.

(a) BA* Bel11b'"

BA® H2AX "

10 [2X] 018 104 @ _1;) 146
2
10°
N D
- ™
> 21| 102
K= £
- -
107 4 10°
100 033 - o _ 041 100 0.01 0.00]
10 10" 10° 10° 10t 10° 10" 10® 10® 10’
—_— >
cb19 CcD19
104 T 0046 10*T5m 0.04]
10° 1 108
- -
=
& | 102 G| 102
107 —
o
1004& 7y 0.30
10° 10 10? 1® 1o
Magc1 Mact Fig. 3. Results of flow cytrometric and Southern

(b) BA®"Bcl11b™ tumors

BA""H2AX*" tumors

blot analyses of BAYBc/11b* and BAW-H2AX*-
leukemic mice. (a) Representative results of flow
cytometry of leukemic cells that developed in
BA9-Bcl11b*- (left panel) and BA'Y-H2AX* (right
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Table 2. Characteristics of p210BCR/ABL'Y- H2AX*- leukemic mice

panel) rice. In both samples, blast cells were
positive for Thy1.2 but negative for CD19, Gr1,
and Mac1, indicating that they were of T-cell
phenotype. (b) Results of gene rearrangement
analysis in tumors that developed in BA'9"Bc/11bh*-
(left panel) and BAY-H2AX*" (right panel) mice.
() DNA extracted from control thymus and
thymomas that developed in BAY-Bc/11b* (left
panel) and BAYW-H2AX*- (right panel) mice were
digested with BamH| and blotted with TCR-f
probe. Germline and rearranged bands are
indicated by arrows and arrowheads respectively.
Molecular markers are shown on the left.

1
123 4

Age at PB parameters
Mouse disease Macroscopic TCRS p210BCR/ABL H2AX H2AX
no. h WBC Hb PIt tumor sites status expression expression status
, (months) (x 10%/uL) (g/dL) {x 104/uL)

1 1.8 15.3 16.1 56.4° Thy, Spl G/R + + G/T
2 2.2 160.8 104 534 Thy, Spl, LN G/R + - G/T
3 2.5 128.4 12.0 90.9 Thy, Spl, LN Glloss + - GIT
4 2.8 84.7 124 36.0 Thy, Spl, LN Glloss + + GT
G, germling; LN, lymph node; R, rearranged; Spl, spleen; T, targeted; Thy, thymus.

tissues was subjected to genomic PCR that distinguished the
PCR product of the wild-type allele from that of the knockout
allele (upper panels of Fig. 4c,d). The results showed that the
wild-type Bclllb allele-derived band was not amplified in the
three samples without Bell 1b expression (no. 5, 6, and 8, lower
panel of Fig. 4c), indicating that the absence of Bcll1b protein
was attributed to the loss of the residual wild-type Bell1b allele.
In contrast, the PCR product from the wild-type H2AX allele
was retained in the two samples lacking H2AX expression (no.
2 and 3 in the lower panel of Fig. 4d). Because the PCR primer
set detecting the wild-type allele (P1 + P2) did not amplify the
coding region of the H2AX gene (upper panel of Fig. 4d), we
designed another primer set encompassing the H2AX exon. As
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H2AX is a single-exon gene,"? this primer set (shown as P4 and
P5 in the upper panel of Fig. 4d) amplified a part of the promoter
and the whole coding region. The results showed that a PCR
product of expected size was detected in all of the BA¥-H2AX*-
tumors (lower panel of Fig. 4d). To examine the possibility that’
subtle deletion and/or base substitution had occurred in this
region, we sequenced the whole PCR product but could not
detect any mutation (data not shown). In addition, Southern
blotting using a 5’ external probe for the H2AX gene!? did not
show any gross rearrangement (data not shown). These results
indicated that the structure of the H2AX gene was largely
unaffected. We next examined H2AX mRNA expression in the
BA®"H2AX*" tumors by northern blotting. Interestingly, as shown
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Fig. 4. Gene expression and PCR analyses of the tumors that developed in BA'¥-Bc/11b*- (left panels) and BA'W-H2AX*- (right panels) mice. (a,b)
Western blot analysis for the expression of p210BCR/ABL, Bci11b, and H2AX proteins. Proteins extracted from a control (C) thymus and tumor
tissues of BA¥-Bc/116* (no. 1, 2, and 4-8) and BA'9-H2AX* mice (no. 1-4) were blotted with an anti-ABL antibody (upper panels) and anti-Bcl11b
or anti-H2AX antibody (middle panels). The positions of p210BCR/ABL (BA), Bcl11b, and H2AX proteins are indicated by arrows. An anti--actin
blot was carried out as an internal control (bottom panels). Protein markers are shown on the left. {¢,d) Schematic illustrations of wild-type and
targeted alleles for Bc/11b and H2AX genes (upper panels) and the resultant genomic PCR products (lower panels). DNA extracted from a control
(C) thymus and tumor tissues of BA-Bc/11b* (no. 1, 2 and 4-8) and BA'Y-H2AX" mice (no. 1-4) were amplified with sets of primers (P1 and P2
for wild-type [WT] alleles, P2 and P3 for knockout [KO] alleles, and P4 and P5 for a part of the promoter and the whole coding region of H2AX).
The positions of primers are shown in the upper panels and WT- and KO-derived PCR products are indicated by arrows in the lower panels.
Molecular markers are shown on the left. Samples without Bc/71b expression are indicated by arrowheads. Neo, neomycin resistance gene. (e)
Expression of H2AX mRNA in BAY"H2AX*- tumors. RNA extracted from a control thymus (C) and tumor tissues of BA'¥-H2AX*" mice (no. 1-4) were
hybridized with H2AX cDNA probe. f-Actin hybridization was carried out as an internal control. Molecular markers are shown on the left.

in Figure 4(e), no H2AX mRNA was detected in tumors lacking
H2AX protein expression (no. 2 and 3). These results indicated
that the absence of H2AX protein was not due to deletion or
mutation in the H2AX gene but to a lack of mRNA expression.

Chromosomal abnormalities in the leukemic cells developed in
BAY-H2AX*- mice. We finally examined the chromosomal status
of the leukemic cells developed in BA®-H2AX*- mice, as
previous reports demonstrated that haploinsufficiency and
absence of H2AX led to increased incidence of chromosomal
abnormalities."*'¥ In the four tumors that arose from BA'®-
H2AX* mice, although two samples showed a normal karyotype
(no. 1 and 4, data not shown), the other two samples (no. 2
and 3) that did not express H2AX protein (Fig. 4b) exhibited
chromosomal aberrations. As shown in the left panel of
Figure 5, sample no. 2 contained an additional chromosome
(indicated by an arrowhead). In addition, as shown in the right
panel of Figure 5, sample no. 3 exhibited deletions in the long
arm of chromosome 6 and in the short arm of chromosome 13,

Nagamachi et al.

and a breakage in chromosome 11 (indicated by arrows). These
results suggested the possibility that the acquired loss of
H2AX induced chromosomal instability and resulted in the
chromosomal abnormalities observed in samples no. 2 and 3.

Discussion

Chronic myelogenous leukemia presents a paradigm for cancers
that evolve through accumulation of genetic alterations. Generation
of p210BCR/ABL initiates CML CP and additional genetic
events progress the disease and develop CML BC.A-* Although
chromosomal and molecular analyses revealed that various
mechanisms are involved in the transition from CP to BCU
genes responsible for the evolution to BC have not fully
been identified.

To elucidate the mechanisms underlying the disease evolution
of CML, we have developed an in vivo model for CML in which
expression of p2]0BCR/ABL induces CML CP, and additional
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genetic alterations cooperate with p2]10BCR/ABL to progress the
disease to CML BC.“-" Using this as a model system, we exam-
ined the possible contribution of haploisufficiency of Bclllb
and H2AX to CML BC, by crossing p2l10BCR/ABL transgenic
mice (BA®") with Bcll1b heterozygotes (Bclllb*-) and H2AX
heterozygotes (H2AX*).

Bcll1b encodes a zinc finger protein involved in thymocyte
development and differentiation.® BcllIb was originally identified
as a gene homologous to Bcllla, that was cloned from
(2;14)(p13;q32.3)-carrying malignant lymphomas,'® and
subsequently shown to be frequently deleted or mutated in
radiation-induced thymoma in mice.!” Conditional knockout
analysis showed that acquired ablation of Bclllb in thymocytes
resulted in impaired positive selection, altered T-cell receptor
signaling, and reduced survival.®® In addition, a recent study
revealed that Bcll1b is involved in human leukemia carrying
inv(14)(q11.2q32.31), which resulted in generation of the
Bcll1b-TRDC fusion transcript.*® On the other hand, H2AX is
a member of the histone H2A family and a constituent of the
nucleosome, the basic subunit of chromatin.®?2Y In response to
the DNA double-strand break, H2AX rapidly becomes phospho-
rylated on the serine residue located at the C-terminus to form
YH2AX at the DNA double-strand break sites.®220 This event
creates a focus in the nucleus, where DNA repair and chromatin
remodeling proteins are recruited.®*?” In human hematopoietic
malignancies, a single nucleotide polymorphism upstream of the
H2AX gene was found to be tightly associated with susceptibility
to non-Hodgkin lymphoma.®? These results indicated that
Bclllb and H2AX are functionally implicated in cell differenti-
ation and chromosomal stability, respectively, and are involved
in subsets of hematopoietic malignancies.

We found that 8 of 15 BA'¥-Bcll1b*- mice and 4 of 11 BA®-
H2AX*~ mice developed acute leukemia and died in a short
period (Fig. 1). These results indicated that haploinsufficiency
of Bcll1b and H2AX conferred a growth advantage to p210BCR/
ABL-expressing hematopoietic cells and consequently induced
acute leukemia. The blast cells were highly malignant, as
evidenced by massive proliferation in the peripheral blood,
destruction of the basic structure of the thymus, and marked
infiltration in non-hematopoietic tissues (upper 3 panels of Fig. 2).
Surface marker analysis showed that the leukemic cells were of
T-cell phenotype and Southern blot analysis demonstrated that
most of the tumors were clonal in origin (Fig. 3). As the bone
marrow showed the typical picture of CML CP (bottom panels
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two tumors (no. 2 and 3) that developed in
BAY-H2AX*- mice. The additional chromosome
in tumor no. 2 is indicated by an arrowhead, and
deletion and breakage of the chromosomes in
tumor no. 3 are indicated by arrows.
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of Fig. 2), the leukemias that developed in BA'¥-Bcll1b*" and
BA"®~H2AX*- mice were considered to be CML T-cell BC rather
than de novo T-cell malignancy.

Interestingly, protein analysis revealed that the expression of
Belllb and H2AX was lost in several tumors that developed
in the BA'®~Bcll1b*~ and BA®¥-H2AX*- mice (Fig. 4a,b, middle
panels). These results strongly suggested that the expression of
p210BCR/ABL rendered genetic instability in the hematopoietic
cells and consequently lost the normal residual allele of Bclllb
and H2AX, as reported in our previous study.”™ Indeed, in BA'®"
Bell1b*- tumors, genomic PCR analysis revealed that the wild-
type Bclllb-derived band was not amplified in tumors lacking
Bcll 1b expression (no. 5, 6, and § in the lower panel of Fig. 4c),
indicating that loss of the normal Bcll1b allele was responsible
for the lack of the protein product. In contrast, the tumor tissues
with no H2AX expression in BA®~H2AX*~ mice retained the
normal H2AX allele, including the 3’ region, a part of the
promoter region, and the whole coding region (no. 2 and 3 in the
lower panels of Fig.4d). Instead, we found that no H2AX
mRNA was expressed in tumors lacking H2AX protein (no. 2
and 3 in the upper panel of Fig. 4e), which indicated that the
absence of H2AX protein was due to the lack of H2AX mRNA
expression. Although the mechanism underlying loss of the
HZ2AX message in these tumors remains unclear, one possibility
is that p2]0BCR/ABL-induced genetic alterations might have
occurred in the other regions regulating H2AX transcription,
such as the enhancer, which led to the loss of mRNA expression.
Alternatively, p210BCR/ABL might have impaired the tran-
scriptional machinery for H2AX mRNA in these tumors by an
unknown mechanism. Taken together, our findings demonstrated
that p210BCR/ABL induces loss of protein expression through
several different mechanisms, including genomic instability and
transcriptional inhibition.

It is to be noted that four BA®-Bcll 1b*- and two BA¥-H2AX*-
leukemic mice retained Bclllb and H2AX protein expression
(no. 1, 2, 4, and 7 in the middle pane! of Fig. 4a and no. 1 and
4 in the middle panel of Fig. 4b). Thus, the mechanism of how
haploinsufficiency of these genes caused disease evolution is to
be clarified. Although no obvious phenotypic abnormalities
were found in Belllb*- or H2AX*" mice, previous studies
demonstrated that both types of heterozygotes exhibit enhanced
susceptibility to hematological malignancies on p53*- and p537-
backgrounds.*1523 These results indicated that both genes
function as a dosage-dependent tumor suppressor and their
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haploinsufficiency predisposes to cancer development in certain
genetic backgrounds. Thus, it is possible that haploinsufficiency
of Bclllb and H2AX exerted its oncogenic potential in cooperation
with p210BCR/ABL, conferred a growth advantage to p2/0BCR/
ABL-expressing hematopoietic cells, and consequently developed
CML BC. An alternative possibility is that because p210BCR/
ABL is known to promote genetic instability,® altered expression
of unknown genes synergized with haploinsufficient Bell1b or
H2AX in p2l0BCR/ABL-expressing hematopoietic cells, accel-
erated progression of CML, and eventually caused CML BC.

We finally examined the possible chromosomal abnormalities
in the leukemic cells of BA®"H2AX*" mice, as previous reports
demonstrated that haploinsufficiency or deficiency of H2AX
induced various chromosomal aberrations, especially on a p53~
- genetic background."*!® The results showed that two of four
tumors exhibited chromosomal abnormalities, which were the
presence of an additional chromosome, deletion in part of the
long and short arms, and breakage in the body of several
chromosomes (Fig. 5). Interestingly, BA®~H2AX"" mice with
these chromosomal abnormalities exhibited very high white
blood cell (WBC) counts (>1 x 10%uL, see the right top panel of
Fig. 2 and Table 2), suggesting that these events conferred a
marked proliferative ability to p2]OBCR/ABL-expressing hemat-
opoietic cells and exhibited a very aggressive phenotype. We
also examined the possible contribution of dysfunction of
genes involved in error-prone non-homologous end joining,
such as DNA ligase IV and XRCC4, by crossing BA®- with DNA
ligase IV heterozygous mice and XRCC4 heterozygous mice.
However, we did not observe disease acceleration or CML BC
in BA¥-DNA ligase IV*~ or BA¥-XRCC4*~ double transgenic
mice (data not shown), suggesting the possibility that among
DNA repair-associated genes, H2AX might play a unique role in
the disease evolution of CML.

The CML BC observed in BA®-BcllIb*- and BA® H2AX""
mice were of T-cell phenotype. Although T-cell BC is frequently
observed in mouse models for CML,%*¥ it is rarely detected in
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human clinical samples. The reason for this discrepancy is
not clear but one possibility is that human CML originates from
the acquisition of p2]0BCR/ABL-transformed hematopoietic
stem cells and the T-cell lineage is rarely involved probably
due to its prolonged life span, whereas every cell in transgenic
(or knockout) mice inherently contains (or lacks) the target
gene and T cells might be more susceptible to the target
gene-induced oncogenic transformation than other types of
hematopoietic cells.

It is intriguing to examine whether acquired expressional
loss of Bclllb and H2AX contributes to human CML BC. We
examined Bclllb and H2AX expression in several CML BC
samples by RT-PCR but did not detect the absence of mRNA
expression in either gene (Supporting Information Fig. S1),
probably due to the limited number of samples available and a
lack of T-cell crisis cases. Thus, an expanded study is required
to clarify the clinical significance of dysfunction of these genes
in the development of CML BC.

In the present report, we demonstrated that haploinsufficiency
and acquired loss of protein expression of Bclllb and H2AX
cooperate with p2]0BCR/ABL and induce CML BC. Our
findings demonstrated that altered expression of genes involved
in cell differentiation or chromosomal integrity contributes
to the development of CML BC, which provides insights
into the molecular mechanisms underlying the disease evolution
of CML.
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Supporting information
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Fig. S1. Expression of Bclllb and H2AX in chronic myelogenous leukemia (CML) chronic phase (CP), CML blast crisis (BC), and normal bone
marrow (BM). RNA extracted from one CML CP sample, four CML BC samples (two myeloid and two B-lymphoid), and one normal BM sample
were subjected to RT-PCR for the expression of Bcll1b and H2AX. fActin RT-PCR was carried out as an internal control.
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The inhibitory effects of a novel prodrug, 3-(4'-geranyloxy-
3 -methoxyphenyl)-2-trans-propenoyl-L-alanyl-L-proline (GAP),
of the sccondary metabolile 4'-geranyloxy-3'-methoxyphenyl)-2.
trans-propenoic acid (4'-geranyloxy-ferulic acid), on colon carcine.
genesis was investigated using an azoxymetahen (AOM)/dextran
sodium sulfate (DSS) model, GAP was synthetically derived from
ferulic acid. Male CD-1 (ICR) mice initiated with a single intraperi-
toneal injection of azoxymethane (10 mg/kg body weight) were pro-
moted by 1% (wt/vel) DSS in drinking water for 7 days. They were
then given modified AIN-76A diet containing 0.01% or 0.05% GAP
for 17 wk. At Week 20, the development of colonic adenocarcinoma
was significantly inhibited by GAP feeding at dose levels of 0.01%
[60% incidence (P = 0.0158) with a multiplicity of and 1.13 £ 1.13
(P < 0.05)) and 0.05% [53% incidence (P = 0,0057) with a multi-
plicity of 0.08 £ 1.08 (P < 0.01)}, when compared to the AOM/DSS
group (95% incldence with a multiplicity of 3.10 £ 3.06). Dietary
GAP modulated the mitotic and apoptotic indexes In the crypt cells
and lowered 8-hydruxy-2’-deoxyguanosine (8-OHdG)-positive cells
in the colonic mucesa. Urinary level of 8-OHAG was lowered by
GAP feeding. Additionally, dietary GAP elevated the immunore-
activity of an inducible form of heme oxygenuse 1 in the colonic
mucosa. Our results indicate that GAP is able to inhibit colitis-
related colon carcinogenesis by modulating proliferation and ox-
idative stress in mice.
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INTRODUCTION

Colorectal cancer (CRC) is one of the leading causes of can-
cer deaths in the Western countries. Globally, the mortatity of
CRC was 655,000 deaths per yearin 2005 (1). Inflammation was
known to be linked with cancer development in several tissues
(2). CRC is one of the most serious complications of inflam-
matory bowel disease (IBD), including ulcerative colitis and
Crohn's disease. The risk of CRC increases with increasing ex-
tent and duration of the disease (3). For treatment or chemopre-
vention of IBD and IBD-related CRC, many drugs and chemo-
preventive agents were introduced (4). A large amount of the
drugs are absorbed from the upper gastrointestinal tract, stom-
ach, and smallintestine and cause certain side effects. Therefore,
it is preferable 1o deliver the drug site specifically to the colon.

Several synthetic or natural compounds exerting antioxida-
tive and/or anti-inflammatory properties have been proposed us
cancer chemopreventive agents (5-7). We previously reported
that ferulic acid (R = H, Fig. 1a), abundant in edible planis,
such as rice and black raspberries, is able 10 inhibit chemi.
cally induced carcinogenesis in rodents (8). Other investigators
have reported data supporting our findings (9,10). A secondary
metabolite biosynthetically derived from ferulic acid, 3-(4'-
geranyloxy-3'-methoxyphenyl)-2-trans-propenoic acid (R =
geranyl, Fig. 1a), is supposed 1o ¢xert cancer chemopreventive
effect (1),

Recently, novel natural and semisynthetic compounds with
anti-inflammatory activity (12) have been reported to be
clfective chemopreventive agents against carcinogenesis in
preclinical animal studies, such as collinin (7-geranyloxy-8-
methoxy-coumarin) (13), auraptene (13.14) and the ethy! ester
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FIG. 1. Chemical structure of (2) ferulic acid. R = H and 3-(d-geranyloxy-
¥-methoxyphenyl)-2-trans-propenoic acid. R = geranyl, and (b) 3-(4'-
geranyloxy-3’-methoxyphenyl)-2-1. yl-L-alanyl-L-proline  (GAP,
molecular weight = 498.62).
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of 3-(4-geranyloxy-3'-methoxyphenyl)-2-trans-propenoic acid
(EGMP) (15,16). Because inflammation is a universal and
physiological response in the process of carcinogenesis (2,17~
19), the in vivo and in vitro anti-inllammatory propertics of
these compounds have been demonstrated (20,21). Auraptene
and collinin were reported 10 cause complete inhibition of
platelet aggregation induced by arachidonic acid and platclct-
activating factor in vitro (22), to act as good chemopreventers
in colitis-rclated mouse colon tumorigenesis (13). In addition,
our synthetic derivative, EGMP, has shown various interest-
ing biological effects such as suppression of inducible nitric
oxide (iNOS) and cyclooxygenase (COX)-2 protein expres-
sion in RAW 264.7 cells induced by lipopolysaccharide and
interferon gamma (23) and colon and tongue cancer chemo-
prevention by dietary feeding in rats (15,16). Furthermore,
some myo-inositol esters of 4'-geranoxy-ferulic acid. have
good inhibitory effects on phorbol ester-induced superoxide
generation and Epstein-Barr virus activation (24). All these
esters could be hydrolyzed to the parent acid once inside
the cells. So the tmue aclive compound exerting the above-
cited observed biological effects would be 3-(4'-geranoxy-3'-
methoxyphenol)-2-trans-propenoic acid. Then, it could become
a novel candidate as chemopreventive agent of various cancer
types and as an anti-inflammatory compound. Pharmacolog-
ical and chemical properties of the latter acid were recently
reviewed (1), To achieve a novel approach in the prevention of
CRC by drugs administered in diet, we carried out the synthe-
sis of a novel prodrug, 3-(4'-geranyloxy-3'-methoxypheny!)-2-
trans-propenoyl-L-alanyl-L-proline (GAP, molecular weight =
498.62, Fig. Ib). This novel prodrug of 4'-geranyloxy-ferulic
acid was structurally built to be hydrolized by intestinal
angiotensin-converting enzyme; this enzyme is an exopeptidase
that is quite abundant in the external side of the brush border
of the epithelium of the small intestine, and its specificity is to
hydrolize the last peptidic link in tripeptides in which +-Ala
(or Gly) and L-pro occupy the second-last and last positions, re-
spectively. Based on features of this prodrug, 3-(4’-geranyloxy-
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- 3'-methoxyphenyl)-2-trans-propenoic acid would be delivered
in high concentration in the large bowel (25). Furthermore, ils
mechanism of activation would ensure chemical and enzymatic
stability while passing through the stomach and small intestine
by in vitro study (25).

For investigation of the pathogenesis (26-28) and chemo-
prevention (13,29) of inflammation-related CRC, our mouse
model of inflammation refated 2-stage colon carcinogenesis
with a colonic carcinogen, and a colitis-inducing agent, dex-
tran sodium sulfate (DSS) (15), is useful (30,31). In this model,
the powerful tumor promoting effect of DSS is closely related
to oxidative/nitrosative stress caused by DSS-induced colitis

*(26-28). This suggests that oxidative/nitrosative DNA damage
by inflammation is involved in carcinogenesis, and thus it is
important to control the events leading to inflammation-related
carcinogenesis (17). In humans, oxidative stress also plays a
key role in the pathogenesis of IBD-related intestinal dam-
age (32). B-Hydroxy-2'-deoxyguanosine (8-OHdG) production
is induced by the oxidation of deoxyguanosine (dG), which is
one of the components of DNA. Hydroxyl radicals (*OH) di-
rectly act on dG to form 8-OHdG. It is stable in humans and is
excised by repair enzymes like 8-oxoguanine DNA glycosylase
1 and excreted in urine. 8-OHdG formation in DNA may also
be related to tumorigenesis because many mutagens, tumor pro-
moters, and carcinogens are known to generate oxygen radicals,
and this generation of oxygen radicals in vivo is thought to be
relevant to carcinogenesis (33). Elevation of urinary and.tissue
8-OHdG levels are also known in IBD patients (32).

Inthe current study, we investigated whether dietary GAP ex-
erts cancer chemopreventive ability in colitis-associated colon
carcinogenesis using our mouse model (34). Also, elfects of
GAP on oxidative stress induced by azoxymetahen (AOM)
andfor DSS were evaluated by measuring urinary level of
4-OHdG and immunohistochemical expression of 8-OHAG in
the colonic mucosa. Additionally, we measured immunohisto-
chemical expression of an imporiant antioxidant enzyme, heme
oxygenase (HO)-1, that is involved in the heme degradation pro-
ccss in the colonic mucosa because the significance of targeted
induction of HO-1 us a strategy to achicve chemoprevention and
chemoprotection is suggested (35).

MATERIAL AND METHODS

Animals, Chemicals, and Diets
Male Crj: CD-1 (ICR) mice (Charles River Japan, Tokyo.

. Japan), aged 5 wk. were used in this study. The animals were

maintained in Kanazawa Medical University Animal Facility
according to the Institutional Animal Care Guidelines. All ani-
mals were housed in plastic cages (5 mice/cage) with free access
to tap water and a pelleted basal Charles River Formula-1 diet
(Oriental Yeast Co., Lid., Tokyo, Japan) during quarantine under
controlled conditions of humidity (50 & 10%), lightning (12-h
light/dark cycle), and temperature (23°C & 2°C). They were
quarantined for 7 days after arrival and randomized by body
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weight into experimental and control groups. A colonic carcino-
gen AOM was purchased from Sigma-Aldrich Chemical Co. (St.
Louis, MO). DSS with a molecular weight of 36,000 to 50,000
was purchased from ICN Biochemicals (Aurora, OH), DSS for
induction of colitis was dissolved in water at 1% (wt/vol). GAP
was synthesized, as described previously (25). Experimental di-
ets containing 0, 0.01, and 0.05% GAP in modificd AIN-76A
(36) were prepared weekly in our laboratory and stored in a
cold room. Animals had access to food and water at all times.
Food cups were replenished with fresh diet everyday. AN han-
dling and procedures were carried ou! in accordance with the
Institutional Animal Care Guidelines.

Experimenlal Procedures

The Institutional Animal Care and Use Committee evaluated
all animal procedures associated with the present study and
assured that all proposed methods were appropriate,

A (otal of 60 male ICR mice were divided into 5 experimental
and control groups, Mice in Groups 1 through 3 were initiated
with AOM by single intraperitoneal injection (10 mg/kg body
weight). Starting | wk afler the injection, 19 DSS in drinking
water was administrated to mice for 7 days and then followed
without any further treatment for 18 wk. Mice of Group | were
maintained on modificd AIN-76A dict throughout the study.
Mice of Groups 2 and 3 were fed modified AIN-T6A dicts
containing 0.01% GAP (Group 2) and 0.05% GAP (Group 3)
far 17 wk, respectively, starting 1 wk after the cessation of DSS
exposure. Group 4 did not receive AOM and DSS and were fed
AIN-76A diet containing 0.05% GAP. Group 5 was fed modified
AIN-76A diet and served as an untreated control. At the end of
study (Week 20), all mice were sacrificed by CO, asphyxiation.
They underwent careful necropsy, with emphasis on the colon.
liver, kidney, lung, and heart.

At necropsy. the colons were flushed with saline, excised,
their length measured (from ileocecal junction to the anal verge),
cut open longitudinally along the main axis. and then washed
with saline. They were cut and fixed in 10% buffered formalin
for at least 24 h. Histological examination was performed on
paraffin-embedded sections after hematoxylin and eosin (H & E)
staining. Colonic tumors were diagnosed according to the
Ward's (37) description. In brief, if the tumors cells with tubular
formation invaded the depth of submucosa, the tumor was diag-
nosed as adenocarcinoma. When the tumors cells with glandular
structure did not invade the submucosa and compressed the
surrounding crypts, the tumor was diagnosed as adenoma.

Scoring of Inflammation in the Large Bowel

Inflammation in the large bowel was scored on the H & E-
stained sections. For scoring, large intestinal inflammation was
graded according to the following morphological criteria (38):
Grade 0, normal appearance; Grade 1, shortening and loss of
the basal 1/3 of the actual crypts with mild inflammation in the
mucosa; Grade 2. loss of the basal 2/3 of the crypts with mod-
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crate inflammation in the mucosa; Grade 3, loss of the entire
crypts with severe inflammation in the mucosa and submucosa -
but with retainment of the surface epithelium; and Grade 4. pres-
ence of mucosal ulcer with severe inflammation (infiltration of
neutrophils, lymphocytes, and plasma cells) in the mucosa, sub-
mucosa, muscularis propria, and/or subserasa. The scoring was
made on the entire colon with or without proliferative lesions
and expressed as a mean average score/mouse,

Counting Mitotic and Apoptotic Cells and Crypt Heights

To identify intramucosal apoptotic and mitotic cells in the
crypts, paraffin-embedded sections from the distal colon were
stained with H & E and cvaluated under a light microscope for
apoptotic and mitotic cells at a magnification of 400, Apoptotic
cells were identified by celf shrinkage, homogeneous basophilic
and condensed nuclel, nuclear fragments (apoptotic bodies),
murked eosinophilic condensation of the cytoplasm, and sharply
delineated cell borders surrounded with a clear halo (39). The
apoptotic and mitotic indexes in the colonic erypls were de-
termined on longitudinal sections that allowed evaluation of
the whole crypt from the top to the base. One colonic scction
(from the distal part) per mouse was studied and scored. Ran-
domly chosen crypts (28-56 crypts/colon) with well-oriented
crypt structure from the mouth to the base were evaluated for
counling apoptosis and mitosis. The apoptotic index (AI) and
mitotic index (MI) nuclei were determined by dividing the total
number of apopiotic or mitotic cells by the number of epithelial
cells evaluvated.

Immunchistochemistry of 8-OHdG and HO-1
Immunohistochemistry for 8-OHdG and HO-1 was per-
formed on 4 um-thick paraffin-embedded sections from the
colons of mice in each group. The paraffin-embedded sections
were heated for 30 min at 65°C, deparaffinized in xylene, and
rehydrated through graded ethanol at room temperature. A 0.05
M Tris hydrochloride buffer (pH 7.6) was used to prepare so-
lutions and for washes between various steps. Incubations were
performed in a humidified chamber. Sections were treated for
40 min at room temperature, with 2% bovine serum albumin,
and incubated overnight at 4°C with primary antibodies such
as anti-8-OHdG mouse monoclonal antibody (diluted 1:100;
Institute of Aging, Japan) and anti-HO-1 rabbit polyclonal anti-
body (diluted 1:200, SPA-896; StressGen Biotechnologies, Ann
Arbor, MI). To reduce the nonspecific staining of mouse tissue
by the mouse antibodies, a Mouse On Mouse immunoglobulin G
blocking reagent (Vector Laboratories, Inc., Burlingame, CA)
was applied. For 8-OHdG and HO-1 immunohistochemistry,
normal rabbit serum was used to block background staining.
Staining was performed using a DAKO En Vision kit (DAKO,
Glostrup, Denmark) or Veclastain Elite ABC Kit (Vector Labo-
ratories). At the last step, the sections were counlerstained with
hematoxylin. As a negative control, omission of the primary an-
tibody was used. Two observers (T. Tanaka and $. Sugie) were
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unaware of the treatment group to which the slide belonged and
evaluated the immunoreactivity with grading between 0 and 5:
0 (<15% of the colonic mucosa examined shows positive re-
activity), 1 (16-30% of the colonic mucosa examined shows
pusitive reactivity), 2 (31-45% of the colonic mucosa examined
shows positive reactivity), 3 (46-60% of the colonic mucosa
examined shows positive reactivity), 4 (61-75% of the colonic
nucosa examined shpws positive reactivity), and 5 (>75% of
the colonic mucosa examined shows positive reactivity).

Urinary 8-OHdG Analysis

To determine in vivo oxidative' stress, urinary level of
8-OHdG was measured. One day before the sacrifice, 5 animals
were selected randomly from each treatment group and placed
individually into metabolic cages for urine collection, Urine
was collected from each animal over a period of 3 h and frozen
al —80°C umtil analysis. Urinary level ol 8-OHJG was deter-
mined by competitive enzyme-linked immunoabsorbent assay
(Genox, Bahimore, MD) and corrected for urinary creatinine
concentrations.

Statistical Evaluation ,

Where applicable, data were analyzed using 1-way analy-
sis of variance with Tukey-Kramer multiple comparisans test
(GraphPad Tnstat version 3.05, GraphPad Softwear, Sun Dicgo,
CA) with P < 0.05:as the critecrion of significance. The Fisher's
exact probability test was used for comparison of the incidence

. of lesions between 2 groups,

RESULTS

General Ohservation

During the experiment, some animals thay received
AOM/DSS (Group 1) or AOM/DSS—GAP (Groups 2 and 3)
had bloody stool, but the symptom disappeared saon after stop-
ping of DSS§ treatment. At Weeks 18 1020, some mice of these
groups had bloedy stool again and anal prolapse with rectal tu-
mor. There was no significant change between the experimental
groups with regards to the parameters tested (body weight, liver
weight, relative liver weight, spleen weight, kidney wei ght, and
colon length). Further, no significant pathological alternations
were found in these organs except the colon.

Pathological Findings

Macroscopically. nodular and polypoid colonic tumors were
observed in the middie and distal colon of mice in Groups |
through 3. These tumors were histopathologically tbule ade-
noma (Fig. 2A) or adenocarcinoma (well-/moderately differen-
tiated; Fig. 2B). Some adenocarcinomas invaded into submu-
cosa or serosa. Dysplastic crypts (Fig. 2C) were also observed
surrounding neoplasms. Enlarged lymph nodes with inflamima-
tion were present around the large bowel with tumors, Mice of
Groups 4 (GAP alone) and § (untreated) had no tumors in all
the organs examined including the colon.
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FIG, 2. Represemative eolonic lesions induced by azoxymetahen/dextran
sodim sutfate in mice (Group 1) Az a.wbular adenoma, B: a tubular ade-
nocarcinoma with moderately differentiated. and C: dysplastic crypis (circled).
Photos inserted in Fig. 2A and 2B are low power of views for cach lesion (orig-
inal magnifications are x2 in 2A and %4 in 28), Figure represents hematoxylin
and cosin stain; and bars inserted indicate magnification (e,
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TABLE |
Incidence and Multiplicity of Colonic Tumors*
Incidence (No. of Mice With Tumors) Multiplicity (No. of Tumors/Mouse)”
Group Treatment Total AD ADC Total AD ADC
I ACM/DSS (20) 20 (100%) 19 (95%) 19 (95%) 5601481 250+237 3.10+3.06
2 AOM/DSS — 0.01% GAP (15) 10(67%)° 8(53%) 9 (60%) 2334212/ 1.20+£127 L1313/
3 AOM/DSS — 0.05% GAP (15) 10(67%)° 8(53%) 8 (53%)  2.00£210/ 1.20+1.37 0.80+ 1.08¢
4 0.05% GAP (5) 0 (0%) 0(0%) 0(0%) 0.00£0.00 0.00£000 0.00+0.00
5 None (5) 0 (0%) 0(0%) 0(0%) 0.00£0.00 0.004+0.00 0.00%0.00

¢ Abbreviations are as follows: AD, adcnoma; ADC, adenocarcinoma: AOM, azoxymetahen; DSS, dextran sodium sulfate; GAP, 3-(4'-

geranyloxy-¥-methoxyphenyl)-2-truns-propenoyl-L-alanyl-L-proline.

*Mean * SD.

“Significantly different from the AOM/DSS group by Fisher's exact probability test, P = 0.,0002.

4Significantly differcnt from the AOM/DSS group by Fisher's exact probability test, P = 0.0057.

“Significantly different from the AOM/DSS group by Fisher's exact probability test, P =0.0158).

! Significantly diiVerent from the AOM/DSS group I-way analysis of variance (ANOVA) with Tukey-Kramer multiple comparisons test,

P <0.0s.

*Significantly ditfcrent from the AOM/DSS group 1-way ANOVA with Tukey-Kramer multiple comparisons lest, P < 0.01.

The incidences and multiplicitics of colon tumors are
listed in Table 1. Group 1 (AOM 4+ DSS) had 95% inci-
dence of colon adenocarcinoma with a multiplicity of 3.10 +
3.06. The incidences of colonic adenocarcinoma of Groups 2
(AOM/DSS->0.01% GAP, 60%) and 3 (AOM/DSS—0.05%
GAP. 53%) were significantly smaller than that of Group |
(P = 0.0158 and P = 0.0057. respectively). Also, the multi-
plicities of colonic adenocarcinoma of Groups 2 (1.13 + 1.13.
P < 0.05) and 3 (0.80 & .08, P < 0.01) were significantly
smaller than that of Group |.

Inflammation Score in the Colon

Fig. 3A illustrates data on colonic inflammation scores at
Week 20. The inflammation score of Group 1 (2.45 % 0.89) was
the greatest. The scores of Groups 2 (1,67 £ 0.82, P < 0.05)
and 3 (1.07 £ 0.80, P < 0.001) were significantly lower than
that of Group 1. Colonic inflammation in the mice of Groups 4
and 5 was slight, if present.

Indices of Mitosis and Apoptesis in Colonic Crypts

The data on the epithelial proliferative kinctics in the “normal
appearing” distal colon are iliustrated in Figs. 3B through 3D. As
shown in Fig, 3B, the mean number of crypt cell M1 of Groups
I was significantly higher (4.33 £ 2,16, 2.37-fold increase;
P < 0.001) than that of Group 5 (1.83 % 1.60). The dietary
administration of GAP (Groups 2 and 3) reduced the mean MI
in a dose-dependent manner when compared to Group 1 (4.33 &
2.16): 27% reduction by 0.01% GAP (Group 2, 3.17 £ 1.17,
P < 0.01) and 54% reduction by 0.05% GAP (Group 3, 2.00 %
0.89. P < 0.001). Feeding with 0.05% GAP alone (Group 4,

1.83 % 1.17) did not affect the MI in the crypts when compared
to an untreated control (Group 5, 1.83 £ 1.60). As indicated
in Fig. 3C. the mean Al of group 1 (1.80 & 0.84, P < 0.05)
was significantly greater than that of Group 5 (1.20 £ 0.84).
The values of Groups 2 (2.20 + 0.84) and 3 (3.00 £ 0.71) were
larger than that of Group 1, and the increase of Group 3 was
statistically significant (P < 0.001). The mean Al of Groups 4
(1.40 & 0.55) and 5 were comparable. As for the crypt column
height (number of cells/crypt, Fig. 3D). the value in Group 1
(44.2 4 4.97, P < 0.001), being the lowest among the groups,
was significantly smaller than Group § (61.8 = 8.76). The crypt
column heights of Groups 2 (45.8 % 6.06) and 3 (57.4 £ 12.6)
were larger than Group 1, and the increase of Group 3 was
statistically significant (P < 0.001). The value of Groups 4
(58.2 £ 5.81) and 5 were comparable.

Scores of 8-OHdG and HO-1 Immunohistochemistry

Mean scores of HO-1 and 8-OHdG immunohistochemistry
are illusirated in Figs. 4A and 4B, respectively. The mean score
of HO-1 immunohistochemical positivity of Group 1 (2.10 %
0.88) was significantly greater than that of Group 5 (0.60 % 0.89,
P < 0.05; Fig. 4A). The score of Group 3 (3.40 £ 1.07) was
significantly larger than Group 1. The value of Group 2(3.00 +
0.82) was greater than that of Group 1, but the increase was
insignificant. As shown in Fig. 4B, the mean score of 8-OHdG
immunohistochemical positivity of group 1 (3.90 = 0.88) was .
significantly greater than that of Group 5 (0.40 £ 0.55, P <
0.001; Fig. 4B). The scores of Groups 2 (2.40 & 0.52, P <
0.001) and 3 (1.80 £ 0.79, P < 0.001) were significantly lower
than Group 1.
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Urinary Level of 8-OHdG

Data on urinary 8-OHdG (ng/mg creatinine) are shown in
Fig. 4C. The level of Group 1 (7.10 & 1.60, P < 0.001) was
significantly greater than that of Group 5 (3.20 & 1.79), The
values of Groups 2 (430 & 1.57, P < 0.01) and 3 (3.70 &
1.334, P < 0.001) were significantly smaller than that of Group
1. The levels of Groups 4 (4.00 = 1.22) and 5 were comparable.

DISCUSSION

The results of this study clearly indicate that a navel prodrug
of the already known colon cancer chemopreventive agent 3-(4'-

geranyloxy-3'-methoxyphenyl)-2-trans-propenoic. acid effec-
tively inhibited AOM/DSS-induced, colitis-related. colonic car-
cinogenesis without any adverse effects in mice, Dietary feeding
with GAP exerted its cancer chemopreventive ability by mod-
ulating cell profiferation, suppressing oxidative damage (issue
expression and urinary level of 8-OHdG), and enhancing an an-
tioxidant enzyme, HO-1, in {he inflamed colon. This is the first
report showing that a prodrug, GAP, exerts cancer chemopre-
ventive ability in colitis-related colon carcinogenesis.

The incidence and multiplicity of colonic tumors in the mice
received AOM and 1% DSS in the current study were higher
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than our previous dose-response study (40); this may be due
to the difference of intake of 1% DSS-containing drinking wa-
twr: 11.06 £+ 0.05 mU/mouse/day in this study and 8.60 £ 0.94
ml/mouse/day in a previous investigation (40). Dietary GAP was
able to modulate the endpoints measures in a dosc-dependent
manner, but the effects on tumor (total tumors and adenoma)
multiplicity were comparable. The reason for this is unknown,
However, the effects of GAP on the multiplicity of colonic
adenocarcinoma suggest the inhibition of progression and the
presence of dose-dependent efficacy. Therefore, we should de-
termine the dose-dependency of the inhibition by GAP utilizing
3 or more doses in future studies,

Like ferulic acid (41), our duta on 8-OHdG in the colon and
urine suggests the antioxidative potential for GAP. Dietary ad-
ministration ol GAP ellectively lowered the tissue expression
of 8-OHdG in the inllamed colon as well as the urinary level
of 8-OHdAG. One ol the markers ol oxidative stress is 8-OHdG,
which results from free radical damage to guanine (42). Elevated
levels of 8-OHAG have been correlated with malignancy in-the
colon of rats (43) und humans (44). 8-Oxodeoxyguanvsine, the
tautomer of 8-OHAG, induces errors in DNA replication, specif-
tcatly G-1o-T transversions (43). Phenolic antioxidants in foods
huve been shown to reduce markers of oxidative stress and sup-
press carcinogenesis in certain tissues (46). For example, cat-
cchins in tea reduce urinary 8-OHdAG content and are effective
chemopreventives in the F344 model of colon carcinogencsis
(47, In IBD patients, oxidative DNA damage and decrease in
antioxidant activity are known (32). We previously reported in-
creased oxidative damage in the inflamed colon of mice treated
with DSS (26-28), and modulation of oxidative damage could
prevent cancer occurrence (13,29). As found in a phase 1la clin-
ical chemoprevention trial with green tea polyphenols in which
urinary 8-OHdG can be monitored to determine oxidative stress
condition (48), urinary concentration of §-OHdG serves as a
practical biomarker of oxidative DNA damage in preclinical
animal studies.

In the current study, the treatment with GAP in diet signifi-
cantly lowered colonic inflammation induced by DSS. Because
chronic inflammation involves in carcinogenesis, suppression of
chronic inflammation through modulation of expression of sev-
cral pro-inflammatory gene products that mediate a critical role
in several events of carcinogenesis may result in cancer chemo-
prevention (49). Ferulic acid and EGMP have anti-inflammatory
effects and inhibition of iNOS expression and thereby suppress
carcinogenesis (8,15.23). In fact, our recent study demonstrated
that modulation of inflammation and expression of COX-2
and iNOS in the colon contributes to suppression of colitis-
related colon carcinogenesis (50). Because several molecular
targets for suppression of inflammation-associated carcinogen-
esis were proposed (51), further studies are warranted for de-
tailed mechanisms by which GAP inhibits inflammation-related
carcinogenesis,

Interesting findings observed in this study are that GAP
treatment enhanced HO-1 expression in the colon of mice that
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received AOM/DSS. HO-1 participates in endogenous cellular
defense against oxidative stress (52). HO-1 confers cytopro-
tection against injury in a variety of organs and tissues where
inflammatory processes are implicated. HO plays a central role
in heme metabolism (52). At the same time, it protects cells
from injury evoked by various oxidative stresses. HO-1 expres-
sion is carefully controlled in vivo with regard to its location and
the magnitude. Furthermore, it was recently shown that HO-1
is involved in the immune regulation (53). These findings sug-
gest HO-1 protein in vivo as a novel therapeutic intervention
to control various forms of inflammatory disorders. Addition-
ally, HO- is reported to inhibit inflammation through mitogen-
activated protein kinase (MAPK) activation by induction of CO
(54). The strategy that cell injury caused by oxidative stress
and subsequent inflammatory condition are reduced and treated
by induction of HO-1 expression is sound. However, because
HO-1 is an inducible enzyme, we should control the expression
quantitatively and with time. Several dietary constituents can

modulate HO- expression (55). In addition to in vitro studies
" using known chemopreventive agents (56), there is an in vivo
cancerchemoprevention study in which sulforaphane inhibits rat
mammary carcinogenesis by induction of HO-1 (57). Upregu-
lation of HO-1 by quercetin protects human hepatoeytes from
ethanol-induced oxidative stress via the MAPK/Nrf2 pathways
(58). Also, Nrf2-dficient mice are susceptible to DSS-induced
colitis (39). Thercfore, safer natural compounds and their pro-
drug, such as GAP, may be used for prevention of inflammation-
related cancer development,

When compared to the inhibitory effects of different chem-
icals on the multiplicity of colonic adenoccarcinoma using this
animal model, inhibitory potency was in the following order:
ursodeoxycholic acid (29) > nimesulide (50) > collonin (13) >
aurapene (13) > GAP (this study) > sulfasalazine (29) >
pitavastatin (38) > troglitazone (50) > bezafibrate (50). How-
ever, we should consider the findings were observed in different
experimental conditions such as dose of DSS and test chemicals

and duration of exposure of chemicals. In addition, we need -

future experiments to check the effect of GAP on the kinetics
of colon cancer development in our model system,

In conclusion, a novel prodrug of 3-(4’-geranyloxy-3'-
methoxyphenyl)-2-trans-propenoic acid, resulting from the con-
jugation of this acid to the dipeptide L-Ala-L-Pro, is effective in
inhibiting colon cancer development in a 2-stage. colitis-related,
mouse colon carcinogenesis through modulation of inflamma-
tion, oxidative stress, and cell proliferation in the inflamed colon
of mice that received AOM and DSS. Our findings support the
development of novel, site-specifically delivered prodrugs for
colon cancer prevention in the inflamed colon.
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Citrus Auraptene Suppresses Azoxymethane-Induced Colonic
Preneoplastic Lesions in C537BL/KsJ-db/db Mice

Kel Hayashi, Rikako Suzuki, Shingo Miyamoto, Yoshitani Shin-ichiroh, Hiroyuki Kohno,
Shigeyuki Sugie, Shigeki Takashima, and Takuji Tanaka

Abstract: The current study was designed to investigate
whether dietary citrus auraptene (AUR) suppresses the de-
velopment of azoxymethane (AOM)-induced colorectal pre-
neoplastic lesions in C57BLIKsJ-dbidb (dbldb) mice with
obese and diabetic phenotypes. Female dbldb and wild (+1+)
mice were divided into the AOM + AUR, AOM alone, AUR
alone, and the untreated groups in each phenotype. AOM
was given 3 weekly intraperitoneal injections (10 mglkg bw).
AUR (250 ppm) was given in diet during the study (for 10 wk).
Dietary AUR significantly reduced the number of aberrant
crypt focl (ACF) and B-catenin-accumulated crypt (BCAC)
in both phenotypes. The treatment also lowered cell prolifer-
ation activity and increased apoptotic cells in both lesions.
Our findings indicate that dietary AUR is able to suppress
the early phase of colon carcinogenesis in both phenotypes,
suggesting possible application of AUR as a chemopreven-
tive agent in both the high-risk and general populations for
colorectal cancer.

Introduction

Numerous epidemiological results suggest that obesity is
a risk factor for colon cancer (1,2). There are several stud-
ies to investigate possible mechanism for this (3,4). Obesity
is a complex, heterogeneous, and multi-factorial syndrome
resulting from both genetic susceptibility and environmental
factors (5). Besides obesity, it is well known that several fac-
tors, including a high fat and low-fiber diet {6), low physical
activity (7), inflammatory bowel diseases (8), or hereditary
disorders such as familial adenomatous polyposis and non-
polyposis syndrome (9), increase the risk for development
of colorectal cancer (CRC). For fighting this malignancy, we
tried to find natural compounds that are capable to effectively
inhibit colon carcinogenesis in a series of pre-clinical studies.

As one of the possible cancer chemopreventive agents,
we proposed citrus auraptene (AUR) that is able to inhibit

carcinogenesis in various tissues (10-13), including colon
(14-17). A prenyloxycoumarin, AUR is a secondary metabo-
lite, mainly found in plants belonging to the families of
Rutaceae and Umbelellierae. Several coumarins, including
AUR were shown to possess valuable pharmacological prop-
erties. These were reported to have anti-inflammatory activity
(18). AUR significantly attenuated the lipopolysaccharide-
induced protein expression of inducible nitric oxide synthase
and cyclooxygenase-2, with decreases in production of ni-
tric anion and prostaglandin Ej, and yet suppressed the re-
lease of tumor necrosis factor-o and Ix B degradation (19,20).
Furthermore, AUR possesses anti-oxidative activity and sup-
presses lipid peroxidation in rat colon exposed to a colonic
carcinogen azoxymethane (AOM) (14,21). AUR is able to
induce the activity of detoxifying enzymes without affect-
ing phase I drug metabolizing enzymes in mouse liver (22).
In addition, AUR can enhance immune system by affect-
ing macrophage function and cytokine production in mice
(23). AUR also suppress experimental lung metastasis of
melanoma cells in mice (24). More recently we have found
AUR suppresses B-cetenine gene mutations in chemically-
induced hepatocarcinogenesis in rats (25) and inhibits the ex-
pression of matrix metalloproteinase-7 (matrilysin 1), which
plays essential roles in cancer progression, in the human col-
orectal adenocarcinoma cell line HT-29 (26). A variety of
biological activities of AUR can be thus responsible for its
cancer chemopreventive ability. However, in our series of
preclinical chemopreventive studies we used in vitro assays
and an experimental animal model, in which colonic car-
cinogens, such as AOM, were applied to rodents, assuming
general population.

C57BL/KsJ-db/db (db/db) mice are genetically altered
models with phenotypes of obesity and diabetes mellitus
(27). Disruption of the leptin receptor (Ob-R) gene in the
db/db mice leads to over-expression of leptin in the adipose
tissue and a concomitantly high concentration of leptin in the
blood of the mice (28,29). It is widely accepted that leptin
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functions as a satiety factor through Ob-R, which is mainly
expressed in the hypothalamus (29). Because of a deficiency
of the leptin-mediated satiety signaling, abnormal dietary
habits such as hyperphagia occur in homozygous db/db mice,
resulting in complex phenotypes. It is now well-established
that leptin not only interacts with pathways in the central
nervous system, but also functions in the peripheral tissues
as a mediator of energy expenditure, a permissive factor for
puberty and a signal of metabolic status (30). Interestingly,
some lines of evidence suggest that leptin in the periphery be-
haves as a growth factor in lung (31), breast (32), and colonic
tissues (33). Although plausible role of leptin in tumorigen-
esis remains undetermined, there have been several studies
suggesting the leptin-related pathway as a possible modulator
in neoplastic development (34-36). We recently reported that
the db/db mice are susceptible to colon carcinogenesis (3).
In the current study we conducted a short-term assay to
examine whether dictary AUR can inhibits the occurrence
of AOM-induced preneoplastic lesions, aberrant crypt foci
(ACF) (37), and g-catenin-accumulated crypt (BCAC) (38)
for CRC in genetically obese db/db mice, and compared the
effects on -+/-+ female mice. We also examined the effects of
AUR on clinical chemistry in both phenotypes, since certain
serum chemistry is related to the occurrence of CRC (39,40).
Since modification of cell proliferation activity and apoptosis
in the non-lesional and lesional areas in the organ for cancer
chemoprevention (41), the effects of AUR on cell prolifera-
tion activity and apoptotic index were analyzed immunohis-
tochemically. The main goal of this study was toassess the in-
volvement of obesity-related events such as hyper-leptinemia
in colon carcinogenesis and to find promising cancer chemo-
preventive agents for such a high-risk group of CRC.

Materials and Methods

Animals, Diets, and Carcinogen

Thirty female db/db and 30 +/4 mice (4 wk of age)
for the study were purchased from the Jackson Laboratories
(Bar Harbor, ME). CRF-1 (Oriental Yeast Co., Tokyo, Japan)
was used as a basal diet, which consists of 5.7% fat, 22.4%
protein, 6.6% minerals, 3.1% fiber, and 62.3% carbohydrate
and others (~3.59 kcal/g). The major fatty acids present in
CRF-1 were linoleic acid, oleic acid and palmitic acid. AOM
was obtained from Sigma (St. Louis, MO). They were housed
in a holding room under controlled conditions of a 12 h
light/dark cycle, 23 = 2°C room temperature and 50 £:10%
relative humidity. AUR (99.9% purity) was synthesized as
described previously (12). Diet containing AUR at a dose
level of 250 ppm was made by mixing AUR with powdered
CRF-1 every week during the study and stored in the cold
room (<4°C). Diets and water during an experimental period
were freely available.

Experimental Procedures

Animals of each phenotype was divided into 4 groups:
the AOM + AUR group (10 mice), AOM alone group (10
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mice), AUR alone group (Smice), and untreated group (5
mice). They were given 3 weekly intraperitoneal injections
of AOM (10 mg/kg body weight). They also fed the AUR-
containing diet for 10 wk (entire experimental period). At
sacrifice (10 wk after the start of the study), we determined
the frequency of ACF and BCAC in the colon. At autopsy,
colons of all the mice were removed, cut open longitudinally
and fixed in 10% buffered formalin. After removing the rectal
sides (2.0 cm from the anus), the colons were cut into two
portions (distal and proximal) and the distal colons were used
in this study. BCAC was quantified in the rectal mucosa after
immunohistochemical staining for S-catenin, and ACF were
counted in the remaining parts of the colon that were stained
with methylene blue. At autopsy, the weights for pancreas,
liver, kidney, and peritoneal adipose tissue were measured.

Counting the Number of Colonic ACF and BCAC

The ACF and BCAC were determined according to the
standard procedures that areroutinely used in our and other
laboratories (15,38). At necropsy, the colons were flushed
with saline, excised, cut open longitudinally along the main
axis, and then washed with saline, They were cut, placed on
the filter paper their mucosal surface up, and then fixed in
10% buffered formalin for at least 24 h. The fixed colons
were stained with methylene blue (0.5% in distilled water)
for 20 seconds, dipped in distilled water, and placed on a
microscope slide to count the ACF. After counting the ACF,
the distal parts (1 cm from the anus) of the colon were cut
in order to count the number of BCAC. To identify BCAC
intramucosal lesions, the colonic mucosa (mean area: 0.75
cm?/colon) was embeddedin paraffin, and then a total of 20
serial sections (4 um thick each) per mouse were made by
an en face preparation (38). For each case, twoserial sections
were used to analyze the BCAC.

Immunohistochemistry for f-Catenin, Cell
Proliferation, and Apoptosis

Four serial sections (4 sm thickness) were made from
paraffin-embedded blocks. One section was subjected to
hematoxylin and eosin (H & E) staining for histopathol-
ogy and the others for immunohistochemistry of f-catenin,
proliferating cell nuclear antigen (PCNA), and apoptosis.

Immunohistochemistry for B-catenin was performed on
4-pm-thick paraffin-embedded sections from the distal seg-
ments of the colons, using the labeled streptavidin-biotin
method (LSAB Kit; Dako, Glostrup, Denmark) with mi-
crowave accentuation, The paraffin-embedded sections were
heated for 30 min at 65°C, deparaffinized in xylene, and re-
hydrated through graded alcohols at room temperature. A
0.05 M Tris-HCI buffer (pH 7.6) was used to prepare s0-
lutions and for washes between various steps. The sections
were treated for 40 min at room temperature with 2% bovine
serum albumin and incubated overnight at 4°C with a primary
antibody against B-catenin protein (diluted 1:1000, catalog
no. 610154, BD Transduction Laboratories, Lexington, KY).
Horseradish peroxidase activity was visualized by treatment
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with H;0; and diaminobenzidine for 5 min. Negative control
sections were immunostained without the primary antibody.
Immunoreactivity was regarded as positive if apparent stain-
ing was detected in the cytoplasm and/or nuclei to determine
the BCAC,

For PCNA immunohistochemistry, formalin-fixed,
paraffin-embedded distal colon sections were subjected to
deparaffinization and dehydration prior to quenching of
endogenous peroxidase activity (1.5% H,0, in methanol for
20 min), An antigen-unmasking step was done by placing
the slides in a pressure cooker containing 0.01 M sodium
citrate (pH 6.0) for 10 min. The sections were incubated for
60 min with the primary mouse anti-rat PCNA monoclonal
antibody (Clone PC-10, DakoCytomation, Cat no. M0879)
at a dilution of 1:1500 in 10% goat serum. Secondary anti-
body, biotinylated goat anti-mouse IgG (Cat no, BA-2000,
Vector Laboratories, Burlingame, CA) was applied for
30 min in a 1:500 dilution. Slides were processed with the
ABC reagent from Vectastain Elite (Vector Laboratories)
using DAB as the substrate, Sections were counterstained
with hematoxylin. In the distal colonic mucosa without
lesions from 5 mice of each group, 20 fields, randomly
selected from each slide, were analyzed at x400 magnifica-
tion. PCNA-positive cell nuclei were determined in 10 ACF
each from the AOM + AUR and AOM alone groups of each
phenotype. Also, PCNA-positive cell nuclei were analyzed
in 5 BCAC from the AOM + AUR group and 12 BCAC
from the AOM alone group from each phenotype. Cells
staining positive for PCNA were scored as a percentage of
total cells in each field or lesion.

Levels of apoptosis in distal colon tissue were determined
by the TdT-mediated dUTP nick-end labeling (TUNEL)
method. Four-um formalin-fixed, paraffin-embedded tissue
sections from the distal colons were processed according to
manufacturer’s instructions using Apoptosis in situ Detec-
tion Kit Wako (Cat. No. 298-60201, Wako Pure Chemical
Industries, Ltd., Osaka, Japan). The kit is based on TUNEL
procedure. Appropriate positive and negative controls for
determining the specificity of staining were generated. Neg-
ative controls were processed in the absence of the terminal
deoxynucleotidy! transferase (TdT) enzyme in the reaction
buffer. Sections of colon tissue digested with nuclease en-
zyme and colon lymphoid nodules, which are known to ex-
hibit high rates of apoptosis, were used as positive controls.
Color was developed with the peroxidase substrate DAB,
and sections were counterstained with hematoxylin. For each
section, 20 fields of normal-appearing tissue were randomly
selected and photographed at x400 magnification. The num-
bers of apoptotic cells per field of normal mucosa from
5 mice of each group of both phenotypes were counted and
recorded as a percentage of total cells in each field or lesion.
Also, randomly chosen 10 ACF each from the AOM + AUR
and AOM alone groups, 5 BCAC each from the AOM + AUR
group of both phenotypes, and 12 BCAC each from the AOM
group of both phenotypes were counted for apoptosis. The
apoptotic index was calculated by dividing the total number
of apoptotic cells by the number of atypical cells that consist
of ACF or BCAC, and was expressed the percentage.
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Measurement of Seram Glucose, Leptin, Total
Cholesterol, and Triglycerides Levels ‘

At sacrifice, blood to measure the serum concentrations of
glucose, leptin, total cholesterol, and triglycerides was col-
lected from all mice each of genotypes, They were starved
overnight prior to blood collection for clinical chemistry.
The serum glucose level was measured enzymatically using
the hexokinase method. The serum triglycerides were as-
sayed by enzymatic hydrolysis with lipase, Serum cholesterol
was determined enzymatically using cholesterol esterase and
cholesterol oxidase. Serum concentration of leptin was mea-
sured by an enzyme immunoassay according to the manu-
facturer’s protocol (R&D Systems, Minneapolis, MN).

Statistical Analysis

Where applicable, data were analyzed using Tukey-
Kramer multiple comparison test (GraphPad Instat version
3.05, GraphPad Software, San Diego, CA) with P < 0.05 as
the criterion of significance,

Results

General Observation

Mean daily intakes of diet of mice of all groups in the
dbldb mice were about 1.30 times greater than those of the
+/+ mice. Dietary feeding with AUR did not cause clinical
symptoms including toxicity in each phenotype. The mean
body, liver, kidney, and peritoneal adipose tissue weights in
all groups of db/db mice were significantly greater than those
of respective groups of -+/+ mice, regardless of treatment
(P < 0.001 for each comparison, data not shown). In the
dbldb mice, the mean body weight in the AOM + AUR group
(39.6 3.8 g, P < 0.01) was significantly lower than that of
the AOM group (44.0 = 1.7 g). The mean pancreas weights of
the AOM + AUR, AOM alone, and untreated groups of db/db
mice were relatively lower than +/+4 mice without statistical
significance, Interestingly, the pancreas (P < 0.001) weight
in the AOM + AUR group (0.13 £ 0,02 g, P < 0.001) of the

dbldb mice were significantly lower than that of the AOM 4

group (0.18 + 0.03 g). The mean weights for liver, kidney,
and peritoneal fat tissue did not significantly differ among
the groups of the db/db mice. Dietary administration of AUR
did not affect the weights of body, liver, kidney, pancreas,
and peritoneal fat tissue in the +/+ mice.

Frequencies of ACF and BCAC

Data on ACF (Fig. 1A and B) counting are listed in
Table 1. ACF developed in db/db and +/+ mice that received
AOM injections, and the value of the AOM salone group was
significantly greater in db/db mice when compared to that
of +/+ mice (P < 0.001). Dietary feeding with AUR sig-
nificantly lowered the numbers of total ACF and large ACF
with 4 or more crypts in the db/db mice (P < 0.001) and
+/+ mice (P < 0.001) when compared to those of the AOM
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Figure 1. Morphology of prencoplastic lesions,

N, .

ACF and BCAC, for CRC in the db/db mice that received AOM. (A) a large ACF (circled) consists of 4

aberrant crypts is observed methylene-blue stained colonic mucosa; (B) Histopathology of an ACF consists of 2 aberrant crypis in Hé& E-stained section; (C)

8 BCAC (circled) found in H & E-stained section. Cells in a BCAC have relativel

y large and hyperchromatic nuclei with miteses; and (D) a BCAC found in

the section of f-catenin immunchistochemistry. Cells in BCAC strongly express immunoreactivity for S-catenin in their cell membrane, cytoplasm, and some

nuclei. Original magnification: (A) x4; (B) x10; (C) x 10; and (D) x20.

alone group. Similarly the number of BCAC (Fig. 1C and
D) in the AOM alone group of db/db mice was larger than
that of the +/+ mice (P < 0.05), as shown in Fig. 2. The
values of the AOM + AUR group of both phenotypes were
significantly smaller than those of the AOM alone group
(P < 0.001 for the db/db mice and P < 0.01 for the +/+
mice). ACF and BCAC were not present in the AUR alone
and untreated groups of each phenotype.

PCNA-Labeling Index

As shown in Fig, 3A, PCNA-labeling index of non-
lesional crypts in the db/db mice was greater than that of
+/+ mice, regardless of the treatment: the labeling indices
of the AOM alone and AOM + AUR groups were signifi-
cantly larger than those in +/+ mice (P < 0.001 and P <
0.01, respectively). In the db/db mice, the index of the AOM
-+ AUR group was significantly smaller than that of the AOM
alone group (P < 0.01). The PCNA labeling index of ACF
of the AOM alone group in the db/db mice was significantly
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larger than that of +/+ mice (Fig. 3B, P < 0.05). AUR feed-
ing significantly lowered the index in the db/db mice P <
0.05). As for the PCNA labeling index of BCAC, feeding
with AUR significantly reduced the index in both the 4/+
and db/db mice (Fig. 3C, P < 0.001).

Apoptotic Index

The data on the apoptotic index of non-lesional cIypts,
ACF, and BCAC are illustrated in Fig. 4. The apoptotic in-
dex of the non-lesional crypts of the AOM alone group in the
dbldb mice was significantly larger than that of +/+ mice
(Fig. 4A, P < 0.05). In the AOM + AUR group of the db/db
mice was significantly smalier than that of the AOM alone
group (Fig. 4A, P < 0.001 each). AUR feeding significantly
elevated the index of ACF that developed in both the phe-
notypes (Fig. 4B, P < 0.001). Also, the index of BCAC in
the AOM + AUR group was significantly higher than that of
the AOM alone group of both the phenotypes (Fig. 4C, P <
0.001 each).
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Table 1. Effect of auraptene on the development of ACF induced by AOM.

Treatment
{nurmber of
mouse 4 or more
Phenotype examined) Tota! ACF/colon 1 erypl 2 crypls 3crypts crypls Total ACs/colon
ddp AR 30.6:::8.7" 7.5:2.7'] 74126 e.4i2.4"| 7.3&2.3'] e4.3¢242"|
{p<0.001) (p<0.001) (p<0.001) {p<0.001) {p<0.001)
AOM alone {10) |‘ao.4: 14687 14.0%327 11,730 l“17.2i4.o |"37.5;te.9 |"294,3:53.1J
{p<0.001) (p<0.001) (p<0.001) {p<0.001)
250 ppm AUR (5) 0 0 0 0 0 0
None (5) 0 0 0 0 Q 3]
Wie - houCaserm | 20.1:48.2 "I 7720 _I 7.8+3.3 _l 6.1:2.4 "I 754, '] 78.7:':30.8_]
(p<0.001) (p<0.01) (p<0.05) (p<0.01) (p<0.001) {p<0,001)
ACMalone (9)  58.8:8.8 126122 133%514 11.0+2.6 T 21.9%25 T193.2+24.0
250 ppm AUR (4) 0 0 0 0 0 0
None (5) 0 0 0 0 0 0

Statistical analysis was done by ANOVA, Tukey-Kramer multiple comparison test,

Serum Levels of Total Cholesterol, Triglycerides,
Glucose, and Leptin

As illustrated in Fig. 5, all the measurements (total choles-
terol, triglycerides, glucose, and leptin) were significantly
larger in the db/db mice than in the 4+/+ mice (P < 0.001
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Figure 2. Frequencies of BCAC in the AOM + AUR and AOM alone
groups in the db/db and +/+ mice. The frequency of the AOM group is sig-
nificantly greater in the db/db mice than in the +/+ mice (P < 0.05). Dietary
feeding with AUR significantly reduced the frequency in both phenotypes
(P < 0.00! for the db/db mice and P < 0.01 for the +/4 mice).
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or P < 0.01). Among the measurements in the db/db mice,
serum concentration of triglycerides in the AOM + AUR
group was significantly smaller than that of the AOM alone
group (P < 0.01, Fig. 5B). Also, the value of the AUR alone
group was significantly lower than that of the untreated group
(P < 0.001, Fig. 5B). Dietary AUR did not affect the chem-
ical profiles other than triglycerides measured in the db/db
mice (Fig. 5A, C, and D). In the +/+ mice, there were no
significant differences on all the measurements among the
groups (Fig. SA, B, C, and D).

Discussion

Our results in the current study clearly indicated that di-
etary AUR is able to suppress the development of precursor
lesions, ACF and BCAC, for CRC in cbese mice as well as
wild type mice. The inhibition is considered to be cause by
lowering serum triglycerides, inducing apoptosis, and/or re-
ducing cell proliferation, In addition, the results of the current
study confirmed the high susceptibility of the obese/diabetic
dbldb mice to AOM-induced colon carcinogenesis (3,42).

The high susceptibility in the db/db mice might be re-
lated to the increases in the high cell proliferation activity in
the non-lesional crypts (Fig. 4A) that may be related obese
and high levels of serum cholesterol, triglycerides, glucose,
insulin, and leptin, thus suggesting a positive association
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