) or LPS alone
(bottom) at various concentrations indicated on top of each panel. The red area in each panel indicates a population with a high GFP intensity
corresponding to the top 2% of the control cells (left). The percentage of high-GFP population (red area) is indicated in each panel.
(C) Representative flow cytometry of AGS-GFP (top) and Kato-11I-GFP (bottom) treated with CM-LPS (+) alone {centre) or CM-LPS (+ ) with
anti-TNF-o-neutralizing antibody (right). The percentage of a high-GFP population (red area corresponding to top 2% in control cells, left) is
indicated in each panel. (D) Representative flow cytometry results of AGS~GFP (top) and Kato-III-GFP (bottom) treated with TNF-o (red lines)
and untreated control (black lines). The percentage of high GFP in TNF-o-treated cells (corresponding to top 2% in control cells, grey area) is
indicated in each panel.
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Figure 5 Suppression of B-catenin phosphorylation by CM-LPS ( + )} or TNF-« in gastric cancer cells. (A) Representative flow cytometry results
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B-catenin {middle). The cells were treated with CM-LPS (+) (CM) or TNF-a at 10ng/ml (TNF). B-Actin was used as an internal control
(bottom). (C) Western blotting of AGS cells (left) and Kato-III cells (right) for total and phosphorylated GSK3B on Ser9, and phosphorylated Akt
on Ser473. B-Actin was used as an internal control. The cells were treated with TNF-« at 100 ng/m! (TNF) in serum-free conditions. The results
of three independent samples are shown for each cell line. (D) Representative immunocytochemistry for phosphorylated GSK3 (p-GSK, green)
and DAPI (blue) (left) and unphosphorylated B-catenin (red) (right) of the same specimen. The arrows indicate cells with strong staining for
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Figure 6 NF-xB-independent promotion of the Wnt/p-catenin signalling activity. (A) The level of NF-kB activity in the TNF-o-treated (TNF) or
untreated control {Con.) cells {mean+s.d.). IxBSR nos. 1 and 2 are AGS-GFP-derived stable transfectants with IxBSR, whereas IxBSR
(-) indicates parental AGS-GFP. (B) Representative flow cytometry results of IxBSR(—), IkBSR nos. 1 and 2 cells (left to right) treated with
TNF-u (top) or CM-LPS {+) (bottom) at the indicated concentrations (red lines}. The percentage of high-GFP populations (corresponding to
top 2% in untreated cells, black lines) is indicated in each panel. (C) Flow cytometry results of Kato-llI cells using antibody against
unphosphorylated p-catenin. The cells were treated with cycloheximide alone (black line) or cycloheximide and CM-LPS (+) (red line) for 2, 4,

8 and 12 h. The percentages of the population with high level of unphosphorylated B-catenin are indicated in each panel (red, cycloheximide
and CM-LPS (+); black, cycloheximide alone).
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Figure 7 The activation of Wnt/B-catenin signalling in H. felis-infected gastric mucosa of K19-Wntl mice. (A-F) Representative histology of
inflamed gastric mucosa (IM) of K19-Wnt! mice infected with H. felis for 8 weeks. (G-L) Non-inflamed gastric mucosal (NIM) area of the K19-
Wntl mice. H&E staining (A, G), high magnified H&E staining (B, H), immunostaining for F4/80 (C, I}, unphosphorylated B-catenin (D, J), Ki-
67 (E, K) and H* /K™ -ATPase (F, L). Bars in (B, H) and other panels indicate 50 and 100 um, respectively. The arrows in (A, C) indicate
infiltrated mononuclear cells and macrophages, respectively. The yellow arrowheads in (B) indicate Helicobacter bacteria in the gland lumen,
which is not found in NIM (H). The arrows in (D, E) indicate B-catenin-accumulated and proliferating epithelial cells, respectively. The arrows
in (F) indicate H* /K*-ATPase-positive parietal cells that are dramatically decreased in IM compared with NIM (L). The arrows in (J, K)
indicate progenitor cells with cytoplasmic f-catenin accumulation and Ki-67-positive proliferation, respectively. The mean numbers of positive
cells per gland for unphosphorylated B-catenin (M), Ki-67 (N), and H* /K* -ATPase (0} in IM (red bars) and NIM (blue bars) are shown as

histograms (mean s.d.). The asterisks indicate P<0.05.

inflamed gastric mucosa (data not shown). Therefore, it is
possible that the basal activation level of Wnt/B-catenin
signalling is required for its promotion.

Tumour development in H. felis-infected K19-Wnt1
mouse stomach

We finally examined whether H. felis infection contributes
to gastric tumorigenesis in KI19-Wntl mice. Importantly,
K19-Wntl mice developed gastric tumours at 20 weeks
after H. felis infection, whereas no tumours were found
in the H. felis-infected wild-type mice (Figure 8A and E).
Histologically, submucosal infiltration was found in both
H. felis-infected K19-Wntl and wild-type mouse stomach
(Figure 8B and F). Although macrophage infiltration
was detected in both genotypes (Figure 8C and G),
dysplastic epithelial cells were evident in the infected
K19-Wntl tumours but not in the wild-type mouse stomach
(Figure 8D and H). These results, taken together, suggest
that infection-associated inflammation has an important
function in gastric tumorigenesis through the promotion
of the Wnt/B-catenin activity beyond the basal activation
level.
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Discussion

Macrophage infiltration and cancer development,
progression and stemness

The activation of Wnt/B-catenin signalling by genetic altera-
tion, such as mutation in APC or CTNNBI, is responsible for
gastrointestinal tumorigenesis. However, accumulating evi-
dence suggests that further promotion of the Wnt/p-catenin
activity has an important function in tumour growth and
progression (Fodde and Brabletz, 2007). For example, in-
creased B-catenin accumulation is found in the invasion
front of colon cancer (Brabletz et al, 1998). We herein
demonstrated direct evidence that the Wnt/pB-catenin activity
fluctuates in individual cancer cells that carry the same
genetic alteration in CTNNBI. Accordingly, Wnt/B-catenin
signalling can be promoted beyond the basal activated level
caused by genetic alteration, and such promotion may have
an important function in both tumour development and
progression.

We have previously shown the induction of COX-2/PGE,
pathway to have an important function in the intestinal
tumorigenesis that is triggered by Wnt/B-catenin activation
(Oshima et al, 1996; Sonoshita et al, 2001). The simultaneous
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H. felis infection — 20 weeks

Wild type

Figure 8 Tumour development in H. felis-infected K19-Wntl mouse
stomach. K19-Wnt! (A-D) and wild-type (E-H) mouse stomach in-
fected with H. felis for 20 weeks. (A, E) Macroscopic photographs. The
arrows in (A) indicate gastric tumours that developed in the infected
K19-Wntl mice. H&E staining at low magnification (B, F} and high
magnification (D, H). Immunostaining results for macrophage marker
F4/80 (C, G). The arrows in (B, F) indicate submucosal infiltration. The
arrowheads in (D) indicate dysplastic epithelial cells. Bars in (B, F) and
(C, D, G, H) indicate 200 and 40 um, respectively.

induction of both Wnt and PGE, pathways is also responsible
for gastric tumour development in mouse models {(Oshima
et al, 2006). Although PGE, may have multiple functions for
tumorigenesis, we previously found an increased PGE, level to
result in macrophage accumulation in the gastric mucosa of
K19-C2mE mice (Oshima et al, 2004). Accordingly, it is possible
that macrophage infiltration in dysplastic lesions of K19-Wnt1
mice is caused by the spontaneous induction of COX-2/PGE,
pathway. We herein show that Wnt/B-catenin signalling is
promoted by macrophage-derived TNF-¢, which contributes to
gastric tumorigenesis. It is therefore possible that the induction
of the COX-2/PGE, pathway promotes Wnt/B-catenin signalling
through the enhancement of macrophage infiltration, which is
responsible for tumour development.

On the other hand, Wnt/B-catenin signalling is not acti-
vated in the stomach of either K19-C2mE mice or H. felis-
infected Apc®”® mice, thus indicating that the induction of
the COX-2/PGE, pathway and subsequent macrophage infil-
tration are not sufficient for the promotion of Wnt/f-catenin
in gastric epithelial cells. It is conceivable that the basal
activation of the Wnt/B-catenin pathway by genetic alteration
is required for the promotion of Wnt/f-catenin signalling.

The activation of Wnt/B-catenin pathway is also suggested
to be important for stemness. Wnt/B-catenin signalling is
required for the maintenance of normal intestinal stem cells
(Korinek et al, 1998), and the increase in the Wnt/B-catenin
activity contributes to the maintenance of stemness in ES cells
(Kielman et al, 2002). Accordingly, it is possible that the
increased Wnt/B-catenin activity is also important for the
maintenance of cancer stem cells. Therefore, infiltrated macro-
phages in tumour tissues may be an important component of
niche for cancer stem cells by promoting Wnt/B-catenin signal-
ling through TNF-o pathway. This hypothesis is supported by
the results that macrophages are required for the maintenance
of progenitor cells in the intestinal crypt (Pull et al, 2005).

Possible pathways other than TNF-« for the promotion
of the Wnt/p-catenin signalling activity

It has been shown that inflammatory cytokines, TNF-o,
IL-18, IL-6 or IL-11, have an important function in gastric
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tumorigenesis (Howlett et al, 2005; Fox and Wang, 2007).
Among these cytokines, TNF-o. is the most potent
Wnt/B-catenin-promoting factor, although IL-1f slightly
increases Wnt signalling in AGS cells. However, the increased
level of the Wnt/B-catenin activity by CM-LPS (+) is sig-
nificantly higher than that by TNF-u alone in both cell lines
(Figure 4), thus suggesting the effect of other macrophage-
derived factors on Wnt/B-catenin promotion. It has
been reported that hepatocyte growth factor activates Wnt/
B-catenin signalling through the tyrosine phosphorylation
of P-catenin (Rasola et al, 2006), and platelet-derived
growth factor also promotes Wnt/B-catenin signalling
through suppression of B-catenin phosphorylation (Yang
et al, 2006). It is therefore possible that these factor(s)
contribute to Wnt/B-catenin promotion together with
TNF-u in gastric tumorigenesis.

Recently, using a colon tumour mouse model, TNF R1
signalling in bone marrow-derived cells has been shown to
indirectly enhance epithelial Wnt/B-catenin signalling
(Popivanova et al, 2008). Accordingly, it is possible that
TNF-a signalling, not only in epithelial cells but also in
stromal cells, may therefore contribute to the promotion of
Wnt/B-catenin signalling in cancer cells.

Promotion of Wnt/B-catenin signalling in cancer cells
that retain wild-type CTNNB1

We show here that TNF-o stimulation promotes the
Wnt/B-catenin signalling activity through the suppression
of B-catenin phosphorylation by GSK3pB. Therefore, the
expression of wild-type pB-catenin is required for the
promotion of Wnt/B-catenin signalling in epithelial cells as
well as cancer cells. Because Kato-III cells have a multicopy of
the wild-type CTNNBI1 (Suriano et al, 2005), TNF-o stimula-
tion suppresses phosphorylation of these B-catenin, thus
leading to the enhancement of Wnt/f-catenin signalling. On
the other hand, AGS cells possess mutation in CTNNBI close
to the phosphorylation site of GSK3p (Supplementary Figure
2; Caca et al, 1999), which causes the activation of the
basal Wnt/f-catenin signalling. It is therefore possible that
TNF-o stimulation suppresses phosphorylation of wild-type
B-catenin expressed from retained intact CTNNBI, which
contributes to the promotion of the total Wnt/B-catenin
activity of AGS cells. In human gastric cancer, a CTNNBI
mutation is found in about 30% of the Wnat-activated
cases (Clements et al, 2002). However, either a somatic
mutation or downregulation of E-cadherin (Cheng et al,
2005), secreted frizzled-related proteins (Nojima et al,
2007), or B-TrCP, a component of ubiquitin ligase complex
(Kim et al, 2007) is found in gastric cancer, which leads to the
basal activation of Wnt/f-catenin signalling without muta-
tion in CTNNBI. These results, taken together, suggest that
wild-type f-catenin expressed in gastric cancer cells is stabi-
lized by inflammatory macrophages, thus resulting in the
promotion of Wnt/B-catenin signalling, which contributes to
cancer development, progression and the maintenance of
cancer stem cells.

Accordingly, the present results suggest that the suppres-
sion of macrophage infiltration and its activation by anti-
inflammatory drugs or inhibitors for PGE, pathway is, there-
fore, a possible strategy for chemoprevention against gastric
cancer.
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Materials and methods

Animal experiments

The construction of K19-Wnt1 and K19-C2mE transgenic mice has
been described previously (Oshima et al, 2004, 2006). Briefly, K19-
Wntl mice express Wntl, whereas K19-C2mE mice express COX-2
and mPGES-1 in gastric epithelial cells under transcriptional
regulation by cytokeratin 19 (K19) gene promoter. KI19-Wntl
transgenic mice were euthanized at 30 weeks of age (n=10), and
the glandular stomach was fixed with 4% paraformaldehyde and
processed for histological analysis. H. felis (ATCC49179) was
cultured as previously described (Oshima et al, 2004). H. felis
bacteria were inoculated at 10° per mouse p.o. into K19-Wnt mice,
Apc®”'¢ mice (Oshima et al, 1995) and wild-type mice. The infected
K19-Wntl mice were examined at 8 and 20 weeks after the H. felis
inoculation {n=3 for each mice). The infected Apc®”'¢ mice were
examined at 6 weeks after infection (n=4). The localization of H.
felis-infected mucosa at 8 weeks was estimated by the detection of
bacteria using microscope with x 100 objective (Figure 7B). ApcA7!6
mice were crossed with op/op mice (The Jackson Laboratory) to
obtain Apc®”® op/op compound mice (n=3) and littermate control
Apc*”'¢ mice (n=3). The intestine of Apc*”*¢ and Apc®”'® op/op
mice was examined at 12 weeks of age, and the total number of
polyps was determined using a dissecting microscope. For scoring
the BrdU labelling index, the mice were injected i.p. with 200l of
BrdU solution (Roche) and then the tissue specimens were
processed for immunostaining using anti-BrdU antibody. All animal
experiments were carried out according to the protocol approved by
the Committee on Animal Experimentation of Kanazawa University.

Histology and immunostaining

The stomach tissues were fixed in 4% paraformaldehyde, paraffin-
embedded and sectioned at 4pum thickness. These sections were
stained with H&E. Serial sections were immunostained with
antibodies for Ki-67 (DakoCytomation), F4/80 (Serotec), unpho-
sphorylated (activated) B-catenin on Ser37 and Thr4l (Upstate),
H*/K*-ATPase (MBL, Nagoya, Japan) or BrdU (BD Biosciences) as
the primary antibody. The staining signals were visualized using the
Vectorstain Elite Kit (Vector Laboratories). The number of positive
stained cells for F4/80, B-catenin, Ki-67 or H* /K*-ATPase was
scored in 20 randomly selected gastric glands and the mean values
were calculated. The number of BrdU-positive cells and the total
number of nuclei was counted in five microscopic fields and then
the mean value was calculated as the BrdU labelling index. For
immunofluorescence staining, Alexa Fluor 594 donkey anti-mouse
IgG or Alexa Fluor 488 anti-rat or rabbit IgG (Molecular Probes) was
used as the secondary antibody.

Plasmid vector construction

For the construction of the B-catenin/TCF reporter plasmid with
GFP (TOPEGFP vector), cDNA encoding EGFP was excised from
PIRES2-EGFP (Clontech) and replaced with luciferase gene in
TOPFLASH plasmid (Upstate). TOPEGFP reporter plasmid was
transfected to cells using Effectene Transfection Reagent (Qiagen),
and stable cell lines were then obtained by cell sorting. The Wnt/p-
catenin activity using TOPEGFP reporter was measured by flow
cytometry (see below). pcDNA3-S33A-B-catenin and pBSFI-IxBSR
plasmids were kindly provided by Dr Peter Vogt at the Scripps
Research Institute. pcDNA3-$33A-B-catenin was transiently trans-
fected to Kato-III-GFP cells for 72 h to express stabilized mutant p-
catenin. pBSFI-IxBSR was transfected to AGS-GFP cells to establish
the sublines in which the NF-xB pathway is suppressed.

Immunocytochemistry

Gastric cancer cells grown on cover slips were fixed with 10%
neutral buffered formalin and permeabilized with 0.1% Triton X-
100 in PBS. Anti-total p-catenin antibody (Sigma), anti-unpho-
sphorylated B-catenin antibody (Upstate), or anti-phosphorylated
GSK3 (Cell Signaling) was used as the primary antibody, and anti-
mouse IgG Alexa 594 or anti-rat IgG Alexa 488 (Molecular Probes)
were used as the secondary antibody. Next, cover slips were
mounted using VECTASHIELD Mounting Medium (Vector Labora-
tories) that contained DAPI for nuclear staining.
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Cell culture and preparation of conditioned medium

Gastric cancer cell lines, AGS (ATCC) and Kato-IIl {Cell Resource
Center for Biomedical Research, Tohoku University, Japan) were
cultured in RPMI1640 medium supplemented with 10% FBS in a
humidified incubator at 37°C with 5% CO,. The mouse macrophage
cell line RAW264 (RIKEN BioResource Center, Tsukuba, Japan) was
cultured in RPMI1640, and treated with LPS purified from
Salmonella enterica serotype typhimurium (Sigma) at 100 ng/ml
for 24 h. The conditioned medium, CM-LPS {+) was collected and
used for the Wnt/B-catenin activation experiments. The control
conditioned medium, CM-LPS (-) was prepared from non-
stimulated RAW264 cell culture. For either the stimulation or
inhibition of the TNF-o pathway, TNF-o (Calbiochem) or anti-
mouse TNF-o-neutralizing antibody (R&D systems) was added,
respectively, in the culture medium at the indicated concentration.

NF-xB ELISA assay

The nuclear extract was prepared from AGS-GFP cells or pBSFI-IkBSR-
transfected clones (IxBSR nos. 1 and 2) using NE-PER Nuclear
Extraction Reagents (Pierce), and the NF-xB activity was measured
using an NF-xB p65 Transcription Factor Assay Kit (Active Motif). These
cell lines were also used for the flow cytometry analysis.

Flow cytometry analysis

After treatment with CM-LPS (+ ), CM-LPS (—), LPS or TNF-o at the
indicated concentrations for 48h, AGS-GFP, Kato-Il[I-GFP cells or
pBSFI-IxkBSR-transfected cells (IxBSR nos. 1 and 2) were washed
with PBS containing 2% FCS and stained with 5 pg/ml propidium
iodide to exclude dead cells. GFP fluorescence was examined with
FACSCalibur (Becton Dickinson). A fluorescence intensity correspond-
ing to the top 2% of the control untreated cells was judged as the high-
GFP population (high-Wnt/B-catenin signalling population).

For the analysis of intracellular unphosphorylated (active) $-
catenin, cells were fixed in 1-2% paraformaldehyde and permea-
bilized using 0.05% Triton X-100 in PBS containing 2% FCS. Next,
the cells were incubated with anti-unphosphorylated B-catenin
antibody on Ser37 and Thr41 (Upstate) followed by anti-mouse IgG-
Alexa 488 (Molecular Probes), and examined with FACSCalibur, For
the inhibition of protein translation, the cells were treated with
cycloheximide (Sigma) at 0.5 pg/ml for the indicated time, and then
the intracellular unphosphorylated p-catenin was measured by a
FACS analysis as described above.

Western blotting analysis

For the detection of total B-catenin and unphosphorylated B-
catenin, the cells were stimulated with CM-LPS (+) or TNF-a at
10ng/ml for 24h. For the detection of total or phosphorylated
GSK3B (Ser9), and phosphorylated Akt (Serd73), the cells were
cultured in serum-free conditions for 24 h followed by stimulation
with TNF-o. at 100 ng/ml for 24 h. Next, the cells were lysed and
sonicated in lysis buffer. After centrifugation at 20000 g, 10 ug of the
supernatant protein was separated in a 10% SDS-polyacrylamide
gel. Antibodies for unphosphorylated (active) B-catenin (Upstate),
total B-catenin (Sigma), total GSK3B (BD Biosciences), phosphory-
lated GSK3 on Ser9 and 21 (Cell Signaling), and phosphorylated Akt
at Serd73 (Cell Signaling) were used as the primary antibody. p-
Actin was used as an internal control. The ECL detection system
(Amersham Biosciences) was used to detect specific signals.

Statistical analysis

The data were analysed by the paired or unpaired t-test using
Microsoft Excel (Microsoft). A value of P<0.05 was accepted as
statistically significant.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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