ONCOLOGY LETTERS 21: 7, 2021

Long-term model of colitis-associated colorectal cancer suggests
tumor spread mechanism and nature of cancer stem cells
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Abstract. Although chemical-induced animal models
of colorectal cancer (CRC) suggest a lot about the
disease, more efforts are required to establish metastasis
models. Azoxymethane (AOM) and dextran sodium
sulfate (DSS)-treated (AOM/DSS) Crl:CD-1 mice were
sacrificed after 10 or 20 weeks in our previous study, and
most colon tumors exhibited intramucosal adenocarci-
nomas. Our observations were extended until 30 weeks to
study a colitis-associated advanced CRC mouse model, and
explore whether linker threonine-phosphorylated Smad?2/3
(pSmad2/3L-Thr) immunostaining-positive cells were
involved in the progressive course of colitis-associated CRC
as cancer stem cells. AOM/DSS mice were sacrificed at 10,
20 and 30 weeks after AOM administration. Following the
histopathological analysis, immunohistochemical staining
was performed for the following markers: CD34, podoplanin,
B-catenin, E-cadherin, Ki67, Bmil and pSmad2/3L-Thr.
Compared with AOM/DSS mice at 10 and 20 weeks, submu-
cosal tumor infiltration and tumor invasion into vessels were
markedly increased at 30 weeks. In the parts of colon tumors
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from AOM/DSS mice, particularly in mice at 30 weeks, the
positive signal of E-cadherin was clearly reduced in the cell
membranes. The percentage of Ki67-positive tumor cells in
mucosal areas of AOM/DSS mice was higher than that in
the sites of submucosal infiltration. In mucosal areas of colon
tumors, pSmad2/3L-Thr-positive cells were scattered among
tumor cells. At sites of submucosal infiltration and vessel inva-
sion of these tumors, pSmad2/3L-Thr-positive cells were also
observed among tumor cells. In colon tumors from AOM/DSS
mice at 30 weeks, the percentage of pSmad2/3L-Thr-positive
cells among the nuclear [3-catenin-positive tumor cells was
higher than that among the cytoplasmic -catenin-positive
tumor cells. For both non-neoplastic and neoplastic
epithelial cells, pSmad2/3L-Thr-positive cells exhibited
immunohistochemical co-localization with Bmil. The
present study developed an advanced CRC mouse model that
exhibited tumor infiltration into the submucosa and invasion
into vessels. The present study re-confirmed the theory that
pSmad2/3L-Thr-positive cells may be cancer stem cells.

Introduction

Ulcerative colitis (UC) poses a high risk of developing
colorectal cancer (CRC) (1), and the number of patients with
UC-associated CRC is increasing all over the world as that with
UC increases (2). The risk of developing UC-associated CRC
is affected by the degree and duration of inflammation in UC
and genetic predisposition (3). However, the detailed molecular
mechanism underlying transition from UC-associated inflam-
mation to carcinogenesis has not yet been elucidated.

Some animal models of sporadic and colitis-associated
CRC have been developed in rodents. Induction of the most
well-studied mouse model of chemical-induced colitis-asso-
ciated CRC requires a single intraperitoneal injection of
azoxymethane (AOM), a carcinogen of the colon, followed by
colitis induction through oral administration of dextran sodium
sulfate (DSS) 4,5). This AOM/DSS mouse model reproduces
the course of human colitis-associated CRC from inflamma-
tion to dysplasia and carcinoma, producing severe colitis with
weight loss, bloody diarrhea, and multiple colon tumors (5,6).

There are other aspects to the mouse models of CRC,
including the AOM/DSS model. There are significant
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differences in invasive and metastatic potentials of CRC
between animal models and human disease (6-8). At diagnosis,
approximately 50% of CRC patients have lymphatic metas-
tases and 33% have hematogenous metastases (6). In contrast,
the frequency of metastases is extremely low in AOM models
of CRC (8). In human CRC, the disease progresses in order,
and a usual route of hematogenous metastasis first reaches
the liver, and subsequently the lung. However, metastatic liver
tumors are rare in the AOM models of rodent CRC. Although
animal models of chemical-induced CRCs have provided much
information about human disease, many research approaches
have not been made available, and further research to establish
animal models of metastasis is needed.

Besides remodeling microenvironment to promote
metastasis, cancer cells actuate regulators of embry-
onic morphogenesis to achieve epithelial-mesenchymal
transition (EMT) and stop the differentiation program.
Thereby, cancer cells acquire motility, invade, and gain
stem-like characters (9,10). Recently, it has been revealed that
cancer stem cells (CSCs) and EMT-type cells have common
molecular features and play important roles in tumor metas-
tasis (11-13). The development of CSCs and EMT can promote
the formation of metastatic tumors in CRC, but the molecular
mechanisms of metastasis involving CSCs and EMT remain
unclear (14). Furthermore, because CSCs are comparatively
resistant to therapies created to eradicate cancer cells with
non-CSC characters, analyses of CSCs, which are small in
number and are multi-drug resistant, form the bases for the
development of new therapeutic agents targeting CSCs, and
open the door to new cancer treatments (11).

Smad proteins are core mediators that transmit signals
from transforming growth factor (TGF)-f3 superfamily recep-
tors to the nuclei. They are regulatory proteins consisting of
conserved Mad homology (MH)I1, intermediate linker, and
MH2 domains (15,16).

TGE-BtypeIreceptor (TPRI) withcatalytic activity phosphor-
ylates COOH-terminal serine (Ser) residues of receptor-activated
Smads, including Smad2 and Smad3 (17). Certain Ser or
threonine (Thr) residues in the linker are phosphorylated by
Ras-related (proline-directed) kinases, consisting of extracel-
lular signal-regulated kinase (ERK), c-Jun NH2-terminal
kinase (JNK), and cyclin-dependent kinase (CDK)4 (18-21).
TPRI and Ras-related kinases specifically phosphorylate Smad2
and Smad3, creating several phosphoisoforms: Smad2/3 phos-
phorylated at the COOH-terminal (pSmad2C and pSmad3C);
Smad?2/3 phosphorylated at the linker (pSmad2L and pSmad3L);
and Smad2/3 phosphorylated at both the C-terminal and linker
(pSmad2C/L and pSmad3C/L) (21-24). Phosphorylated Smad2
and Smad3 promptly form oligomers with Smad4 and translo-
cate to the nucleus. There, they control transcription of the target
genes (25).

In our previous study, we confirmed specific expression
of linker Thr-phosphorylated Smad2/3 (pSmad2/3L-Thr) in
mouse colon epithelial cells, and proposed that these cells
are colon epithelial stem-like cells (26). Subsequently, we
investigated AOM/DSS mouse model, and clarified that carci-
nogenic pSmad3L-Ser signaling caused by chronic colitis is
a significant early event of colitis-associated CRC, by inves-
tigating the Smad2/3 phosphorylation profiles. Furthermore,
the study has supported the theory that pSmad2/3L-Thr

immunostaining-positive cells are CSCs (27). AOM/DSS mice
were sacrificed 10 or 20 weeks after AOM administration in
that study, and most colon tumors showed the characteristics
of intramucosal adenocarcinoma. Around 40 weeks after
AOM administration, the number of AOM/DSS mice dying
had markedly increased pre-experimentally.

Therefore, in the present study, we extended our observa-
tions until 30 weeks after AOM administration to study a
colitis-associated advanced CRC mouse model, and explore if
pSmad2/3L-Thr immunostaining-positive cells are involved in
a progressive course of colitis-associated CRC as CSCs.

Materials and methods

Mice. We purchased 5-week-old male Crl:CD-1 (ICR) mice
from Charles River Laboratories (Charles River Laboratories
Japan, Inc.). All mice were kept in the animal facility of Kansai
Medical University under specific pathogen-free environment.
Mice were fed commercial food pellets (F2; Funabashi Farm)
and tap water. All experimental protocols were approved by
the Ethics Committee for the Use of Experimental Animals of
Kansai Medical University (approval no. 19-006).

Chemicals. We purchased AOM, a colon carcinogen, from
Sigma-Aldrich Japan K.K. and DSS having a molecular weight
of 36,000-50,000 from MP Biomedicals. DSS was diluted
with water to form 2% solution to induce colitis.

Experimental design. A single intraperitoneal injection of AOM
(10 mg/kg body weight) was administered to ICR mice, and one
week after the AOM administration, the mice were given 2% DSS
in their drinking water for 7 days. Mice administered with
AOM/DSS (AOM/DSS mice) were sacrificed by cervical dislo-
cation 10 (week 10; n=25), 20 (week 20; n=25) or 30 (week 30;
n=25) weeks after AOM administration (Fig. 1) (5,27,28).

Colons were excised after flushing the lumens with
saline and cut open longitudinally. After several washes with
saline, they were cut and fixed in 10%-buffered formalin.
Paraffin-embedded sections were prepared by using standard
method.

Histopathological analysis. Histopathological changes were
confirmed in hematoxylin and eosin (H&E)-stained specimens.
Colorectal neoplasms were diagnosed based on the description
of Ward (29). CRC infiltration into the submucosal layer, and
invasion into vessels could also be observed in these sections.
All cases of CRC invasion into vessels were re-confirmed by
immunohistochemical staining of the blood vessels or lymph
vessels as explained below in detail.

Domain-specific antibody against the phosphorylated Smad2
and Smad3. Rabbit polyclonal anti-human pSmad2/3L-Thr
(Smad2: Thr 220; Smad3: Thr 179) sera were produced against
the phosphorylated linker region of Smad2 and Smad3 by
immunizing rabbits with synthetic peptides (23,30,31). The
antisera were subjected to antigen affinity purification using
phosphorylated peptides as previously described (32).

Immunohistochemistry. We performed immunohistochemical
staining on formalin-fixed paraffin-embedded sections as
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Figure 1. Experimental procedure for establishing a colitis-associated colorectal cancer mouse model. 1, AOM, 10 mg/kg body weight, i.p. injection; 00, 2% DSS
in drinking water; —, basic diet and tap water. AOM, azoxymethane; DSS, dextran sodium sulfate; i.p., intraperitoneal.

described previously (26,27,33). Briefly, paraffin-embedded
sections were deparaffinized and rehydrated by washing with
xylene and ethanol. Non-enzymatic antigen retrieval was
performed by heating sections to 121°C for 10 min in 0.01 M
sodium citrate buffer (pH 6.0). After cooling, sections were
immersed in Tris-buffered saline (TBS) and blocked with 3%
bovine serum albumin dissolved in TBS for 5 min. Primary anti-
bodies (Abs) were diluted with TBS containing 0.1% Tween-20,
and incubated at 4°C in a humidity chamber. The primary
Abs used in this study were as follows: mouse monoclonal
anti-human B-catenin Ab (sc-7963; Santa Cruz Biotechnology,
Inc.), rat monoclonal anti-mouse CD34 Ab (ab8158; Abcam),
rat monoclonal anti-mouse podoplanin Ab (015-24111; Fuyjifilm
Wako Pure Chemical Corp.), rabbit polyclonal anti-human
E-cadherin Ab (sc-7870, Santa Cruz Biotechnology, Inc.), rat
monoclonal anti-mouse Ki67 Ab (652402; BioLegend), goat
polyclonal anti-human B cell-specific Moloney murine leukemia
virus integration site 1 (Bmil) Ab (ab115251; Abcam), and rabbit
polyclonal anti-human pSmad2/3L-Thr Ab. The secondary
Abs used were the appropriate species-specific AlexaFluor
(488 or 568)-conjugated Abs (Thermo Fisher Scientific, Inc.).
Slides were mounted in VECTASHIELD mounting medium
containing 4',6-diamidino-2-phenylindole (DAPI) (Vector
Laboratories) to stain nuclei. Images were taken and captured
using a fluorescence microscope (Olympus). After immuno-
fluorescent staining, the specimen slides were immersed in
distilled water and the cover glasses were removed so as not to
damage the tissues. After sufficiently immersing them in TBS,
H&E staining was performed by a standard staining procedure.
Then, we observed the same sections under a light microscope.

Well-oriented lesions from the base to the surface of CRC
were selected for counting immunostaining-positive cells
using inForm software (PerkinElmer) according to the manu-
facturer's instructions.

Statistical analysis. Comparing the presence (positives) or
absence (negatives) of CRC infiltration into the submucosal
layer and invasion into vessels (grouping variable: 0, negatives;
1, positives), we analyzed the data with Kruskal-Wallis test
followed by Mann-Whitney U test with Bonferroni correction.

Comparing the percentages of immunostaining-positive
cells, we expressed the values as mean + standard error of the
mean (SEM). We analyzed the data with paired t-test.

P<0.05 was considered to indicate a statistically significant
difference.

Results
Microscopic observations. As previously reported, we

observed flat, nodular, polypoid, or caterpillar-like colon
tumors in the middle and distal colons of all AOM/DSS mice

Table I. Frequency of tumor infiltration into the submucosal
layer and invasion into vessels in azoxymethane/dextran
sodium sulfate mice.

Submucosal Vessel
Weeks infiltration, positive invasion, positive
Week 10 6/25 (24%)*® 0/25 (0%)**
Week 20 7/25 (28%)° 1/25 (4%)°
Week 30 18/25 (72%) 10/25 (40%)

an.s. vs. week 20; "P<0.01 vs. week 30; °P<0.001 vs. week 30. Data were
analyzed using a Kruskal-Wallis test followed by Mann-Whitney U test
with Bonferroni correction. n.s., not significant.

at weeks 10, 20 and 30 (data not shown) (5,27,28). The size and
number of colon tumors tended to increase with time after the
AOM administration.

Colon tumors of AOM/DSS mice at weeks 10 (Fig. 2A),
20 (Fig. 2B), and 30 (Fig. 2C and D) had the typical appearance
of adenocarcinoma. The nuclei were enlarged, round or ovoid,
with remarkable nucleoli; nuclear polarity was almost lost;
there were a lot of mitoses; and goblet cells had completely
disappeared.

Tumor infiltrations into the submucosal layer were
occasionally observed in AOM/DSS mice at weeks 10
(24%: 6/25) and 20 (28%: 7/25). Alternatively, these findings
were frequently observed in AOM/DSS mice at week 30
(72%: 18/25) (Fig. 2D; arrowhead). Compared with AOM/DSS
mice at weeks 10 and 20, submucosal tumor infiltrations of
AOM/DSS mice significantly increased at week 30 (P=0.0021
and P=0.0051, respectively). No significant difference was
found between AOM/DSS mice at weeks 10 and 20 (P=0.76).

Tumor invasions into vessels were scarcely observed in
AOM/DSS mice at weeks 10 (0%: 0/25) and 20 (4%: 1/25).
However, these findings were sometimes observed in
AOM/DSS mice at week 30 (40%: 10/25) (Fig. 2D; arrow).
Compared with AOM/DSS mice at weeks 10 and 20, tumor
invasions into vessels of AOM/DSS mice significantly
increased at week 30 (P=0.0005 and P=0.0024, respectively).
No significant difference was found between AOM/DSS mice
at weeks 10 and 20 (P=0.32). These results are summarized
in Table 1.

Double immunofluorescent staining for f3-catenin and
markers of blood and lymph vessels at sites of tumor invasions
into vessels. After we confirmed tumor invasions into vessels
by H&E-stained sections, we performed double immunofluo-
rescent staining for 3-catenin (green; Fig. 3A, B, D and E) with
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Figure 2. Histopathology of colon tumors from AOM/DSS mice at weeks 10, 20 and 30. Colon tumors of AOM/DSS mice had the typical appearance of
adenocarcinoma. Compared with AOM/DSS mice at weeks (A) 10 and (B) 20, (C and D) tumor infiltrations into the submucosal layer (arrowhead) and tumor
invasions into vessels (arrow) were more frequently observed in AOM/DSS mice at week 30. Histopathology was performed using hematoxylin and eosin
staining. Original magnification, (A-C) x100 and (D) x200. Scale bars, 100 zm. AOM, azoxymethane; DSS, dextran sodium sulfate.

Figure 3. Double immunofluorescent staining of 3-catenin (green) with CD34 (red) and podoplanin (red) in AOM/DSS mice at week 30. DAPI (blue) was used
for nuclear staining. (A-C) In AOM/DSS mice that showed blood vessel invasion, (A and B) 3-catenin-positive cells were diffusely distributed throughout
the tumors in vessels. (A) Although immunofluorescent staining of CD34 revealed ring-shaped positivity around the vessel lumens, (B) podoplanin-positive
cells were not detected in these vessels. (D-F) In AOM/DSS mice that showed lymph vessel invasion, (D and E) 3-catenin-positive tumor cells were similarly
distributed in vessels. (D) Contrarily, CD34-positive cells were not detected in the vessels, and (E) immunofluorescent staining of podoplanin demonstrated
ring-shaped positivity around the vessel lumens. (C and F) Following immunofluorescent staining, the same sections were stained with hematoxylin and eosin,
and observed for tumor invasion into vessels by light microscopy. Original magnification, (A, B, D and E) x200 and (C and F) x100. Scale bars, 100 pm.
AOM, azoxymethane; DSS, dextran sodium sulfate.

CD34 (red; Fig. 3A and D) and podoplanin (red; Fig. 3B and E) In AOM/DSS mice that showed blood vessel invasion,
to distinguish invasions into blood from lymph vessels in these ~ -catenin-positive cells were diffusely distributed throughout
AOM/DSS mice at weeks 20 (n=1) and 30 (n=10), using DAPI  the tumors in vessels (Fig. 3A and B). Although immunofluo-
nuclear staining (blue). rescent staining of CD34 showed ring-shaped positivity around
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Figure 4. Double immunofluorescent staining for f3-catenin (green) and E-cadherin (red) in AOM/DSS mice at weeks 10 and 30. DAPI (blue) was used for
nuclear staining. Immunofluorescent staining of 3-catenin revealed weak positivity only in the cell membrane of non-tumorous mucosae in AOM/DSS mice at
weeks (A) 10 and (D) 30. Strongly p-catenin-positive cells were distributed throughout the tumors in AOM/DSS mice, and their expression was predominantly
observed in the cytoplasm and nucleus of tumor cells. In the same sections, immunofluorescent staining of E-cadherin demonstrated strong positivity in the
cell membrane of non-tumorous mucosae in AOM/DSS mice at weeks (B) 10 and (E) 30. Positive levels of E-cadherin in the cell membrane of colon tumors
in AOM/DSS mice were clearly reduced as compared with those of non-tumorous mucosae. (C and F) After immunofluorescent staining, the same sections
were stained with hematoxylin and eosin, and colon tumors were confirmed using light microscopy. Original magnification, (A-C) x200 and (D-F) x100.

Scale bars, 100 ym. AOM, azoxymethane; DSS, dextran sodium sulfate.

the vessel lumens (Fig. 3A), podoplanin-positive cells were not
detected in these vessels (Fig. 3B). In AOM/DSS mice that
showed lymph vessel invasion, $-catenin-positive tumor cells
were similarly distributed in vessels (Fig. 3D and E). In contrast,
CD34-positive cells were not detected in the vessels (Fig. 3D),
and immunofluorescent staining of podoplanin showed
ring-shaped positivity around the vessel lumens (Fig. 3E).

Of the 11 AOM/DSS mice with vessel invasion, tumor
invasions into blood and lymph vessels were observed in 3 and
8 mice, respectively.

After immunofluorescent staining, the same sections were
stained with H&E and observed for tumor invasions into
vessels under a light microscope (Fig. 3C and F).

Double immunofluorescent staining for f3-catenin and
E-cadherin. Immunofluorescent staining of B-catenin (green;
Fig. 4A and D) showed weak positivity only in the cell
membrane of non-tumorous mucosae in AOM/DSS mice
at weeks 10 (Fig. 4A) and 30 (Fig. 4D), using DAPI nuclear
staining (blue). Strongly (3-catenin-positive cells were distrib-
uted throughout the tumors in AOM/DSS mice, and their
expression was predominantly observed in the cytoplasm and
nucleus of tumor cells. In the same sections, immunofluores-
cent staining of E-cadherin (red; Fig. 4B and E) showed strong
positivity in the cell membrane of non-tumorous mucosae
in AOM/DSS mice at weeks 10 (Fig. 4B) and 30 (Fig. 4E).
Positive levels of E-cadherin in the cell membrane of colon
tumors in AOM/DSS mice, particularly in mice at week 30
(Fig. 4E), were clearly reduced as compared with those of
non-tumorous mucosae.

After immunofluorescent staining, the same sections were
stained with H&E, and CRCs were confirmed using a light
microscope (Fig. 4C and F).

Double immunofluorescent staining for B-catenin and Ki67
at sites of submucosal infiltration. In colon tumors from
AOM/DSS mice at week 30 that showed tumor infiltration
into the submucosal layer, -catenin-positive tumor cells
(green; Fig. 5A) were diffusely distributed in both, mucosal
areas, and sites of submucosal infiltration, using DAPI nuclear
staining (blue). In the same sections, immunofluorescent
staining for Ki67 (red; Fig. 5B) was performed. Subsequently,
we calculated the Ki67-positive tumor cell count/total
tumor cell count separately for mucosal areas and sites of
submucosal infiltration using the software. The percentage
of Ki67-positive tumor cells in mucosal areas of AOM/DSS
mice (28.66 + 3.80%) was significantly higher than that in
sites of submucosal infiltration (10.66+1.97%) (Fig. 5D, n=10,
P=0.0001).

After immunofluorescent staining, the same sections were
stained with H&E, and CRCs and muscularis mucosae were
confirmed under a light microscope (Fig. 5C).

Immunofluorescent staining for pSmad2/3L-Thr in
CRCs with submucosal infiltration and vessel invasion.
pSmad2/3L-Thr-positive cells (red; arrowheads in Fig. 6)
were sparsely detected around crypt bases in non-tumorous
mucosae from AOM/DSS mice at week 30 (Fig. 6A), using
DAPI nuclear staining (blue). In mucosal areas of colon
tumors from AOM/DSS mice, pSmad2/3L-Thr-positive cells
were scattered within tumor cells (open arrowhead; Fig. 6C).
Furthermore, at both sites of submucosal infiltration (filled
arrowheads; Fig. 6C) and vessel invasions (Fig. 6E) of these
tumors, pSmad2/3L-Thr-positive cells were also detected
within tumor cells.

After immunofluorescent staining, the same sections were
stained with H&E to confirm non-tumorous mucosae, CRCs,
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Figure 5. Double immunofluorescent staining for §-catenin (green) and Ki67 (red) in sites of submucosal tumor infiltration of AOM/DSS mice at week 30. DAPI
(blue) was used for nuclear staining. (A) 3-catenin-positive tumor cells were diffusely distributed in both mucosal areas and sites of submucosal infiltration in
AOM/DSS mice at week 30. (B) For the same sections, immunofluorescent staining of Ki67 was performed. (C) Following immunofluorescent staining, the same
sections were stained with hematoxylin and eosin, and colon tumors and muscularis mucosae were confirmed under a light microscope. Original magnifica-
tion, x200. Scale bars, 100 ym. (D) Ki67-positive tumor cells/total tumor cells in mucosae and submucosae. The percentage of Ki67-positive tumor cells in
mucosal areas of AOM/DSS mice (28.66+3.80%) was significantly higher than that in sites of submucosal infiltration (10.66+1.97%; n=10; P=0.0001). Data are
presented as the mean + standard error of the mean, and were analyzed using a paired t-test. ““P<0.001. AOM, azoxymethane; DSS, dextran sodium sulfate.

and pSmad2/3L-Thr-positive cells (arrowheads) under light
microscopy (Fig. 6B, D and F).

Double immunofluorescent staining for pSmad2/3L-Thr and
B-catenin. In colon tumors from AOM/DSS mice at week 30
that showed nuclear B-catenin expression in tumor cells,
double immunofluorescent staining for pSmad2/3L-Thr (red;
arrowheads in Fig. 7A) and B-catenin (green; Fig. 7B) were
performed and analyzed, using DAPI nuclear staining (blue).

The percentage of pSmad2/3L-Thr-positive cells within the
nuclear B-catenin-positive tumor cells (9.98+1.82%) was signifi-
cantly higher than that within the cytoplasmic [3-catenin-positive
tumor cells (3.67+0.77%) (Fig. 7D, n=20, P=0.0001).

After immunofluorescent staining, the same sections were
stained with H&E, and CRCs and pSmad2/3L-Thr-positive
cells (arrowheads) were confirmed using light micros-
copy (Fig. 7C).

Double immunofluorescent staining for pSmad2/3L-Thr and
Bmil. In colon tumors from AOM/DSS mice at week 30,
double immunofluorescent staining for pSmad2/3L-Thr (red;
arrowheads in Fig. 8) and Bmil (green) were performed, using
DAPI nuclear staining (blue).

pSmad2/3L-Thr-positive cells were sparsely detected
around crypt bases in non-tumorous mucosae from AOM/DSS
mice at week 30 (Fig. 8A). In colon tumors from AOM/DSS
mice, pSmad2/3L-Thr-positive cells were scattered within
tumor cells (Fig. 8D). In both non-neoplastic and neoplastic
epithelial cells, pSmad2/3L-Thr-positive cells showed immuno-
histochemical co-localization with Bmil (Fig. 8B, C, E and F).

Discussion

The prevalence of UC-associated CRCs has increased with
increasing numbers of UC patients (2). The risk for developing
UC-associated CRCs depends on the severity and duration
of inflammation (3). The AOM/DSS mouse model manifests
pathological findings represented by severe colitis with subse-
quent development of many colon tumors, and recapitulates the
sequence of colitis-associated CRC formation in humans (5,6).

Some mouse CRC models have been reported, but each has
certain limitations, such as the absence of spontaneous CRC
and the need for carcinogens to induce tumors. Also, in many
mouse models, there are differences between animals in the
development of intestinal tumors. Thus, there is an urgent need
for models that more closely reflect the biology and progres-
sion of human cancer.

Mouse models of colitis-associated and sporadic CRCs,
including the AOM/DSS model, show a very low incidence
of invasion and metastases (8). Although chemical-induced
(autochthonous) mouse CRC models have provided much
information about human disease, there are still many research
approaches that have not been available. In our previous study,
we sacrificed AOM/DSS mice at weeks 10 or 20, and most
colon tumors were characterized by intramucosal adenocar-
cinoma (27). Therefore, we extended our observations until
30 weeks after AOM administration, and have developed a
mouse (colitis-associated) model of advanced CRC, which
shows a high degree of authenticity and consistent results for
the pathology of disease progression found in human cancer
patients. AOM/DSS mice, at weeks 10 and 20, showed tumor
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Figure 6. Immunofluorescent staining for pSmad2/3L-Thr (red; arrowheads) in non-tumorous mucosae and CRCs with submucosal infiltration and vessel
invasion of AOM/DSS mice at week 30. DAPI (blue) was used for nuclear staining. (A) pSmad2/3L-Thr-positive cells were sparsely detected around crypt
bases in non-tumorous mucosae. (C) In mucosal areas of colon tumors from AOM/DSS mice, pSmad2/3L-Thr-positive cells were scattered among tumor
cells (open arrowhead). In both sites of (C) submucosal infiltration (filled arrowheads) and (E) vessel invasions of these tumors, pSmad2/3L-Thr-positive
cells were also detected among tumor cells. (B, D and F) Following immunofluorescent staining, the same sections were stained with hematoxylin and eosin
to confirm non-tumorous mucosae, colon tumors and pSmad2/3L-Thr-positive cells (arrowheads) under a light microscope. Original magnification, x200.

Scale bars, 100 ym. AOM, azoxymethane; DSS, dextran sodium sulfate.

infiltrations into submucosa 24 and 28% of the times, respec-
tively, whereas at week 30 it was 72%. AOM/DSS mice, at
weeks 10 and 20, showed tumor invasions into O and 4% of the
vessels, respectively, whereas at week 30 the value was 40%.
Although no metastases to lymph nodes or other organs were
observed, AOM/DSS mice were considered to acquire invasive
and metastatic ability, especially between 20 and 30 weeks
after AOM administration.

Recent advances in cancer biology have further empha-
sized the role of the immune system in creating a tumor
microenvironment that promotes cancer progression through
tumor growth, invasion, and metastasis. Potential uses of
the model include experiments with targeted therapies and
conventional drugs that affect the tumor microenvironment
in the preoperative environment. Research into the role of the
tumor microenvironment and the immune system, which may
promote or inhibit CRC progression, is important. Therefore,
mouse models used in preclinical studies must have complete
immune responses to reveal more detailed interactions with
human cancer. The tumor microenvironment is particularly
important in the context of metastatic disease, where new

therapies are still in great need. Because drugs aimed at
regulating these cancer progression factors are developed and
evaluated preclinically, model systems in which tumors have
advanced will play major roles. In the future, if our method
can be improved in AOM/DSS mice to establish a CRC model
with metastasis to lymph nodes and organs, it is expected to
provide a mouse metastatic CRC model that is particularly
useful in preclinical studies for the development of drugs that
target those mechanisms.

The proteins involved in the regulation of cytoskel-
etal apparatus function in conjunction with the junctional
proteins such as B-catenin and E-cadherin. Their dynamics
influence functional integrity that affects cell migration,
invasion, and polarity. f-catenin is a pivotal component of
the E-cadherin-mediated cell-cell adhesion system, and a
key molecule in the Wnt-APC signaling pathway (34). It
controls the transcription of genes involved in cell growth,
development, and differentiation. B-catenin is found in the
cell membrane of non-tumorous colon epithelial cells, but
nuclear and cytoplasmic [3-catenin accumulation is associated
with carcinogenesis in the colon (35). Consistent with earlier
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Figure 7. Double immunofluorescent staining for pSmad2/3L-Thr (red; arrowheads) and 3-catenin (green) in colon tumors from azoxymethane/dextran sodium
sulfate mice at week 30. DAPI (blue) was used for nuclear staining. (A) pSmad2/3L-Thr-positive cells (arrowhead) were scattered among tumor cells. (B) For
the same sections, immunofluorescent staining of 3-catenin revealed cytoplasmic and nuclear 3-catenin expression in tumor cells. (C) Following immunofluo-
rescent staining, the same sections were stained with hematoxylin and eosin, and colon tumors and pSmad2/3L-Thr-positive cells (arrowheads) were confirmed
by light microscopy. Original magnification, x200. Scale bars, 100 gm. (D) pSmad2/3L-Thr-positive cells/B-catenin-positive tumor cells within cytoplasm
and nuclei. The percentage of pSmad2/3L-Thr-positive cells among the nuclear 3-catenin-positive tumor cells (9.98+1.82%) was significantly higher than that
among the cytoplasmic f-catenin-positive tumor cells (3.67+0.77%; n=20; P=0.0001). Data are presented as the mean + standard error of the mean, and were
analyzed using a paired t-test. ““P<0.001.

A-B

Figure 8. Double immunofluorescent staining for pSmad2/3L-Thr (red; arrowheads) and Bmil (green) in non-tumorous mucosae and CRCs of AOM/DSS
mice at week 30. DAPI (blue) was used for nuclear staining. (A) pSmad2/3L-Thr-positive cells were sparsely detected around crypt bases in non-tumorous
mucosae. (D) In colon tumors from AOM/DSS mice, pSmad2/3L-Thr-positive cells were scattered among tumor cells. pSmad2/3L-Thr-positive cells exhibited
immunohistochemical co-localization with Bmil in both (B and C) non-neoplastic and (E and F) neoplastic epithelial cells, (C and F) as indicated in the
merged panels. Original magnification, x200. Scale bars, 100 ygm. AOM, azoxymethane; DSS, dextran sodium sulfate.

studies, we detected the nuclear and cytoplasmic -catenin  dramatically among human tumors, demonstrating that there
accumulation in colon tumors of AOM/DSS mice, including is a positive correlation between E-cadherin levels and patient
vessel invasions. Many studies have established the link  survival (38). In this regard, mutations in the E-cadherin
between loss of E-cadherin expression in cancer cells and tran-  gene have been identified in cancer cells and are thought to
sition to EMT (36,37). Expression levels of E-cadherin differ  facilitate EMT development and cancer cell metastasis (39,40).
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Consistent with these studies, we detected strong E-cadherin
positivity in the cell membrane of the parts of non-tumorous
mucosae in AOM/DSS mice, and levels of E-cadherin posi-
tivity in the cell membrane were clearly attenuated in the parts
of colon tumors, especially in AOM/DSS mice at week 30,
suggesting strong induction and promotion of EMT.

Ki67 antigen is a nuclear matrix protein expressed in prolif-
erating cells, but not in quiescent cells (41). In colon tumors from
AOM/DSS mice at week 30 that showed tumor infiltration into
the submucosal layer, the percentage of Ki67-positive tumor
cells at the sites of submucosal infiltration, the invasion front of
CRCs, was significantly lower than that in mucosal areas. This
finding is consistent with previous reports that the invasion
front of human CRCs shows low proliferative activity (42-44).

In our previous studies, we have confirmed significant
expression of pSmad2/3L-Thr in normal colon epithelial cells
of wild-type mice, and in tumorous colon epithelial cells of
AOM/DSS mice, suggesting that these cells are colon epithelial
stem-like cells and colorectal CSCs, respectively (26,27). In
addition, we have shown that pSmad2/3L-Thr-positive cells are
BrdU label-retaining,slow-cycling,and Ki67-negative quiescent
cells in the GO phase, located adjacent to actively proliferating
cells of normal esophageal and colon epithelial cells (26,45).
We have consistently advocated that pSmad2/3L-Thr helps
identify normal epithelial stem-like cells in the esophagus,
stomach, small intestine, and colon and colorectal CSCs,
immediately before they re-enter the cell cycle from the
dormant state of the GO phase (26,27,33,45). Moreover, in the
present study, pSmad2/3L-Thr-positive cells were detected in
both, the sites of submucosal infiltration as well as vessel inva-
sion of tumors in AOM/DSS mice at week 30. Additionally,
the percentage of pSmad2/3L-Thr-positive cells within the
nuclear [3-catenin-positive tumor cells was significantly higher
than that within the cytoplasmic 3-catenin-positive tumor
cells. This result is consistent with previous reports suggesting
that nuclear B-catenin accumulation is important for regu-
lating intranuclear CSC-related transcription factors and
maintaining the CSC phenotype (46,47). We performed double
immunofluorescent staining for pSmad2/3L-Thr and Bmil,
which is a representative marker of slow-cycling (cancer) stem
cells (48,49). pSmad2/3L-Thr-positive cells showed immu-
nohistochemical co-localization with Bmil in non-tumorous
mucosae and tumors in AOM/DSS mice at week 30. We were
able to re-confirm the results supporting that pSmad2/3L-Thr
is a biomarker of tissue and cancer stem cells.

CSC theory suggests that a small number of undifferentiated
cancer cells that exhibit normal stem cell-like characteristics
promote tumor growth and spread. Although CSCs are capable
of self-renewal, they are relatively dormant and are capable of
proliferation, although not often cycling. They have been shown
to have significantly longer cell-cycle times when compared to
proliferating non-CSCs. It is presumed that this is due to the
arrest of CSCs in the GO phase (50). Although CRC has been
thoroughly studied, little is known about the original cells of
carcinogenesis. In both non-neoplastic and neoplastic epithe-
lial cells, pSmad2/3L-Thr-positive cells consistently exhibit
stem-like properties. pSmad2/3L-Thr has a high probability of
a stem-like cell biomarker in other organs and CSCs. Future
studies are needed to further confirm that pSmad2/3L-Thr-posi-
tive cells are CSCs in other neoplastic lesions.

In conclusion, in this study, we developed a mouse
(colitis-associated) advanced CRC model that showed tumor infil-
tration into the submucosa and invasion into the vessels, with the
results of this study compelling us to re-acknowledge the theory
that pSmad2/3L-Thr immunostaining-positive cells are CSCs.
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