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In a previous study, we developed a novel mouse model for colitis-
related carcinogenesis, utilizing a single dose of azoxymethane
(AOM) followed by dextran sodium sulfate (DSS) in drinking water.
In the present study, we investigated whether colonic neoplasms
can be developed in mice initiated with a single injection of another
genotoxic colonic carcinogen 1,2-dimethylhydrazine (DMH), instead
of AOM and followed by exposure of DSS in drinking water.
Male crj: CD-1 (ICR) mice were given a single intraperitoneal
administration (10, 20 or 40 mg/kg body weight) of DMH and 1-
week oral exposure (2% in drinking water) of a non-genotoxic
carcinogen, DSS. All animals were killed at week 20, histological
alterations and immunohistochemical expression of ββββ-catenin,
cyclooxygenase (COX-2) and inducible nitric oxide synthase (iNOS)
were examined in induced colonic epithelial lesions (colonic
dysplasias and neoplasms). Also, the ββββ-catenin gene mutations in
paraffin-embedded colonic adenocarcinomas were analyzed by the
single strand conformation polymorphism method, restriction
enzyme fragment length polymorphism and direct sequencing. The
incidences of colonic neoplasms with dysplastic lesions developed
were 100% with 2.29 ±±±± 0.95 multiplicity, and 100% with 10.38 ±±±± 4.00
multiplicity in mice given DMH at doses of 10 mg/kg or 20 mg/kg
and 2%DSS, respectively. Although approximately half of the mice
given DMH at a dose of 40 mg/kg bodyweight were dead after 2–
3 days after the injection, mice who received DMH 40 mg/kg and
2%DSS had 100% incidence of colonic neoplasms with 9.75 ±±±± 6.29
multiplicity. Immunohistochemical investigation revealed that
adnocarcinomas, induced by DMH at all doses and 2%DSS, showed
positive reactivities against ββββ-catenin, COX-2 and iNOS. In DMH/
DSS-induced adenocarcinomas, 10 of 11 (90.9%) adenocacrcinomas
had ββββ-catenin gene mutations. Half of the mutations were detected
at codon 37 or 41, encoding serine and threonine that are direct
targets for phosphorylation by glycogen synthase kinase-3ββββ. The
present results suggests that, as in the previously reported model
(AOM/DSS) our experimental protocol, DMH initiation followed by
DSS, may provide a novel and useful mouse model for investigating
inflammation-related colon carcinogenesis and for identifying
xenobiotics with modifying effects. (Cancer Sci 2005; 96: 69–76)

Colorectal cancer (CRC) is one of the most common non-
smoking related cancers. The risk for CRC is associated

with extent and duration of inflammatory bowel disease (IBD),
including ulcerative colitis (UC) and Crohn’s disease.(1,2) The
etiopathogenesis of IBD remains uncertain, although it is generally
assumed that chronic inflammation is the primary driving
force.(3) To understand the pathogenesis of IBD and IBD-related
CRC, several animal models were reported. The chemically
induced and genetic models of colonic inflammation do not
completely mimic the disease situation found in UC patients,(4)

although they are more readily available, reproducible and
conductive to therapeutic and mechanistic studies. Most used
is an animal model with dextran sodium sulfate (DSS)

administration through the diet, or drinking fluid. A non-
genotoxic carcinogen, DSS(5) induces colonic inflammation in
rodents with clinical and histopathological similarity to human
UC.(6) However, the colitis model using DSS needs a long
period or cycle administration of DSS to induce colitis and
colitis-related CRC, and the incidence and/or multiplicity of
induced tumors are relatively low.(7) Recently, we developed a
novel mouse model for inflammation-related colon carcinogenesis
utilizing a single and low dose of azoxymethane (AOM), a
metabolite of 1,2-dimethylhydrazine (DMH), followed by a
strong tumor-promoter DSS in drinking water.(8) This combined
treatment with AOM and DSS resulted in a high incidence and
greater multiplicity of colonic neoplasms within 20 weeks.
Moreover, the first colonic malignancy was observed as early as
12 weeks of the experimental schedule. This model can be used
for detecting the chemicals with weak colonic carcinogenicity
in mice within a short-term period and for analyzing gene
mutations in induced colonic neoplasms. The colon carcinogen
DMH has been widely used to study chemically-induced colon
cancer in rodents. Regardless of the mode of administration,
DMH specifically induces colorectal tumors.(9) DMH-induced
colon tumors in rodents are very close to human colon cancer
with regard to morphology, pattern of growth and clinical
manifestations.(10) Colorectal adenocarcinomas, induced by DMH
in mice, often invade into the submucosa and muscular layer,
but those induced by AOM and methylazoxymethanol did not
show such biological and histological natures.(10,11) However,
the major weakness of the model, using DMH, is that multiple
injections of DMH and long-term experimental period are required
to induce colon tumors in laboratory animals. β-Catenin, acting
as a structural protein at cell–cell adherens junctions and as a
transcriptional activator mediating Wnt signal transduction,(12)

participates in a large cytoplasmic protein complex, which contains
the tumor suppressor gene product of adenomatous polyposis
coli (APC), glycogen synthase kinase-3β (GSK-3β) and axin/
conductin.(13) Frequent mutation of the β-catenin gene was
found in chemically induced colonic neoplasms in rodents.(14,15)

For example, β-catenin mutations were frequently observed in
AOM-induced colon tumors in rats and mice.(15,16) In rats, 32%
of colonic adenocarcinomas, induced by DMH, possessed β-
catenin gene mutations.(17) Mutation of the APC gene is known
to repress the degradation and result in accumulation of β-
catenin.(18) About 80% of colorectal neoplasms harbor mutations
in the APC gene and half of the reminder have β-catenin
mutation.(19–21) In the colonic neoplasms (adenomas and
adenocarcinomas), β-catenin was universally localized to the
cytoplasm and/or nucleus.(22) In addition, altered expression of
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β-catenin was reported in inflammation-related colonic cancer
in rodents(8,23) and humans.(24) These findings suggest that the
mutation of β-catenin gene plays an important role in the
development of colon carcinogenesis in rodents as well as in
humans. In the current study, we tried to induce colonic
neoplasms in mice with a single administration of DMH at three
dose levels followed by a 1-week exposure of DSS in drinking
water. In addition, we analyzed mutations of the β-catenin gene
in induced colonic adenocarcinomas and compared with those
found in colonic malignancies induced by AOM and DSS.(8)

Materials and Methods

Animals, chemicals and diets. Male Crj: CD-1 (ICR) mice
(Charles River Japan Inc., Tokyo, Japan) aged 5 weeks were
used. They were maintained at the Animal Facility of Kanazawa
Medical University according to the Institutional Animal Care
Guidelines. All animals were housed in plastic cages (four or
five mice/cage) with free access to drinking water and a pelleted
basal diet (CRF-1; Oriental Yeast Co., Ltd, Tokyo, Japan), under
controlled conditions of humidity (50 ± 10%), light (12:12 h
light : dark cycle) and temperature (23 ± 2°C). After 7-days
of quarantine, they were randomized by body weight into
experimental and control groups. DMH was purchased from
Wako Pure Chemical Ind. Ltd. (Osaka, Japan). DSS with a
molecular weight of 36 000–50 000 was obtained from ICN
Biochemicals, Inc. (Aurora, OH, USA [Cat no. 160110]).

Experimental procedure. A total of 43 male ICR mice were
divided into seven experimental and control groups. DMH was
dissolved in 0.9% saline and the pH adjusted to 6.5 using
0.25 M NaOH. Groups 1 (seven mice), 2 (eight mice) and 3
(eight mice) were given a single intraperitoneal (i.p.) injection of
DMH at a dose of 10, 20 or 40 mg/kg body weight, respectively.
Starting 1 week after the injection, animals in groups 1–3 were
given 2% (w/v) DSS in drinking water for 7 days, and then
followed without any further treatment for 18 weeks. Groups 4
(five mice) and 5 (five mice) were given DMH 20 and 40 mg/
kg body weight alone, respectively. Group 6 (five mice) was
given 2% DSS alone. Group 7 (five mice) was an untreated
control. All animals were killed at week 20 by ether overdose.
At the termination of the study, all organs, including small
and large intestines, in the mice were carefully inspected for
macroscopic pathological lesions. The large bowels were flushed
with saline, excised, their length measured (from ileocecal
junction to the anal verge), cut open longitudinally along the
main axis, and then washed with saline. Macroscopic inspection
on the large bowels was carefully carried out and they were cut
and fixed in 10% buffered formalin for at least 24 h. Formalin-
fixed colonic tissues were routinely processed for histological
examination. Histological diagnosis was performed on hematoxylin–
eosin (HE) stained section. Eleven colonic tumors, histologically
diagnosed as adenocarcinoma, were stored in a deep-freezer at
−80°C for analyzing β-catenin mutation. On HE-stained sections,
histological alterations, such as mucosal ulceration, dysplasia
and colonic neoplasms, were examined. Colitis with or without
ulceration was scored on HE-stained sections, according to the
following morphological criteria described by Cooper et al.:(25)

grade 0, normal colonic mucosa; grade 1, shortening and loss of
the basal one-third of the actual crypts with mild inflammation
in the mucosa: grade 2, loss of the basal two-thirds of the crypts
with moderate inflammation in the mucosa; grade 3, loss of the
entire crypts with severe inflammation in the mucosa and
submucosa, 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, submucosa, musculaaris propria and/or subserosa.
High- or low-grade of dysplasia of colonic mucosa was
diagnosed according to the criteria described by Riddell et al.(26)

and Pascal.(27) Colonic neoplasms were diagnosed according to
the description by Ward.(28) Histopathological examination was
also carried out in other organs.

Immunohistochemistry. As in our previous study,(8) immuno-
histochemistry for β-catenin, cyclooxygenase (COX)-2 and
nitric oxide synthase (iNOS), was performed on 3-µm-thick
paraffin-embedded sections from colons of mice in all groups,
utilizing the labeled streptavidin–biotin method using a LSAB
Kit (DAKO, Glostrup, Denmark) with microwave accentuation.
The paraffin-embedded sections were heated for 30 min at
65°C, deparaffinized in xylene, and rehydrated through graded
ethanols at room temperature. A 0.05 M Tris HCl buffer
(pH 7.6) was used to prepare solutions and for washes between
various steps. Incubations were performed in a humidified
chamber. Sections were treated for 40 min at room temperature
with 2% bovine serum albumin, and incubated overnight at
4°C with primary antibodies, such as anti-β-catenin mouse
monoclonal antibody (diluted 1:1000; Transduction Laboratories,
Lexington, KY, USA), anti-COX-2 mouse monoclonal antibody
(diluted 1:200; Transduction Laboratories), and anti-iNOS
mouse monoclonal antibody (cat. no. N32020-150; diluted
1:250, Transduction Laboratories). To reduce the non-specific
staining of mouse tissue by the mouse antibodies, a mouse on
mouse immunoglobulin G blocking reagent (Vector Laboratories
Inc., Burlingame, CA, USA) was applied for 1 h. Horseradish
peroxidase activity was visualized by treatment with H2O2 and
3,3′-diaminobenzidine for 5 min. At the last step, the sections
were weakly counterstained with Mayer’s hematoxylin (Merck
Ltd, Tokyo, Japan). For each case, negative controls were
performed on serial sections. On the control sections, incubation
with the primary antibodies was omitted. Intensity and
localization of immunoreactivities against all primary antibodies
used were examined on all sections using a microscope (Olympus
BX41, Olympus Optical Co., Ltd, Tokyo, Japan) and recorded.

DNA extraction. For analysis of β-catenin mutations, 11 colonic
adenocarcinomas developed in DMH (10 or 20 mg/kg body
weight)/DSS-treated mice were used. DNA was extracted from
frozen tissue using Wizard® Genomic DNA Purification Kit
(Promega, Madison, WI, USA).

Polymerase chain reaction-single strand conformation polymorphism
analysis. DNA from colonic adenocarcinomas was polymerase
chain reaction (PCR)-amplified with primers (5′-primer, GCTG-
ACCTGATGGAGTTGGA; 3′-primer, GCTACTTGCTCTT-
GCGTGAA), which were designed to amplify exon 3 of the
β-catenin gene containing the consensus sequence for GSK-3β
phosphorylation.(15) The length of the PCR product with these
primers is 227 bp. The primers were purchased from Sigma-
Aldrich Japan K.K. (Tokyo, Japan). PCR for non-radioisotopic
single strand conformation polymorphism (SSCP) was performed
in 50 µL of reaction mixture consisting of 0.5 µM of each
primer, 1 × PCR buffer (Takara Bio, Otsu, Japan), 250 µM each
dNTP, 2.5 U TaKaRa Ex Taq (Takara Bio) and 1 µL of template
DNA. The mixture was heated at 94°C for 1 min and subjected
to 30 cycles of denaturation (94°C, 0.5 min), annealing (55°C,
0.5 min) and extension (72°C, 1 min) using a using a TaKaRa
PCR Thermal Cycler Dice (Takara Bio). The amplified PCR
product was analyzed for its mobility-shifted bands using a
GenePhor (Amersham Biosciences Corp., NJ, USA) with a
GeneGel Clean (Amersham Biosciences Corp.) according to the
manufacturer’s protocol. Electrophoresis was carried out at 90 V
for 25 min and then 500 V for 50 min at 20°C, and the gels were
soaked in 10% trichloroacetic acid and in 50% methanol for
10 min each. DNA bands were detected by silver staining using
2D Silver Staining Solution II (Daiichi Chemical DNA Co.,
Tokyo, Japan).

Restriction fragment length polymorphism assay for PCR products
of ββββ-catenin. To detect β-catenin mutations at codons 32, 33 and
34, PCR products were treated with a restriction enzyme HinfI
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(Wako Pure Chemical Industries, Tokyo, Japan) and
electrophoresed on 5% agarose gels. Recognition sequences of
HinfI are GANTC. The PCR product of 227 bp is digested by
HinfI to 82, 7 and 138 bp in the case of the wild-type, to 89 and
138 bp with mutations at the first or second bases of codons 32
or 33, and to 82 and 145 bp with mutations at the second or
third bases of codons 34 or 35.

Direct DNA sequencing. The PCR products were purified and
concentrated to 20 µL using Microcon 100 (Amicon Inc.,
Beverley, MA, USA). With 2 µL of the purified PCR products
and 5′ or 3′ PCR primers, cycle sequencing reactions were
carried out using a BigDye Terminator v1.1 Cycle Sequencing
Kit (Applied Biosystems, Foster City, CA, USA) and purified by
isopropanol precipitation. The sequences were determined with
an ABI PRISM 310 Genetic Analyzer (PerkinElmer, Wellesley,
MA, USA).

Statistical analysis. All measurements were compared by
Student’s t-test, Welch’s t-test, chi-squared test or Fisher’s exact
probability test for multiple group comparisons.

Results

General observations. Approximately half of the mice injected
40 mg/kg body weight of DMH (four mice of group 3, and two
mice of group 5) died of hepatotoxicity of DMH 2–3 days after
the injection. This was confirmed by histological examination of
liver. Also bloody stool was found during and soon after of DSS
exposure (days 12–21) in a few mice who received 2% DSS in
drinking water, and their body weight gains were slightly decreased
(data not shown). Thereafter, however, no such clinical symptoms
were observed. The body and liver weights, and lengths of large
bowel of mice in all groups at the end of the study (week 20)
are listed in Table 1. There were no significant differences
among the groups in these measurements.

Pathological findings. Macroscopically, nodular, polypoid or
flat-type colonic tumors were observed in the middle and

distal colon of all mice in groups 1–3 (Fig. 1), but not in the
small intestine. Their histopathology was well- or moderately-
differentiated tubular adenocarcinoma (Fig. 2a) or tubular
adenoma (Fig. 2b). Histologically, there were no tumors in any
organs other than the large bowel in these groups. The incidences`
and multiplicities of large bowel adenoma, adenocarcinoma and
total tumors (adenoma + adenocarcinoma) are summarized in
Table 2. The incidences of total tumors and adenocarcinoma
in mice of given DMH/DSS (groups 1–3) were 100%. The
multiplicities of total tumors, adenoma and adenocarcinoma in
groups 2 and 3 were significantly higher than those of group 1
(P ≤ 0.001, P ≤ 0.01 or P ≤ 0.05, respectively). In mice of groups
4–7, no neoplasms developed in any organs including large bowel.
Besides colonic neoplasms, all mice in groups 1–3 had colonic
dysplasia (Fig. 2c). Their multiplicities were 4.71 ± 2.29, 7.13
± 1.27 and 8.25 ± 3.10 in groups 1, 2 and 3, respecively
(Table 3). The multiplicities of total dysplasia and high-grade
dysplasia in groups 2 and 3 were significantly greater than those
of group 1 (P ≤ 0.02, P ≤ 0.01 or P ≤ 0.05, respectively). There
were no such dysplatic lesions in mice of groups 4–7. In
addition, colonic mucosal ulceration (grade 1) was found in the
distal colon of mice in groups 1, 2, 3 and 5 (Table 3).

Table 1. Body weights, liver weights, and lengths of large bowel in each group
 

 

Table 2. Incidence of large bowel neoplasms in mice treated with 1,2-dimethylhydrazine and dextran sodium sulfate
 

Group no. Treatment (no. mice examined) Body weight (g) Liver weight (g) Length of large bowel (cm)

1 DMH 10 mg/kg→2%DSS (7) 42.6 ± 2.7† 2.47 ± 0.29 13.8 ± 1.3
2 DMH 20 mg/kg→2%DSS (8) 43.3 ± 3.0 2.63 ± 0.35 13.5 ± 1.5
3 DMH 40 mg/kg→2%DSS (4) 44.3 ± 3.9 2.64 ± 0.21 13.9 ± 1.2
4 DMH 20 mg/kg (5) 45.9 ± 3.6 2.81 ± 0.41 14.5 ± 1.1
5 DMH 40 mg/kg (3) 43.2 ± 1.9 2.86 ± 0.46 14.9 ± 0.1
6 2%DSS (5) 42.1 ± 5.5 2.82 ± 0.31 13.9 ± 1.0
7 None (5) 44.6 ± 3.2 2.32 ± 0.45 15.0 ± 0.9

†Mean ± standard deviation. DMH, 1,2-Dimethylhydrazine; DSS, dextran sodium sulfate.

Group no.
Treatment 

(no. mice examined)

No. mice with large bowel neoplasms

Total (%) 
(multiplicity)

Adenoma (%) 
(multiplicity)

Adenocarcinoma (%) 
(multiplicity)

1 DMH 10 mg/kg→2%DSS (7) 100 57.1 100
(2.29 ± 0.95) (1.00 ± 1.15) (1.29 ± 0.50)

2 DMH 20 mg/kg→2%DSS (8) 100 87.5 100
(10.38 ± 4.00)* (4.63 ± 3.29)** (5.75 ± 1.83)*

3 DMH 40 mg/kg→2%DSS (4) 100 100 100
(9.75 ± 6.29)** (5.25 ± 4.65)*** (4.50 ± 1.73)*

4 DMH 20 mg/kg (5) 0 0 0
5 DMH 40 mg/kg (3) 0 0 0
6 2%DSS (5) 0 0 0
7 None (5) 0 0 0

Significantly different from group 1 by Student’s t-test (*P < 0.001, **P < 0.01, and ***P < 0.05). DMH, 1,2-Dimethylhydrazine; DSS, dextran sodium 
sulfate. Numbers in parentheses are multiplicity (mean ± standard deviation) of large bowel tumors.

Fig. 1. Representative macroscopic view of the colonc from group 2 (1,2-
dimethylhydrazine [DMH] 20 mg/kg body weight →2% dextran sodium
sulfate [2%DSS]). Note the numerous polypoid tumors in the colon.
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Immunohistochemical findings. The immunoreactivities against
β-catenin, COX-2 and iNOS were noted in all colonic lesions,
including neoplasms and dysplastic lesions. The immunoreactivity
showed dark brown reaction products with slight variation in the
intensity and distribution. Strong β-catenin expression was seen
in the nucleus and cytoplasm of adenocarcinoma cells (Fig. 3a).
Although the intensity was relatively weaker than carcinoma
cells, adenoma cells showed positivity for β-catenin in their
cytoplasm and cell membrane. β-Catenin immunoreactivity was
also found in the cell membrane and cytoplasm of dysplastic
cells, but intensity was weaker than adenoma cells. Non-lesional
cryptal cells showed weak positivity of β-catenin in their cell
membrane. In addition, positive reaction against β-catenin
antibody was found in the cytoplasm of vascular endothelium,
infiltrated inflammatory cells, and ganglion cells in myenteric
(Auerbach’s) plexus. Strong COX-2 immunoreactivity was

found in adenocarcinoma cytoplasm (Fig. 3b). Adenoma cells
also were found in their cytoplasm, and the intensity was
weaker than adenocarcinoma cells. Dysplastic cells showed
weak positivity for COX-2 when compared to neoplastic cells.
Non-lesional cryptal cells at lower part of crypts were weakly
positive for COX-2, and the stainability was lower than
dysplastic crypts. Strongly positive reaction of COX-2 was
also seen in the endothelium of small blood vessels, and
inflammatory cells infiltrated in the lamina propria. Smooth
muscle cells and fibroblasts in the wall of the large bowel
showed weak reaction of COX-2. iNOS-immunohistochemistry
showed strong immunoreactivity in the cytoplasm of adeno-
carcinoma (Fig. 3c) and adenoma cells; the intensity was greater
in carcinoma cells when compared to adenoma cells. Also,
dysplastic cells were positive for iNOS in their cytoplasm, but
the intensity was weaker than adenoma cells. The faint positive

Fig. 2. Histopathology of colonic neoplasms developed in mice. (a) adenocarcinoma (b) adenoma, and (c) dysplasia. Hematoxylin–eosion stain.
Original magnification (a) ×4, (b) ×10, and (c) ×20.
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Table 3. Incidence of large bowel ulceration and dysplasia in mice treated with 1,2-dimethylhydrazine and dextran sodium sulfate
 

Group no.
Treatment 

(no. mice examined)
Incidence of mucosal ulcer (%) 

(multiplicity)

Incidence of colonic dysplasia (multiplicity)

Total Low-grade High-grade

1 DMH 10 mg/kg→2%DSS (7) 100 100 100 100%
(2.43 ± 1.40) (4.71 ± 2.29) (3.00 ± 1.29) (1.71 ± 1.11)

2 DMH 20 mg/kg→2%DSS (8) 100 100 100 100%
(1.86 ± 0.4) (7.13 ± 1.25)* (2.88 ± 1.25) (4.25 ± 1.58)**

3 DMH 40 mg/kg→2%DSS (4) 100 100 100 100%
(2.50 ± 1.29) (8.25 ± 3.10) (4.00 ± 1.41) (4.25 ± 2.22)***

4 DMH 20 mg/kg (5) 0 0 0 0
(0) (0) (0) (0)

5 DMH 40 mg/kg (3) 0 0 0 0
(0) (0) (0) (0)

6 2%DSS (5) 40 0 0 0
(0.51 ± 0.32) (0) (0) (0)

7 None (5) 0 0 0 0
(0) (0) (0) (0)

Significantly different from group 1 by Student’s t-test (*P < 0.02, **P < 0.01, and ***P < 0.05). DMH, 1,2-Dimethylhydrazine; DSS, dextran sodium 
sulfate. Numbers in parentheses are multiplicity (mean ± standard deviation) of large bowel tumors.

Fig. 3. Immunohistochemistry of (a) β-catenin, (b) cyclooxygenase (COX-2), and (c) nitric oxide synthase (iNOS), and immunofluorescent staining
of β-catenin in colonic adenocarcinoma in mice. Original magnification (a–c) ×10.
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reaction was found in the cytoplasm of non-lesional cryptal
cells. Immunohistochemical iNOS expression was strong in the
endothelial cells of small blood vessels and inflammatory cells
in the lamina propria. COX-2- and iNOS-stained inflammatory
cells were also frequently observed in areas of mucosal ulceration
in groups 1, 2, 3 and 6. The results of immunoreactivities
against β-catenin, COX-2, and iNOS are summarized in Table 4.

Mutation in ββββ-catenin gene. In this study, we analyzed the
status of the β-catenin gene in the histological sections of
DMH/DSS-induced colon adenocarcinomas. We detected β-
catenin gene mutations in 10 out of 11 colonic adenocarcinomas
induced by DMH (10 or 20 mg/kg bodyweight) and 2% DSS
(Figs 4,5). All mutations detected in colon adenocarcinomas
converged at codons 32, 34, 37 and 41, all being functionally
important codons for β-catenin degradation: five were located at
the second base of codon 34, three at the second base of codon
41, two at the first base of codon 37 and one at the first base of
codon 32. Except for mutation (A : T to G : C) at the first base
of codon 37, all were G : C to A : T transitions (Table 5).

Discussion

In the current study, a single i.p. injection of DMH (10, 20 or
40 mg/kg body weight) followed by a 1-week exposure of 2%
DSS in drinking water, could produced colonic adenocarcinomas
with 100% incidence in male ICR mice within 20 weeks. All
of the DMH/DSS-induced colonic adenocarcinomas were
immunohistochemically positive for β-catenin, COX-2 and
iNOS. Moreover, 10 (91%) out of 11 colonic adenocarcinomas
had β-catenin mutations. However, no colonic neoplasms were
found in mice treated with DMH alone or DSS alone. These
findings indicated a powerful tumor-promoting ability of DSS
on DMH-initiated colon carcinogenesis in male ICR mice, as
found in our previous experiment using AOM as a carcinogen.(8)

In the current study, dosing of 40 mg/kg body weight of DMH
was lethal in almost half of the mice. This was caused by

hepatotoxicity (necrosis and bleeding in the liver) of DMH at
the dose. Therefore, appropriate dose of DMH was considered
to be 10 or 20 mg/kg body weight in this model. β-Catenin is a
multifunctional molecule involved in the cadherin-mediated
cell–cell adhesion and Wnt-APC signal transduction.(29) Regulation
of membrane, cytoplasmic and nuclear pools of β-catenin is
crucial for modulating its adhesion and signaling functions.(30)

Normally, β-catenin is localized in cell–cell junctions with very
low levels of β-catenin in the cytoplasm and nucleus.
Accumulation of β-catenin in the cytoplasm or nucleus as a
consequence of mutant APC, β-catenin or Axin, is associated
with colon carcinogenesis.(31) β-Catenin accumulation moves

Table 4. Expression of ββββ-catenin, nitric oxide synthase and
cyclooxygenase in 1,2-dimethylhydrazine/dextran sodium sulfate-
induced mouse colon lesions
 

 

Protein Normal mucosa Dysplasia Adenoma Adenocarcinoma

β-Catenin ± ∼ + + ∼ ++ ++ +++
(M†) (M, C‡) (M, C) (C, N§)

COX-2 – ∼ ± + ++ +++
(C) (C) (C) (C)

iNOS – ∼ ± + ++ +++
(C) (C) (C) (C)

†Cell membrane; ‡cytoplasm, §nucleus. –, No staining; ±, faint and 
partial staining; +, weak staing; ++, moderate staining, +++, strong 
staining. COX-2, cyclooxygenase; iNOS, nitric oxide synthase.

Fig. 4. Polymerase chain reaction–single strand
conformation polymorphism (PCR-SSCP) analysis
of the β-catenin gene in mouse colon
adenocarcinomas. 1,2-Dimethylhydrazine/dextran
sodium sulfate (DMH/DSS)-induced mouse colon
adenocarcinomas (lanes 1–11). Lanes 1–3: DMH
(10 mg/kg body weight)/DSS-induced mouse colon
adenocarcinoma samples. Lanes 4–11: DMH
(20 mg/kg body weight)/DSS-induced mouse colon
adenocarcinoma samples. Lane ND: DMH (20 mg/kg
body weight)-induced mouse colon mucosa sample.
Lane NC: negative control mouse colon mucosa
sample. Arrowheads indicate tumor-specific bands.

Table 5. Mutations in exon 3 of the ββββ-catenin gene in 1,2-
dimethylhydrazine/dextran sodium sulfate-induced mouse colonic
adenocarcinomas
 

 

Sample β-catenin status Amino acid substitution

DMH 10/DSS-1 Codon 37 TCT→CCT Ser→Pro
DMH 10/DSS-2 Codon 32 GAT→AAT Asp→Asn
DMH 10/DSS-3 Codon 37 TCT→CCT Ser→Pro
DMH 20/DSS-4 Wild type –
DMH 20/DSS-5 Codon 34 GGA→GAA Gly→Glu
DMH 20/DSS-6 Codon 34 GGA→GAA Gly→Glu
DMH 20/DSS-7 Codon 41 ACC→ATC Thr→Ile
DMH 20/DSS-8 Codon 34 GGA→GAA Gly→Glu

Codon 41 ACC→ATC Thr→Ile
DMH 20/DSS-9 Codon 34 GGA→GAA Gly→Glu
DMH 20/DSS-10 Codon 41 ACC→ATC Thr→Ile
DMH 20/DSS-11 Codon 34 GGA→GAA Gly→Glu

DMH, 1,2-Dimethylhydrazine; DSS, dextran sodium sulfate.

Fig. 5 Restriction fragment length polymorphism (RFLP) analysis of
the β-catenin gene in mouse colon adenocarcinomas. Lanes 1–11: 1,2-
dimethylhydrazine/dextran sodium sulfate (DMH/DSS)-induced
mouse colon adenocarcinomas samples. Lanes 1–3: DMH (10 mg/kg
bodyweight)/DSS-induced mouse colon adenocarcinoma samples.
Lanes 4–11: DMH (20 mg/kg body weight)/DSS-induced mouse colon
adenocarcinoma samples. Lane M: DNA size markers. Lane N: Negative
control mouse colon mucosa sample. Arrowheads indicate tumor-
specific bands.
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from the cytoplasm to the nucleus when the β-catenin or APC
genes are mutated or the Wnt signaling pathway is activated.(32)

Immunohistochemically aberrant expression of β-catenin was
reported in colonic neoplasms and dysplasia in a DSS-induced
mouse colitis model,(23) and human colitis-related dysplasia and
neoplasms.(33,34) The observed frequent mutations in the GSK-3β
phosphorylation consensus motif of the β-catenin gene appear
to be associated with alteration of the cellular localization and
functional site of the protein, as shown by immnohistochemical
staining in the present study. Our results are comparable to those
in a recent report describing altered distribution of β-catenin in
UC-related CRC.(35) Although, the β-catenin gene is frequently
mutated at codons 33, 41 and 45 of the GSK-3β phosphoryla-
tion motif in human colon cancers without APC mutations,(36)

the mutations of the gene in chemically induced rat colon
tumors is found at codons 32, 33 and 34.(15,17) In the present
study, we detected β-catenin gene mutation of mouse colon
adenocarcinomas, induced by DMH/DSS, at codon 32, 34, 37
and 41. The location was slightly different from a report
documenting that β-catenin gene mutations of mouse colon
tumors, induced by AOM, were present at codons 33, 34, 37 and
41, but not at codon 32.(16) Recently, we detected β-catenin gene
mutations of mouse colon adenocarcinomas, induced by AOM/
DSS, at codons 32, 33 and 34.(37) However, in the current
protocol, half of the mutations caused by DMH/DSS treatment
were at codon 37 and 41, which are important serine and
threonine sites for GSK-3β phosphorylation. Koesters et al.(17)

reported that the different mutational spectra, observed in
Ctnnb1, directly relates to the particular carcinogenic treatment.
They demonstrated that the β-catenin mutations at codons 37 and
41 possess higher oncogenic potential.(17) Therefore, it may be
speculated that DSS exposure caused a shift in the mutation sites
induced by DMH alone treatment. Since mutation of β-catenin
is reported to be an early event of colorectal carcinogenesis,(38)

molecular analysis at early stage of colon carcinogenesis should
be carried out in this model. Although the mutations of the APC
and β-catenin are rare in UC-related CRC, as compared with
sporadic CRC, nuclear β-catenin expression is related to UC-
related CRC development.(39) Since the data on β-catenin
mutation in UC-related CRC are limited, more studies are
required to determine the role of the β-catenin mutation in UC-
related CRC. Also, expression of c-myc, cyclinD1 and c-jun,
which are targets of the β-catenin/APC pathway,(17,40,41) may also
influence colon carcinogenesis in the present model. Such
analysis is underway in our laboratory. Nitric oxide (NO) and
prostaglandin, as the main inflammatory mediators, take part
in the pathogenesis of IBD, with enhanced expression of iNOS
and COX-2 in the morbid colonic mucosa.(42,43) Moreover,

expression of the iNOS and COX-2 is increased in human
colorectal tumors with inflammation,(44) and in carcinogen-
induced colon tumors in rodents.(45) There exist various proposed
pathways for NO-induced regulation of COX-2 expression and
for modulation of cancer development.(46) They include cross–
talk or interactions between endogenous NO and COX-2, and
between β-catenin/APC pathway and COX-2.(47) β-Catenin/APC
is reported to play a critical role in NO induction of COX-2 in
colon epithelial cells.(48) Furthermore, Howe et al.(49) demonstrated
that β-catenin/Tcf-4 complex transactivates the expression of
PEA3, a transcription factor of Ets family, and stimulates
COX-2 expression. More recently, it has been reported that
NO increases PEA3 expression through β-catenin/APC pathway
and directly augments the COX-2 promoter activity of the
PEA3/p300 in YAMC cells.(50) In the present study, all colonic
neoplasms were immunohistochemically positive for iNOS and
COX-2, which was in accordance with the previous reports.(8)

Furthermore, strong β-catenin expression was found in the
nucleus and cytoplasm of adenocarcinoma cells. It may be
possible that the increased expression of iNOS may be related
to the altered localization of β-catenin, and/or increased
expression of COX-2 in the colonic tumor formation and/or
progression. Our recent work suggest involvement of oxidative/
nitrosative stress in tumor-promoting effect of DSS on AOM-
induced colon carcinogenesis in mice.(51)

In conclusion, the results in the current study indicate that
a single dose of DMH followed by DSS resulted in a high
incidence of colonic epithelial malignancies with β-catenin
mutations within 20 weeks. Furthermore, half of the β-catenin
mutations, detected in adenocarcinomas, were at codon 37
and 41, and strong β-catenin expression was seen in their
nucleus and cytoplasm. Also, our findings suggest the impor-
tance of inflammation caused by DSS exposure in mouse colon
carcinogenesis. The experimental protocol described here
could be applied to investigate detailed molecular mechanism
of inflammation-related CRC, as is the AOM/DSS model.(8)
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