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Figure | :
Genome-scale expression pattern of transgenic mice
showing major changes are caused by PGE, induc-
tion. Clustered in rows are 5,440 probe sets selected by fold
change threshold of 2 or greater to the average of wild-type
and a ratio p-value of 0.01 or less, and columns are mouse
gastric samples grouped by genotype. Genotypes are shown
on the top of the heatmap. The red-green color scale repre-
sents logl 0 ratio to the average of wild-type samples, as
shown in a color bar on top left: red color indicates the gene
is up-regulated in the sample, and green indicates down-regu-
lated. WT: wild-type.

inflammatory response were significantly condensed with
the p-value of 1.5 x 1021 and 4.2 x 10°3, respectively, in
the gene set changed by the C2mE induction.

Classification of mouse tumor models under a human
gastric cancer subtype

In order to confirm that the mouse gastric tumor models
are similar to human gastric cancer, the expression pro-
files were compared with those of human cancer samples.
First, gene expression data of human breast, lung, colon,
and gastric tumors were collected from public domain. To
estimate similarity between the mouse gastric tumors and
the four types of human cancers, supervised classification
of principal component analysis (PCA) was conducted
using 1,925 genes which were changed more than two-
fold in more than 50 samples of all human samples. The
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Figure 2 :

Overall expression changes in gastric tumors of
C2mE-related transgenic mice are most similar to
those in human gastric cancers. K19-C2mE, KI9-Wntl/
C2mE, and K 19-Nog/C2mE mouse gastric tumors and human
gastric (diffuse, intestinal, and mixed type), colon, breast, and
lung cancers were plotted by principal component | to 3
(PCI to PC3) calculated using 1,925 genes which were
changed by more than two-fold in more than 50 samples of
all. The cumulative contribution of the three components
was 32%. Dots shown in blue: human gastric cancers; cyan:
human célon cancers; red: human lung cancers; green: human
breast cancers; magenta: mouse model tumors.

PCA with the selected genes found that mouse gastric
samples from C2mE-related mice were most closely clus-
tered to human gastric cancers among the four tissues
examined, indicating the global expression changes in the
gastric tumors of the transgenic mice resembled those in
human gastric cancers (Figure 2).

Next, in order to examine which subtype of gastric cancer
shows cross-species similarity, the mouse tumiors were
compared with human gastric intestinal-type and diffuse-
type cancers on the basis of their expression profiles. Pre-
vious expression profiling studies of human gastric tumor
samples have identified gene signatures that classify the
two types. Intestinal and diffuse types are the two major
types of cancer classified on the basis of microscopic mor-
phology [1]. Boussioutas et al. [15] showed that prolifera-
tion genes were over-expressed in intestinal-type tumors
than in diffuse-type tumors; in contrast, extracellular
matrix protein genes were up-regulated in diffuse-type
compared with intestinal-type tumors. In order to deter-
mine which type of human gastric cancer the mouse mod-
els are more similar to, we normalized the human data
[20] to the average of normal samples, and selected 122
genes which were changed in the opposite direction in
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intestinal type and diffuse type [see Additional file 1}, to
classify intestinal and diffuse types by using the normal-
ized data. The false discovery rate was estimated to be
2.4%. The accuracy of class prediction using this gene set
was estimated to be 85% by leave-one-out cross-valida-
tion of human samples. We also examined whether this
gene set can be used to correctly classify another gastric
cancer data set [15]. The test data set included 22 intesti-
nal-type, 35 diffuse-type, and ten normal samples, and
was normalized to the average of all normal samples. The
error rate was 25% in total, and 29% and 18% in diffuse-
and intestinal-type cancers, respectively.

To compare the expression patterns of the signature genes
in mouse tumors to those in human gastric cancers; hier-
archical clustering "analysis was' performed with mouse
gastric data and human intestinal- and diffuse-type data
sets. The expression pattern of our modified signature
genes for distinguishing intestinal- and diffuse-type 'gas-
tric cancers revealed that the gastric tumors from C2mE-
related transgenic mice were more similar to intestinal-
type human gastric cancers than to diffuse-type human
gastric cancers (Figure 3). By linear discriminant analysis,
all: C2mE-related gastric tumors except one K19-Wntl/
C2mE sample were classified as intestinal-type tumors.

Expression pattern of the genes frequently deregulated in

human gastric cancer in a subtype specific manner

It is known that amplification or overexpression of some
genes are found in a subtype-specific manner. E-cadherin
gene mutations or loss are specifically found in diffuse-
type gastric cancer [11,12]. In contrast, amplification of
ErbB2 gene is observed only in intestinal type, and not
reported in diffuse type [6,7]. LOH of deleted in colorectal
carcinoma (DCC) is predominantly observed in about
half of intestinal-type [21,22]. Expression levels of the
three genes were compared between mice and human gas-
tric cancer types (Table 1), CDHI expression was signifi-
cantly decreased in human diffuse type but not in
intestinal type as expected. In the three transgenic mice,
Cdhl gene was not decreased in any of transgenic mice
compared with wild-type, inferring that one of the most
characteristic changes in human diffuse type gastric cancer
was not observed in the mouse models. Up-regulation of
ErbB2 was obsetved in human intestinal-type microarray
data, and also in our mouse data. DCC expression was
reduced in human intestinal-type as expected, while the
reduction of the gene was observed in the mice model,
especially in K19-Wnt1/C2mE mice. The expressions of
the three genes defining the tissue-type of the human gas-
tric cancer also support the idea that the mouse models
are more similar to intestinal-type human cancer.

Difference among PGE, pathway-activated mouse models
Tumots from three mouse models with PGE, pathway
activation show different histology. K19-C2mE develops
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Figure 3 :
Expression profiles of C2ZmE-related gastric tumors
are clustered to human intestinal-type gastric can-
cers. Clustered in rows are 93 genes which met p-value less
than 0,001 and opposite change direction between intestinal-
type and diffuse-type human gastric cancers, and clustered in
columns are human and mouse gastric tumors. As a distance
measure, cosine correlation was used. Linkage method for
clustering was average linkage. Samples shown in red: human
intestinal type gastric cancers; blue; human diffuse type; yel-
low: K19-C2ZmE mice; magenta: KI9-Wntl/C2mE: cyan: K19-
Nog/C2mE. The red-green color scale represents logl0 ratio
to the average of wild-type or normal samples, as shown in'a
color bar on top left.

hyperplasia with macrophage infiltration, whereas K19-
Wntl/C2mE develops dysplasia [17,18]. K19-Nog/C2mE
develops hamartoma similar to human juvenile polyposis
{19]. We next attempted to  identify. differentially
expressed genes among the three mouse models which
allowed us to assess the best-fit model among the three to
study gastric intestinal-type cancer. With ANOVA p-value
threshold of 0.001, we selected 155 genies which were dif-
ferently regulated among the three groups. Few of these
genes showed expression changes in the same direction
between K19-Wnt1/C2mE and K19-Nog/C2mE (Figure 4).
Wnt pathway genes Porcn, an acyltransferase required for
Wnt protein secretion, B-catenin (Ctnnbl), and Tcfe2a
{TCF3 in human) were overexpressed in K19-Wnt1/C2mE
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Table I: Expression changes of subtype-specific genes in mouse and human gastric tumors.

Mouse Human
C2mE Wntl/CZmE Nog/C2ZmE Diffuse Intestinal
CDHI 113* 1.00 I.10 0.43* 1.09
ErbB2 1.37% 143* 1.25% 092 1.37%
bcc 0.91 0.85% 0.94 0.98 0.71*

Expression values are shown in average log ratios (base | 0) to. wild-type or normal samples. Asterisk indicates t-test p-value <'0.05.

K19-Nog/C2mE
K19-Wnt1/C2mE
K19-C2mE

Figure 4

Wht/f-catenin regulatory genes are up-regulated in
Wntl/C2mE mice. Clustered in rows are 155 probe sets
which were differently regulated among three genotypes,
KI19-C2mE, KI9-Wnt1/C2mE, and KI9-Nog/C2mE, using
ANOVA p-value threshold 0.001. Columns show motse gas-
tric sample grouped by genotype and genotypes are shown
on top of the heatmap. Color scale is same as in Figure |.

mice, but not in K19-Nog/C2mE (Figure 4). TGF-B/BMP
pathway genes Smad3 and Tgfbr2 were also up-regulated
and Bmp2 was down-regulated in K19-Wntl/C2mE but
notin K19-Nog/C2mE.

In K19-Nog/C2mE mice; some genes which promote tum-
origenesis were up- or down-regulated, although they
have not been reported in the downstream of BMP path-
way. ROCKII was specifically up-regulated in K19-Nog/
C2mE, and its overexpression is associated with progres-
sion in several types of cancers via modulating actin
cytoskeleton organization. Down:-regulated genes include
RAMP?2 and PPARGCIA, and their inactivation or under-
expression was shown to contribute to lung cancer and
hepatoma development respectively.

Since deregulation of Wnt pathway including APC or
CTNNB1 mutation have been more frequently observed
in intestinal-type compared with diffuse-type [23,24], the
results indicated that K19-Wntl/C2mE could offer a
model that best-fits intestinal-type tumors among the
three C2mE-related mice.

Discussion

The present study indicated that human intestinal-type
gastric cancers exhibited significant similarity to C2mE-
related mice, especially to K19-Wntl /C2mE mice by global
expression profiling. The prediction of similar tumor type
by global expression profile is consistent with the pheno-
types of the transgenic mice. Accumulating evidence has
indicated that inflammation level which is caused by the
up-regulated expression/activity of COX-2 and mPGES-1
is severer in intestinal-type gastric cancer compared with
diffuse-type one, although both types of tumors are
related to Helicobacter pylori that are known to induce
inflammation to the infected site [14,25-28]. This knowl-
edge supports our observation that gastric tumors in
C2mE-related mice in which PGE, pathway is activated
exhibit similarity to intestinal-type gastric tumors. In
addition, activating and inactivating mutations in
CINNBI and APC are more frequently observed in intes-
tinal-type cancer. No APC LOH/mutation were observed
in diffuse-type gastric cancer, whereas 60% were found in
intestinal-type one [24,29,30]. Mutation in CINNBI was

Page 50f 8

(page number not for citation purposes)




BMC Genomics 2009, 10:615

predominantly observed in intestinal-type one [13]. This
is also' concordant with. our previous. finding that K19-
Wnt1/C2mE mice which only develop adenocarcinoma
among the three C2mE-related mice activate down stream
genes of Wnt/B-catenin pathway.

Usually, several types of transgenic mice for one tumor
type are required to examine similarity in global expres-
sion profiling between mice tumor models and human
ones, since the genes which were up- or down-regulated in
each mice model were extracted compared to the average
of all the examined tumor samples. With this approach,
Lee et al. [31] analyzed gene expression data of seven
mouse hepatocellular carcinomas (HCCs) including five
GEMs with human HCCs to identify models that recapit-
ulate human cancer ora type of human cancer, and found
that some subclasses of human HCC mimic mice models
in expression pattern. Hershkowitz et al. [32] also used the
same normalization method, and found that characteris-
tic expression patterns observed in human breast tumors
were conserved in 13 mouse breast tumor models. Since
the available data of expression profile for mouse gastric
tumors are limited to our K19-C2mE and its compound
mice, we took different strategy to assess the similarity of
gastric tumors between the two species. Instead of using
average of all samples in the dataset as a reference to cal-
culate expression ratios, we normalized the mouse gastric
data to average of wild-type samples. To compare our
mice expression profiles with those of human gastric can-
cers, the gene signature to classify human intestinal- and
diffuse-type gastric cancers was also modified from origi-
nal one by normalizing the expression data to the average
of normal gastric samples. This has allowed us to reveal
that C2mE-related transgenic mice resemble human intes-
tinal-type gastric tumors in expression profiling.

Comparison of gene expressions between mouse models
- showed that simultaneous induction of Wntl1 and PGE,
deregulated not only gene expression of Ctnnbl and Porcn
in Wntsignaling but also Smad3 and Tgfbr2 in TGF-B/BMP.
signaling. Given the crosstalk between TGE-B/BMP and
Wnt pathways has been reported in multiple previous
studies, the deregulated expression of the genes in the
additional signaling pathways could be explained by pos-
itive and negative feedback to the pathways from the up-
regulated Wnt signaling. For example, BMP signaling is
known to suppress B-catenin activity in intestinal stem
cells [33]. BMP signaling could be repressed in K19-Wntl/
C2mE, because Bmp2 expression was significantly down-
regulated. Increase in Smad3 and Tgfbr2 might be resulted
from the negative feedback by BMP signaling suppression,
as demonstrated in a study on TGE-B induced fibrosis
{34]. In contrast to K19-Wnrl/C2mE transgenic mice;
expression changes of the Wnt pathway genes were not
observed in K19-C2mE and K19-Nog/C2mE mice. It would
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be of great interest to further analyze the crosstalk of sign-
aling pathways in the compound transgenic mice.

Conclusions ,

Genetically engineered ‘mouse  (GEM) models provide
useful tools to study mechanism of tumorigenesis, to val-
idate a new target for drug development; and. to. find
biomarkers. - Advances ~in ' genetic engineering  have
allowed us to develop a variety of transgenic or knockout
models of human diseases. The main question on using
GEMs as disease models is whether the model recapitu-
lates the human disease. We previously developed several
gastric tumor transgenic mice in which prostaglandin E,
pathway is activated. Although we conducted detailed his-
tological analysis with the transgenic mice, it remained
elusive whether global molecular changes in the trans-
genic mice reproduce features of human gastric tumors or
not. This report has provided initial evidence that K19-
C2ZmE and their compound mice, K19-Nog/C2mE, K19-
Wnt1/C2mE, show similarity to human gastric cancer,
especially to intestinal-type one by the analysis of mRNA
expression profile: Among others, extraction of up- or
down-regulated genes specifically in K19-Wnt1/C2mE or
K19-Nog/C2mE respectively inferred that K19-Wnt1/C2mE
mice would provide best-fit mouse model for intestinal-
type gastric tumors. These findings would potentially pro-
vide various benefits in our future studies including eluci-
dation of gastric tumorigenesis and optimal therapeutic
target identification.

Methods

Stomach tissue samples

Construction of transgenic mice have been described in
our previous studies [17-19]. Briefly, the K19-Wnil and
K19-Nog strains overexpress Wntl and Nog genes, respec-
tively, specifically in the stomach. K19-C2mE overex-
presses ' the  mPGES-1 gene and COX-2 - genes
simultaneously and specifically in the stomach. Ki9-
Wntl/C2mE and K19-Nog/C2mE are compound . trans-
genic mice with K19-Wntl and K19-Nog, respectively;
both mouse strains have K19-C2mE. For expression profil-
ing, three wild-type C57BL/6, five K19-Wntl, three K19-
C2mE, five K19-Wnt1/C2mE, two K19-Nog, and three K19-
Nog/C2mE mice were used. All animals used in this study
were female mice aged 18-65 weeks: The glandular stom-
ach of each mouse was cut for microarray analysis. All ani-
mal studies were carried out in accordance with good
animal practice as defined by the Institutional Animal
Care and Use Committee (IACUC).

Microarrays

GeneChip Mouse Genome 430 2.0 Arrays (Affymetrix,
Inc.) were used to monitor the expression profiles of the
gastric samples. Total RNA was prepared using the RNeasy
Mini Kit (QIAGENY) after treatment with TRIzol (Invitro-
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gen Corp:); and labeled cRNA was prepared using stand-
ard Affymetrix protocols. The signal intensities of the
probe sets were normalized by the Affymetrix PowerTools
RMA method implemented in Resolver software (Rosetta
Biosoftware), and log ratio values to the average of wild-
type samples were calculated for each sample by using
Resolver. All the microarray data were deposited at Gene
Expression Omnibus (GEO) under dataset accession no.
GSE16902 [35].

Public human microarray data

Human gastric cancer |20} and breast cancer [36] microar-
ray data were retrieved from the online supplement.in the
Stanford Microarray Database [37]. The gastric cancer data
includes 68 intestinal-type cancer, 13 diffuse-type cancer,
and 15 normal gastric samples. The breast cancer data
include 115 breast tumor and seven normal tissue sam-
ples. Human colon cancer data [38], including 100 color-
ectal canicer and five normal tissue samples, were retrieved
from NCBI GEO under accession’ GSE5206. The Ann
Arbor lung tumor dataset [39] including 86 lung adeno-
carcinomas and 10 non-neoplastic lung samples was
obtained from the United States National Cancer Institute
website [401]. Expression values were transformed to log10
(ratio to geometric averages of normal samples) in order
to compare with mouse data.

Intestinal vs. diffuse type signature genes

Human gastric tumor data from Chen et al. [20] were used
to develop an intestinal vs. diffuse type classifier. We
selected genes that met the following criteria: (1) t-test p-
value < 0.001 between the two groups, (2) opposite
changes in the average expression of signature genes in
intestinal-type tumors and that of signature genes in dif-
fuse-type tumors. The false discovery rate was estimated
by the Benjamini and Hochberg method [41]. The tumor
classes of mouse and human samples were predicted by
linear discriminant analysis using the signature score
defined by the following formula:

Signature score = (Average log ratio of genes up-regulated
in intestinal-type tumors and down-regulated in diffuse-
type tumors) - (Average log ratio of genes down-regulated
in intestinal-type tumors and up-regulated in diffuse-type
tumors)

Combining mouse and human gene expression data
In order to combine mouse data with human gastric can-
' cer microarray data, mouse and human data were re-
ratioed to the geometric average of wild-type and normal
samples, respectively. When there was more than one
probe set for a gene in a microarray, the averaged expres-
sion ratios were used for the gene. Next, using only
homologous genes that are represented in both arrays, we
merged the mouse and human data sets into a single data
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set. The mouse microarray comtains 45,037 probe sets,
which correspond to 21,066 Entrez genes, and the human
mnicroarray contains: 6,688 probes, which correspond to
4,463 Entrez ‘genes. When they were merged, 4,094
homologous genes were identified.

Statistical analysis

The hypergeometric test-for Gene Ontology enrichment
was performed using the Gene Set Annotator developed
by Rosetta Inpharmatics. [42]. For the other statistical
analyses in this study, the MATLAB software (MathWorks
Inc.) was used. ‘
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Dietary Tricin Suppresses Inflammation-Related Colon Carcinogenesis in

Male Crj: CD-1 Mice

Takeru Oyama," Yumiko Yasui,! Shigeyuki Sugie,' Mamonu Koketsu,2 Kunitomo Watanabe® and Takuji Tanaka™*

Abstract

The flavone 4°.5,7-trihydroxy-3',5"-dimsthoxyflavone (tricin) present in rice, oats, barley,
and wheat exhibits antigrowth activity in several human cancer cell lines and anti-inflammatory
potential. However, the chemopreventive activity has not yet been elucidated in preclinicat
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 Cri: CD-1 mice were Initiated with a single i.p. injection
of azoxymethana (10 mg/kg body weight) and followed by a 1-weekK exposure to dextran sul-
fate sodium (1.5%, w/v) in drinking water to Induce colonic neoplasms. They were then given
the experimental diet contalning 50 or 250 ppm tricin, The experiment was terminated at week
18 to determine the chemopreventive efficacy of tricin. In addition, the effacts of distary tricin
on the expression of several Inflammatory cytokines, including tumor necrosis factor (TNF)-a,
were assayed. The development of colonic adenomasand adenpcarc!noma.swasstgnlﬂcanﬂy
reduced by feeding with 50 and 250 ppm tricin, respectively. Dietary tricin also significantly
reduced the proliferation of adenocarcinoma cells as well as the numbers of mitoses/
anaphase bridging in adenocarcinoma cells. The dietary administration with tricin significantly
inhibited the expression of TNF-a in the nonlesional cypts. Our findings that dietary fricin in-
hibits Inflammation-related mouse colon carcinogenesis by suppressing the expression of
TNF-a in the nonlesional cyrpts and the profiferation 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 Westem 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 n 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 number of agents have been reported to be can-
didate chemo-inhibitors of cancer development in various Hs-
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. 14) is
a flavone, a subgroup of the flavonoid group, which is found
i1t 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, These biological activities
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Fig. 1. ‘A, the structure of tricin; molecular weight, 330,074, B, body weight changes of mice in all groups during the study. Dietary tricin (groups 2, 3, and 5)
did not significantly affect the body weight gain. Macroscopic viaws of the colons from the mice of groups 1 (C), 2 (D), and 3 (E), which received AOM/DSS,
AOM/DSS/50 ppm tricin, and AOM/DSS/250 ppm tricin, respectively. at the ond of the study (week 18). Although a number of colonic tumors: were observed
in the mice ol group 1, the numbers of the tumors found in groups 2 and 3 were smaller than that In group 1.

include antioxidative (13, 14), antiinflammatory, antiviral (15),
and antihistamic (16) activitics. These same biological activities
have been observed in other promising cancer chemopreven-
tive agents (17-20). The effects of tricin on oncogenesis have
been investigated by Gescher et al Their studies have shown
that tricin suppresses the growth of human malignant breast
tumor innude mice (21). Dr. Gescher's group also reported that
treatment with tricin-containing extracts from brown rice in-
hibit the proliferation of human colon and breast cancer cells
in vitro (22), There are few reports on the effects of dietary tricin
onintestinal carcinogenesis. Cai et al. (23) reporhed that feeding
a diet containing 0.2% tricin decreased the size and the number
of intestinal adenoma formed in Apc™™* mice through the in-
hibition of cyclooxygenase (COX)-2 (23, 24). Dietary tricin did
not affect tumor formation in the large bowel (23). Becausc the
concentration of tricin in the mouse intestine is greater than the
concentration in the plasma or liver when mice are fed diets
containing tricin (25-28), we hypothesized that dietary tricin
may affect and possibly inhibit chemically-induced colon carci-
nogenesis in rodents.

The curtent study was designed to explore the possible can-
cer chemopreventive efficacy of tricin. We investigated the ef-
fects of dietary tricin on large bowel oncogenesis using an
- azoxymethane (AOM)/dextran sodium sulfate (DSS)-treated
mouse model, which is a useful animal model to study chemo-
prevention in inflammation-related colon carcinogenesis (29-34).
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The effects of dietary tricin on the expression of inflammatory
enzymes, such as COX:2 (35-37) and inducible nitric oxide
synthase (iNOS; refs. 37, 38), and inflammatory cytokines, such
as tumor necrosis factor (TNF)-a, (39, 40) NF-xB (17, 40), inhibi-
tor kB (IxB), and IxB kinase (1ICK)3 in the nonlesional colonic
mucosa were examined to understand the mechanism(s) by
which the compound modify AOM/DSS-induced colon carci-
nogenesis. [n addition, we determined whether dietary tricin
affects the chromosomal instability (41) of adenocarcinoma celis
by counting the number of anaphase-bridging formations.

Materials and Methods

Chemicals

Tricin (>99% pure confirmed by high performance liquid chroma-
tography) was isolated and prepared from the leaves of Sasa albo-
marginata (Hououdou Co. Ltd.) by one (M.K) of the authors (15). In
brief, the dried leaves (50 kg) were combined with water (1,000 1) and
extracted at 170°C over a period of 3 h. The extracted solution was
filtered. The hot water extract of Sasa albo-marginata was fractionated
successively with ethy] acetate and n-butanol. The ethyl acctate fraction
(52.0 g) was fractionated using a silica gel 60 (Cica-reagent, 40-50 pm)
column (inner diameter 6 x 50 cm, 500 g) and washed with n-hexane-
ethy} acetate and methanol. This process yielded seven fractions (A-G).
Chioroform was added to fraction F (1.50 g) to obtain a chloroform-
soluble fraction and an insoluble fraction (solid phase}. Tricin (10.0 mg)
was recrystallized from the chloroform-soluble fraction as yellow,
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S

Tricin Inhibits Mouse Ceolon Carcinogenesis

needle-shaped crystals. Finally, a total of 8 g of tricin was prepared
from 40,000 kg of the leaves and was used in this study.

AOM was purchased from Sigma-Aldrich. DSS with a molecular
weight of 36,000 to 50,000 was abtained from MP. Biomedicals, LLC.
DSS 1.5% (w/o) was prepared shortly before use to induce colitis.

Animals and dlets

Five-week-old male Crj: CD-1 (ICR) mice were purchased from
Charles River Laboratories, Inc. All animals were housed In plastic
cages (three or four mice/cage) and had free access to tap water
and a basal diet, Charles River Formula-1 (Oriental Yeast, Co.,, Ltd.).
The animals were kept in an experimental animal room under con-
trolled conditions of humidity (50 = 10%), light (12/12-h light/dark
cycle) and temperature (23 = 2°C). After 1 wk of quarantine, animals
were divided into six experimental groups and one control group, Ex-
perimental diets were prepared by mixing tricin in powdered basal
diet at two dose levels, 50 and 250 ppm. The highest dose was one
eighth of the dose used by Cai et al. (23) because we investigated
the potential clinical application of low doses of tricin.

Animal experiment

The experimental and study design were approved by the Commit-
tee of Kanazawa Medical University Animal Facility under the Insti-
tutional Animal Care guideline. All handling and procedures were
carried out in accordance with the appropriate Institutional Animal
Care Guidelines.

A total of 95 male ICR mice were divided into six experimental
groups and one control group. Mice in groups 1 (7 = 20), 2 (n = 20),
and 3 {n = 19) were given a single i.p. injection of AOM (10 mg/kg
body weight). Beginning 7 d after the AOM injection, they also re-
ceived 1.5% (w/v).DSS in drinking water for 7 d. Beginning 1 wk fol-
lowing the final DSS exposure, the mice in groups 2 were fed an
experimental diet containing tricin at the rate of 50 ppm and the mice
in group 3 were fed an experimental diet containing 250 ppm tricin.
Both groups received the experimental diets for 15 wk. The mice In
groups 4 (1 = 9) received only the 250 ppm tricin-containing diet, The

mice in group 5 (n = 9) received only AOM, and the mice ingroup 6

(nn = 9) received only 1.5% DSS in drinking water, The mice of group 7
(n'=9) served as untreated contrals,

At week 8, four mice each from groups 1, 2, and 3 and three mice
each from groups 4, 5, 6, and 7 were randomly selected and sacrificed to
measure mRNA expression of target inflammatory enzymes and cyto-
kines in the colonic mucosa by quantitative reverse transcription-PCR
(RT-PCR). At sacrifice, thelargebowel of each animal was removed, the
contents (feces) were washed out by physiologic saline, and the length
from the ileocecal junction to the anal verge were measured. After the
large bowels were cut open longitudinally along the main axis and
gently washed with saline, scraped colonic mucosa tissue was dipped
into the RNAlater solution (Applied Biosystems/Ambion).

At week 18, all of the remaining animals were euthanized by exsan-
guinations through the abdominal aorta under diethylether anesthesia
and subjected to a complete gross necropsy examination to detenmine
the incidence and multiplicity of tumors in the Jarge bowel. At sacri-
fice, the Jarge bowel was removed and the length was measured. Each
large bowel was cut open longitudinally along the main axis and gently
washed with galine, then examined manually to determine the inci-
dence and multiplicity of tumors. The colon was fixed in 10% buffered
formalin for at least 24 h. Histopathologic examination was done on

- H&E-stained sections made from paraffin-embedded blocks. Colonic
tumors were diagnosed according to eriterin established in a prior
study (34). The number and density of mucosal ulcers on H&E-stained
sections was also recorded.

Immunohistochemistry of proliferating cell nuclear

antigen

Immunohistochemical analysis for the proliferating cell nuclear
antigen (PCNA) In the colon with or without tumors was done on

www.aacrjournals.ocrg g
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4-um-thick paraffin-embedded sections by the labeled avidin-biotin-
peroxidase complex method using a Vectastain ABC kit (Vector Labo-
ratories), with microwave accentuation. The paraffin-embedded
sections were heated for 30 min at 65°C, deparaffinized in xylene,
and rehydrated with ethanol at room temperature. PBS (pH 74; 0.01
mol/L) as used to prepare the solutions and for washes between the
preparation steps. Incubations were done in a humidified chamber. The
sectons were treated for 40 min at room temperature with mouse 1gG
blocking reagent (Vector Laboratories), and incubated overnight at 4°C
with the primary antibody (1:300 dilutien; DAKO Japan, Co., Ltd.). The
antibody was applied to the sections according to the manufacturer’s
protocol. Horseradish peroxidase activity was visualized by treatment
with H,0; (DAKOJapan, Co., Ltd.) and 3,3'-diamincbenzidine (DAKO
Japan) for 5 min. In the last step, the sections were weakly counter-
stained with Mayer's hematoxylin (Merck). For each examination, neg-
ative controls were done on serial sections. The numbers of nuclei with
positive reactivity for PCNA-immunohistochemistry were counted by
two observers {T.O. and T.T.) who were unaware of the treatment groups
1o which the slides belonged. The positive rates were evaluated in >100
cancer cells each of 15 different areas of the adenocarcinomas and 10 dif-
ferent aypts of the “normal”-appearing colonic mucosa from five mice
each from groups 1 to 3 and expressed as percentage (mean # SD).

Mitotic index and anaphase bridging index of

adenccarcinoma cells '

To examine the effects of dietary tricin on chromosomal instability
(41) In adenocarcinoma cells, the anaphase bridging index (ABI) was
determined on Hé&E-stained sections. The numbers of mitoses and
anaphase bridging were counted in >100 cancer cells from five adeno-
carcinomas each from groups 1 through 3. The mitotic index (MI; num-
ber of mitoses per cancer cells) and ABI (number of anaphases with
bridging per mitoses) were expressed s percentages (mean + SD).

Quantitative RT-PCR

The normal-appearing colonic mucosa of mice from groups 1
through 3 were assayed for mRNA expression of COX-2, INOS,
TNF-a, NF«B, IxBa, and IKKp by RI-PCR. RNA was extracted using
the RNeasy Mini kit (Qlagen) according to the manufacturer’s proto-
col. cDNA was synthesized from 0.2 ug of total RNA using Super-
Script HI First-Strand Synthesis System (Invitrogen Co.). Real-time
PCR was done in a LightCycler (Roche Diagnostics Co.) with SYBR
Premix Ex Taq (TAKARA BIO, INC.). The expression level of each
gene was normalized to the f-actin expression level using the stan-
dard curve method. Each assay was done six times and the average
was calculated. The primers used for amplifications are listed in Sup-
plementary Table S1. 7 o

Statistical analysis

Where applicable, data were analyzed using one-way ANOVA with
Tukey-Kramer Multiple Comparistns Test or Bonferroni (GraphPad
Instat version 3.05, GraphPad Seftware) with P < 0.05 as the limit
for statistical significance, Fisher's Exact Probability test or the x? test
were used for comparison of the incidence of lesions between the two
groups. Data on mRNA expression (mean + SEM) were analyzed by
Mann-Whitney U test.

Results

General cbservation

All animals remained healthy throughout the experimental
period. Food consumption (grams/day/mouse) did not differ
significantly among the groups (data not shown). The body
weight gains by mice in all of the seven groups were similar
during the study (Fig. 1B). The mean body weight of group 2
(AOM/DSS/50 ppm tricin) was significantly lower than that
of group 1 (P < 0.01; Supplementary Table 52). The mean colon
length of group 1 was significantly shorter than the mean
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Flg. 2. Representative histapathology of
the colonic lesions in group 1 (AOM/DSS).
A, mucosal ulcer; B, dysplastic crypts;

C and D, tubular adencmas; E and F,
moderately differentiated tubular
adenocarcinomas.

colon length of group 7 (no treatment; P < 0.01; Supplementary
Table 82).

Incdidence and multiplicity of colonic lesions

The incidence of macroscopic colonic lesions, including tu-
mors and small ulcerations, were seen in the mice in group 1,
2, 3, and 6 (Fig. 1C-E). All mice in groups 1 through 3, which
were treated with AOM/DSS with or without tricin, devel-
oped colonic tumors (adenoma and/or adenocarcinoma).
The mice of group 4, 5, and 7 did not develop colonic tumors.

Microscopic examinations revealed various pathologic co-
lonic lesions in mice from groups 1, 2, 3, and 6. The lesions
included mucosal ulcers (Fig. 2A), dysplastic crypts (Fig. 2B),
tubular adenomas (Fig. 2C and D), and tubular adenocarcino-
mas (Fig. 2E and F). Some of the adenocarcinomas that devel-
oped in the group 1 mice invaded the subserosa of the colon
(Fig. 2E). Table 1 summarizes the microscopic data on the inci-
dence and multiplicity of colonic lesions. The dietary adminis-
tration of 50 ppm tricin (group 2) significantly reduced the
incidence (P = 0.0117) and multiplicity (P < 0.05) of adenomas
and the number of total tumors (adenoma + adenocarcinoma,
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P < 0.05) when compared with group 1. Feeding with 250 ppm
tricin (group 3) also significantly lowered the numbers of ade-
nocarcinomas and total tumors when compared with group 1
(P < 0.05 for each comparison). The mean numbers of dysplastic
crypts in groups 2 (P < 0.05) and 3 (P < 0.01) were significantly
lower than that of dysplastic crypts in group 1. The mean
numbers of mucosal ulcers in group 2 (P < 0.05) and 3 (P <
0.001) were also significantly smaller than that of group 1.

PCNA labeling indices of the normal-appearing crypts

and adenocarcinomas

Thedata on the proliferative kinetics in the normal-appearmg
crypts and colonic adenocarcinomas by estimating the PCNA
labeling indices are shown in Fig. 3. The dietary administra-
tion of tricin significantly lowered the PCNA labeling index
of the normal-appearing crypts in group 2 (38 + 11, P <0.05)
and group 3 (36 12, P < 0.05) when compared with group 1
(48 £ 11). The PCNA labeling indices for colonic adenocarcino-
masingroups 2 (74 £ 6, P <0.05)and 3 (71 = 4, P < 0.001) were
significantly lower than in group 1 (80 + 8).

www.aacrjoumnals.org
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Table: 1. Incidence and multiplicity of colonic lesions

Group no. Treatment Mucosal uicer Dysplasla Adenoma Adenocarcinoma  Total tumors
{ro. of mice examinad) (high grade) (AD+ADC}
1 AOM/1.5% DSS (16) 100% 100% 8896 8496 94%
(2.69 = 0.95)" (5.00 + 3.79) 4.19 = 4.22) {4.63 + 3.74) (8.81 = 6.21)
2 . AOM/1:5% DSS/50 ppm 94% 80% 44%8 75% 5%
tricin {16} (1.8t % 1.11) (256 £ 1.79)1% - (1.44 2 1.79)13 3.19'x 2,64) (4.83 = 4.05)1*
3 AOM/1.59% DSS/250 ppm 60% 73% 67% 67% 80%
tricin (15) (0.87.£083)" = (153 ¢ 1.13)" (187 = 1.73) {(1.80 2 2.04)* (3.67.2337)"%
4 250 ppm tricin (6) 0% 0% 0% : 0% 0%
5 AOM (6) 0% 0% 0% 0% 0%
6 1.5% DSS (6) 3% 0% 0% 0% 0%
(0.33 £ 0.52)
7 None (6} 0% 0% 0% 0% 0%
Abbreviations: AD, adenoma; ADC; adenocarcinoma.
*Mean = SD.
TSignificantty different from group 1 by one-way ANOVA, and Tukey-Kramsr Multiple Comparisons test.
P < 0,05.
SSignificantly different from group 1 by Fisher's exact probabllity fest (P = 0.0117).
ip < 0.001. : :
%P < 0.01.
The effects of tricin on the MI and ABI {0.50 + 0.24) and group 3 (0.29 £ 0.10, P < 0.05) compared with

Dietary administration with tricin affected the number of = group 1 (1.10 x 0.57).
mitosis (Fig. 4A) and anaphase bridging (Fig. 4B) in adenocar- ~ .
cinomas. As illustrated in Fig. 4C, dietary feeding with tricin Expregsions of inflammatory enxyme and cytokisne
significantly decreased the Ml in group 2 (17.4 £ 0.9, P < 0.05) genes in colonic mucosa
and group 3 (12.7 = 2.0, P < 0.001) compared with group. 1 Atweek 8, we assayed mRNA levels of COX-2, iNOS, TNF-q,
(20.8 £ 2.4). The treatment also lowered the ABI in group 2 NE-«B, I«Ba, and IKKp in the nonlesional colonic mucosa of
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Fig. & .The PCNA fabeling indices of the normal-appearing crypts (A) and adenocarcinomas (B). Feeding with tricin (groups 2 and 3] significantly lowered the
PCNA labaling Indices of the normal-appesaring crypts (P < 0.05 for each comparison) and sdenocarcinomas (group 2, P < 0.05; and group 3, P.< 0.001) compared

with group 1.
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mice in groups 1 through 3 by semiquantitative real-time
RT-PCR (Fig. 5). The TNF-a expression significantly decreased
in group 3 compared with group.1 (P < 0.05; Fig. 5A}. Feeding
with tricin did not significantly affect the expression of COX-2
(Fig. 58), iNOS (Fig. 5C), NF-«B (Fig. 5D), IxBu (Fig. 5E), and
IKK§ (Fig. 5F).

Discussion

The results described herein clearly indicate that dietary ad-
ministration with tricin at two dose levels (50 and 250 ppm)
significantly inhibited AOM/ DSS-induced colonic tumorigen-
esis.in male [CR mice. The high dose (250 ppm) of tricin sig-
nificantly inhibited development of adenocarcinomas induced
by AOM followed by DSS in mice. The dietary administration
with tricin also significantly affected the expression of TNF-«
in the colonic mucosa at week 8. The treatment resulted in the
reduction of the PCNA labeling index, M1, and ABI in the
colonic epithelial malignancies at week 18,

The antitumor and chemoprevention activities of tricin have
been reported in both in. vitro and in vivo studies. In vivo ex-
periments included transplanted human breast cancer cell lines
in nude mice (21). Inaddition, Cai et al. reported that 0.2% tricin
in diet effectively inhibited the number of adenomas in the

small intestine of Apc™™* mice (42). They did not, however, ob-
serve inhibition of the development of colonic tumors {42). In
the current study, we observed the cancer chemopreventive ac-
tivity of dietary tricin in carcinogeriesis in the inflamed colon. In
addition; feeding with tricin lowered the occurrence of mucosal
ulcers and preneoplasms {dysplastic crypts). :

We can point several mechanisms by which tricin may sup-
press: AOM/DSS-induced: colon carcinogenesis in this study.
Our findings that dietary tricin lowered the PCNA labeling in-
dex; M, and ABI of colonic adenocarcinomas may suggest an
antigrowth effect of tricin on colonic malignancy. The findings
are in agreement with the reports by Cai et al. (21) that
showed tricin or tricin-containing extracts of brown rice inhib-
ited the growth of the colon and mammary cells in vitro and
i vive (22). In addition, the results that dietary tricin lowered
the ABI of adenocarcinoma cells suggest that tricin affects the
chromosomal instability of cancer cells and possibly their telo-
merase aclivity (41). Tricin may exert chemopreventive activity
through inhibition of COX-1 and 2 enzymes and prostaglandin
E; production in human colon cancer cell lines (HT-29 and HCA-
7) and the small intestine of Apc™™* mice (23, 24). Unexpectedly,
dietary tricin did not significantly alter the expression of COX-2
oriNOS at week 8. The suppression of NF-xB-signaling pathway
by dietary administration with tricin was insignificant. However,
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we observed that dietary tricin significantly inhibited the expres-
sion of TNF-a in the nonlesions colanic mucosa. Stich effects are
of interest because TNF-a acts as a master switch to establishan
intricate link between inflammation and cancer (39, 40).

In conclusion, the dietary administration with tricin effec-
tively suppressed AOM/DSS-induced colon carcinogenesis
by suppressing the expression of TNF-« in the early phase
and MI and ABI in the later phase. The effects of tricin on
TNF-a expression are also impartant in the chemopreventive
activity of tricin in inflammation-associated colorectal carcino-
genesis. The safety of tricin was reported by Verschoyle et al.

{43). A natural flavonoid tricin is present in edible plants, in-
cluding rice, oats, barley, and wheat (10). In the current study,

*'we isolated tricin from the dried leaves of Sasa albo-marginata

that contain a large amount (0.2 ppm) of tricin than rice (Oryza
sativa L.; 0.066 ppm). Tricin is thus a candidate for clinical use
for fighting colorectal cancer development in patients without
colitis. ~
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Abstract

Mutations in bone moxphogenetic protein (BMP) receptor 1A
(BMPR14) are responsible for a subset of cases of juvenile
polyposis (JP)} syndrome that develops hamartomatous
tumors in the gastrointestinal tract. Mouse genetic studies
have shown that suppression of BMP  signaling in' the
intestiries causes JP-type hamartoma development. Here, we
generated KI9-Nog transgenic mice expressing noggin, a
BMP antagonist, in gastric epithelium. However, inhibition
of BMP signaling did not cause gastric phenotypes. We thus
crossed KI19-Nog with' K19-C2mE mice that expressed Pfgs2
and Piges in the stomach to generate compound fransgenic
mice; Expression of Pigs2 and Piges results in prostaglandin
E, (PGE;) biosynthesis, and both enzymes are induced in
most human gastrointestinal tumors. Importantly, K19-Nog/
C2mE compound mice developed gastric hamartomas that
were - morphologically similar to those found in JP with
mucin-containing dilated cysts and inflammatory infiltration.
Notably, treatment of KI19-Nog/C2mkE. mice with a eyclo-
oxygenase-2 inhibitor, celecoxib, significantly reduced tumor
size with suppression of angiogenesis, suggesting that
induction of the PGE, pathway together with inhibition of
BMP signaling is required for gastric hamartoma develop-
ment. Moreover, microarray analyses revealed that canonical
Wnt signaling target genes were not induced in KI19-Nog/
C2mE hamartomas, indicating that BMP inhibition and PGE,
induction lead to gastric hamartoma development indepen-
dent of the Wnt/B-catenin pathway. These results, taken
together, suggest that the PGE, pathway is an effective pre-
venfive target against BMP-suppressed gastric hamartomas,
as_well as for Wnt/B-catenin-activated adenocarcinomas.
[Cancer Res 2009;69(7):2729-33]

introduction

Juvenile polyposis (JP) is a hereditary gastrointestinal hamar-
tomatous polyposis syndrome (1). Germline mutations in bone
morphogenetic protein (BMP) receptor type IA gene (BMPRIA)
have been found in a subpopulation of JP patients (2). BMP ligands
bind to a complex of the BMP receptor type II and type I, which
leads to phosphorylation of Smadl,5,8, allowing them to form a

Note: Stupplementary data for this article are available at Cancer Research Online -

(http://cancerres.aacrjournals.org/).
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complex with: Smad4 (3, 4). These Smad complexes: translocate
to nuclei and function as transcription enhancers. BMP. signaling
inhibits epithelial  cell proliferation and promotes differentiation
(5, 6), and suppression of BMP signaling in mice results in intestinal
hamartomatous polyp development through activation of the PI3K-
Akt pathway (6, 7). Moreover, intestinal epithelial: cell-specific
deletion of Bmprla results in elongated villi and crypt fission (8).
These results indicate that BMP signaling promotes intestinal epi-
thelial differentiation, and, thus, suppression of the BMP pathway
causes tumorigenesis. Although the main affected site of tumors in
JP patients is the colon, gastric polyps have been found in 14% of JP
patients, and cancer risk in JP patients increases both in the colon
and stomach (9, 10). Recently, it was reported that disruption of
Bmprla in mouse stomach results in development of tumorous
lesions in squamocolumnar and gastrointestinal transition zones,
suggesting that suppression of BMP signaling triggers tumor
development also in the stomach (11},

On the other hand, we found that expression of cyclooxigenase-2
(COX-2) and microsomal prostaglandin E synthase-1 (mPGES-1) is
induced  simultaneously  in . gastrointestinal tumor tissues (12).
COX-2 and mPGES-1 are functionally coupled for biosynthesis of
prostaglandin E, (PGEj; ref. 13} that plays a critical role in
tumorigenesis in the gastrointestinal tract (14-17). However; the
role of the PGE, pathway in hamartomatous tumors is: not
understood. ‘We  constructed  fransgenic mice expressing Nog
encoding noggin in the gastric mucosa and crossed them with
another transgenic mice expressing both Prgs2 and Piges encoding
COX-2 and mPGES-1, respectively, (16). We show that inhibition of
BMP signaling is not sufficient for gastric tumorigenesis, but that
BMP suppression together with PGE; induction causes develop-
ment of JP-type gastric hamartoma.

Materials and Methods

Mouse models.: K19-C2mE mice expressing Ptgs2 and Plges; K19-Wntl
mice expressing Wntl; and K19-Wntl/C2mE mice expressing Wntl, Pigs2,
and Piges, were described previously (16, 17). pK19-Nog was constructed
using keratin 19 gene promoter; mouse Nog ¢cDNA, and SV40 p(A) cassette
(Fig. 14). The expression vector was microinjected into the fertilized eggs of
F1(C3H and C57BL/6) mice (CLEA) to generate KI9-Nog mice. Primer
sequences used for genotyping were as follows: F-5-GTACGCGTGGAAT-
GACCTAGG-3, F-5-GCAAAGGGTCGCTACAGACGT-3". Transgenic vector
constructs are shown in Fig, 14. K19-Nog and K19-C2mE mice were crossed
to generate K19-Nog/C2mE mice. Gastric phenotypes of these mice were
examined at age 30 wk.For. inhibition of COX-2, mice were given p.o.

- with celecoxib (Pfizer) at 100 mg/kg/d for 3 wk. All animal experiments

were carried out according to the protocol approved by Ethics Committees
on Animal Experimentation of Kanazawa University,

Real-time  reverse: transcription-PCR. Total' RNA  was reverse-
‘transcribed ‘and’ PCR-amplified. Primer: sets used in' real-time reverse

www.aacrjournals.org
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Figure 1. Generation of transgenic
mice. A, transgenic vectors. B; relative
mRBNA levels (mean + SD) of Nog and
Ptgs2 in the gastric mucosa of K19-Nog
(Nog), K19-C2mE (C2mE), and
K19-Nog/C2mE (Nog/C2mE) mice to
the wild-type (WT). *, P < 0.05; C,
immunohistochemistry of phosphorylated
Smad1,5,8 in gastric mucosa of
wild-type and K79-Nog mice.
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staining ‘in‘surface and' gland bottom,
respectively. Asterisks; decreased
immunostaining signal in K79-Nog
mouse.’ D, immunohistochemistry of
COX-2:in wild-type and K19-C2mE
mouse stomach; Arrows, transgenic
expression of COX-2'in K19-C2mE.
gastric mucosa where K79 promoter is
transcriptionally active.: Bars; 100 um,

WT- C2mE Nog. NogfCZmE

transcription-PCR for detection of Nog Pigs2 Plgerl, Ptger, Piger3, and
Ptgerd were purchased (TakaraBio).

Histology. Tissues were fixed in 4% paraformaldehyde; parafﬁn‘

embedded, and sectioned at 4-jim_thickness. The following antibodies
were used for immunostaining: anti-COX-2 (Cayman Chemical); anti-F4/80
(Serotec), anti-a-smooth ‘muscle actin (Sigma), anti-Ki-67, anti-von
Willebrand. factor (DakoCytomation), and anti-phosphorylated Smad1,5,8
(Chemicon). Staining signal was visualized using the Vectorstain Elite kit
(Vector Laboratories).

X-ray computed tomography. K19-Nog/CImE mice were subjected to
X-ray computed tomography: using LaTheta LCI-100 (Aloka). Computed
tomography analyses were performed 1 wk before celecoxib treatment and
at 0, 1; 2, and 3 wk after treatment. Tumor size on computed tomography
images was measured using NIH Image software (NIH). :

Immunoblotting. Tissue samples were homogenized in lysis buffer.
Protein samples were separated in a SDS-polyacrylamide gel. Antibody for
the active -catenin (Upstate) was used. The enhanced chemiluminescence
detection system (Amersham) was used to detect specific signals.

Microarray analyses. Total RNA were prepared from mouse stomach at
age 30 wk. Expression profiles of the Wnt target genes,’ cytokines, and
chemokines were examined with the Affymetrix GeneChip system and
Mouse Genome 430 2.0 Arrays (Affymetrix).

Statistical analyses, Statistical analyses were carried out using Student’s
t test,

Results and Discussion

Generation of KI19-Nog transgenic mice. To suppress BMP
signaling in the stomach, we constructed K19-Nog mice that
expressed Nog encoding noggin in gastric epithelial cells (Fig. 14).

Noggin is a polypeptide that inhibits BMP signaling by binding
BMP ligands (4). We confirmed increased levels of Nog mRNA in
K19-Nog mouse stomach compared with that in the wild-type by
real-time RT-PCR (Fig. 1B). BMP type I receptor phosphorylates
Smadl,5,8 upon complex formation with BMP ligand and type II
receptor (3). We found phosphorylated Smadl,5,8 by immunohis-
tochemistry in the nuclei of differentiated epithelial cells both at
the surface and bottom of the gastric gland (Fig, 1C), which is
consistent with a previous report (11). Notably; in the K19-Nog
mice, the immunostaining signals of phosphorylated Smadl,5,8
decreased significantly in the upper gastric gland where the K19
promoter is transcriptionally active {Fig. 1€ and D). These results
indicate that exogenous Nog expression inhibits BMP signaling in
the stomach:

Construction of compound mutant mice. We previously
constructed KI19-C2mE transgenic mice expressing both Ptgs2
and Prges encoding COX-2 and mPGES-1, respectively, in gastric
mucosa (Fig. 14 and D). Expression of COX-2 and mPGES-1
leads to increase of PGEs level in K19-C2mE mouse stomach
(16). To investigate the effect of the PGE, pathway in BMP-
suppressed gastric mucosa, we crossed KI9-Nog and Ki9-C2mE
mice to generate K19-Nog/C2mE compound mice. We confirmed
expression of Ptgs2 by real-time RT-PCR in the stomach of KI9-
C2mE and K19-Nog/C2mE mice but not in wild-type and KI9-
Nog mice (Fig. 1B). We also used K19-Wntl/C2mE mice for this

* hitp://wwwistanford.edu/~rnusse/wntwindow.htiml
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BMP and PGE; in Gasltric Hamarfoma

study that develop gastric adenocarcinoma caused by simulta-
neous activation of the Wnt and PGE; pathways (17). Genotypes
of respective transgenic strains were confirmed by genomic PCR
(Supplementary Fig. S1).

Gasfric tumor development in K19-Nog/C2mE mice. K19-Nog
mice did not develop tumorous lesions in the stomach; and the
histology of gastric glands was normal (Supplementary Fig. S2;
Fig. 24). In contrast, KI9-C2mE mice developed inflammation-
associated hyperplasia, and’ KI9-Wntl mice developed dysplastic
preneoplastic lesions, which were consistent with previous reports
(16, 17). Importantly; K19-Nog/C2mE mice develop large tumors
in the glandular stomach (Supplementary Fig. S2; Fig. 24). These
results suggest that suppression of BMP signaling is insufficient for
gastric tumorigenesis, but that cooperation of BMP inhibition and
PGE; induction cause gastric tumor development. Such an effect
of PGE; on tumorigenesis was similar to that found in K19-Wntl/
C2mkE mice. Activation of Wnt/B-catenin alone leads to develop-
ment of small preneoplastic lesions, whereas simultaneous activation
of the Wnt/p-catenin and PGE, pathways cause gastric adeno-
carcinoma (Fig. 24; ref. 17). Therefore, PGE, plays an  important
role in tumorigenesis regardless of the types of genetic alterations.

JP-type hamartoma in KI9-Nog/C2mE mouse stomach.
Histologically, - gastric. tumors in KI9-Nog/CZmE mice displayed
irregilar branching of epithelial cell layers, combined with dilated
cysts that were filled with: mucin (Fig. 2B and C). Such histo-
logical characteristics were different from dysplastic tumors. of
the K19-Wntl/€2mE mice (Fig: 2B; ref. 17). We also found abun-

dant ‘a:smooth muscle: actin-positive. myofibroblasts: in stroma.

Moreover, we detected infiltration of F4/80-positive macrophages

and the: accumulation of lymphocytes in . the KI9-Nog/C2mE
tumors (Fig. 2C). These histological characteristics are typical of
the -hamartoma ‘of JP patients (9, 10, '18), indicating that
suppression of BMP' signaling associated with PGE; induction
catises - development ‘of  JP-type gastric: hamartoma. However,
tumor incidence  in K19-Nog/C2mkE - mice. was'23%," whereas
that in’ K19-Wntl/C2mE mice was 100% (Supplementary Table).
Notably, expression ~of - inflammatory  cytokine tumor necrosis
factor-o (TNF-o) increased in K19-Nog/C2mE hamartomas as' well
as' in’ KI9:C2mE hyperplasia (Supplementary Fig: $3). However;
TNF-o' was not induced in nontumor stomach of K19-Nog/C2mE
mice; whereas transgenic expression of Pigs2: stayed at the same
level as that in tumor tissues. These results suggest that inflam-

* ‘matory response is also important for hamartoma development

together with BMP suppression and PGE; induction.
Suppression of gastric hamartoma by COX-2 inhibition. To
investigate whether the PGE; pathway is required for gastric
hamartoma development, we treated K19-Nog/C2mE mice with a
COX-2 selective inhibitor, celecoxib, at 100 mg/kg/day for 3 weeks.
We ‘exaimined gastric tumor size by X-ray computed tomography
scanning, and found that the tumor volume of K19-Nog/C2mE mice
decreased significantly by celecoxib treatment (Fig. 34). The mean
relative tumor size on computed tomography images reduced to
58% after celecoxib  treatment (Fig. 3B). Histologically, : cystic
structures were no longer found; and necrotic area was detected
in the celecoxib-treated K19-Nog/C2mE tumors (Fig. 3C). The PGE,
pathway is important for angiogenesis of gastrointestinal tumori-
genesis (15, 19). Consistently, the number of capillary vessels
decreased significantly in celecoxib-treated K19-Nog/C2mE tumors

K1 9-Nog

Figure 2. Gastric fumors developed in K19-Nog/
C2mE mice. A, macroscopic photographs and

H&E of K19-Nog, K19-C2mE, and K19-Wnt1 mouse
stomach (fop). Arrowheads and asterisks in
K19-C2mE indicate hyperplasia; arrows, inflammatory
infiltration: Arrowhead and inset in K19-Wni1 indicate
preneoplastic lesion. Gastric tumors in K19-Nog/C2mE
and K19-Wnt1/€2mE mice are shown (arrows,
bottorn).. Bars,-10.mm. B, histology. of gastric tumors
of K19-Nog/C2mE and K19-Wnt1/C2mE (H&E).
Bars; 200:um. C, PAS-Alcian blue, immunostaining
for «SMA, F4/80; and H&E of K19-Nog/C2mE
hamartomas (from left to right). *, dilated cysts. Arrows,
lymphocyte accumulation. Bars, 100 um.

K19-CZ2mE K19-Wnti

K19-Nog/C2mE

K19-Wnti/C2mE
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(Fig. 3D): Accordingly, it is possible that angiogenesis is one of the
important functions of PGE; for hamartoma development.

Wnt-independent development of gastric hamartoma. In the
intestinal crypt, inhibition of BMP signaling resuits in activation: of
the Wnt/p-catenin pathway (7). We thus examined activation of
Wnt signaling in' KI9:Nog/C2mE gastric tumors. The level of the
active B-catenin did not increase in K19-Nog/C2mE hamartomas,
whereas it elevated markedly in K19-Wntl/C2mE tumors (Fig. 44):
Consistently, expression: of Wnt target genes: in' KI9-Nog/G2mE
tumors: stayed at: the same level as that in: wild-type mouse
stomach, whereas these genes were up-regulated in K19-Wntl/
C2mE tumors (Fig. 4B). We confirmed that inflammatory cytokines
and chemokines were induced in both K19-Nog/C2mE: and K19-
Whntl/C2mE tumors. Accordingly, activation of Wnt signaling is not
involved in: hamartoma development in BMP-suppressed gastric
mucosa, although PGE, signaling or PGE;-dependent inflammation
may be required for both adenocarcinoma and hamartoma.

We next examined expression of PGE; receptors, EP1 to EP4, in
tumor tissues. Notably, the expression of Pigerl, Ptger2; and Piger3
encoding EP1, EP2, and EP3, respectively; decreased significantly in
tumors of K19-Nog/C2mE and: K19-Wnitl/C2mE mice (Fig. 4C). In
contrast, expression of Ptger4 encoding EP4 increased dramatically
in both K19-Nog/C2mE hamartomas and K19-Wntl/C2mE adeno-
carcinomas. These results suggest that PGE, signaling through EP4
is important for development of both: gastric hamartoma: and
adenocarcinoma,. Namely, it is. possible that the type of genetic
alterations determines  the histological phenotype of tumors;
hamartoma. or adenocarcinoma, and: that the induced PGE;

w

celecoxib (100 mg/ka/day)
0 week 3 woeks

o
=

K19-Nog/C2mE
Retatrvoe fumor size.
by

s

_ Time point (wWeeks)

o

celecoxib 3 wks

cont celecoxib

Figure 3. Suppression of hamartoma development by COX-2 inhibition.

A, X-ray computed tomography images of gastric tumors of the same
K19-Nog/CZmE mouse (yellow dashed lines) at 0 and 3 wk of celecoxib
treatment. B, relative tumor size at each time point of celecoxib treatment to
the level at 0 wk (mean £ SD). C, representative photograph and H&E of
celecoxib-treated K719-Nog/C2mE tumors. Arrow and *, necrotic area. D,
immunostaining for VWF. ‘Arrows, VWF-positive capillary vessels. Microvessel
densities: (MVD) are shown (mean:+ SD). *, P < 0.05. Cont; control.
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Figure 4.: Wnt activity and EP- expression in gastric hamartomas.: A,
Western blotting for active p-catenin.in the stomach of each genotype. B,
relative expression levels determined by microarray analyses of Wnit target
genes and cytokines/chemokines in K19-Wnt1/C2mE and K19-Nog/C2mE.
tumors to the wild-type level. C, relative expression levels of PGE;
receptors, Pigert, Ptger2, Ptger3, and Pigerd in' K19-C2mE hyperplasia,
K19-Nog/C2mE hamartoma, and K19-Wnt1/C2mE aderiocarcinoma.to the
wild-type level (mean: +:SD). *, P.< 0.05.

pathway promotes tumor growth through EP4 receptor regardless
of histological types (Supplementary Fig. S4).

In human stomach, expression of COX-2 is induced in
Helicobacter pylori-associated gastric lesions (20). Accordingly, it
is conceivable that H. pylori infection contributes to. the
development  of . gastric hamartoma through induction of the
PGE; pathway. Therefore, inhibition of the PGE, pathway as well as
eradication of H, pylori may be an effective preventive strategy not
only for gastric cancer but also for gastric hamartoma.
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The development of gastric cancer. is: closely associated. with
Helicobacter ‘pylori: (H. pylori) infection. The expression of
cylooxigenase-2 (COX-2), a rate-limiting enzyme for prostaglandin
biosynthesis, is induced in H. pylori-associated chronic. gastritis;
which thus results in the induction of proinflammatory prostaglandin,
PGE,. The COX-2/PGE, pathway plays a key role in gastric
tumorigenesis. On the: other hand, several oncogenic. pathways
have been shown to trigger gastric tumorigenesis. The activation of
Wnt/B-catenin signaling is found in 30-50% of gastric cancers, thus
suggesting that Wnt signaling plays a causal role in gastric cancer
development. Mutations in.the bone morphogenetic protein (BMP)
signaling pathway are responsible for the subset of juvenile
polyposis. syndrome: (JPS) that develops hamartomas: in the
gastrointestinal tract. BMP suppression appears: to contribute to
gastric cancer development because gastric cancer risk is increased
in JPS. Wnt signaling is important for the maintenance of
gastrointestinal stem cells, while BMP promotes epithelial cell
differentiation. Accordingly, it is possible that both Wnt activation
and BMP: suppression can cause gastric tumorigenesis through
enhancement of the undifferentiated status of epithelial cells.
Recent mouse model studies have indicated that induction of the
PGE, pathway is required for the development of both gastric
adenocarcinoma and hamartoma in the Wnt-activated and BMP-
suppressed gastric mucosa, respectively. This article reviews the
involvement of the PGE,, Wnt, and BMP pathways in the development
of gastric.cancer, and gastric phenotypes that are found in transgenic
mouse models of PGE, induction, Wnt activation, BMP suppression, or
a combination of these pathways. (Cancer Sci 2009; 100: 1779-1785)

E pidemiological studies indicate that the regular use of
nonsteroidal anti-inflammatory drugs (NSAIDs) lowers the
mortality rate of gastrointestinal cancer.). The major target of
NSAIDs is cyclooxygenases (COXs), COX-1 and COX-2, which
are rate-limiting enzymes for prostaglandin biosynthesis (Fig. 1).
COX-1 is constitutively expressed in most tissues and it is
considered to be responsible for physiological levels of
prostaglandin.® In contrast, COX-2 is induced in inflammation
by various stimuli including cytokines and growth factors.®?
The induction of COX-2 expression is also found in a variety of
cancer tissues. Mouse genetic studies have demonstrated that
disruption of the Prgs2 gene encoding COX-2 results in the
suppression of tumor development in the intestine and skin.®"
Moreover, various animal studies have confirmed that treatment
with NSAIDs or COX-2 selective inhibitors (COXIBs) suppressed
chemically induced tumor formation and xenografted tumor
growth.® These results, taken together, indicate that the COX-2
pathway plays an essential role in cancer development.
However, the mechanism of the COX-2 pathway underlying
gastric tumorigenesis has not yet been fully elucidated: To
investigate the possible crosstalk between the COX-2 pathway
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and oncogenic activation: in- gastric carcinogenesis, a series of
mouse models have been constructed and examined as discussed
in this review.

Induction of the COX-2/PGE, pathway in gastric cancer

‘Regular use of NSAIDs is associated with a decreased incidence

of gastric cancer.®'? Induction of COX-2 is found in approximately
70% of gastric cancer, whereas: the expression of COX-1 is not

-elevated. %> Gastric cancer can be divided info two histological

subtypes: intestinal and diffuse types; and:the expression of
COX-2 is found predominantly in- the intestinal-type gastric
cancer."” These results suggest that the COX-2 pathway plays a
role in the development of intestinal-type gastric cancer:

Infection with Helicobacter pylori (H. pylori) causes chronic
gastritis, which is associated with gastric' carcinogenesis.®® The
expression of COX-2 is significantly induced in the H. pylori-
infected gastric mucosa, and that COX-2 expression is suppressed
by the eradication of H. pylori.'? Although the molecular mech-
anism for COX-2 induction in tumors has not been elucidated, it
is possible that the cytokine network is activated by infection
and induces the expression of COX-2. H. pylori can stimulate
Toll-like receptors (TLRs); leading to activation of the nuclear
factor-xkB (NF-xB) pathway that induces the expression of COX:2
(Fig. 1).4819 Moreover, TLR2/TLRY signaling by H. pylori
activates mitogen activated protein kinases (MAPK) including
p38, resulting in the activation of CRE and AP-1 elements. on
the COX-2 gene promoter, 1220

Microsomal PGE synthase-1 (mPGES-1), a PGE, converting
enzyme is functionally coupled with COX-2.2! Simultaneous
induction of COX-2 and mPGES-1 is observed in gastric cancer
tissues suggesting induction of the PGE, pathway in gastric tumors
(Fig. 1).2*® The level of mPGES-1 also decreases after the
eradication of H. pylori,?" thus indicating that H. pylori infection
induces the PGE, pathway through induction of both COX-2 and
mPGES-1. The PGE, level significantly increases in gastric cancer,™
and the level is associated with the H. pylori infection status.®®

Gastric tumor development in mouse and rat models induced
by chemical carcinogens or Helicobacter infection is suppressed
by treatment with NSAIDs or COXIBs.%"2%) H. pylori infection
in Mongolian gerbils induces gastric tumorigenesis, which is
quite similar to the course of human gastric carcinogenesis.
Importantly, treatment with H. pylori-infected and chemical
carcinogen-treated Mongolian gerbils with a COXIB suppressed
gastric carcinogenesis.®*3! These animal studies suggest that the
€OX-2 pathway thus plays an essential role in H. pylori infection—
associated gastric tumorigenesis.
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