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skin samples were analyzed by histological examinations. Applica-
tion of DMBA~TPA to mouse skin resulted in a significant increase in
epidermal thickness (Figure 3A) and number of infiltrated leukocytes
(Figure 3B), as well as induction of the epidermal proliferative marker
PCNA (Figure 3C and D) by 1.4-, 3.6- and 2.8-fold as compared with
the vehicle (P < 0.001). Of interest, 13-HOA at a dose of 1600 nmol
significantly suppressed the increases in epidermal thickness by 28%
(P < 0.001), number of infiltrated leukocytes by 76% (P < 0.001)
and induction of PCNA by 59% (P < 0.001) (Figure 3A-D). Even at
the lowest dose (160 nmol), 13-HOA significantly reduced the number
of leukocytes and induction of PCNA by 41% (P < 0.001) and 38%
(P < 0.001), respectively (Figure 3B-D). The PCNA score for the
DMBA-only group tended to be higher than that for the non-treated
control, which was inconsistent with our other preliminary results
(T.Tanaka and A.Murakami, unpublished data). At this moment, we
have no clear explanation for this discrepancy, though other prolifer-
ation assays (e.g. Ki-67) might resolve the contradiction.

13-HOA inhibited TPA-induced transformation of JB6 P+ cells

Subsequently, the effects of 13-HOA on TPA-induced transformation
of JB6 P+ cells were evaluated. HOA (40 pM), NS-398 (100 pM) and
LA (100 pM) did not significantly affect cell viability after 24 h
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incubation or the rate of spontaneous transformation after 14 days.
Vehicle-treated control cells had 11.0 + 10.2 anchorage-independent
colonies/dish after 14 days, whereas the addition of TPA increased the
number by 15.8-fold (P < 0.001) (Figure 4A). 13-HOA at 8 and 40
#M decreased the relative rate of TPA-induced colony formation by
70 and 100%, respectively (P < 0.001). In addition, NS-398, used as
a positive control (23), at 40 and 100 pM inhibited the rate by 80-
100% (P < 0.001), whereas LA was inactive, even at a concentration
of 100 M.

13-HOA attenuated TPA-induced AP-1 transactivation but not ERK1/
2 phosphorylation
Since 13-HOA markedly inhibited TPA-induced ear inflammation,
skin tumor promotion and in vitro transformation, we examined its
effects on AP-1 transactivation and an MAPK pathway to address
underlying molecular mechanisms. ERK1/2 have been reported to
be the most important protein kinase of the MAPK family, and pre-
vious studies have suggested that resultant AP-1 transactivation is
required for TPA-induced JB6 P cell transformation (7,24,25).

As shown in Figure 4B, TPA-treated JB6 P+1! cells increased AP-1
transactivation level by 2.7-fold at 12 h (P < 0.005), and pretreat-
ment with 13-HOA (40 pM) for 30 min (P < 0.005) and NS-398

HE PCNA

None

Acetone )
alone

TPA
alone

DMBA |
alone

dT)

DT
13-HOA

DT
13-HOA

Fig. 3. After week 20 of the two-stage mouse skin carcinogenesis experiment, randomly selected biopsy samples from 12 mice in the none, acetone, TPA-only and
DMBA -only groups and from 18 mice in the DMBA-TPA, -+160 nmol 13-HOA and 41600 nmol 13-HOA groups were subjected to histopathological analysis to
determine epidermal thickness (A), numbers of infiltrated leukocytes (B) and PCNA-labeling index (C and D). Representative histological results of mouse skin
from each group after staining with hematoxylin and eosin (HE; original magnification x 10), and PCNA immunohistochemistry results (original magnification
%20) are shown in (D). Student’s ¢-test was used to determine significant differences. *P < 0.001 versus acetone, bp < 0.001 versus DMBA-TPA.
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(100 uM) also suppressed TPA-induced AP-1 transactivation by 31%
(P < 0.05). However, both 13-HOA and LA did not affect TPA-
upregulated ERK1/2 phosphorylation, whereas NS-398 slightly po-
tentiated it (Figure 4C).

13-HOA induced pdcd4 JB6 P+ cells and mouse skin

The above results led us to explore novel molecules associated with
tumor promotion. Expression of the novel tumor suppressor Pdcd4
was shown to suppress TPA-mediated tumor promotion in mouse skin
and transformation of JB6 cell lines via inhibition of AP-1 mediated
transcription (12,13,26). On the other hand, Pdcd4 had no effect on
the phosphorylation of ERK1/2 (27,28). For these reasons, we hypoth-
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Fig. 4. 13-HOA inhibited TPA-induced transformation and AP-1 activation
but not ERK1/2 phosphorylation in JB6 P+ cells. (A) JB6 P+ cells were
exposed to TPA (30 nM) with DMSO, 13-HOA (0.32, 1.6, 8 or 40 uM), NS-
398 (40 uM) or LA (100 uM) on 0.33% soft agar medium. Following a 14
day incubation in a CO, incubator at 37°C, the number of TPA-induced
anchorage-independent colonies was 174.5 + 13.6 per 3000 cells. Each bar
represents the mean obtained from triplicate dishes. Treatment with the
compounds for 24 h did not affect cellular viability. Each value is the mean of
triplicate wells + SD. Student’s ¢-test was used to determine significant
differences. 2P < 0.001 versus DMSO, °P < 0.001 versus TPA + DMSO.
(B) For report gene assay, AP-1-luciferase reporter plasmid stable
transfectant JB6 P+1! cells were cultured with DMSO, 13-HOA (40 uM) or
NS-398 (100 M) for 30 min before treatment with or without TPA (30 nM).
The luciferase activity was measured 12 h later. The data are expressed by
mean + SD from triplicate experiments. A Student’s ¢-test was used to
determine significant differences. °P < 0.005 versus DMSO, dp < 0.005
versus TPA 4+ DMSO. (C) JB6 P+ cells were incubated with DMSO, HOA
(40 pM), NS-398 (100 uM) and LA (100 pM) for 30 min and then treated
with TPA (30 nM) for 4 h. Western blotting was performed as described in
Materials and Methods, and B-actin was used as the internal control. The
result is representative of three independent experiments.
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esized that the effects of 13-HOA on TPA-induced inflammation,
tumor promotion and transformation may be related to induction of
Pdcd4. To test this hypothesis, we investigated the time course (0-9 h)
of pdcd4 mRNA expression in JB6 P+ cells treated with the vehicle or
13-HOA (40 uM), in the presence or absence of TPA (Figure SA). 13-
HOA was found to transiently increase the level of pdcd4 mRNA
expression, which reached a maximum after 6 h. Then, 13-HOA
treatment for 6 h induced it by 2.1-fold (P < 0.05) without TPA
and by 2.5-fold (P < 0.05) with TPA. Although NS-398 (100 uM)
and 13-HOA (8 pM) also tended to upregulate pdcd4 mRNA, the
increase was not statistically significant, whereas 13-HOA (1.6 uM)
and LA (100 pM) had no effects (data not shown).

Of note, treatment with 13-HOA for 6 h restored TPA-decreased
Pdcd4 protein in JB6 P+ cells (P < 0.05) (Figure 5B). Neither NS-
398 (100 pM) nor LA (100 pM) induced Pdcd4 protein (data not
shown). Topical application of TPA (8 nmol) to ICR mouse skin
significantly decreased Pdcd4 protein expression at 6 h (P < 0.05),
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Fig. 5. 13-HOA induced Pdcd4 mRNA and protein in JB6 P+ celis and
mouse skin, (A) Cells were incubated with DMSO or 13-HOA (40 pM) for
30 min and then the cells were treated with or without TPA (30 nM). Total
RNA was isolated from cells at the time points as indicated. The mRNA
expression of cyclophilin was used as the internal standard. Each value
represents the mean = SD of three to four separate experiments. To determine
significant differences, Student’s ¢-test was used. *P < 0.05 versus DMSO
(6 h), PP < 0.05 versus TPA + DMSO (6 h). (B) Cells were treated with
DMSO or 13-HOA (40 uM) before treatment with or without TPA (30 nM)
for 6 h. The data represent the mean + SD of three separate experiments, and
a representative picture is shown. A Student’s ¢-test was used to determine
significant differences. °P < 0.05 versus TPA + DMSO (6 h). (C) Acetone
or 13-HOA (1600 nmol) was applied to shaved dorsal skin of ICR mice. After
20 min, TPA (8 nmol) was applied to the same area. After 6 h, the mice were
killed and epidermis of each mouse was collected. The expression of
a-tubulin was used as the internal standard. Results are expressed as the
mean + SD of three experiments, and the picture is a representative of those
experiments. Statistical analysis was done by Student’s t-test. 9P < 0.05
versus TPA < acetone.
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whereas 13-HOA (1600 nmol) pretreatment 20 min before TPA treat-
ment completely blocked it (P < 0.05).

Discussion

The functional link between inflammation and cancer has been sup-
ported by experimental results showing that tumor promotion occurs
following exposure of cells to chemical irritants such as TPA, which is
a strong inducer of inflammatory reactions (4). In this study, we
examined the anti-inflammatory and antitumor-promoting activities
of 13-HOA using an assay of TPA-induced acute inflammation in
mouse ears as well as a two-stage mouse skin carcinogenesis model.
Our findings clearly indicated that 13-HOA, but not LA, significantly
inhibited TPA-induced ear edema formation and mouse skin turmor pro-
motion (Figures 2 and 3). These results are partly supported by Ha et al.
(29), who also demonstrated that LA had no inhibitory effect on chem-
ically induced mouse skin carcinogenesis. Meanwhile, a protein kinase
C inhibitor, staurosporine, inhibited DMBA~teleocidin-induced skin can-
cer, whereas it promoted tumor formation in DMBA-initiated mouse skin
in the absence of another tumor promoter (30). In the present study,
repetitive treatments with 13-HOA resulted in no tumors in DMBA-
initiated mouse skin (Figure 2) and 13-HOA did not increase the rate
of spontaneous transformation in JB6 P+ cells (Figure 4A), suggesting
that 13-HOA does not act as a tumor promoter, Furthermore, our histo-
logical analyses revealed that 13-HOA significantly inhibited the infil-
tration of proinflammatory leukocytes (Figure 3B), which may have
some relevance to our previous findings that 13-HOA markedly sup-
pressed the expression of several proinflammatory mRNAs in LPS-
stimulated RAW 264.7 macrophages (18) and TPA-treated THP-1
monocytic cells (T.Nishizawa and A.Murakami, unpublished data).

It is notable that 13-HOA inhibited TPA-induced JB6 P+ trans-
formation in a concentration-dependent manner (Figure 4A), whereas
LA had no effects. These results are consistent with those in the
present ear inflammation (Figure 2A) and skin tumor promotion (Fig-
ure 2B-D) assays. 13-HOA (40 uM) and NS-398 (100 uM) abolished
TPA-induced colony formation. That may be due to something other
than cytotoxicity, since significant cell viability was maintained dur-
ing the 24 h incubation period (Figure 4A). Liu et al. (31) reported
that a dietary fatty acid, docosahexanoic acid, inhibited TPA-induced
transformation of JB6 P+- cells by ~62% at a concentration of 60 uM,
thus it is suggested that the suppressive potency of 13-HOA is greater
than that of docosahexanoic acid.

Dhar et al. noted the MAPKs—AP-1 pathway is critical for TPA-
induced transformation of JB6 P+ cells, while in vivo results using
dominant-negative c-Jun-expressing transgenic mice also revealed its
importance (7,32). In addition, both fos-like region antigen (Fra-1) and
JunD are essential components of the TPA-activated AP-1 complex,
and ERK-dependent activation of Fra-1 is required for AP-1 transacti-
vation in JB6 P+ cells (33,34). On the other hand, our previous study
demonstrated that 13-HOA inhibits the LPS-induced AP-1 transacti-
vation and phosphorylation of ERK1/2 in RAW 264.7 cells (18), and
in the present study, 13-HOA suppressed TPA-induced AP-1 trans-
activation as well (Figure 4B). To our surprise, however, 13-HOA did
not inhibit, whereas NS-398, a selective cyclooxygenase-2 inhibitor,
slightly activated TPA-induced ERK1/2 activation in JB6 P+ cells
(Figure 4C). Although it was previously reported that TPA. activated
c-Jun N-terminal kinase (JNK)1/2, p38 and c-Jun in JB6 P+ cells
(35), analysis of time-course (TPA treatment for 1-12 h) phosphory-
lation of INK1/2, p38 and c-Jun by western blotting did not reveal any
detectable changes under the present experimental conditions, and 13-
HOA had no effects on those (data not shown). Huang et al. (36)
showed that dominant-negative JNK had no effect on TPA-
induced colony formation by JB6 P+ cells and Liu et al. (37) reported
that AP-1 was activated through a molecular mechanism not associ-
ated with TPA-activated JNK1/2. Moreover, JNK activation is re-
quired for tumor necrosis factor-o. but not TPA-induced
transformation, whereas ERK activation plays an essential role in
TPA-induced transformation of JB6 P+ cells (36). Based on our
and these other results, it may be possible to rule out the possibility
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that suppression of JNK1/2, p38 and c-Jun is involved in the in-
hibitory mechanisms of transformation by 13-HOA.

There is a growing body of evidence that Pdcd4 has several key
roles in antitumor promotion. Jansen et al. (13) reported that trans-
genic mice overexpressing Pdcd4 in the epidermis showed significant
reductions in tumor promotion, whereas Yang et al. (12,26) noted that
an elevated expression of Pdcd4 inhibited tumor promotion of JB6 P+
cells induced by TPA and tumorigenic JB6 RT101 (Tx) cells. In the
present study, 13-HOA (40 pM) did not have an effect on ERK1/2
phosphorylation (Figure 4C), thus we hypothesized that 13-HOA may
induce Pdcd4 expression resulting in inhibition of TPA-induced trans-
formation in JB6 P+ cells. Treatment of JB6 P+ cells with 13-HOA
(40 pM) induced pdcd4 mRNA expression in a transient manner
(Figure SA). NS-398 (100 pM) suppressed TPA-induced AP-1 acti-
vation but not ERK1/2 phosphorylation (Figure 4B and C), and Zhang
et al. (14) reported that NS-398 induced pdcd4 mRNA using differ-
ential screening of colon carcinoma cells, whereas its effect was not
remarkable with the JB6 P+ cells in our study (data not shown).
Although we examined pdcd4 mRNA inducibility using several food
factors known to suppress tumor promotion in mouse skin (38—41),
none showed significant effects on pdcd4 mRNA expression (data not
shown). Pdcd4 protein was also induced by 13-HOA (40 pM and 1600
nmol) in JB6 P+ cells and mouse skin treated with TPA, whereas TPA
reduced Pdcd4 protein expression (Figure 5B and C). Recently, Mat-
suhashi et al. (42) showed an inverse correlation between PCNA
expression and Pdcd4 expression in the human skin, and Yang et al.
(27) reported that Pdcd4 inhibited extracellular matrix protease activ-
ity and cell migration in RKO human colon carcinoma cells. Thus, it
might be possible that the induction of Pdcd4 by 13-HOA resulted in
the inhibition of TPA-induced increases in leukocytes infiltration and
PCNA (Figure 3B-D). Although the roles of Pdcd4 in inflammation
are not clear, Pdcd4 inhibited constitutively or induced AP-1 activation
(12), suggesting its potential for the prevention of inflammation in
which AP-1 activation plays a major role. In fact, LPS reduced Pdcd4
expression in both mRNA and protein level in RAW 264.7 mouse
macrophage (M.Yasuda and A Murakami, unpublished data). Thus, it
is probably that the inhibition by 13-HOA of TPA-induced ear inflam-
mation may be associatéd with putative Pdcd4 induction. To our knowl-
edge, this is the first report of a natural product being able to induce
Pdcd4 expression. Lipoxin A, one of the lipoxygenase products of
arachidonic acid, showed broad anti-inflammatory activities (43) and
inhibited proliferation of human lung fibroblasts in experimental
models of lung fibrosis (44). In the latter report, Wu et al. reported that
lipoxin A inhibited the proliferation of human lung fibroblasts via
upregulation of p27 (Kipl). On the other hand, Ozpolat et al. (15)
showed that knockdown of Pded4 by RNA interference downregulated
p27 in acute myeloid leukemia cells. Therefore, it could be possible that
lipoxin A might induce p27 through upregulation of Pdcd4.

Yang et al. reported that Fra-1- and JunD-induced AP-1 activation
was inhibited by Pdcd4 expression in a concentration-dependent man-
ner. Furthermore, Pdcd4 had no interaction with AP-1 proteins either
directly or indirectly, thus it is considered to regulate a mediator that
controls AP-1 transactivation in JB6 P+ cells (12). Identification of
a still unknown Pdcd4-binding protein using a proteomics approach
and analysis of the effects of 13-HOA on regulation of that protein are
crucial for elucidating how 13-HOA inhibits TPA-induced AP-1 ac-
tivity, as well as how induction of Pdcd4 by 13-HOA contributes to
the suppression of neoplastic transformation. These issues are now
under investigation and the results may be reported elsewhere.

Phosphatidylinositide 3-kinase/Akt/mammalian target of rapamy-
cin pathway was reported to negatively regulate pdcd4 mRNA expres-
sion in human acute promyelocytic cells (15), while the pdcd4 gene
was previously detected as a target of the transcription factor v-myb
myeloblastosis viral oncogene homolog (Myb) in a number of differ-
ent hematopoietic avian cell lineages (45). On the other hand, Pdcd4
translation was partially regulated by microRNA-21 (miR-21) in
breast and colorectal cancer cells (46), and AP-1 (c-Jun, JunB and
Fra-1) induced miR-21 expression, followed by downregulation of
Pdcd4 expression, which was included in a positive autoregulation



loop with AP-1, miR-21 and Pdcd4 as a negative regulator of AP-1 in
a rat thyroid cell system (47). Furthermore, Chen et al. (48) hypoth-
esized that Myb may be a target of miR-21. Also the stability of
Pdcd4 protein is controlled by an ubiquitination-dependent mecha-
nism associated with protein kinase C-dependent phosphatidylinosi-
tide 3-kinase/Akt/mammalian target of rapamycin and MEK-ERK
pathways (49,50). Thus, the expression processes of Pdcd4 are
regulated in a complicated multistep manner. Meanwhile, 13-HOA
suppressed AP-1 activity in the present study (Figure 4B). Therefore,
we consider that 13-HOA may negatively regulate miR-21 and
positively regulate Myb in JB6 P+ cells. Additional clarification of
the molecular mechanisms involved in JB6 P+ cells as well as other
cell lines and examination of the role of 13-HOA with those mecha-
nisms are necessary. Those are now in progress in our laboratory.

In conclusion, our results suggest that 13-HOA is a novel food
factor with anti-inflammatory and chemopreventive properties. Since
efficient separation and purification methods of 13-HOA have been
established (17), multiple evaluations of its cancer preventive efficacy
may be feasible. It suppressed TPA-induced AP-1 activation but not
ERK1/2 activation. Of interest, 13-HOA was found to induce the
expression of the novel transformation suppressor Pdcd4 mRNA
and protein both in vitro and in vivo. On the other hand, we could
not clarify whether the inhibitory effects of 13-HOA on TPA-induced
in vitro and in vive activities are dependent on Pdcd4 induction. Ad-
ditional studies are necessary to understand the action mechanisms of
this unique fatty acid.
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Abstract

Background: Chronic inflammation is a risk factor for colorectal cancer (CRC) development.The aim of this
study was to determine the differences in protein expression between CRC and the surrounding nontumorous
colonic tissues in the mice that received azoxymethane (AOM) and dextran sodium sulfate (DSS) using a
proteomic analysis. Materials and Methods: Male ICR mice were given a single intraperitoneal injection of
AOM (10 mg/kg body weight), followed by 2% (w/v) DSS in their drinking water for seven days, starting one
week after the AOM injection. Colonic adenocarcinoma developed after 20 weeks and a proteomics analysis
based on two-dimensional gel electrophoresis and ultraflex TOF/TOF mass spectrometry was conducted in
the cancerous and nontumorous tissue specimens. Results: The proteomic analysis revealed 21 differentially
expressed proteins in the cancerous tissues in comparison to the nohtumorous tissues. There were five
markedly increased proteins {(beta-tropomyosin, tropomyosin | alpha isoform b, SI00 calcium binding protein
A9, and an unknown protein) and 16 markedly decreased proteins (Carl proteins, selenium-binding protein
1,HMG-CoA synthase, thioredoxin |, | Cys peroxiredoxin protein 2, Fegbp protein, Cytochrome ¢ oxidase,
subunit Va, ETHE| protein, and 7 unknown proteins). Conclusions: There were 21 differentially expressed
proteins in the cancerous tissues of the mice that received AOM and DSS.Their functions include metabolism,
the antioxidant system, oxidative stress, mucin production, and inflammation. These findings may provide new
insights into the mechanisms of inflammation-related colon carcinogenesis and the establishment of novel
therapies and preventative strategies to treat carcinogenesis in the inflamed colon.

Keywords: Colitis-related carcinogenesis, mice, proteomics analysis
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Protein expression analysis of inflammation-related colon

INTRODUCTION

Patients with chronic inflammatory bowel disease (IBD)
including ulcerative colitis (UC) are at increased risk of
developing colorectal cancer (CRC).["* Indeed, IBD ranks
among the top three high-risk conditions for CRC, together
with familial adenomatous polyposis (FAP) and hereditary
nonpolyposis colorectal cancer (HNPCC).¥! While the
latter two hereditary diseases have a well-understood genetic

etiology, CRC development in association with IBD appears
to be closely relate to chronic inflammation of the large
bowel mucosa. Also, IBD-associated colon carcinogenesis
can be summarized as an inflammation-dysplasia-carcinoma
sequence: hyperplastic lesions in the inflamed mucosa
develop CRC through flat dysplasia.l®7

An azoxymethane (AOM)/dextran sodium sulfate (DSS)
mouse model® was used to investigate the changes in global
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gene expression in the background of inflammation-related
colon cancer I A comprehensive DNA microarray analysis
revealed that a number of genes altered their expression
in the colonic mucosa of mice exposed to AOM/DSS and
their expression was significantly increased or decreased in
comparison to those found in the mice given AOM or DSS
alone.’! The number of genes with altered expression in the
colonic mucosa of the mice that received AOM/DSS at week
5 was greater than that detected at week 10.! These genes
showing their striking altered expression included Wifl, Plat,
Mye, Plscr2, Ppasbp, Tgfb3, and Pparg.1’!

Comparative proteomic analyses have been used for
identifying proteins critical for phenotypic changes that occur
during disease development.!!% A reproducible correlation is
found between the expression patterns of multiple proteins
within epithelial cells and the progression of neoplasms in
a variety of tissues, such as the oral cavity,!!!l prostate,!'!
lung,["*¥ mammary gland,!"! liver,l"! and colon.!"] Yeo
et al.I® recently reported that a total of 38 proteins are
differentially expressed in colonic tumors and normal mucosa
of female C57BL/6 mice that received cycle treatment with
DSS. Theyalso stressed the importance of reduced expression
of transgelin among the proteins as a biomarker of colitis-
related colon carcinogenesis. However, they did not use a
colonic carcinogen combined with DSS, rather they used
a utilized cycle treatment with DSS to induce CRC in the
inflamed colon.

The current study analyzed a number of proteins to isolate
and identify tumor specific proteins that might be involved in
the development of colitis-related CRC in AOM/DSS model
mice!® by two-dimensional gel electrophoresis to further
investigate the protein expression during colitis-associated
carcinogenesis.

MATERIALS AND METHODS

Animal experiments

Animals, chemicals, and diets

Male Crj: CD-1 (ICR) mice (Charles River Japan, Inc,,
Tokyo) aged five weeks were used in this study. AOM was
purchased from Sigma-Aldrich Co. (St. Louis, MO, USA).
DSS with a molecular weight of 36,000-50,000 (Cat. No.
160110) was obtained from MP Biomedicals, LLC (Aurora,
OH, USA). DSS for the induction of colitis was dissolved in
distilled water at a concentration of 2% (w/v). Charles River
Formula (CRF)-1 (Oriental Yeast Co., Ltd., Tokyo, Japan)
was used as a basal diet throughout the study.

Experimental procedure
After arriving, mice were acclimated for seven days with tap
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water and a pelleted basal diet of CRF-1, ad libitum. They
received a single intraperitoneal (i.p.) injection of 10 mg/
kg body weight AOM. Starting one week after the AOM
injection, the animals were exposed to 2% DSS in the drinking
water for seven days, and then were followed without any
further treatment until the experiment was done. They were
sacrificed by CO, euthanasia at week 20 for the analysis. All
mice were maintained at the Kanazawa Medical University
Animal Facility according to the Institutional Animal Care
Guidelines and were maintained under controlled conditions
of humidity (50+10%), light (12/12 hr light/dark cycle), and
temperature (23+2°C). The study protocol was approved by
the Ethical Committee for animal experimentation of the
Kanazawa Medical University.

Two-dimensional (2-D) gel electrophoresis

Chemicals

The sources for chemicals and materials used in the present
study were: 3-([3-Cholamidopropyl]-dimethylammonio)-
1-propanesulfonate (CHAPS) from Wako Pure Chemicals
(Osaka, Japan), N-decyl-N,N-dimethyl-3-ammonio-1-
propane-sulfonate (SB3-10) from Sigma-Aldrich, ampholine
from GE Healthcare UK Ltd. (Amersham Place, Little
Chalfont, Buckinghamshire HP7 9NA, England), and all
other chemicals were purchased from Wako Pure Chemicals.

2-D polyacrylamide gel electrophoresis (PAGE)

Colonic tumors (histologically confirmed as well-
differentiated tubular adenocarcinomas) and nontumorous
mucosa tissues were collected from the mice that received
AOM and DSS and were stored at ~80°C prior to use.
The frozen tissues were homogenized with five volumes
of lysis buffer (5 M urea, 2 M thiourea, 2% CHAPS, 2%
SB3-10, 1% dithiothreitol, and 2% ampholine). The protein
concentration of these samples was measured usinga Protein
Assay Kit (Bio-Rad Laboratories). The samples (100 ug) were
applied overnight to Immobiline Drystrip (GE Healthcare
Bio-Science) by in-gel rehydration.® The rehydrated
gels were then gently dried with tissue paper to remove
excess fluid and isoelectric focusing (IEF) was performed
in a Multiphor II electrophoresis chamber (GE Healthcare
Bio-Science) according to the manufacturer’s instructions.
Second dimension SDS-PAGE was performed in 9-18%
acrylamide gradient gels using an IsoDalt electrophoresis
chamber (GE Healthcare Bio-Science). The 2-D gels were
stained with SYPRO Ruby (Bio-Rad Laboratories) under
the manufacturer’s protocols.?! The SYPRO Ruby stained
proteins were detected using the Molecular Imager FX (Bio-
Rad Laboratories) and were subjected to in-gel digestion.
Image analyses and database management were carried out
using the ImageMaster 2D Platinum image analysis software
program (GE Healthcare Bio-Science).
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In-gel digestion and mass spectrometric identification of proteins

Protein spots were excised from the 2-D gels using clean
scalpels, and were washed twice with Milli-Q water, and
dehydrated in 100% acetonitrile (ACN) until they turned
opaque white. The spots were then dried in a vacuum
centrifuge, and subsequently rehydrated in 10 pl of digestion
solution consisting of 50 mM NH,HCQO,, 5 mM CaCl,,
0.01 pg/pl modified sequence-grade trypsin (Promega Co.,
Ltd.). After incubation for 16 hr at 37°C the digestion was
terminated by adding 10 pl of 5% trifluoroacetic acid (TFA).
The peptides were extracted three times for 20 mins with
50 pl of 5% TFA, 50% ACN, and the extracts were pooled
and dried in a vacuum centrifuge. The dried materials were
resuspended with 10 ul of 0.1% TFA. To remove excess
salts from the extracts, solid-phase extraction was performed
using C,, ZipTip (Millipore Co., Ltd.) according to the
manufacturer’s instructions. The peptides were eluted from
the ZipTip by 3 ul of 50% ACN, 0.1% TFA and 1 pl of the
eluants were spotted onto a target plate. Then, the spots on the
target plate were immediately mixed with 0.5 pl of a matrix
solution containing 0.3 mg/ml o-cyano-hydroxycinnamic
acid, 33% acetotie, 66% ethanol, and were completely air-
dried at room temperature. MS and MS/MS spectra were
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obtained using an Ultraflex TOF/TOF mass spectrometer
{Bruker Daltonics Co., Ltd.). An external peptide mixture was
used to calibrate the instrument. Identification of proteins
was carried out using the MASCOT software (Matrix Science
Inc.) with the NCBInr database.

RESULTS

A comparative proteomic analysis was conducted on tumors
or nontumorous mucosa specimens using 2-DE and MALDI-
TOF. We identified 21 spots showing a more than 3.0-fold
increase [Figure 1] or decrease [Figure 2] in density in the
cancerous tissues. Following trypsin digestion, each spot was
analyzed by MALDI-TOF MS, 4 [Table 1] and 9 [Table 2]
proteins could be identified.

The proteins with an increased expression in the cancerous
tissues were beta-tropomyosin (8.41-fold increase),
tropomyosin 1 alpha isoform b (7.28-fold increase), $100
calcium binding protein A9 (calgranulin B, 3.78-fold
increase), peptidylprolylisomerase A (3.43-fold increase),
and an unknown protein product (6.47-fold increase: Table
1). The proteins with decreased expression in the cancerous
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Figure I: Two dimensional electrophoretic patterns of the whole cell proteins obtained from the cancerous
tissues of the mice that received AOM/DSS. The gel was silver stained. The protein spots identified in this

study are all circled.
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Figure 2: Two dimensional electrophoretic patterns of whole cell proteins obtained from the inflamed
colonic mucosa without any tumors in the mice that received AOM/DSS. Gel was silver stained. The

protein spots identified in this study are all circle.

Table 1: Proteins that showed increased expression in the cancerous tissues of mice

Spot no. Description Fold change pl MW (Da) Accession no.
1915 beta-tropomyosin 8.41 4.61 32982 gil50190
1868 tropomyosin 1, alpha isoform b 7.28 4,71 32746 gil78000190
4081 - 6.47 . - N.D.
3511 5100 calcium binding protein A9 (calgranulin B) 3.78 6.64 13211 gil6677837
3045 Peptidylprolyl isomerase A 3.43 714 18131 ¢il53237015
Table 2: Proteins that showed decreased expression in the cancerous tissues of mice
Spot no. Description Fold change pl MW (Da) Accession no.
2172 - -28.57 - - N.D.
2095 - -18.73 - - N.D.
2298 Carl protein -17.08 6.44 28370 gil15029975
1436 Selenium-binding protein 1 (56 kDa -7.39 5.97 52889 gil134259
selenium-binding protein)
3445 - -6.23 - - N.D.
2251 Carl protein -5.45 6.44 28370 gil15029975
1536 HMG CoA synthase -5.39 7.69 48384 gil555835
1905 - -5.14 - - N.D.
3497 Thioredoxin 1 -4.77 4.80 12010 gil14789654
2369 1-Cys peroxiredoxin protein 2 -4.49 5.71 24999 gil3789944
2502 - -3.64 - - N.D.
626 Fegbp protein -3.45 5.35 72499 gil74179916
3513 Cytochrome ¢ oxidase, subunit Va -3.38 6.08 16248 gil6680986
2324 - -3.36 - - N.D.
1017 - -3.14 - - N.D.
2323 ETHE]1 protein -3.09 6.78 28234 gil12963539
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tissues were constitutive androstane receptor 1 (Carl) protein
(17.08-fold decrease for spot 2298 and 5.45-fold decrease for
spot 2251), Selenium-binding protein 1 (SELENBP1, 56 kDa
selenium-binding protein, 7.39-fold decrease), 3-hydroxy-
3-methylglutaryl coenzyme A (HMG CoA) synthase
(5.39-fold decrease), thioredoxin 1 (4.77-fold decrease),
1-cys peroxiredoxin protein 2 (4.49-fold decrease), fcgbp
protein (3.45-fold decrease), cytochrome ¢ oxidase, subunit
Va (3.38-fold decrease), and ETHE1 protein (3.09-fold
decrease: Table 2). Seven other unknown proteins were also
identified to show a decreased expression in the cancerous
tissues [ Table 2].

DISCUSSION

A comparative proteome analysis of CRC induced by AOM/
DSS and the nontumorous mucosa revealed that a total of
21 demonstrated proteins (5 increased and 16 decreased
expressions) altered their expression in the cancerous tissues
in comparison to the nontumorous tissues. The number of
proteins with altered expression was much smaller than genes
that showed differential expression patterns in the previous
DNA microarray analysis.!) The proteins that showed altered
expression in this study were not consistent with those
reported by Yeo et al.l'¥ This discrepancy may be due to the
differences of experimental designs between the two studies.

Carl showed a 17.08-fold decrease for spot 2298 and
5.45-fold decrease for spot 2251 in the cancerous tissue in
comparison to the nontumorous tissue. The constitutive
androstane receptor (CAR, MB67NR113) is a member of the
nuclear receptor (NR) superfamily.l” The expression is most
prevalent in the liver, where it mediates the induction of drug
and endobiotic metabolism through a mechanism involving
the direct regulation of genes encoding biotransformation
enzymes.®2 Specifically, CAR targets include genes
encoding phase T and phase 1I drug metabolizing functions
as well as drug transport genes.™ The nuclear pregnane X
receptor (PXR) and CAR play central roles in protecting the
body against environmental xenobiotics.?? PXR and CAR
are activated by a wide range of xenobiotics and regulate
cytochrome P450 (CYP) and other genes whose products
are involved in the detoxification of these chemicals. Using
microarray analyses, anumber of CAR-regulated genes have
been elucidated,? and many of these seem to be directly
involved in the metabolism and transport of xenobiotics. !
The expression of many genes involved in xenobiotic/drug
metabolism and transport are regulated by at least three nuclear
receptorts or xenosensors: CAR, PXR, and aryl hydrocarbon
receptor. These receptors establish crosstalk with other
nuclear receptors or transcription factors controlling signaling
pathways that regulate the homeostasis of bile acids, lipids,
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glucose, inflammation, vitamins, hormones, and others. In
the CYP profiles of colon carcinogenesis, significantly higher
levels of several CYPs, such as CYP1B1, CYP2St, CYP2U1,
CYP3A5, and CYP51 are present in primary CRC, while
CYP3A4 is the most frequently expressed in the normal
colon.”! However, CYP 3A expression is altered in the
experimental colitis.” While the role of CYPs in IBD is not
known, NR is involved in the mediation of inflammatory
processes and therefore may play a role in the development
of IBD.1*¥32 In fact, a significant down-regufation of PXR and
the PXR target gene, MDRU, is observed in healthy mucosa
adjacent to diseased colonic and terminal ileum of patients
with CD and UC.™ Transgenic mice that do not express
the MDR1 gene spontaneously develop colitis under specific
pathogen—free conditions and the pathological picture of
the colon is quite similar to severe intestinal inflammation
observed in IBD.PU The finding that the expression of
CARI1 protein markedly decreased in the cancerous tissue in
this study suggests that the decreasing expression of CAR1
protein causes down-regulation of the expression of the
metabolism and transport of xenobiotics, such as CYP3A4 or
MDR1, The comprehensive DINA microarray analysis using
colonic mucosa of AOM/DSS treated and untreated mice,!
revealed that certain CYP families (CYP2d26, CYP4{16, and
CYP2c55) was down-regulated in the colonic mucosa of mice
that received AOM/DSS. Thus, CYP may play an important
role of the inflammation-related colon carcinogenesis.

HMG-CoA synthase demonstrated a 5.39-fold decrease in the
cancerous tissue in this study. HMG-CoA synthase catalyzes
a committed step in the pathways for isoprenoid, cholesterol,
and ketone body production.® Cytosolic HMG-CoA
synthase, mainly associated with the production of cholesterol
and isoprenoid, is expressed expresses in many tissues and it
has a negative feedback mechanism with the accumulation of
intracellular cholesterol, which is partly regulated by sterol-
regulatory element-binding protein (SREBP), the same
as HMG-CoA reductase. Recently, 2 HMG-CoA reductase
inhibitor is reported to activate the transcription of cytosolic
HMG-CoA synthase via SREBP.*® Dietary pitavastatin
inhibited AOM/DSS-induced colon carcinogenesis in our
previous study,? suggesting that HMG-CoA synthase is
involved in inflammation-related colon carcinogenesis.
On the other hand, mitochondrial HMG-CoA synthase, in
which is associated with the production of ketone, is mainly
expressed in the liver and intestine. Fasting, cAMP, and
fatty acids increase its transcriptional rate, while refeeding
and insulin repress the rate.’” Unlikely cytosolic HMG-
CoA synthase, mitochondrial HMG-CoA synthase is
regulated by peroxisomal proliferators regulatory element
(PPRE), but not SREBP. The regulation of mitochondrial
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HMG-CoA synthase gene expression by fatty acids is
mediated through PPRE, to which peroxisome proliferators
activated receptor (PPAR) can bind.®® PPAR is involved
in colorectal oncogenesis.?® Previously, we reported
that dietary administration of ligands for PPARy and o
effectively suppressed the development of colonic epithelial
malignancies mduced by AOM/DSS in female ICR mice.*

The current study showed that Thioredoxin-1 (Trx), a 12kDa
protein, was down-regulated by 4.77-fold in the cancerous
tissues. This protein is located in the cytoplasm and when
translocated into the nucleus has antioxidative and redox-
regulating functions. Oxidative stress can be defined as
the imbalance between cellular oxidant species production
and antioxidant capability. Reactive oxygen species (ROS)
are involved in a variety of different cellular processes
ranging from apoptosis and necrosis to cell proliferation
and carcinogenesis.[**!] Intracellular Trx regulates DNA
binding of several transcription factors including p53,
nuclear factor (NF)-xB, and activator protein (AP)-1.14 In
our previous studies, NF-«B is highly expressed in colonic
cancer induced by AOM/DSS and certain modulatory agents
of its expression inhibit CRC development in the inflamed
colon.t*t##1 In addition, circulating T'x inhibits neutrophil
infiltration into the sites of inflammation.* These findings
suggest that Trx thus plays an important role, not only as
an antioxidant and anti-apoptotic molecule, but also as
an anti-inflammatory molecule. Therefore, Trx can be a
good marker for oxidative stress in vatious diseases.!#-#l
Recently, serum Trx level was reported to be significantly
higher in IBD patients and its levels correlated with disease
activity.*! Trx-overexpressing transgenic mice show a
decreased severity of colitis in mice treated with DSS.I*)
Moreover, the administration of recombinant human Trx
decreases the severity of colonic inflammation in interleukin
(IL)-10 KO mice.™ These findings strongly suggest that
Trx is involved in the pathophysiology of IBD. Alteration of
Trx expression is involved in colitis-related carcinogenesis
via regulating DNA binding activity of several transcription
factors, including p53, NF-kB, and AP-1 or gene expression
associated with inflammation or apoptosis. The other proteins
which showed decreased expression in the tumor tissue
included Selenium-binding protein 1, HMG CoA synthase,
1-Cys peroxiredoxin protein 2, Fegbp protein, Cytochrome
¢ oxidase, subunit Va, and ETHE1 protein.

We also observed that the proteins showed highly
increased expression in the tumor tissue. The expression
of B-tropomyosin and tropomyosin 1 were highly increased
by 8.41-fold (spot no. 1915) and 7.28-fold (spot no. 1868),
respectively, in the cancer tissue in comparison to the
nontumorous tissue. Tropomyosin (TM) is an actin-binding
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protein, which is localized head to tail along the length of the
actin filament and controls cell motility.* Although the role
of TMs in muscle contraction is well known, their role in
nonmuscle cells is less clear. Several lines of evidence suggest
that high molecular weight (HMW) TMs encoded by TPM-1
(0~-TM) and TPM-2 (B-TM) genest! may contribute to the
tumor suppressor activity of TGF-B.5% Bakin et al.5 reported
that induction of TMs and stress fibers play an essential role
in TGF-B-control of cell motility, and the loss of this TGF-
B-response is a critical step in the acquisition of a metastatic
phenotype by tumor cells. TMs are involved in pathogenesis
of IBD, UC, and CD,®*% although the role in colitis-related
colon oncogenesis is not known. Other proteins that were
highly expressed in the tumor tissue were S100 calcium
binding protein A9 and Peptidylprolylisomerase A.

In conclusion, the proteomes of CRC and that of nontumorous
mucosa of mice that received AOM and DSS were compared
in gels, and differentially expressed proteins were identified
by mass spectrometry. A total of 13 proteins from 21 spots
were identified by 2-DE and MALDI-TOF MS. Among
13 proteins which showed different expression, CAR1,
a member of nuclear receptor superfamily, may play an
especially important role in this carcinogenesis model as it
showed the most drastic decrease. The study of the protein
expression in the tumor tissue and nontumorous mucosa in
colitis-associated cancer of a mice model (AOM/DSS model)
may help us to find tumor-specific proteins for understanding
the pathogenesis of colitis-associated cancer development.
Proteomic technologies can thus be used to design rational
drugs according to the molecular profile of the cancer cells,
and thereby facilitate the development of personalized cancer
therapy and prevention.

CONCLUSIONS

There were 21 proteins differently expressed in the cancerous
tissues of mice that received AOM and DSS. Their functions
included metabolism, the antioxidant systerm, oxidative stress,
mugcin production, and inflammation. This is the first report
describing a comprehensive protein expression analysis
in an AOM/DSS-induced mouse colon carcinogenesis
model. These findings may provide new insights into the
mechanisms of inflammation-related colon carcinogenesis
and the establishment of novel therapies and preventative
strategies against carcinogenesis in inflamed colonic tissue.
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To establish an efficient rat model! for colitis-associated colorectal
cancer, azoxymethane and dextran sodium suifate (AOM/DSS)-
induced colon carcinogenesis was applied to a novel adenomatous
polyposis coli (Apd) mutant, the Kyoto Apc Delta (KAD) rat. The
KAD rat was derived from ethylnitrosourea mutagenesis and har-
hors a nonsense mutation in the Apc gene ($2523X). The truncated
APC of the KAD rat was deduced to fack part of the basic domain,
an EB1-binding domain, and a PDZ domain, but retained an intact
g-catenin binding region, KAD rats, homozygous for the Apc muta-
tion on a genetic background of the F344 rat, showed no sponta-
neous tumers in the gastrointestinal tract. At 5 weeks of age, male
KAD rats were given a single subcutaneous administration of
AOM (20 mg/kg, bodyweight). One week later, they were given
DSS (2% in drinking water) for 1 week. At week 15, the incidence
and multiplicity of colon tumors developed in the KAD rat were
remarkably severe compared with those in the F344 rat: 100 versus
50% in incidence and 10.7 & 3.5 versus 0.8 = 1.0 in multiplicity.
KAD tumors were dominantly distributed in the rectum and distal
colon, resembling human colorectal cancer. Accumulation of
g-catenin protein and frequent f-catenin mutations were prominent
features of KAD colon tumors. To our knowledge, AOM/DSS-
induced colon carcinogenesis using the KAD rat is the most effi-
cient to induce colon tumors in the rat, and therefore would be
available as an excellent model for human colitis-associated CRC.
{Cancer Sci 2009; 100: 2022-2027)

C olorectal cancer (CRC) is one of the leading causes of can-
cer deaths in the world. Globally, the CRC mortality was
639 000 in 2004."" Chronic inflammation has been identified as
a potential tisk factor for CRC. Clinical studies have shown that
inflammatory bowel disease, such as Crohn’s disease'” and
ulcerative colitis,™ clevates the risk of CRC.

Animal experiments are assumed to simulate or at least pro-
vide plausible pathophysiological mechanisms of various dis-
eases, including cancer and chronic inflammatory disorders. For
inflammation-related CRC, a two-stage colitis-related mouse
colon carcinogenesis model was recently established.™® In this
model, colon carcinogenesis is initiated with carcinogens and
then dextran sodium sulfate (DSS), which can induce colonic
mucosal inflammation resembling the histopathology of ulcera-
tive colitis, is used as a tumor-promoting agent. Colon caicino-
genesis initiated with carcinogens such_as azoxymethane
(AOM),™ 1,2-dimethylhydrazine (DMH),” and heterocyclic
amines'® is effectively promoted in combination with DSS.

The two-stage colitis-related model has been applied to a rat
colon carcinogenesis study. Similar to mice, DSS also promotes
DMH-induced” and AOM-induced®colon carcinogenesis in
the F344 rat. These rat models can be utilized to investigate the
pathogenesis of colitis-related colon carcinogenesis and to detect
carcinogenesis modifiers. "™ For more effective colorectal car-

Cancer 5¢i | Woveraber 2009 | vol 100 | no. 11 | 2022-2027

cinogenesis, however, a novel model, in which much more and
larger tumors are induced in a shorier experiment period, is
required. It would be preferable to obtain a large volume of
tumors, sufficient to be identifiable on macroscopic observation,
because this would be an advantage in testing chemotherapeutic
efficacy of anticancer drugs as well as chemoprevention ability
of anti-inflammatory drugs.

One possible idea to enhance the AOM/DSS model is defi-
ciency of the tumor suppressor adenomatous polyposis coli
(Apc) gene, which plays a significant role in tumor development
in the gut,(' ) for example, AOM enhances colorectal carcinogen-
esis in Apc™™™ mice that carry a germline mutation in the Ape
gene and develop multiple polyps in the intestine.'? Further-
more, DSS strongly promotes colorectal carcinogenesis in
Apc™™* mice 'V These findings prompted us to examine
AOM/DSS-induced colon carcinogenesis in an Apc mutant rat.
In the rat, an Apc-deficient Pirc rat is available.""™ The Pirc rat
carries a nonsense mutation in the Apc gene and the resultant
truncated APC (A1137) lacks the B-catenin binding region. The
Pirc rat develops multiple tamors with a distribution between
the colon and small intestine. The average number of colonic
polyps is 8 = 3 in Pirc rats aged 4-6 months, and most of them
are adenomas. N-ethyl-N-nitrosourea (ENU) treatment enhances
colonic_polyps, but it takes more than 7 months to obtain
them.”'® However, a carcinogenesis test with AOM alone or
AOM/DSS has not yet been done in the Pirc rats.

We have recently produced a rat mutant archive consisting of
cryopreserved sperm derived from ~5000 ENU-mutagenized
male rats and corresponding DNA samples. The mutant archive
is estimated to store ~2 million mutations, sufficient to find
several mutations in a particular gene of interest.'®

We present here a novel homozygous Apc mutant rat strain,
the Kyoto Apc Delta (KAD) rat, from the rat ENU-mutant
archive. KAD rats harbor a nonsense mutation in exon [5 that
results in premature termination at codon 2523 of the serine resi-
due of APC protein. KAD rats are viable and show no spontane-
ous tumors in the small intestine or colorectum. Treatment with
AOM/DSS revealed an increased susceptibility of KAD rats to
colitis-associated colon carcinogenesis in a 15-week experimen-
tal period. Also, the development of colorectal tumors can be
tracked by endoscopic observation. AOM/DSS-induced colon
carcinogenesis in the KAD rats will provide a novel rat model
for investigating colitis-related colon carcinogenesis, identifying
xenobiotics with modifying effects, and evaluating anticancer
drug candidates.

Materials and Methods

Establishment of KAD rat strain. A total of 1735 DNA sam-
ples from ENU-mutagenized F344/NSlc rats from the Kyoto
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University Rat Mutant Archive (KRURMA) were screened with
seven sets of primers (Table S1). These primers were designed
to amplify exons 9, 11, 14, or 15 of the rat Apc gene. Approxi-
mately 6.27 Mb of genomic DNA was screened. Rats carrying
the Apc mutation were recovered by intracytoplasmic sperm
injection.'* Male rats carrying the Apc mutation were back-
crossed five times with female F344/NSlc rats to remove latent
mutations induced by ENU.

Western blotting. Proteins were prepared from the brainstems
of KAD and control F344/NSlc rats at 5 weeks of age. Western
blotting and signal detection were carried out as described.®
Antibodies against the N terminus of APC (H-290; Santa Ciuz Bio-
technology, Santa Cruz, CA, USA), the C terminus of APC (C-20;
Santa Cruz Biotechnology), and B-actin (AC-40; Sigma-Aldrich
Japan, Tokyo, Japan) were used. Secondary antibodies against rab-
bit IgG (NA934; GE Healthcare Bio-Sciences, Tokyo, Japan) and
mouse IgG (NA931; GE Healthcare Bio-Sciences) were used.

Carcinogenesis test. Colon carcinogenic tests were carried out
as described.® Briefly, male KAD rats (n = 17) were divided
into three experimental and control groups. Group | (n = 6) was
given a single subcutancous injection of AOM (20 mg/kg body-
weight) at 5 weeks of age. Starting 1 week after the AOM injec-
tion, animals were given 2% DSS in drinking water for 7 days
and then no further treatment for 13 weeks. Groups 2 (n = 5)
and 3 (n = 3) were given AOM alone and DSS alone, respec-
tively. Group 4 (n = 3) was untreated. Male F344/NSlc rats

(n = 6) were treated with AOM followed by DSS (group 5) and
were controls of group 1. All rats were maintained under the
conditions of humidity (50 + 10%), light (14:10h L:D
cycle), and temperature (24 + 2°C) at the Institute of Laboratory
Animals, Graduate School of Medicine, Kyoto University. At
15 weeks after the AOM injection, they were killed by cervical
dislocation under anesthesia with isofiurane (Forane; Abbott
Japan, Tokyo, Japan). All experimental procedures were
approved by the Animal Research Committee of Kyoto Univer-
sity and were carried out according to the Regulation on Animal
Experimentation at Kyoto University.

Histopathology and immunohistochemistry. At autopsy, the
colorectum of the rats was resected, washed with PBS, and
opened longitudinally along the main axis. After careful macro-
scopic inspection, tumors and the colonic mucosa were dissected
and processed for histopathological examination with hematoxy-
lin-eosin staining. Immunohistochemical staining of B-catenin
was carried out as described previously.

Endoscopic abservation and biopsy. Endoscopic observations
were carried out every week after the 8 weeks of the carcino-
genesis tests. Anesthesia was administrated through the regu-
lated flow of isoflurane vapor (2%) through a nose cone. The
colon was flushed with a tap water enema. The endoscope (BF
TYPE 3C40; Olympus, Tokyo, Japan) was inserted into the
colon and endoscopic images were acquired. A tumor specimen
was biopsied under microscopic observation.

(A i 15-3a 20-aa SAMP repeats
repeats Hl repeats {Axin-binding domain)
) ) E81-  hDLG-
Oligomerization Mutational cluster region Basic binding binding
domain Armadillo repeats {MCR) domain  domain domain

N

A716 Min Pirc

(716) (850) (1137)
(B) 2523
AGGCCCTAAAAGBGCG GG
Arg Pro

| - Treeedied 399 bt
AGBGGCCCTCAAAGC GG
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; ‘ T V 2843
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Fig. 1. Establishment of the Kyoto Apc Delta (KAD) rat strain. (A) Schematic diagram that shows multiple domains of full-length adenomatous

polyposis coli (APQ). Black arrows indicate orthologous locations of truncating mutations in mouse and rat models. The nonsense mutation in
the KAD rat is indicated by a red arrow. (B) Sequence trace of a founder rat showing heterozygosity for C-to-A transversion (arrow) at
nucleotide 7621 of the Apc gene (upper) compared with wild-type littermates {lower). The mutation generated a premature stop codon (TAA)
at the 2523 amino acid position of APC. (C) Western blot analysis of APC in KAD and control £344/NSlc rats. Proteins extracted from the brains
of F344 (+/+) and KAD (Apc*#*P/Apct?52%) rats were hybridized with anti-N terminus of APC (top), anti-C terminus of APC (middle) antibodies.
B-Actin was used as an internal control (bottom). In KAD rats, smaller APC protein was detected with the anti-N terminus APC antibody than
F344 rats, and no signal was detected with the anti-C terminus APC antibody.
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Mutation detection. Mutations of the B-catenin (Catnnbl) or
K-ras (Kras) genes in tumors were screened by direct sequenc-
ing. Genomic DNA was extracted from tissues stored in
RNAlater (Applied Biosystems, Inc., Carlsbad, CA, USA). PCR
primers were designed to amplify mutational hot spots detected
in the AOM-induced colon tumors.”’® The nucleotide sequences
of primers were as follows: rCatnnbl-F, GCTGACCTCATG-
GAGTTGGA and rCatnnbl-R, GCTACTTGCTCTTGCGTG-
AA; 1Kras-F, TGAATTCAGAATGCCTTAGAGTITTIT and
rKras-R, GCACCGATGGTTCCCTATTA. DNA sequencing
was carried out as described previously."'”

Results

Establishment of the KAD rat. A C-to-A point mutation was
detected in the DNA archive of KURMA and was predicted to
result in premature termination at codon 2523 of the serine resi-
due of the APC protein (Fig. 1A). Rats carrying the mutation
were recovered from the corresponding frozen sperm (KURMA
sperm archive number: ENU1588) with intracytoplasmic sperm
injection.’ The nonsense mutation (c. 7621C > A, p.
Ser2523X) was confirmed in recovered animals, which were Fy
hybrids between recipient F344/NSlc and G; donor animals
(Fig. 1B); we therefore named this allele Apc’y" 23 The deduced
APC protein was predicted to lack a part of the basic domain,
EB1-binding domain, and PDZ domain (Fig. 1A). Because
homozygous Min mice and Pirc rats have been reported to be
embryonic lethal,*>'® we crossed Apc heterozygous
mutants to obtain Apc®*** homozygotes. Rats homozygous for
Apc®®? were viable and survived almost 2 years. We thus des-
ignated the Apc®®?’ homozygous strain the KAD rat. Western
blot analyses indicated a lack of the C terminus of APC protein
in the KAD rat (Fig. 1C). Cellular localization of PB-catenin
protein was not altered in the colon epithelia of the KAD rat,
compared with the F344 rat (data not shown).

High susceptibilit¥ 1o colitis-associated colon carcinogenesis in
the KAD rat. Apc™>?* homozygous KAD developed no sponta-
neous tumors in their gastrointestinal tracts even after
20 months of age. We then tried to induce colon tumors in the
KAD rats by administrating AOM as a chemical colonic carcin-
ogen and/or DSS as a colitis-inducing agent. The AOM-treated
(group 2), DSS-treated (group 3), and non-treated (group 4)
KAD rats showed no colon tumors on either macroscopic or
microscopic observation. Meanwhile, AOM/DSS-treated KAD
rats (group 1) developed multiple colon tumors, of which the
incidence, number, and volume could be compared with those
of tumors developed in AOM/DSS-treated F344 rats (group 5).
Interestingly, the AOM/DSS-treated KAD rats showed a higher
incidence of diarrhea than the AOM/DSS-treated F344 rats dur-
ing a few weeks after the cessation of DSS treatment (Fig. 2).

Macroscopically, all of the AOM/DSS-treated KAD rats
showed multiple nodular, polypoid, or caterpillar-like colonic
tumors (Fig. 3A), whereas half of the AOM/DSS-treated F344
rats had a few colonic tumors (Fig. 3B). The average number of
colorectal tumors in the KAD rat was significantly higher than
that of F344 rats (9.5 = 1.8 vs 1.3 + 0.8, P < 0.0001) (Fig. 4A).
The average volume of KAD tumors was not different from that
of F344 tumors (33.9 £23.0 mm® vs 103 % 13.7 mn?®,
P = 0.38). Colon tumors that developed in the KAD rats that
received AOM and DSS were distributed more prominently in
the rectum (4.0 = 1.5) and distal colon (5.2 £ 1.7) than in the
middle colon (0.3 + 0.5) (Fig. 4B). No tumors were observed in
the proximal colon, cecum, or small intestine.

Microscopically, tumors induced in AOM/DSS-treated KAD
rats were diagnosed as tubular adenoma (Fig. 5A), well or mod-
erately differentiated tubular adenocarcinoma (Fig. 5B), or sig-
net-ring cell carcinoma (Fig. S1). The multiplicity of adenoma
of the KAD rat was significantly higher than that of the F344 rat
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Fig. 2. Incidences of diarrhea observed in azoxymethane (AOM)/
dextran sodium sulfate (DSS)-treated Kyoto Apc Delta (KAD) and F344
rats. Percentages of rats showing diarrhea in weekly observations are
shown. One-week DSS administration is indicated by a grey box. Note
that all KAD rats showed diarrhea in week 3, whereas no F344 rats
showed diarrhea.

large bowels

Fig. 3. Macroscopic view of
(AOM)/dextran sodium sulfate (DSS)-treated (A) Kyoto Apc Delta
{KAD) and (B) F344 rats. Scale bars =2 cm.

of azoxymethane

(7.7 £ 2.9 vs 0.3 £ 0.5, P < 0.005) (Fig. 4C). The multiplicity
of adenocarcinoma of the KAD rat was also significantly higher
than that of the F344 rat (3.0 £ 0.9 vs 0.5 £ 0.8, P < 0.001)
(Fig. 4C). Twenty-two of 64 colon tumors induced in the KAD
rats invaded the submucosa, muscularis propria, or serosa

doi: 10.1111/1.1349-7006.2009.01287.x
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Fig. 4. Increased induction of colon tumors in azoxymethane
(AOM)/dextran sodium sulfate (DSS)-treated Kyoto Apc Delta (KAD)
rats. (A) Multiplicity of tumors obsetved macroscopically (mean = SD)
at week 15. ***P < 0.0001. (B) Distribution of colon tumors in
AOM/DSS-treated KAD rats (mean + SD) at week 15. **Distal colon
versus middle colon, P < 0.001; *rectum versus middle colon,
P<0.005. (O Multiplicities of adenoma and adenocarcinoma
developed in KAD rats were significantly hlgher than in £344 rats at
week 15, *P < 0,005, **P < 0,001.

(Fig. 5C), whereas none of the five colon tumors in F344 rats
invaded the submucosa or deeper. Four signet-ring cell catcino-
mas were observed in the KAD rats. Apart from colonic tumors,
colonic dysplasia was observed in all of the rats in groups | and
5. The average number of dysplasias in the KAD rats
(11.2 + 8.0) was greater than that of the F344 rats (3.7 = 4.1),
but the difference was insigaificant (P = 0.069). No dysplastic
lesions developed in groups 2—4.

a)

Fig. 5. Histopathology of colonic tumors devel-
oped in azoxymethane (AOM)/dextran sodium
sulfate (DSS)-treated Kyoto Apc Delta (KAD) rats,
(A) Tubular adenoma, (B) well-differentiated
adenocarcinoma, and {C) moderately differentiated
adenocarcinoma  invading the  submucosa.
Hematoxylin—eosin stain. (D) p-Catenin immuno-
histochemistry in colonic adenocarcinoma.

Yoshimi et al.

Altered cellular localization of P-catenin protein is fre-
quently obsewed n AOM- or AOM/DSS-induced colorectal
tamors. ' Strong B-catenin expression was seen in the cyto-
plasm and/or nucleus of adenoma and adenocarcinoma cells
(Fig. 5D), which indicated the activation of Wnt signaling in
these cells.

Endoscopic observation and biopsy of colon tumors. Endoscopic
examination was done in the amesthetized KAD rats to deter-
mine whether the development of colorectal tumors can be
observed without necropsy. We could observe colorectal lesions
displaying differences from normal mucosa, including polypoid
lesions, as early as the eighth week after AOM administration
(Fig. S2A) and could monitor the development of both the num-
ber and volume of them during the carcinogenesis test
(Fig. S2B). At week 8, the average number of lesions detected
by endoscopy was 3.3 £ 1.2. The number of lesions gradually
increased with the experimental period and reached 17.3 = 4.5
at week 14, which was much higher than that of macroscopic
observations. Such a discrepancy might be caused by the disap-
pearance of inflammatory polyps at week 14. The biopsy of a
tumor specimen under endoscopic observation was successful
and the specimen was diagnosed histopathologically (Fig. S2C).

Highly frequent mutations of the f-catenin gene but no
mutation of the K-ras gene in colon tumors. Mutation of the
B-catenin gene in its glycogen synthase kinase (GSK) 3f phos-
phorylation consensus motif and K-ras mutation at codon 12 are
features of AOM-induced rat colon tumors.'>'® Direct
sequencing of PCR products revealed 29 missense mutations in
29 of 39 (74.4%) colon tumors induced by AOM/DSS in KAD
rats (Table 1). The mutation spectrum detected in the present
study was qu1te similar to that detected in the AOM-induced rat
colon tumors,"® which indicated that a common molecular
pathway to initiate colon carcinogenesis was shared in AOM-
and AOM/DSS-treated colons. Meanwhile, no K-ras mutation
at codon 12 was detected in the 39 colon tumors.

Discussion

A two-stage colitis-related colon carcinogenesis model provides
a powerful tool for the induction of colon tumors in rats.” In
the current study, to establish a more efficient colon carcinogen-
esis model, we produced a novel Apc-mutant KAD rat. The

—
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Table 1. Mutations in the GSK3p phosphorylation consensus motif
of the Catnnb gene in colon tumors

Mutated Base change Amino acid No. mutations
codon substitutiont detected
32 GAT — AAT Asp — Asn 8

33 TCT - TI7 Ser — Phe 4

34 GGA — GAA Gly —» Glu 8

37 TCT —» 11T Ser — Phe 2

41 ACC - ATC Thr - lle 4

44 CCT - 7 Pro — Leu 1

45 TCC —» TIC Ser — Phe 2
Total 29

1Serine residues in codons 33, 37, and 45 and the threonine residue in
codon 41 are GSK3p phosphorylation sites.

KAD rat harbored a nonsense mutation resulting in the truncated
APC protein (A2523), in which the PB-catenin-binding region
was retained. The KAD rat was viable and showed the normal
distribution of $-catenin in colon epithelium and no spontaneous
colon tumors. These findings suggested that Wnt signal
might not be activated in the non-treated colon epithelium of
KAD rats. In humans, a subset of attenuated familial adnoma-
tous polyposis harbors C-terminal-truncated APC mutations
such as A2644 and A2663."'9?® The A2644 APC protein failed
to activate Wnt signaling,®" and these patients are rarely related
to the occurrence of colonic polyposis, but are responsible for
the development of extracolonic lesions, including desmoids,
gastric fundic grand hyperplastic polyposis, and osteomas.
Although we have not yet observed such extracolonic lesions
in the KAD rat, further examinations will allow us to establish
the KAD rat as a model for attenuated familial adnomatous
polyposis.

The AOM/DSS-treated KAD rat showed colon tumors in
100% incidence, much higher in multiplicity (~10-fold) and
more advanced in malignancy than the control F344 rat. These
tumors can be obtained in only a short period of 15 weeks. We
therefore concluded that AOM/DSS colon carcinogenesis was
extensively enhanced in the KAD rat. This carcinogenesis model
has also several advantages over the Pirc rat model. The epithe-
lial malignancy of our model is more significant than the Pirc
model: our model could induce adenocarcinomas (multiplicity is
3.0 £ 0.9), whereas most tumors developed in the colon of the
Pirc rat were adenomas. This suggests that we could obtain mul-
tiple colon tumors in a shorter period (<15 experimental weeks).
Next, we can evaluate the effects of potential carcinogens on
colon carcinogenesis more strictly, because KAD are free from
spontaneous tumors. Additionally, we can prepare tumor-bear-
ing animals in accordance with our needs, which is a major con-
cern in practical studies. Tt has been thought that an ideal colon
carcinogenesis model would involve not only the efficient
induction of tumors but also similar tumor characteristics and
good availability for clinical application. The colon tumors
developed in the KAD rat showed a predominant distribution in
the rectum and distal colon and the accumulation of B-catenin
protein, similar to human CRC. Furthermore, the tumors
induced were large enough to be observed by endoscopy and
biopsied tumor specimens were successfully diagnosed. These
findings indicate that the KAD colorectal carcinogenesis model
has the potential to mimic clinical operations for human CRC.
Our results described here strongly suggest that AOM/DSS-
induced colon carcinogenesis with the KAD rat model is ideal
and provides an excellent tool to investigate basic and clinical
studies on colitis-related CRC. For example, this model enables
efficient evaluation of the effects of novel anticancer drugs on
tumor regression as well as the effects of anti-inflammatory
agents on tumor development. Combination with recently devel-
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oped fluorescence probes that image viable cancer cells®?

would provide clearer images of tumors and further insights into
the pathogenesis of CRC.

In contrast with the AOM/DSS-treated KAD rats, neither
AOM-treated nor DSS-treated KAD rats developed colon
tumors. It is well known that no colon tumors occurred in the
AOM-treated or DSS-treated F344 rats within as short as
15 weeks by the carcinogenesis test.”*>** All AOM/DSS-trea-
ted KAD rats developed colon tumors. They also had significant
diarrhea for a few weeks after cessation of the DSS exposure.
These findings indicate that the KAD rat is susceptible to inflam-
mation provoked by a colitis-inducing agent, DSS, and suggest
that severe inflammation of the colon epithelia might be
involved in the enhancement of colon carcinogenesis in the
KAD rat.

DSS-induced colitis occurs mainly in the distal colon,
which is consistent with the predominant distribution of tumors
to the distal colon and rectum in the AOM/DSS-treated KAD
rat. Additionally, no K-ras mutation was found in the tumors of
AOM/DSS-treated KAD rats. K-ras mutation plays a role as a
promoter through enhancing COX-2 and iNOS expression in the
presence of inflammatory stimuli."'® However, it is likely that,
in our model, DSS enabling the induction of sévere inflamma-
tion might replace the K-ras mutation. In fact, no mutations of
K-ras and a high incidence of substitutions of Apc and p53 genes
were found in the colonic tumors induced by a colonic carcino-
gen, DMH, and a colitis-inducing compound, trinitrobenzene
sulfonic acid.®® These findings may support our idea that
inflammation provoked by DSS plays an important role in colon
carcinogenesis in the KAD rat, and the C terminus of APC,
which is lacking in the KAD rat, might be involved in the effect
of DSS on tumor development,

The C terminus of APC, which is lacking in the KAD rat,
comprises a 321-amino acid polypeptides and contains a part
of the basic domain, EBI-binding domain, and PDZ
domain,®” by which APC interacts with a variety of cytoskel-
etal proteins, such as microtubules, the microtubule plus end
bincling8 grotein (EB1), and the mammalian homolog of Discs
large. 539 With these domains, APC contributes directly
and/or indirectly to cell migration, adhesion, chromosome seg-
regation, sgi_ndle assembly, and apoptosis in the epithelium of
the gut.®'”? In the DSS colitis model, microbiota alteration,
epithelial cell toxicity, increased intestinal permeability, and
macrophage activation have been 3proposed as potential patho-
genesis mechanisms of colitis.®>*¥ Although so far there is
no direct evidence linking these colitis pathogeneses to the
functions of APC domains, it is expected that cell migration
or adhesion occurring in response to DSS treatment might be
disturbed in KAD by the lack of the C-terminal domains.
Alternatively, the responses of epithelial cells to cytokines
released from macrophages induced by DSS might be altered.
Further pathophysiological analysis of the KAD rat colon epi-
thelium would provide insights into the association of the C
terminus of APC with colitis. Importantly, other rodent Apc
mutant models, such as Min mice and Pirc rats, completely
lose all protein interaction sites located in the C-terminal half
of the protein. Thus, it is very difficult to determine whether
the susceptibility to DSS-induced colitis would result from the
effects of the C-terminal or central regions of APC.

In summary, we established an enhanced rat AOM/DSS-
induced colitis-related colon carcinogenesis model using a novel
Apc mutant KAD rat. This colon carcinogenesis model system,
to our knowledge, is the most effective in the experimental
induction of colon tumors and therefore will contribute greatly
to promote experimental studies on the pathogenesis, preven-
tion, and treatment of CRC. The KAD rat also provides insights
into the involvement of the C terminus of APC in the develop-
ment of colitis-telated CRC.
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Fig. S1. Signet-ring cell carcinoma observed in the colon of AOM/DSS-treated KAD rats. Four signet-ring cell carcinomas were observed in
AOM/DSS-treated KAD rats (gronp 1).

Fig. S2. Endoscopic observation of KAD colon tumors and biopsy. (A) Endoscopic image of a colon tumor in a KAD rat at week [ 1. Bleeding from
this tumor was found (arrow). (B) Development of colorectal lesions in KAD rats treated with AOM and DSS (group 1). The average numbers of
lesions observed by endoscopy were plotted. (C) Microscopic view of a specimen biopsied under endoscopic observation. The specimen was diag-
nosed as well-differentiated adenocarcinoma. Bar; 60 pm.

Video S1. Biopsy of a colorectal tumor induced by AOM/DSS two-stage colitis-related carcinogenesis in the KAD rat.

Table S1. Primers used in screening for Apc mutation in KURMA ENU-mutagenized DNA archives.
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Dietary Tricin Suppresses Inflammation-Related Colon Carcinogenesis in

Male Crj: CD-1 Mice

Takeru Oyama,’ Yumiko Yasui,' Shigeyuki Sugie, Mamoru Koketsu,? Kunitomo Watanabe® and Takuji Tanaka'*

Abstract

The flavone 4',5,7-trihydroxy-3',5'-dimethoxyflavone (tricin) present in rice, oats, barley,
and wheat exhibits antigrowth activity in several human cancer cell lines and anti-inflammatory
potential. However, the chemapreventive activity has not yet been elucidated in preclinical
animal models of colorectal cancer. This study was designed to determine whether dietary
tricin exerts inflammation-associated colon carcinogenesis induced by azoxymethane and
dextran sulfate sodium in mice. Male Grj: CD-1 mice were initiated with a singte i.p. injection
of azoxymethane (10 mg/kg body weight) and followed by a 1-week exposure to dextran sul-
fate sodium (1.5%, w/v) in drinking water to induce colonic neoplasms. They were then given
the experimental dist contalnmg 50 or 250 ppm tricin. The experiment was terminated at week
18 to determine the. chemopreventwe efficacy of tricin. In addition, the effects of dietary tricin

. on the expression of several inflammatory cytokmes including tumor necrosis factor (TNF)-a,

were assayed. The development of colonic adenomas and adenocarcinomas was significantly
reduced by feeding with 50 and 250 ppm tricin, respectlvely D;etary tricin also significantly
reduced the prohferatlon of adenocarcinoma cells as well as the numbers of mitoses/
anaphase bridging in adenocarcinoma cells. The dietary admmlstratlon ‘with tricin significantly
inhibited the expression of TNF-a in the nonlesional cypts. Our findirigs that dietary tricin in-
hibits inflammation-related matuse colon carcinogenesis by Suppressing the expression of
TNF-a in the nonlesional cyrpts and the proliferation of adenocarcinomas suggest a potential

use of tricin for clinical trials of colorectal cancer chemoprevention.

Cancer mortality rates in the developed countries have in-
creased throughout this century, and has been already the
leading cause of death in some Western countries (1, 2). Great
advances have been made in the pharmacologic-based treat-
ment of malignant epithelial malignancies. There has also
been a marked increase in the understanding of cell and mo-
lecular mechanisms underlying a variety of carcinogenic pro-
cesses (3). However, therapeutic options for advanced
neoplastic disease remain limited. This lack of treatment alter-
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natives may be due to the large number of genetic and molec-
ular alterations associated with advanced neoplasms that
contribute to the maintenance of neoplastic progression.

The chemopreventive approach to inhibit cancer develop-
ment and progression is highly attractive. Practical limitations
may exist with respect to developing novel and effective che-
mopreventive agents through the use of appropriate animal
models for preclinical evaluation of candidate chemopreven-
tive agents (4). Some herbal and botanical products that contain
flavonoids are likely to possess cancer preventive activities (5).
A diet rich in fruits and vegetables has long been suggested to
correlate with a reduced risk of certain epithelial malignancies,
including cancers in the colon, lung, prostate, oral cavity, and
breast (5-7). A munber of agents have been reported to be can-
didate chemo-inhibitors of cancer development in various tis-
sues, including colon. Among these agents are the flavonoids,
a group of phenolic compounds with structural formula of
diphenyl-propane and secondary metabolites produced by
plants (5, 8,9).

4,5, 7-Trihydroxy-3', 5'-dimethoxyflavone (tricin; Fig, 1A) is
a flavone, a subgroup of the flavonoid group, which is found
in rice, oats, barley, and wheat (10). Although the physiologic
function of tricin in plants is not well defined, the compound
is thought to be produced by the plant during times of environ-
mental stress or pathogenic attack (11) and exert potential alle-
lopathic effects (12). Evidence for the biological activity of tricin
in rodents has recently been reported. Thesebiological activities
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