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¥ig. 3. EP receptors and PN gene expression using RT-PCR. Lanes M,
N and C indicate molecular weight control, normal mucosa and cancer

of the colon, respectively. The left two lanes represent sam/p!cc, from EP, /!
mice and the right two lanes represent samples from EP, ™ mice.

(Upper panel) Agarose gel indicating results for EP, receptor and £EN gene
expression using primers a and 5. (Second panel) Agarose gel indicating
results for PKN encoding region expression using primers ¢ and 4.

(Third, fourth, fifth and sixth panels) Agarose gels indicating results for £8,,
EP3, EP; and B-actin gene expression, tespectively.

mRINA for the PKIN encoding region was at the same level in
the kidneys of all EP,J’/ Fand E "/ ~ mice {data not shown).
These results suggest that the EP, knockout strategy and
AOM-induced colon carcinogenesis do not affect PKN gene
stability. Thus, we conclude that colon cancer development
was reduced by lack of the EP; receptor, not PKN gene
instability. Next, we examined expression of other EP receptor
mRNAs i m normal mucosa and cancers of the colon in EPy
and EP; mice (Figure 3, lower panels). The data clearly
indicate the EP, receptor to be up-regolated and the EP,
receptor down-regulated in colon cancers. The EP4 receptor
was detected in both normal mucosa and cancers of the colon.
There were no differences in the resuhs on EP receptorb
expression except for EP) between EP,™" and EP;*/* mice.
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Recently it was reported that the EPz receptor is 1mporldm for
intestinal polyp formation in ApcA7 heterozygote mice (30).
The authors found analogous results for EP receptor mRNA
expression nsing RT-PCR, as in the present study. They, how-
ever, indicated no differences in EPy receptor expression be-
tween polyps and normal mucosa in both small and large
intestine. The difference between our and their results may
be due to the use of different samples, such as colon adeno-
carcinomas and intestinal polyps, respectively.

The results of this study clearly show that EP; receptor
deficiency decreases colon cancer incidence mduwd by
AOM from 57 to 27%. However, 27% of EP; mice still
developed colon cancers. Interestingly, the EP; receptor was
up-regulated and the EP; receptor was down-regulated in
colon cancers in EP; ™™ mice. The EP, receptor mediates a
PGE,-induced elevation in free Ca?* concemrdtion in Chinese
hamster ovary cells and is able to regulate C a”" channel gating
via an as yet unidentified G protein (24). The EP, and EP,
receptors are coupled to G, and mediate increases in cAMP
levels (25). Although alternative splicing of the EP; receptor
gene results in several isoforms in animal species, including
the mouse, rat and human (31-33), the major signaling path-
way of the EP; receptor is inhibition of adenylate cyclase via
G;. Therefore, there may be cross-talk between second mes-
sengers after ligand binding 1o EP receptors and all four types
of EP receptor may interact with each other. Further investiga-
tions to identify down stream coordination of these recepiors
are required.

In conclusion, EP, receptor knockout mice demonstrate sig-
nificantly reduced AOM-induced colon cancer development
compared with wild-type mice due to down-regulation of cell
proliferation and up-regulation of apoptosis in cancer cells.
Also, EP, receptor mRNA was found to be up-regulated in
colon cancers. These results suggest that the EP, receptor plays
a pivotal role in colon carcinogenesis and support the hypo-
thesis that lack of the EP; receptor has the potential for a
mechanism-based chemoprevention strategy against colon
cancer development. Therefore, EP; receptor anfagonists
may be a promising chemoprevenfive agent against colon
carcinogenesis. Further studies on the chemopreventive poten-
tial of EP, receptor antagonists for colon cancer in long-term
in vivo animal models wre ongoing in our laboratory.
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Prostaglandin E, is involved in colon carcinogenesis through its
binding to the PGE, receptor subtypes EP,, EP,, EP; and EP,. We have
demonstrated that administration of ONO-8711, an EP,-selective
antagonist, suppresses development of AOM-induced ACF in C57BL/
6 mice and F344 rats. ONO-8711 also reduced the numbers of
intestinal polyps in Min mice. In the present study, we investigated
the long-term effects of ONO-8711 on colon cancer development
in rats treated with AOM. Male F344 rats were injected sub-
cutaneously with AOM (15 mg/kg body weight) once a week for
the first 2 weeks to develop colon cancer. Administration of 400 or
800 p.p.m. ONO-8711 in their diets for 32 weeks reduced the
incidence, multiplicity and volume of colon carcinomas. The
incidence of colon adenocarcinomas in AOM-treated rats was 97,
83 and 76% (P < 0.05) in the 0, 400 and 800 p.p.m. of ONO-8711
groups, respectively. The multiplicity of adenocarcinomas was also
decreased significantly, being 3.31+0.33, 2.34 £ 0.27 (P < 0.05) and
2.06+£0.34 (P<0.01) with 0, 400 and 800 p.p.m. of ONO-8711,
respectively. Moreover, treatment with 800 p.p.m. ONO-8711
reduced the mean volume of adenocarcinomas to 49% (P < 0.05) of
the value for the AOM treatment alone. Furthermore, the BrdU
labeling index was decreased significantly in colon cancer cells by
800 p.p.m. ONO-8711. These results confirm that EP, is involved in
colon carcinogenesis and that EP,-selective antagonists might be
promising candidates for colon cancer chemopreventive agents.
(Cancer Sci 2005; 96: 260--264) ’

Colon cancer is one of the most frequent cancers in the
world." Epidemiological and experimental studies have
indicated that aspirin and other NSAIDs can reduce the
development of colon cancer,'™ the suggested mechanism
being mnhibition of COX activity, which catalyzes the synthesis
of prostanoids. There are two isoforms of COX, the
constitutively expressed COX-1 and the inducible COX-2. Both
contribute to PGE, production and colon carcinogenesis, and
PGE, levels are known to be elevated in human and rodent
color tumors.*

Prostanoids such as PGD,, PGE,, PGF,, PGI, and TXA, exert
their biological actions through binding to specific membrane
receptors, which include DP for PGD,, FP for PGF,, IP for
PGIL,, TP for TXA, and EP, to EP, for PGE,."*' The PGE,
receptors are transmembrane G protein-coupled receptors and it
has been established that EP, signals are transmitted by
increased intracellular Ca?* concentrations, with activation of
phosphorylated PKC.U% However, the species of G protein coup-
ling to EP, remains unidentified. EP, and EP, receptors couple
to Gs and increase cAMP synthesis by adenylate cyclase, and
the EP, receptor couples to Gi and decreases cAMP synthesis by
inhibition of adenylate cyclase.!'®

Cancer Sci | May2005 | vol96 | no.5 | 260-264

Our previous study using EP,_,, DP, FP, IP and TP receptor
knockout mice showed that deficiency of either EP, or EP,
receptors decreases formation of AOM-induced colon ACF,
putative preneoplastic lesions.®*' It has also been reported that
the numbers of intestinal polygs in EP,-deficient Apc®™'® mice
are lower than in their Apc®™ counterparts.!® In contrast,
enhancement of AOM-induced colon cancer development has
been observed in EP, receptor knockout mice."” Thus, it is con-
sidered that EP,, EP, and EP, receptors are involved in enhance-
ment of colon carcinogenesis, while the EP, receptor acts
against tumor development.
 In addition to genetic approaches, pharmacological research
has been carried out to examine the roles of EP, and EP,.
Administration of ONO-8711, 6-[(2S,35)-3-(4-chloro-2-
methylphenylsulfonylaminomethyl)-bicyclo{2.2.2}octan-2-y1}-5Z-
hexenoic acid, an EP,-selective antagonist, reduced AOM-
induced ACF formation in C57BL/6 mice and F344 rats.("*19
Furthermore, treatment with ONO-8713, 4-{2-[N-isobutyl-N-(2-
furylsulfonyl)amino]-5-trifluoromethylphenoxymethyl jcinnamic
acid, another EP, antagonist, and ONO-AE2-227, 2-{2-[2-(1-
naphthyl)propanoylaminojphenyl} methylbenzoic acid, an EP,
antagonist, similarly suppressed AOM-induced ACF formation
in C57BL/6 mice."*"” Administration of ONO-8711 and ONO-
AE2-227 to Min mice, an animal model for human FAP, also
reduced the number of intestinal polyps.!'*' EP receptors
transmit their signals by independent pathways, and combina-
tion treatment with ONO-8711 and ONO-AE2-227 caused addi-
tional reduction in intestinal polyp formation in mice with a
truncated adenomatous polyposis coli (Apc) gene at codon 1309
(APCIZ()‘) mice).(?,())

Although evidence has thus accumulated that EP, is involved
in colon carcinogenesis, significant effects of EP, antagonists
on yields of actual colon cancers have yet to be reported. The
present study was therefore designed to determine the suppres-
sive influence of an EP,-selective antagonist, ONO-8711, on
AOM-induced colon tumor development in male F344 rats.
Administration of ONO-8711 reduced the colon cancer incid-
ence, multiplicity and volume, along with cell proliferation in
rat colon tumor cells. On the basis of these results, possible
mechanisms of ONO-8711 in colon cancer suppression are
discussed.

“To whom correspondence should be addressed. E-mail: nniho@gan2.ncc.go.jp
Abbreviations: ABC, avidin biotin complex; ACF, aberrant crypt fod; AOM,
azoxymethane; Apc, adenomatous polyposis coli; BrdU, 5-bromo-2-deoxyuridine;
cAMP, cyclic AMP; COX, cyclooxygenase; FAP, familial adenomatous polyposis;
Gi, inhibitory G protein; Gs, stimulatory G protein; NSAID, non-steroidal anti-
inflammatory drug; PG, prostaglandin; PhIP, 2-amino-1-methyl-6-phenylimidazo[4,5-
blpyridine; PKC, protein kinase G TX, thromboxane.
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Materials and Methods

Animals and chemicals. Male F344 rats, at 4 weeks of age,
were purchased from Charles River Japan (Atsugi, Japan) and
acclimated to laboratory conditions for 1 week. Two or three
animals were housed per plastic cage, with sterilized softwood
chips as bedding, in a barrier-sustained animal room air-
conditioned at 24 + 2°C and 55% humidity, on a 12 : 12 h light:dark
cycle. AOM and BrdU were purchased from Sigma Chemical
Co. (St Louis, MO, USA). The selective PGE receptor
EP, antagonist ONO-8711, 6-([25,35]-3-[4-chloro-2-
methylphenylsulfonylaminomethyl]-bicyclo{2.2.2} octan-2-yl)-
5Z-hexenoic acid, was synthesized chemically at Ono
Pharmaceutical Co. (Osaka, Japan) and well mixed with
powdered basal diet AIN-76A (Dyets, Bethlehem, PA, USA) at
concentrations of 400 and 800 p.p.m. The doses were selected
based on the results of our previous study, in which 400 or
800 p.p.m. ONO-8711 in the diet suppressed intestinal polyp
formation in Apc™® mice and PhIP-induced breast cancer
development, @21

Animal experiments. The rats were divided into five groups as
shown in Fig. 1. Groups 1-3 (36 animals per group) were
[treated subcutaneously with AOM in sterile saline at a dose of
15 mg/kg body weight once a week for 2 weeks. From the day
of the first treatment with AOM, these animals were fed the
following diets for 32 weeks: group 1, the basal diet; group 2,
400 p.p.m. ONO-8711; group 3, 800 p.p.m. ONO-8711. Groups
4 and 5, six animals per group, were the corresponding controls
to groups 1 and 3, respectively, and were injected with saline
without AOM followed by the basal diet or 800 p.p.m. of ONO-
8711. Food and water were available ad libitum. The animals
were observed daily for clinical signs and mortality. Body
weight and food consumption were measured weekly. At
37 weeks of age, all animals were sacrificed under anesthesia,
1 h after i.p. injection of BrdU in saline solution (50 mg/kg body
weight) and complete autopsies were camried out. The liver,
kidney and spleen were removed and weighed. Each intestinal
tract was removed, opened longitudinally and fixed flat between
sheets of filter paper in 10% neutral buffered formalin. The
number, size and location of all intestinal tumors were
determined. Estimation of tumor volume (V) was determined
using the formula V=L xW X D x 7/6, where L is length, W is
width and D is depth of colon tumor.®® Tissues were processed
in paraffin, and sections were stained with hematoxylin and

5 6 37 weeks of age
L ! 'l
Group § ¢ No. of animals
1 AIN-76A | 36
V. Y
2 ONO-8711, 400 p.p.m in diet \\\) 36
v .Y
3 R\\\ONO-8711, 800 p.p.m In diet\\\) 36

4 | | 6

5  R\\\ONO-8711, 800 p.p.m in diet\\a 6
v: azoxymethane, 15 mg/kg body weight s.c. injection
Fig. 1. Experimental protocol. The animals were male F344 rats at

5 weeks of age at the commencement. They were treated
subcutaneously with AOM (15 mg/kg body weight) once a week for
2 weeks and from the day of the first treatment were fed a basal diet
or a diet containing 400 or 800 p.p.m. ONO-8711 for 32 weeks.
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eosin for histopathological examination. Diagnosis of intestinal
tumors was carried out according to the classification of
Pozharisski.®® The experimental protocol followed the guidelines
for Animal Experiments in the National Cancer Center,

BrdU labeling index. Two serial sections, including colon
adenocarcinoma tissues and normal colonic epithelium, were
prepared. One section was used for determination of BrdU
labeling indexes and the other for apoptotic indexes. Cell
proliferation in the colon carcinomas and normal colonic
epithelium were examined by immunohistochemical detection
of BrdU incorporation using the ABC method (Vectastain Elite
ABC kit, Vector Laboratories, Burlingame, CA, USA) and a
mouse monoclonal antibody to BrdU (1 :300; Dako, Kyoto,
Japan). For determination of BrdU labeling indexes, three
representative fields in each section of a colon carcinoma and
surrounding normal-appearing tissue were selected under light-
microscope examination at a magnification of x400. In each
section, one carcinoma per rat was used for counting. The
number of BrdU-positive nuclei in a minimum of 1500 cells was
counted and the result was expressed as a percentage value,

Apoptotic index. Sections were stained with the aid of an
ApopTag peroxidase in situ apoptosis detection kit (Chemicon
International, Temecula, CA, USA) according to the
manufacturer’s instructions. For analysis of apoptosis, well-
defined and darkly stained apoptotic cells and bodies in the
colon carcinomas were counted in the same way as for BrdU-
positive cells. The percentage of positive cells (apoptotic index)
was determined by calculating the positive cell number : total
cell number x 100.

Statistical analysis. Data are presented as mean + SE values.
Data for body weight, organ weight, tumor multiplicity, tumor
volume, BrdU labeling and apoptotic index were compared by
Student’s r-test or Welch’s #-test. Data for tumor incidences were
analyzed by Fisher’s exact probability test. Differences were
considered to be statistically significant with P < 0.05 (two-tailed).

Results

Administration of ONO-8711 at doses of 400 and 800 p.p.m. in
the diet for 32 weeks did not affect food intake or clinical signs
of AOM-treated animals. The mean body weights at 37 weeks of
age were 355.0£ 3.3 g in the AOM control group, 350.5+3.0 g
in the AOM + 400 p.p.m. ONO-8711 group, 3404 + 3.8 g in the
AOM + 800 p.p.m. ONO-8711 group, 354.3 + 5.9 g in the saline
control group and 3427+ 105g in the saline + 800 p.p.m.
ONO-8711 group. In AOM- and saline-treated rats fed the
diet containing ONO-8711, there were no gross changes in body
weight or any organ weight that would point to any toxicity of
ONO-8711.

Data for incidences and multiplicities of intestinal tumors are
summarized in Table 1. More were well-differentiated tubular
adenocarcinomas and the main sites of development were the
distal and middle colons. The incidence of colon adenocarcino-
mas in AOM-treated rats was 97, 83 and 76% (P < 0.05) in the
0, 400 and 800 p.p.m. ONO-8711-treated groups, respectively
(Table 1). The multiplicity of colon adenocarcinomas also
decreased dose-dependently, from 3.31+0.33 for the AOM-
treated control group to 2.34+0.27 (P<0.05), and to
2.06+0.34 (P < 0.01) by 400 and 800 p.p.m. ONO-8711 treat-
ments, respectively (Table 1). The incidence and multiplicity of
colon adenomas in the groups treated with 800 p.p.m. ONO-
8711 were increased slightly, but not significantly. The percent-
age of well-differentiated adenocarcinomas was also increased
slightly in the 800 p.p.m. group (Table 2). On the other hand,
suppression of adenocarninoma volume was observed by ONO-
8711 administration (Fig. 2). The reduction of adenocarcinomas
was from 26.3+58mm’ for the AOM control group to
14.1+ 4.5 mm? at 400 p.p.m. and to 13.0 £ 3.1 mm® (P < 0.05)

CancerSci | May2005 | vol.96 | no.5 | 261



Table 1. Effects of ONO-8711 treatment on the incidences and multiplicities of AOM-induced intestinal tumors in rats

No. of animals with tumors (%)

No. of tumors per rat (mean + SE)

Treatment Effective Large intesti Large intestine
no. of animals Small intestine 9 estine Small intestine 9

(carcinoma) Adenoma Carcinoma (carcinoma) Adenoma Carcinoma
AOM alone 35 10 (29) 15 (43) 34 (97) 0.29 £ 0.08 0.660.15 3.31+0.33
AOM + ONO-8711, 400 p.p.m. 35 3(9) 16 (46) 29 (83) 0.08 £ 0.05* 0.661+0.15 2.3410.27%
AOM + ONO-8711, 800 p.p.m. 33 6 (18) 16 (48) 25 (76)* 0.21+0.08 0.85+0.19 2.06 £ 0.34%*
Saline alone 6 0 0 0 0 o} 0
ONO-8711, 800 p.p.m. 6 0 0 0 ] 0 0
*Significantly different from the control value at P < 0.05. **Significantly different from the control value at P < 0.01.
Table 2. Effects of ONO-8711 on histological types of AOM-induced colon carcinomas

No. of carcinomas diagnosed
Effective Total no. of
Treatment no. of animals carcinomas (%) Well- Moderately- Signet-ring Mucinous
differentiated (%) differentiated (%) cell (%) (%)

AOM alone 35 116 (100) 108 (93) 3(3) 1(m 4 (3)
AOM + ONO-8711, 400 p.p.m. 35 82 (100) 77 (94) 2(2) 3(4) 0(0)
AOM + ONO-8711, 800 p.p.m. 33 68 (100) 65 (96) 0 (0) 2 (3) 1(1)

404

30+

20+

104

Tumor volume (mm®)

0
Dose (p.p.m)

400 800

Fig. 2. Effects of ONO-8711 on the mean volumes of adenocarcinomas
of the AOM-treated rat colon. Bars show AOM alone (control group),
AOM + 400 p.p.m. ONO-8711 and AOM+800p.p.m. ONO-8711.
*Significantly different from the control value at P < 0.05.

at 800 p.p.m. The mean volumes of colon adenomas in the 400
and 8§00 p.p.m. ONO-8711-treated groups also tended to be
reduced, but they were not big enough to evaluate a significant
difference from that in the control group (0.48 + 0.26 mm® vs
0.30 £ 0.13 mm’ and 0.14 £ 0.04 mm® in the 400 and 800 p.p.m.
groups, respectively). In the small intestine, the incidence and
multiplicity of adenocarcinomas were not significantly lower
in rats treated with ONO-8711, and no dose-dependency was

observed: the incidences were 29, 9 and 18% in the 0, 400 and
800 p.p.m. of ONO-8711-treated groups, respectively, and the
multiplicities were 0.29 +0.08, 0.09+0.05 (P <0.05) and
0.21 +0.08 (Table 1).

Data for BrdU-positive cells (BrdU labeling indexes) and
apoptotic cells (apoptotic indexes) in the normal colon epithe-
lium and colon carcinomas are summarized in Table 3. The
mean BrdU labeling index for carcinomas in the AOM-treated
control group was higher than in the other groups. Administra-
tion of AOM +400 and 800 p.p.m. ONO-8711 reduced the
BrdU labeling index to 59 and 54% (P < 0.05) of the AOM-
treated control value, respectively. On the other hand,
AOM + 400 and 800 p.p.m. ONO-8711 treatment did not show
any effect on BrdU labeling indexes in normal mucosa of rats.
The apoptotic indexes for carcinomas in the groups of
AOM + 400 and 800 p.p.m. ONO-8711 treatment were 103 and
118% of the AOM control value, respectively (Table 3).

Discussion

The present study demonstrated administration of the EP,-
selective antagonist ONO-8711 to significantly reduce the
incidence and multiplicity of AOM-induced rat colon
-carcinomas, without any toxic effects in terms of body and
organ weights, A decrease in the mean volume of
adenocarcinomas was observed, and the BrdU labeling index for
colon carcinoma was also reduced by treatment with ONO-
8711. These results support our previous short-term experiment
that treatment with 800 p.p.m. ONO-8711 in the diet reduced
the proliferative activity of the colon ACF in rats.'™®

Table 3. Effects of ONO-8711 on cell proliferation and apoptosis in the colon

BrdU labeling index (mean * SE)

Apoptotic index (mean & SE)

Treatment No. of rats tested

Normal mucosa Carcinoma Carcinoma
AOM alone 4 35+0.1 9.0+1.2 0.39 £ 0.06
AOM + ONO-8711, 400 p.p.m. 4 38+£0.1 53+1.1 0.40+0.16
AOM + ONO-8711, 800 p.p.m. 4 33+0.2 4.9 +0.8*% 0.46 + 0.05

*Significantly different from the control value at P < 0.05.
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In our previous study, 800 p.p.m. ONO-8711 administration
inhibited ACF development (31% reduction),""¥ and a 38%
reduction was observed in the number of tumors in the present
study. The suppressive effect of 800 p.p.m. ONO-8711 was
observed not only in the number of ACF, but also in their
growth,™ as mentioned. For instance, the numbers of ACF with
one crypt, two crypts, three crypts and greater than four crypts
were decreased by 11, 32, 51 and 55%, respectively."® This is
in line with the decreased carcinoma volume and BrdU labeling
index in the colon carcinoma in the present study. Our previous
report™ also shows that the BrdU labeling index in the normal
colonic epithelium in AOM-treated rats given 800 p.p.m. ONO-
8711 for 5 weeks from 5 weeks of age were almost the same as
those in the AOM-treated control rats. The present study
confirmed the previous findings. Although the incidence and
multiplicity of colon adenomas and the percentages of well-
differentiated adenocarcinomas in the 800 p.p.m. ONO-8711
group were slightly increased, it may not be stating it too
strongly that ONO-8711 could block progression of colon car-
cinogenesis. Substances that prevent early stages of carcinogen-
esis or delay the carcinogenic process are considered to be good
candidates as chemopreventive agents. Therefore, EP, anta-
gonists, including ONO-8711, deserve consideration in this
respect.

The tumor suppressive mechanisms of ONO-8711 need to be
revealed in more detail. EP, signals are transmitted by increased
intracellular Ca®* concentrations, with activation of PKC.¢9 Ag
noted above, the physiological activities of the EP, and EP,
receptors and EP; receptor through activation and inhibition of
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cAMP synthesis being consistent with their respective effects on
colon tumor development."'® In contrast, the effect of the EP,-
selective antagonist on PKC activity is uncertain. It has been
reported decreased PKCot and & and increased PKCB,, expres-
sion levels were observed in colon tumors compared with sur-
rounding normal epithelial cells.*” PKCo. and PKCJ inhibit cell
proliferation and promote differentiation of many cell types
in vitro,®™ and PKCP,, is linked to enhancement of cell pro-
liferation and suppression of apoptosis.® In our preliminary
experiments, the expression levels of phosphorylated PKC0. and
8 in the colon tumors were not affected by 800 p.p.m. ONO-
8711 treatment (data not shown). However, the roles of PKC in
colon cancer formation appear complex, and further studies are
needed to investigate the relationship between EP, receptor sig-
naling and downstream targets, like PKC isozymes, in colon
carcinogenesis.

In conclusion, the present study demonstrated that the EP,-
selective antagonist ONO-8711 has the potential to suppress
AOMe-induced development of colon cancers in rats. ONO-8711
may be a promising candidate chemopreventive agent for colon
cancer.
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We have previously reporied a hyperlipidemic state in two strains
of Apc-deficient mice, Min and Apc'39®, associated with low ex-
pression levels of lipoprotein lipase {(LPL} in the liver and small
intestine, and enforced induction of LPL mRNA by peroxisoms
proliferator-activated receptor {PPAR)a and PPARy agonists dearly
suppressed hyperlipidemia and intestinal polyp formation in these
mica. Meanwhile, a tompound, NO-1886, has been shown to
increase LPL mRNA and protein levels but not to possess PPARe and
PPARY agonistic activity. In this study, therefore, the effects of
NO-1886 on hyperlipidemia and intestinal polyp formation were
investigated in Min mice. Administration of 400 and 800 ppm
MNO-1886 in the diet for 13 weeks from 7 weeks of age caused a
reduction of serum triglycerides o 39% and 21% of the untreated
vatue, respectively, and the values for very low-density lipoprotein
cholesterol, low-density lipoprotein cholesterel, and high-density
lipoprotein cholesterol were improved almost to the wild-type
fevel with a corresponding elevation of the LPL mRNA. Moreover,
total numbers of intestinal polyps in the groups receiving NO-1886
at 400 and 800 ppm were decreased to 48% and 42% of the control
value, respectively. We also found that NO-1886 suppressed cydo-
oxygenase-2 transcriptional promoter activity in a reporter gene
assay and reduced cydooxygenase-2 mRNA levels in the small
intestine of Min mice. These results indicate that supprassion of
serum lipid levels by increasing LPL activity may contribute to a
reduction of intestinal polyp formation with Apcdefidiency, and
NO-1886 and its derivatives could be useful as chemopreventive
agents for colon cancey.

olon cancer is one of the most frequent cancers in developed
countries, and many epidemiological studies have suggested
a correlation with obesity and hyperlipidemia (1, 2). Recently, we
reported an age-dependent hyperlipidemic state in Apc-deficient
Min and Apc'®™ mice, animal models of human farmilial adeno-
matous polyposis {3, 4). The mRNA levels for lipoprotein fipase
{LPL), which catalyzes hydrolysis of triglycerides, were shown to
be down-regulated in the livers and small intestines of these
Apc-deficient animals compared with their wild-type counter-
parts. We also demonstrated that treatment with a peroxisome
proliferator-activated receptor o (PPAR«) agonist, bezafibrate,
and a PPARYy agonist, pioglitazone, concomitantly suppressed
hyperlipidemia and intestinal polyp formation in the mice with
induction of LPL mRNA (3, 4). Thus, LPL expression levels may
correlate with intestinal polyp development in Apc-deficient
mice.

LPL is the major enzyme responsible for the hydrolysis of
triglyceride-rich Hpoproteins such as chylomicrons and very
low-density lipoprotein (VLDL). LPL mRNA, is expressed ubig-
uitously in the body but especially in adipose tissue and skeletal
muscle, where it is synthesized then transferred to the surface of
endothelial cells, to become bound to membrane-anchored
heparan sulfate proteoglycans (5, 6). There are reports on
association of hyperlipidemia with lowered or lack of LPL (7, 8).
However, there have been no reports directly addressing links
between 1.PL and colon carcinogenesis.

2970-2974 | PNAS | February 22,2005 | vol. 102 | no.8
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There has been great interest in development of an LPL-
selective inducer for effective control of hypertriglyceridemia
and low levels of high-density lipoprotein cholesterol (HDL-C)
in serum. Several diethyl benzy!l phosphonate derivatives were
examined and one example, NG-1886, has been reported to
increase LPL mRNA and protein levels, resulting in a reduction
of plasma triglycerides and an increase in HDL-C levels in rats
(9). NO-1886 also improves obesity in rats through induction of
fatty acid oxidation-related enzymes, such as long-chain acyl-
CoA dehydrogenase and acetyl-CoA acyltransferase (10). More-
over, NO-1886 reduces high-cholesterol diet-induced atheroscle-
rotic lesions in rat coronary arteries (9).

It is well known that PPARa and PPARY agonists improve
hypertriglyceridemia and hypercholesterolemia through induction
of lipid metabolism-related genes such as LPL (11). Moreover,
these agonists have been documented to show antiproliferative and
proapoptotic effects in various types of cancer cells, including colon
cancer cells (12). Using a reporter gene assay, N(-1886 was
revealed not to possess PPAR« and PPARy agonistic activity,
unlike bezafibrate and pioglitazone (10). Thus, the LPL selective
activator, NO-1886, may be a very essential agent for determining
the relationship between hyperlipidemia due to LPL depression
and colon carcinogenesis. In this study, we therefore examined the
effects of 400 and 800 ppm NO-1886 in the diet on both hyperlip-
idemia and intestinal polyp formation in Min mice and demon-
strated concomitant suppression of both. Taking account of the fact
that NO-1886 also suppressed cyclooxygenase-2 (COX-2) mRNA
expression, possible mechanisms of its action in Ape-deficient mice
and the usage of N(O-1886 or its derivatives as possible candidates
of colon cancer prevention are also discussed.

Materials and Methods

Animals and Chemicals. Female C37BL/6-ApcM™ mice (Min
mice) were purchased from The Jackson Laboratory at 5 weeks
of age and genotyped by the method reported in ref. 13. We used
female animals for experimental convenience because there are
no significant differences in the numbers of intestinal polyps and
serum lipid levels between males and females (3, 4, 14). Het-
erozygotes of the Min strain and wild-type (C57BL/6J) mice
were acclimated to laboratory conditions for 2 weeks. Three 10
five mice were housed per plastic cage with sterilized softwood
chips as bedding in a barrier-sustained animal room air-
conditioned at 24 * 2°C and 55% humidity on a 12-h light/dark
cycle. The LPL selective inducer NO-1886, 4-[(4-bromo-2-
cyanophenylycarbamoyl]benzylphosphonate, was chemically
synthesized at Otsuka Pharmaceutical Factory (9). Its structure
is shown in Fig. 1. NO-1886 was well mixed at concentrations of

Abbrevistions: COX, cydooxygenase; HDL, high-density fipoprotein; HDL-C, HDL choles-
terol; INOS, inducible NO; LDL, low-density lipoprotein; LDL-C, LDL cholesterol; LPL, #-
poproteinlipase; PPAR, peroxisome proliferator-activated receptor; VLDL, verylow-density
lipoprotein; VLDL-C, VLDL cholesteral.

#To whom correspondence should be addressed. E-mail: kwakabay@gan2.res.nce.gop.
© 2005 by The National Academy of Sciences of the USA
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Structure of NO-1886.

Fig. 1.

400 and 800 ppm with AIN-76A powdered basal diet {(CLEA
Japan, Tokyo). The chemical was confirmed to be stable under
the experimental conditions used in this study.

Animal Experiments. To investigate the effects of NO-1886 on both
hyperlipidemia and intestinal polyp formation, 10-13 female
Min mice at 7 weeks of age were given 0 {control), 400, or 800
ppm NO-1886 in the diet for 13 weeks. Food and water were
available ad libitum. The animals were observed daily for clinical
signs and mortality. Body weights and food consumption were
measured weekly. At the kill ime points, animals were anesthe-
tized with ether, and blood samples were collected from the
abdominal aorta. Serum levels of triglycerides and total choles-
terol were measured as reported in ref. 3. In addition, the levels
of the major lipoprotein classes for cholesterol, VLDL, low-
density lipoprotein (LDL), and high-density lipoprotein (HDL),
were measured by HPLC (15). The experiments were conducted
according to the “Guidelines for Animal Experiments in Na-
tional Cancer Center” of the Committee for Ethics of Animal
Experimentation of the National Cancer Center.

The intestinal tract was removed, filled with 10% buffered
formalin, and separated into the small intestine, cecum, and colon.
The small intestine was divided into the proximal segment (~4 cm
in length), and then the proximal (middle) and distal halves of the
remainder. All segments were opened longitudinally and fixed flat
between sheets of filter paper in 10% buffered formalin. The
numbers and sizes of polyps and their distributions in the intestine
were assessed with a stereoscopic microscope (3).

RT-PCR Aualysis. Tissue samples from the normal parts of liver and
small intestine of mice (n = 3 each} were rapidly deep-frozen in
liquid nitrogen and stored at —80°C. Cells of a human colon
adenocarcinoma cell line, DLD-1, were purchased from the
Health Science Research Resources Bank (Osaka) and cultured
according to the supplier’s instructions. Total RNA was isolated
from tissues by using Isogen (Mippon Gene, Tokyo), treated with
DNase (lavitrogen) and applied at 3-ug aliquots in a final
volume of 20 pl for synthesis of cDNA. by using an Omniscript
RT Kit (Qiagen, Hilden, Germany) and an oligo(dT) primer.
The mixture was incubated for 10 min at 32°C, then 50 min at
42°C, and immediately cooled on ice. As an internal control to
confirm the integrity of the isolated mRNA, B-actin was used (3).
PCR was performed with specific primers for mouse LPL
(5'-primer-GGATCCGTGGCCGCAGCAGACGCAGGA-
AGA, 3'-primer-GAATTCCATCCAGTTGATGAATCTG-
GCCAC) (16), COX-1 (5-GTCATCAAGGAGTCCCGAG, 3'-
CCAGTTTCTTCAGTGAGGC), COX-2 (5-CACACTCTA-
TCACTGGCACC, ¥-CTCTCTGCTCTGGTCAATGG), in-
ducible nitric oxide (iNOS) (5'-CTTGGAGCGAGTTGTG-
GATTG, 3-CAGGAAGTAGGTGAGGGC), PPARy (5'-
TGAGACCAACAGCCTGACG, 3'-GATGTCAAAGGA-
ATGCGAGTGG), PPARa (5'-TCTTACCTGTGAACACGA-
CCTG, 3'-AGCAGTGGAAGAATCGGACC). PCR amplifica-
tion of 1 pl of cDNA was carried out in a final volume of 10 ul
with an PTC-200 DNA Engine (MJ Research, Waltham, MA), by
using a HotStarTag (Qiagen). Cycling conditions were as follows:
94°C for 20 sec, annealing temperature (60-64°C) for 30 sec, 72°C
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for 80 sec, and 25-35 cycles after an initial step of 95°C for 15 min.
A final elongation step of 72°C for 10 min completed the PCR. The
products were then electrophoresed in 2% agarose gels.

Reporter Gene Assay for COX-Z Promoter-Dependent Transcriptional
Activity. Stable transfectants containing pB2-Gal-BSD and
pCOX-2/B2-Gal-BSD in the genome DNA of DLD-1 celis were
prepared as described in ref. 17. Cells were seeded at a density
of 2 X 10% cells per well in 96-well plates and precultured for 24 b
They were then cotreated with type « TGF (TGFa) (100 ng/ mi)
and/or NO-1886 (2.5, 5, and 10 pM), and the total B-gal
activities of cells in each well were determined by colorimetric
assay with o-nitrophenyl-B-D-gal as described in ref. 17. The
background B-gal activity of DLD-1 cells was determined with a
control nontreated culture of DLD-1/B2-Gal-BSD cells, and the
value was set as 0. The basal B-gal activity of nontreated
DLD-1/COX2-B2-Gal-BSD was set as 100%. The percentage of
B-gal activity with each treatment was then calculated by using
data from triplicate wells. The values for S-gal activity were
normalized for total protein amount. All assays were carried out
in triplicate, and the experiment was repeated at least twice.

Statistical Analysis. The results were expressed as mean * SE
values, and statistical analysis was performed with Student’s
test. Differences were considered to be statistically significant
with £ < 0.05.

Resuits

Improvement of Seruzm Lipid Levels in Min Mice by NG-1886. Consis-
tent with our previous reports (3, 4), a hyperlipidemic state was
observed in the Min mice fed the basal diet at 20 weeks of age.
Namely, serum levels of triglycerides at 20 weeks of age were
dramatically increased to almost 30 times the wild-type value
(Fig. 24). Total cholesterol levels in Min mice were also in-
creased 1.7-fold (Fig. 2B). Moreover, VLDL cholesterol
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Fig.2. Suppression of serum lipid levels in Min mice by NO-1886. Values for
serum levels of triglyceride (A) and total cholestero! (8) in female Min mice
given diet containing NO-1886 at doses of 0 (n = 7}, 400 {n = 8), and 800 ppm
(n = 10) for 13 weeks and wild-type mice {n = 6) are shown. Data are means;
bars are SE. =, P 0.05; »*, P < 0.01.
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Fig. 3. Serum levels of cholesterol lipoproteins in female Min mice treated
with NO-1886. Shown are [ipoprotein classes in female Min mice given diets
containing NO-1886 at doses of 0, 400, and 800 ppm for 13 weeks and
wild-type mice. (4) VLDL cholesterol. (B} LDL chelesterol. {C) HDL cholesterol.
{D) The proportions of cholestero! lipoproteins. Open box, HDL cholesterol;
crosshatched box, LDL cholesterol; filled box, VLDL cholesterol}. Data are
means; bars are SE {n = 5). », P < 0.05; »+, P < 0.01.
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{(VLDL-C) levels in the basal diet group of Min mice were
24-fold higher than in their wild-type counterparts (Fig. 34).
LDL cholesterol (L.DL-C) levels were increased 3.3-fold,
whereas HDL-C was decreased to 50% of the wild-type value
(Fig. 3 B and ). The proportions of HDL-C, LDL-C, and
VLDL-C in the total cholesterol in Min mice (27%, 21%, and
52%, respectively) were almost opposite to those in wild-type
mice (86%, 10%, and 4%, respectively) (Fig. 3D).
Administration of 400 and 800 ppm NO-1886 did not affect
body weights or clinical signs of Min mice throughout the
experimental period. Amounts of daily food intake were not
different among groups, and daily intakes of NO-1886 in the 400-
and 800-ppm groups of Min mice were 1.2~1.5 mg per mouse per
day and 2.8-3.1 mg per mouse per day, respectively. In addition,
there were no changes observed in any organ weights that could
be attributable to toxicity. Administration of 400 and 800 ppm
N(O-1886 clearly decreased serum levels of triglycerides to 39%
and 31% of the untreated control value, respectively (Fig. 24).
The levels of total cholesterol were also decreased to 69% and
77% of the untreated control value (Fig. 2B). Furthermore,
levels of both triglyceride-rich lipoproteins, VLDL-C and
LDL-C, were dramatically suppressed by NO-1886 treatment.
The levels of VLDL-C in the groups treated with NO-1886 ar 400
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Fig.4. Effects of NO-1886 on the size distribution of intestinal polyps in Min
mice. Min mice were fed 3 basal diet (filled box) or a diet containing 400 ppm
{open box) or 8006 ppm (hatched box} NO-1886 for 13 weeks. The number of

polyps per mouse in each size class is given as a mean value; barsare SE. », P <
0.05; «+, P < 0.01.

and 800 ppm were reduced to 19% and 15% of the untreated
control value, and the levels of LDL-C were to 39% and 32% of
the untreated control value, respectively (Fig. 3 4 and B). In
contrast, HDL-C levels were increased to the wild-type value at
800 ppm (Fig. 3C). Overall, administration of NO-1886 im-
proved the balance of HDL-C, LDL-C, and VLDL-C in the total
cholesterol of Min mice (Fig. 3D).

Suppression of Intestinal Polyp Formation in Min Mice by NO-1886.
Table 1 summarizes data for the number and distribution of
intestinal polyps in the basal diet and NO-1886-treated groups.
Almost all polyps developed in the small intestine, with only a
few in the colon (Table 1). The total number of polyps were
significantly decreased by administration of 400- and 800-ppm
NO-1886 to 48% and 42% of the untreated controi value,
respectively, with reduction in the proximal, middle, and distal
parts by 63%, 57%, and 45% with 400 ppm, and by 74%, 63%,
and 49% with 800 ppm. Treatment with NO-1886 also signif-
icantly decreased the numbers of colon polyps.

Fig. 4 shows the size distributions of intestinal polyps in the basal
diet and NO-1886-treated groups. The main polyp sizes observad in
the basal diet groups were 0.5-3.0 mum in diameter. Administration
of NO-1886 reduced the numbers of polyps of all sizes.

Down-Regulation of COX-2 Transcriptional Activity by NO-1886. Ex-
pression of enzymes associated with inflammation has been
reporied to be increased in colon carcinogenesis (18). To cast
light on mechanisms of the effect of NO-1886 on colon
carcinogenesis, we investigated expression levels of mRNAs
for COX-1, COX-2, and iNOS in DLD-1 human colon cancer
cells by RT-PCR. As shown in Fig. 54, the TGFa-stimulated
mRNA levels for COX-2 were reduced to nonstimulated
mRNA levels by NO-1886 in DLD-1 cells. On the other hand,

Table 1. Suppression of intestinal polyp development in Min mice by NO-1886

Small intestine

Dose, ppm No. of mice Proximal Middle Distal Colon Total
0 7 23.1%x4.2 371 =111 60.4 + 12.2 1.0+ 0.2 121.7 = 260
400 8 85 * 1.4 (37y* 16.1 = 3.8 (43} 33.0 = 6.5 (55} 0.4 = 0.2 (38)F 58.0 = 10.8 (48)*
800 10 59 = 1.0 (26)* 13.8 % 2.6 37)* 30.5 & 5.0 (51)* 0.3+ 0.2 (30)F 50.5 = 7.8 (42)*

Data are means = 5E of the number of polyps per mouse. Numbers in parentheses are percentages of the control value.

*Significantly different from the basal diet group at P < 0.01.
Significantly different from the basal diet group at P < 0.05.
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Fig. 5. Suppression of COX-2 mRNA level and COX-2 transcriptional activity
in a human colon cancer cell line by NO-1886. (A} RT-PCR analysis of mRNA
expression levels for COX-1, COX-2, INOS, PPARY, and PPARe in DLD-1 cells
treated with the indicated dose of TGF« and/or NO-1886. (8) Reporter gene
assay for COX-2 promoter-dependent transcriptional activity in DLD-1 cells, All
assays were carried outintriplicate, and data are representative of atleasttwo
separate experiments, Data are means; bars are SD. #=, P < 0.01.

there was no obvious variation in the mRNA levels for COX-1
and iNOS (Fig. 54). In addition, we confirmed that NO-1886
did not change the mRNA levels for PPARYy and PPAR« in
DLD-1 cells (Fig. 54). Fig. 5B shows the results for S-gal
reporter gene assay in DLD-1 cells. Treatment of cells with 100
ng/ml TGFa for 48 h increased COX-2 transcriptional levels
to 1.6-fold of the control value, whereas NO-1886 at S and 10
uM suppressed TGFa-stimulated COX-2 transcriptional ac-
tivity to 1.2-fold of the control value. No significant decrease
of cell viability was observed after 48 h culture with NO-1886
at these concentrations.

Expression of LPL and COX-2 mRNAs in Liver and Small Intestine in Min
Mice Assessed by RT-PCR. LPL mRNMA levels in the liver and the
small intestine in the Min mice at 20 weeks of age were very low
but were markedly increased by the treatment with NO-1886
dose-dependently (Fig. 6). Consistent with the in vitro data in
Fig. 5, administration of NO-1886 reduced mRNA levels of
COX-2in normal parts of small intestine of Min mice at 20 weeks
of age (Fig. 6B). '

Discussion

This study provided clear evidence that administration of the
LPL selective inducer NO-1886, which increases LPL mRNA
and protein levels, suppresses both hyperlipidemia and intestinal
polyp formation in Min mice. Decrease in serum triglycerides,
VLDL-C and LDI~C, and an increase in HDL-C were demon-
strated, with elevation of LPL mRNA level and suppression of
COX-2 expression. NO-1886 is shown not to have a potential of
PPARa and PPARy agonists (10). It is therefore speculated that
LPL activity itself may play an important role in the intestinal
polyp formation in Apc-deficient mice.

We earlier reported dramatically increased serum levels of
triglycerides and markedly low levels of liver and small intestine
LPL mRNA in Min mice compared with their wild-type counter-
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Fig. 6. Changes of mRNA levels for LPL and COX-2 in the liver and srall
intestine of female Min mice. (&) RT-PCR analysis of LPL mRNA expression in
the livers of female Min mice given diets containing NO-1886 at doses of 0,
400, and 80O ppm for 13 weeks. (8) RT-PCR analysis of LPL and COX-2 mRNA
expression in normal parts of the small intestine of fernale Min mice given
diets containing NO-1886 at doses of 0, 400, and 800 ppm for 13 weeks. Data
are representative of three mice of each group.

parts (3, 4). This data provided concrete evidence that the expres-
sion levels of LPL, which catalyzes hydrolysis of triglycerides,
correlate with hypertriglyceridemia in Min mice. At present, it still
cannot be stated with certainty whether hyperlipidemia is a leading
cause of intestinal polyp formation. Colon tumors induced by
1,2-dimethylhydrazine in rats, however, are not linked to serum
lipid levels (19). As hyperlipidemia and polyp formation could be
refated to Ape-deficiency independently, we now address whether
low LPL activity and high serum lipid levels could promote
intestinal polyp formation in these mice.

It has been reported that inflammation-associated enzymes such
as COX-2 and iNOS are overexpressed in colon carcinogenesis {18).
Treatment with NO-1886 reduced COX-2 expression levels in a
reporter gene assay as well as normal parts of the small intestine of
Min mice. Immunohistochemically, expression of COX-2 is re-
ported to be observed in normal parts of the small intestine in Min
mice (20). Moreover, it is well known that expression of COX-2 is
markedly elevated in colon cancers of humans and AQOM-treated
rats and in intestinal polyps of Apc-deficient mice {21-23), playing
an important role in cancer cell proliferation and angiogenesis (24).
Therefore, down-regulation of COX-2 by NO-1886 is clearly one
possible mechanism underlying suppression of intestinal polyp
development.

There is evidence that prostaglandin (PG)Es, produced by
COX-1 and COX-2, is a poteni inhibitor of LPL expression in
macrophages (25). PGE; levels are also known to be elevated in
both human and rodent colon tumors (26, 27). These findings
support the speculation that the role of LPL in intestinal polyp
development may be associated with the arachidonic cascade.

In conclusion, this study indicates that the LPL selective
inducer, NO-1886, has potential benefits for treatment of both
hyperlipidemia and intestinal polyp development. LPL may
be a good target for chemoprevention. Thus, NO-1886 and its
derivatives are suggested to be promising candidate chemo-
preventive agents for colon cancer. It is very important to now
clarify LPL functions and their significance for cancer
development.
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Dextran sodium sulfate strongly promotes

colorectal carcinogenesis

mice: Inflammatory stimuli by dextran sodium sulfate

results in development of multiple colonic neoplasms

Takuji Tanaka'", Hiroyuki Kohno', Rikako Suzukil, Kazuya Hata®, Shigeyuki Sugie!, Naoko Niho®,

Katsuhisa Sakano®, Mami Takahashi® and Keiji Wakabayashi®

'Department of Oncologic Pathology, Kanazawa Medical University, Uchinada, Ishikawa, Japan

2BMR Laboratories, Sunplanet Co., Ltd., Kamiishidu, Gifu Japan

3Cancer Prevention Basic Research Project, National Cancer Center Research Institute, Chuo-ku, Tokyo, Japan

The mouse model for familial adenomatous polyposis, Apc™™/*
mouse, confains a truncating mutation in the Apc gene and sponta-
neously develops numerous adenomas in the small intestine but
few in the large bowel. Our study investigated whether dextran
sedium sulfate (DSS) treatment promeotes the development of
colonic neoplasms in Ape™™™ mice. Apc” ™" and Ape™™ mice of
both sexes were exposed to 2% dextran sedium sulfate in drinking
water for 7 days, followed by no further treatment for 4 weeks.
Immunohistochemistry for cycloexygenase-2, inducible nitric
oxide synthase, §-catenin, pS3, and nitrotyrosine, and mutations of
B-catenin and K-ras and loss of wild-type ailele of the Apc gene in
the colonic lesions were examined. Sequential observation of
female Apc™™* mice that received DSS was also performed up to
week 5. At week 5, numerous colonic neoplasms developed in male
and female Apc™™* mice but did net develop in Ape*’* mice.
Adenocarcinomas developed in Apc®™* mice that received DSS
showed loss of heterozygosity of Apc and no mutations in the p-cat-
enin and K-ras genes. The treatment also significantly increased
the number of small intestinal polyps. Sequential observation
revealed increase in the incidences of colonic neoplasms and dys-
plastic crypts in female Apc™™ ™" mice given DSS. DSS treatment
increased inflammation scores, associated with high intensity
staining of B-catenin, cyclooxygenase-2, inducible nitric oxide syn-
thase and nitrotyresine. Interestingly, strong nuclear staining of
p53 was specifically observed in colonic lesions of Ape™™™ mice
treated with DSS. Our results suggest a strong promotion effect of
DSS in the intestinal carcinogenesis of Apc™™ " mice. The findings
also suggest that strong oxidative/nitrosative stress caused by
DSS-induced inflammation may contribute to the colonic neo-
plasms development.

© 2005 Wiley-Liss, Inc.

Key words: ApcM'"’ *; mice; dextran sodium sulfate; colon carcino-

genesis; p53; nitrotyrosine

Carcinogenesis and inflammation are pathological consequen-
ces of injury and repair at the cellular and molecular levels'™ and
are influenced by several life style factors, including dietary fac-
tors.® Recent studies suggest inflarnmation in enhancing the risk of
various types of cancer” including colon cancer.* In fact, individu-
als suffering with inflammatory bowel disease (IBD) are at high
tisk of developing colon cancer.>® We recently proposed a novel
mouse colon carcinogenesis model and demonstrated the powerful
tumor-promoting effects of dextran sodium sulfate (DSS), which
can induce colonic mucosal inflammation, resembling the histopa-
thology of one of the IBD ulcerative colitis (UC ? on colon carci-
nogenesis initiated with azoxymethane (AOM),”_]O 1,2-dimetylhy-
drazine (DMH)'! or heterocyclic amines (HCAs)'? in mice. Thus,
inflammation/inflammatory stimuli induced by a short-term (for a
week) treatment with 2% DSS in drinking water after initiation
with 4 low-dose of carcinogens is effective for rapid induction of
colon neoplasms possessing [-catenin  gene mulations in
mice.!""'? Similarly, Cooper ef al."* found that inflammation plays
an important role in the dysplasia-cancer sequence in the colon.
They also reported the development of colon cancer in 60-day-old
Apc™™* mice that received 4% DSS alone.™ In addition, Barbour
et al'® suggested that a relationship between chronic inflamma-
tion and small intestinal tumorigenesis in Apc™™™ mice.
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Cyclooxygenase (COX)-2 und inducible nitric oxide synthase
(iNOS) play an important role in colon tumor growth and progres-
sion. COX catalyzes the commitied step in the conversion of
arachidonic acid to protumorigenic eicosanoids, such as prosta-
glandin E,, which are involved in the maintenance of tumor integ-
rity.'* COX-2 is frequently undetectable in normal tissues but is
induced by cytokines, growth factors, reactive oxygen species and
tumor promoters.’ Gene expression of COX-2 is upregulated in
80-85% of human colonic adenocarcinomas,' in colonic tumors
induced by AOM in rodents'® and in 80-85% of Apc™™'* mouse
adenomas.” Nitric oxide (NO) is endogenously produced by a
family of enzymes. NO is reported to cause mutagenesis™ and
DNA deamination,”? and is implicated in the inflammatory
responses and in the production of vascular endothelial growth
factor.”® Several studies also report that iNOS is up-regulated in
human cancers, including colon cancer®*® and in AOM-induced
colon tumors in rodents*® In addition, one study reported that
iNOS inhibitors suppress the development of AOM-induced aber-
rant crypt foci in rats.”” Although the role of INOS plus NO and
related radical species in intestinal polyposis is still controver-
sial,*™2* NO/INOS may be involved in intestinal tumorigenesis.>*
* The interaction between iNOS and P53 as a crucial pathway in
inflammatory-mediated carcinogenesis is also suggested.>* An
increased cancer risk occurs in the tissues undergoing chronic
inflammation.>® Thus, NO is 4 candidate free radical, and the p53
tumior suppressor gene is a candidate molecular target.”®

Familial adenomatous polyposis (FAP) is an inherited form of
human colon cancer characterized by the development of 100~
1,000 adenomas in the large intestine.>” If not removed, these
benign cpithelial neoplasms inevitably progress to carcinomas.”’
FAP can be caused by germline mutations in the adenomatous pol-
yposis coli (APC) tumor suppressor gene.® Min mice were a
germline mutation in the Apc gene and develop multiple polyps in
the intestine.*® Apc-deficient mice including Min mice are consid-
ered to be good models of FAP and have been used for investigat-
ing the influence of environmental factors, such as dietary factors,
carcinogens, chemopreventive agents and other xenobiotics.*’
However, unfortunately, unlike human FAP, most of the neo-

Abbreviations: AOM, azoxymethane; APC, adenomatous polyposis coli;
COX. cyclooxygenase; DMH, 1,2-dimethylhydrazine; DSS, dextran
sodium sulfate; FAP, familial adenomatous polyposis; H&E, hematoxylin
and eosin; HCAs, heterocyclic amines; IBD, inflammatory bowel disease;
iINOS, inducible nitric oxide synthase; LOH, loss of heterozygosity; NO,
nitric oxide; UC, ulcerative colitis.
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plasms occur predommdntly in me small intestine of these geneti-
cally altered mice. Yamada et al.*! recently reported that a number
of adenomatous lesions logether with a few tumors are present in
the colon of old Apc™™™ mice. The finding suggests the presence
of precursor cryptal lesions for colonic epithelial malignancies
and the possibility of progression of the lesions to epithelial neo-

plasms under appropriate experimental conditions. Mutations of

several genes, including Apc, B-catenin, K-ras, DCC, p53 and
alferations proteins’ expression, such as COX-2, B-catenin, iNOS
and Wnt/Apc/B-catenin signdling, pldv important roles in both
ChCHHCdIly induced colon carcinogenesis and human cancer devel-
opment ¥ Thus, colon carcinogenesis is characterized by a succes-
sion of molecular changes involving basic cellular process such as
cell proliferation, cell signaling and DNA integrity, but it is poorly
understood what sifts the balance between them, causing 4 cryptal
cell to lose its normal phenotype. Such knowledge could be cru-
cial for the first step in fighting colon cancer development.

In our study, we investigated whether acute inflammation
induced by DSS enhances small and large intestinal carcinogene-
sis in ApcM”’/+ mice. Mutational analysis of B-catenin and K-ras
genes and immunohistochemical analysis of Apc, B-catenin,
COX-2, iNOS and p53 expression were also performed in the
colonic neoplasms. The immunohistochemistry of nitrotyrosine, a
good marker for oxidative stress caused by inflammation,*? was
performied on the colonic mucosa of mice given DSS. In addition,
sequential pathological alteration of the farge intestines of female
Apd™™* mice exposed to DSS was investigated to fest our
hypothcsn that inflammation induced by DSS promotes the
growth of the early colonic cryptd[ lesions, dysplastic aberrant
crypt foci*? or adenomatous lesions*! and the treatment resulted
in the high frequency of colonic neoplasms in the short-term
(5 weeks).

Material and methods
Animals, chemicals and diets

Male and female CSTBL/6Y Apc™™* and Apc™* mice aged 3
weeks were obtained from The Jackson Laboratory (Bar Harbor,

ME). Mice were genotyped to identif; ity carriers of the Min allele of

Apc with a PCR assay as described.” They were housed in plastic
cages (4 or 5 mice/cage) under controlled conditions of humidity
(50 *= 10%), light (12/12 hr light/dark cycle) and temperature
(23 = 2°C). Drinking water and a pelleted basal diet, CE-2 (CLEA
Japan, Inc., Tokyo, Jdpdn) were available ad libitum. They were
quamntined for 7 days after arrival and then randomized by body
weights into experimental and control groups. DSS with a molecu-
lar weight of 40,000 was purchased from ICN Biochemicals, Inc.
(Aurora, OH).

Experimental procedure

Forty-seven Apct™™*
Apc*!
the experimental groups were given 2% (w/v) DSS in drinking
water for 1 week, starting 4 weeks of age. The control group (9
male and 10 female Apc v+ mice, and 17 male and 11 female
Apc*’™ mice) were given the tap water without DSS throughout
the experiment. Among them, 14 female Apc™™ ™ mice exposed
to 2% DSS were sequentially sacrificed at weeks 2 (4 mice), 3 (5
mice) and 4 (5 mice) to monitor the pathological alterations in
the large intestine. All the remaining animals were sacrificed at
week 5. At sacrifice, all organs were removed, and the small and
large intestines were cut open along their longitudinal axis, and
fixed flat in 10% buffered formalin for 24 hr at room temperature
after macroscopic inspection. Longitudinal sections of the large
intestine were made, and then processes for histopathological
examination were performed by routine procedures. Small intes-
tine was divided into 3 equal segments (proximal, middle and dis-
tal parts), the number and distribution were determined under a
dissecting microscope Nikon SMZ1000 (Nikon Co., Tokyo,
Japan). After counting, cross sections of the small intestine were

mice (16 males and 31 females) and 50

mice (29 males and 21 females) were used. Animals of

made at 2 mm intervals and processed for histopathological evala-
ation of the polyps by routine procedures. Histological examina-
tion was performed on hematoxyhn and eosin (H&E)-stained
sections. On H&E-stained sections, histological alterations, such
as mucosal dysplasia and colonic tumors, were examined. Colonic
mucosal dysplasia was diagnosed according to the criteria
described by Paulsen ef al®? Colomc tumors were diagnosed
according to the description by Ward.*

Scoring of inflammation in the intestinal mucosa

Mucosal inflammation with or without ulceration in the entire
intestine was analyzed on H&E-stained sections. Small and large
intestinal inflammation with or without mucosal ulceration was
graded according to the following morphological criteria de-
scribed by Cooper et al.:*® grade 0, normal appearance: grade 1,
shortening and loss of the bdml 1/3 of the actual crypts with mild
inflammation in the mucosa; grade 2, loss of the basal 2/3 of the
crypts with moderate inflammation in the mucosa; grade 3, loss of
the entire crypts with severe inflammation in the mucosa and sub-
mucosa, but with retainment of the surface epithelium and grade
4, presence of mucosal ulcer with severe inflammation (neutrophil,
lymphocyte and plasma cell infiltration) in the mucosa, submu-
cosa, muscularis propria and/or subserosa. The scoring was made
on the entire colon with or without proliferative lesions and
expressed as 4 mean average score/mouse.

Immunohistochemistry

Immunohistochemical analyses for B-catenin, COX-2, iNOS,
p53 and nitrotyrosine were carried out with 4 um-thick paraffin-
embedded sectxons as prekuslv described®®*” or a report by
Mollersen ez al.** As the primary antibodies, anti-B-catenin mouse
monoclonal antibody (diluted 1:1,000, Transduction Laboratories,
Lexington, KY), anti-COX-2 mouse monoclonal antibody (diluted
1:200, Transduction Laboratories), anti-INOS mouse monoclonal
antibody (diluted 1:250, Transduction Laboratories), anti-p53 rab-
bit polyclonal antibodies (CMS, diluted 1:100, Novocastra Labo-
ratories, Ltd., Newcastle, UK) and rabbit polyclonal anti-nitrotyro-
sine (diluted 1:500, Upstate Biotechnology, Lake Placid, NY)
were used. To reduce the nonspecific staining of mouse tissue by
the mouse antibodies, a4 Mouse On Mouse IgG blocking reagent
(Vector Laboratories, Inc., Burlingame, CA) was applied. For p53
and nitrotyrosine immunohistochemistry, normal rabbit serum was
used to block background staining. Nonspecific binding was
blocked by incubating the slides with a blocking solution (0.1 M
PBS containing 0.1% triton X-100 and 2% normal goat serum) for
nitrotyrosine. Staining was performed using a LSAB KIT or
DAKO EnVision kit (DAKOQO, Glostrup, Denmark) or Vectastain
Elite ABC Kit (Vector Laboratories, Burlingame, CA). At the last
step, the sections were counterstained with hematoxylin. As a neg-
ative control, omission of the primary antibody was used. To
quantitate the degree of nitrotyrosine stainability, the grading sys-
tem (Grade 0-4) was used dccordmg to the following criteria
described by Zingarelli et al®: Grade 0, no immunoreactivity;
Grades 1-3, increasing degrees ot intermediate immunoreactivity
and Grade 4, exlensive immunoreactivity.

Apc allelic loss analysis

Seventeen tissues (14 colonic adenocarcinomas and 3 colonic
mucosa) from male Apc™™* mice that received 2% DSS, and 5
tissues (2 colomc adenocarcinomas and 3 colonic mucosa) from
male Apc”™* mice that received tap water without DSS were
selected at random for Apc allelic loss analysis. They were
digested overnight at 50°C in 20 pl of lysis buffer containing
500 pg/ml proteinase K, 10 mmol/liter Tris-HCI (pH 8.0), 50
mmol/liter KCl, 0.45% NP40 and 0.45% Tween 20. The protei-
nase K was heat inactivated (10 min at 95°C). The tubes were cen-
trifuged for 5 min, and the supernatant was transferred to new
tubes. Loss of heterozygosity (LOH) of the Apc gene was checked
using PCR with mismatched primers, as described previousty.™®
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Briefly, the amplification of the Apc™™ allele resulted in a 155 bp

PCR product with I HindIIl site, whereas the 155 bp product from
the Apc™ allele contzined 2 HindMl sites. Hindlll digestion of
PCR-amplified DNA from Ape™™* heterozygous tissue resuited
in & 123 bp product from the Apc* allele and a 144 bp product
from the Apc™"" allele. Therefore, PCR products from tissue with
LOH displayed only 1 band (144 bp) from the Apc™™ aliele. Sam-
ples were assayed at least twice, independently.

DNA sequencing and mutation analysis of B-catenin
and K-Ras genes

A total of 17 tissues (14 colonic adenocarcinomas and 3 colonic
mucosa) from male Apc™™* mice that received 2% DSS were
subjected to analysis of B-catenin and K-ras. Also, a total of 5 tis-
sues (2 colonic adenocarcinomas and 3 colonic mucosa) from
male Apc™™'™ mice that reccived tap water without DSS were
subjected to analysis of these genes. PCR was perforned in B-cat-
enin and K-ras genes and the statuses were determined by direct
sequencing. Exon 3 of the B-catenin gene (McatF, 5-TCT-
CCTTGG CTGGCCTTTCTA-Y; McatR, 5'-GTCACACAGCCC-
TGTCAAGA-3') and exon ! of the k-ras gene (MrasF, 5'-GCC-
TGCTGAAAATGACTGAG-Y; MrasR, 5'-CTTTACAAGCGC-
ACGCAGAC-3") were amplified by PCR. Primers were included
in the following PCR reaction mixture, which contained in a total
volume of 20 ul: 20 pM of each primer, 200 uM of each deoxynu-
cleotide triphosphate, I unit of Tag polymerase in 1 X PCR buffer
(Promega. Madison, WI) and template DNA. The mixture was
heated at 94°C for 5 min and subjected to 30 cycles of denatura-
tion (94°C, 45 sec), annealing (57°C, 45 sec) and extension (72°C,
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Figure 1 - Macroscopic view of the large bowel (@) and histopathology of the colonic lesions (h—e) of male Apc:M"”/ *

DSS. (@) Male Apc™™™ mice given 2% DSS had multiple colonic turnors ( upper), while male Apc™in+ mice given tap had a few colonic tumors
(lower); (b) A polypoid tumor is diagnosed as tubular adenoma compressing surrounding crypts; {¢) A nodular tumor is diagnosed as well-differ-
entiated tubular adenocarcinoma (insert: cancer cells with tubular pattern); () Three dysplastic crypts with hyperchromatic nuclei (insert: a dys-
plastic crypt with bud formation) are noted in the colonic mucosa; and (¢) Colonic mucosal ulcer with regenerative hyperplasia is seen in the
colonic mucosa. H&E stain, original magnification: (b), {d), X 100; (¢}, X10; () X20; (¢, insert), X 100; and (d, insert), X200,

mice treated with 2%

1 min) using a GeneAmp PCR System 9700 (Applied Biosystems,
Foster City, CA). The products were sequenced directly after gel-
purification in both directions using a BigDye Terminator Cycle
Sequencing kit (Applied Biosystemns) according to the manufac-
turer’s recommendations. Reactions were analyzed on an ABI
Prism 3100 DINA Sequencer (Applied Biosystems).

Statistical analysis

Statistical significance of differences was evaluated by one-way
ANOVA with Bonferroni correction or Fisher's exact probabil-
ity test. Values were considered significantly different when
p < 0.05.

Resuits
Pathological findings

ApM™* ymice, but not Ape™’ mice, of both sexes exposed io
2 % DSS had bloody stools during DSS exposure. Other animals
were healthy during the study. At week 5, macroscopically, a
number of nodular, polypoid or caterpillur-like colonic tumors
(Fig. 1a) were observed mainly in the middle and distal colon of
male and female Apc™™™* mice trealed with 2% DSS, but few in
those treated with tap water. Microscopically, they were tubular
adenoma (Fig. 1) or well-/moderately-differentiated tubular
adenocarcinoma (Fig. 1¢). Simiiarl&l,' dysplastic crypts (Fig. 1d)
were frequently observed in all Apc™™ *mice of both sexes. Also,
mucosal ulcer was noted in mice given 2% DSS in drinking water
(Fig. le).
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TABLE Y~ INCIDENCE AND MULTIPLICITY OF LARGE INTESTINAL TUMORS AND DYSPLASTIC CRYPTS AT WEEK S

Colonic uimons: incidence (rultiplicity)

Genotype Sex Total: incidence (multiplicity') AD* ADC? Dysplastic crypts
2% DSS Tap water 2% DSS Tap water 2% DSS Tap water 2% DSS Tap water
Apc™™ Male  7/7,100%°  3/9,33%  7/7,100%*  2/9,22% /7, 100%*  2/9,22% 77, 100%  9/9, 100%
(943£331%) (044+0.73) (3.86x2.19%) (0.22£0.44) (5.57£237%) (0.22%0.44) (I8.86+2.18%) (6.561.67)
Female 7/7,100%°_ 3/10,30%  5/7,71%  2/10,20%  7/7,100%  2/10,20%  7/7.100% 10710, 100%
. (829£5.02° (0.5020.97) (3.29+3.04% (0.30%0.67) (5.00£2.16%) (0.20+042) (13.29%3.45%) (7.70%4.14)
Apc Male 0/12, 0% 0/17, 0% 0/12, 0% 0/17,0% 0/12, 0% 0/17, 0% 0/12, 0% 0/17,0%
(0 0 (0) (0 (0 (0 ) ()
Female /10, 0% 0/11, 0% 0/10, 0% 0/11, 0% 0/10, 0% 0/11,0% 0/10, 0% 0/L1,0%
© © ©) 0 (0 ©) © ©)

'No. of tumors/mouse, Mean + SD~?AD, adenoma; and ADC, adenocarcinoma.—Significantly different from Apc™™™* males received tap

water by one-way ANOVA with Fisher’s exact probability test (P < 0.05).—4Signiﬁcandy different from Apc™™'™ g
Fisher’s exact probability test or one-way ANOVA with Bonferroni correction (P < .01).~"Significantly different from Apc™™

males received tap water by
* females

recejved tap water by Fisher’s exact probability test or one-way ANOVA with Bonferroni correction (P < 0.01).—65igniﬁcantly different from
Apc™™™ females received tap water by one-way ANOVA with Bonferroni correction P < 0.05).

The incidences and multiplicities of colonic neoplasms (adeno-
mas and adenocarcinomas) and total colonic tumors are summar-
1zed in Table 1. The incidences of total tumors and adenocarcino-
mas in Apc®™" mice of both sexes given 2% DSS were signifi-
cantly greater than those given tap water alone (total tumors:
males, 100% vs. 33%, p < 0.05 and females, 100% vs. 30%, p <
0.01; adenocarcinoma: males, 100% vs. 22%, p < 0.01
and females, 100% vs. 20%, p < 0.01). Treatment with 2% DSS
significantly increased the incidence of colonic adenomas in male
ApM™™* mice when compared to that of male Apc™™* given tap
water alone (p < 0.01). As for dysplastic foci (Table I), the fre-
quencies in ApcMin/+ mice of both sexes given 2% DSS were
significantly greater than those given tap water alone (p < 0.01 for
males and p < 0.05 for females).

Time-course observation of colonic tumors in female Apc
mice revealed that the imitial tumor (histologically tubular
adenoma) developed at week 2 (Fig. 2a). The incidence of colonic
adenomas reached 100% at week 3 and that of adenocarcinomas
did at week 5, respectively (Fig. 2a), and their multiplicitis gradu-
ally increased up to week 5 (Fig. 2b). As for the frequency of dys-
plastic foci, there was no further increase in dysplastic crypts from
week 4 to week 5 (Fig. 2¢). The value at week 5 was significantly
larger than that at week 2 (p < 0.05).

As summarized in Table 11, a number of small intestinal Polyps
(histologically tubular adenoma) developed in all Apc™™ ™ mice
with both sexes treated with or without 2% DSS, but not in Apct'*
mice with both sexes treated with or without 2% DSS. Their fre-
quencies in Apc™™* males and females given 2% DSS were sig-
nificantly greater than in those given tap water alone (p < 0.05 for
males and p < 0.05 for females). Considering the distribution of
the polyps, significant increases in number were found at the distal
region (p < 0.01 for males and p < 0.01 for females) in Apc™™'*
mice of both sexes treated with 2% DSS when compared to those
in Apc™™* mice that received tap water. At the middle regions of
small intestine the numbers of polyps were significantly decreased
{p < 0.05 for males and p < 0.01 for females) in 2% DSS treated
ApcMin/+ mice of both sexes. Also, 2% DSS treatment increased
the size (by 18%) of polyps in the small intestine. On the other
hand, we could not find any polyps or tumors in the small intestine
of wild type mice.

Mini+

Score for inflammation in the iintestine

Table III summarizes data on colonic inflammation scores at
week 5. The values in Apc™™*and Ape*™'* mice of both sexes
treated with 2% DSS were significantly larger than those given tap
water alone (p < 0.01). No significant differences on the degrees
of colonic mucosal inflammation were noted between mice of 2
genotypes. Apc™™* and Apc*'*. Scoring of inflammation in the
time-course study indicated that the value decreased after the ces-
sation of 2% DSS (Fig. 2d). DSS exposure also produced small

intestinal inflammation in both Apc™™ " and Apc™* mice of both
sexes: the inflammation scores in Apc™™* mice were relatively
greater than those in Apc™’™ mice (data not shown). The scores of
Apc™™™* mice that received 2% DSS were high in order of the dis-
tal (1.29%0.76 for males and 1.142:0.69 for females), middle
(0.57x0.79 for males and 0.43+0.79 for females) and proximal

(0.43%0.53 for males and 0.29+0.49 for females) parts.

Immunohistochemistry of B-catenin, COX-2, INOS, p53
and nitrotyrosine

The immunoreactivities against B-catemin, COX-2, iNOS and
nitrotyrosine were found in all colonic lesions including
neoplasms and dysplastic crypts (Fig. 3) in the large intestine of
Apc™™* und Ape*’™ mice of both sexes that received 2% DSS.
Their intensity in the normal mucosa and the lesions induced in
mice given tap water was relatively weaker than that in ApcM™'*
mice treated with 2% DSS. p53 was positive in the nuclei of the
colonic lesions developed in Apc™™ ™, while negative in those in
Apc™'™ mice. The mmunoreactivity against 3 antibodies (B-catenin,
COX-2 and iNOS) was also observed in the small intestinal polyps
(tubular adenomas) in Apc™ ™™ mice of both sexes: the intensity
in mice given tap water was lower than those treated with DSS.

B-Catenin staining in adenoma cells showed positive in their
cell membrane and/or a few nuclei (Fig. 32) in Apc™™* mice
treated with 2% DSS. Strong B-catenin expression was observed
in the nucleus and cytoplasm of adenocarcinoma cells (Fig. 3b) in
Apc™™* mice given 2% DSS. The intensity of B-catenin staining
in adenoma cells was relatively weak when compared to carci-
noma cells. B-Catenin immunoreactivity was also observed in the
cell membrane, cytoplasm, and a few nuclei of dysplastic cells
(Fig. 3c). Nonlesional cryptal cells showed weak positivity of
bgr;-catenin in their cell membrane. In addition, a positive reac-
tion against B-catenin antibody was noted in the vascular endothe-
Lium, infiltrated inflammatory cells and ganglion cells in Auer-
bach’s plexus.

Strong COX-2 immunoreactivity was present in adenoma
(Fig, 3d) and adenocarcinoma cells (Fig. 3¢) in their cytoplasm in
Apc™™* mice treated with 2% DSS. Dysplastic cells (Fig. 3/)
showed relatively strong positivity for COX-2 when compared to
neoplastic cells. Nonlesional cryptal cells at the lower part of
crypts were weakly positive for COX-2, while strongly positive
reaction of COX-2 was seen in the endothelium of small blood
vessels and inflammatory cells infiltrated in the lamina propria.
Smooth muscle cells and fibroblasts in inflamed large bowel
showed weak reaction of COX-2.

iNOS-immunohistochemistry showed strong immunoreactivity
in the cytoplasm of adenoma (Fig. 3g) and adenocarcinoma
cells (Fig. 3k) in Apc™™™ mice given 2% DSS: the intensity
was greater in carcinoma cells when compared to adenoma
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Ficure 2 ~ Time-course observation of colonic lesions in female Apc™™™* mice treated with 2% DSS. The incidence (a) and multiplicity (b)
of colonic neoplasms and the multiplicity (¢) of colonic dysplastic crypt were gradually increased with time. Scores of colonic inflammation ()]
and nitrotyrosine-positivity (e) gradually decreased after the cessation of DSS treatment with time. AD and ADC refer to adenoma and adenocar-
cinoma, respectively. Data represent mean+SD (# = 4 mice at week 2, 5 mice at week 3, 5 mice at week 4, and 8 mice at week 5). Statistical
significance of differences was evaluated by Fisher’s exact probability test (a) or one-way ANOVA with Bonferroni correction (h—e). Statistical
significances of the squared correlation coefficients were found for the multiplicity of adenoma (r = 0.9817, p < 0.05), inflammation score
(r = —0.9618, p < 0.05), and nitrotyrosine positive score (r = —~0.9764, p < 0.05).

cells. Also, dysplastic cells (Fig. 3/) were positive for iNOS in  iINOS expression was strong in the endothelial cells of small
their cytoplasm and the intensity was relatively greater than blood vessels and inflammatory cells in the lamina propria.
neoplastic cells. The faint positive reaction was found in the COX-2- and iNOS-stained inflammatory cells were aso fre-
cytoplasm of nomlesional cryptal cells. Immunohistochemical quently observed in the mucosa.
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TABLE II — INCIDENCE AND MULTIPLICITY OF SMALL INTESTINAL POLYPS AT WEEK 35

Incidence (multiplicity) of small intestinal polyps ar

Genortype Sex Proximal region Middle region Distal region Total
2% DSS Tap water 2% DSS Tap water 2% DSS Tap water 2% DSS Tap water
ApcMiit Male 17, 100% 9/9,100%  7/7,100%  9/9, 100% 7/1,100%,  9/9, 100% 11, 100% 9/9, 100%
(94*24 Yy (9.1x21) (L2, 62) (16.0x3.7) (42. 9+10.4° )y (247258) (64.3%13. 3% ) (49.8%9.8)
Female 7/7,100% 10/10,100% 7/7,100% 10/10, 100% 7/7,100% 10/10,100%  7/7,100%  10/10, 100%
(72x24) (8.5£2.3) (8.7x2. 34) (14.1+30) (353 i4.8“) (20.0x5.1) (51254  (42.6x93)
Ape*'t Male 0/12,0%  0/17,0% 0/12, 0% 0/17, 0% 0/12, 0% 0/17, 0% 0/12, 0% 0/17, 0%
® V) O (V) V) © (0) )
Female 0/10, 0% 0/11, 0% 0/10, 0% 0/11, 0% 0/10, 0% 0/11, 0% 0/10, 0% 0/LL, 0%
)] 0 ©) (O] 0 © © ©

"The number of polyps per mouse (Mean=SD).—"Significantly djfferent from Apc

Min/+

Bonferroni correct;on (P < 0.05).-2Significantly different from Apc’
tion (P < 0.01)~"Significantly dlfferent from ApcM
0.01).-Significantly different from Apc™

Minl+ males received tap water by one-way ANOVA with

males received tap water by one-way ANOVA with Bonferroni correc-

“* females received tap water by one-way ANOVA with Bonferroni correction (P <
* females received tap water by one-way ANOVA with Bonferroni correction (P < 0.05).

TABLE II - SCORES OF INFLAMMATION AND NITROTYROSINE IMMUNOHISTOCHEMISTRY OF COLONIC
MUCOSA AT WEEK 5

Scere of inflammation

Score of nitrotyrosine-
inmmunohistochemistry (number

Genotype Sex (number of mice examined) of mice examined)
2% DSS Tap water 2% DSS Tap water
ApcMintt Male 2.8620.69'7 0.22+0.44 2.71%0.95% 0.11£0.33
)] © (N )
Female 2.14+0.69° 0.20£0.42 2.14+0.69° 0.10£0.32
: (7) (10) M (10
Apc™T Male 2.33+0.65" 0.24+0.44 2.25+1.06" 0.12 = 0.33
(12) an (i2) an
Female 2.10+074 0.18:0.41 2.14+0.69° 0.09+0.30
(10) (n (10 (1)

"Mean * SD. zngmﬁcamly dxfferent from Apc

with Bonferroni correction (£ < 0.01).~ Slgmﬁcantly dxfterem from Apc™™
by one-way ANOVA with Bonferroni correction (£ < 0.01)~ Slgmﬁcantly dlﬁerent from Apc +

Minl+

males received lap water by one-way ANOVA
* females reu:wed tap water
" males

received ta] tap water by one-way ANOVA with Bonferroni correction (P < 0.01).~ Slg,mﬁcantly different

from Apc™

Immunoreactivity of nitrotyrosine was noted in the cryptal cells
with or without disruption, infiltrated mononuclear inflammatory
cells, and endothelial cells of the smdll vessels in the colonic
mucosa and submucosa in Apc™™* and Apc™'T mice that
received 2% DSS. Among them, the stainability was strong in the
infiltrated mononuclear inflammatory cells. Adenoma cells
(Fig. 3j), adenocarcinoma cells (Fig. 3k) and dysplastic cryptal
cells (Fig. 3/) also showed moderately positive immunoreactivity
of mtrotyroxme m their cytopldsm The intensity in the colonic
lesions in Apc™™ "mice glven 2% DSS was strong when com-
pared to that observed in Apc*'™ mice given tap water alone. As
summarized in Table 11, scores of mtrotyrosmeqmmunoredcnvny
in the colonic mucosa of Apc™™ *and Apc*'* mice of both sexes
given 2% DSS were significantly greater than those given tap
water alone (p < 0.001). The score in the time-course abservation
indicated that the value decreased after the cessation of 2% DSS
(Fig. 2¢), as was the value of inflammation (Fig. 2d).

P53 immunoreactivity was observed in the nuclei of neoplastic
cells (adenoma and adenocarcinoma cells) with a Vdnety of stain-
ability, which developed in the colon of Apc™™ " mice treated with
DSS (Fig. 3m,n) but not in those given tap water alone. Also, the
nuclei of dysplastic crypts were positive for p53 antibody (Fig. 30).
Surrounding the mucosal ulcer, some nuclei of regenerative hyper-
plastic crypts in the colon were weakly positive for p53 antibody in
the colon of ApcM‘"’Jr mice treated with DSS (date not shown). No
stainability of p53 was observed in the small intestinal polyps (data
not shown) in Apc™*™ " mice treated with or without DSS.

Apc dallelic loss in colonic neoplasms

One hundred percent (14 of 14) of adenocarcinomas and 0% (0
of 3) of histologically normal colonic mucosa from male ApcMint
mice that received 2% DSS showed LOH of Apc. In male Apc™™*

fernales received tap water by one-way ANOVA with Bonferroni correction (£ < 0.001).

mice that received tap water alone, 100% (2 of 2) of adenocarcino-
mas showed LOH of Apc and 0% (Q of 3) of histologically normal
colonic mucosa was negative for LOH.

Muaation of B-catenin and K-Ras genes

B-Catenin and K-ras mutations were not detected in any of the
colonic adenocarcinomas examined.

Discussion

In our study, we investigated the influences of the inflammation
induced by 1-week exposure of 2% DSS in the drinking water on
intestinal cdrcmogenesls in Apc™*™* mice and found that the treat-
ment resulted in & much higher incidence and multiplicity of large
intestinal neoplasms in Apc™™* mice up to 5 weeks. Also, the
treatment significantly increased the number of small intestinal
polyps (tubuldr ddenomas) at the distal regions. Thus, we devel-
oped an Apc™™* mouse model with multiple colonic neoplasms,
which develop within 4 weeks after 1-week exposure DSS, in
addition to the increase in the number of small intestinal polyps.
Regardless of the types of gene and gender, all mice treated with
2% DSS had intestinal mucosal inflammation with various
degrees. However DSS treatment did not induce preneogldshc and
neoplastic lesions in the large bowel wild-type (Apc™'™) mice of
either sex. This report desLnbm% mpid development of a number
of colonic neoplasms in Apc™¥ mice within a short term period
(5 weeks) support an earlier work by Cooper et al.,'* who found
that treatment with 2 cycles of 4% DSS results in 40% incidence
of colon cancer with a multiplicity of 0.67+0.27 in female Min
mice at 42 days. Our findings suggest that the development of
colonic dysplastic crypts and/or neoplasms in the short-term (up to
5 weeks) needs both the gene (Apc) mutation and subsequent
inflammatory stimuli, but not either alone under the current exper-
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Froure 3 — Immunohistochemistry of the colonic lesions developed in male Apc™™

histochemistry; {d)~(f), COX-2 immunohistochemistry; {g)-(/), iNOS immunchistochemistry; (/}~(J), nitrotyrosine immunohistochemistry and
{m)—(0), p53 immunohistochemistry. Adenomas (g, 4, g, / and m), adenocarcinomas (b, e, , k and 1), and dysplastic crypts (¢, f; i, | and o) show
positive reaction with a variety of intensity against B-catenin, COX-2, iNOS, nitrotyrosine and p33 antibodies. Inserts of a, d, g, j and m are neg-
ative controls (NC) immunostained without antibodies show negative reactions. Inserts of b, e, h, k and n are immunohistochemistry of adeno-

* mice treated with 2% DSS. (a)—(c), B-catenin immuno-

carcinomas developed in Apc™ ™™

mice given tap water. Original magnification: (a), (), (d), (e), (&), (), (i), (§), (D), (m) and (), X100; (), (),
() and (o), X200, inserts, X200.
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