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Table 1 List of primers used for reverse transcription-polymerase chain reaction
) : Product
Gene name | - Source” Forwm'd primer (5 —>3] Reverse primer {3'~»5} L . sizabp] Cyce No
f-Actin Mu NM_007393 AACACCCCAGCCATGTACG {Exon 4} CGCTCAGGAGGAGCAATGA (Exon &) . 623 22
-Rat . NM_031144 AACACCCCAGCCATGTACG {Exon 4] CGCTCAGGAGGAGCAATGA (Exon &) 623 18
o Hu o NM_001101 AACACCCCAGCCATGTACG {Exon 4} CGCTCAGGAGGAGCAATGA, ~ {Exon &) - 623 21
Py - Mu NM_013641 GACGATICCGAAAGACCGCAG  (Exon 2} CAACACCACCAACACCAGCAG « [Exon2103) 242 32
‘Rat* - D8B751 . GAGAACGCAGGTCCCGATG (Exon 1} CCAACACCACCAATACCAGCAG - [Exenl) " - 232 35
Hu -~ NM_000955 GGTATCATGGTGGTGTCGTG (Exon 2) GGCCTCTGGTIGTGCTTAGA ... (Exon3) . 317 40
EP; - Mu - NM_008964 GATGGCAGAGGAGACGGAC (Exon 1]  ACTGGCACTGGACTGGGTAGA . . - (Exon 2) . 295 28
a Rat .- NM_031088 TGCTCATCGTGGCTGTGCTC {Exon 1] GCTCTCAGTGAAGTCCGACAAC {Exon 2) 394 35
Hu NM_D00956 CCACCTCATTCTCCTGGCTA (Exon 1] CGACAACAGAGGACTGAACG {Exon 2) 216 34
EP;  Mu 10204 TCCTGGCICTGGTGGTGAC (Exeon 1) ACTCCTTCTCOTTCCCATCTIGTG {Exon 2) 258 30
Rat  D14869 CAMGCCCCGLCTCG {Exon 1} CGAACGGCGATTAGGAAGG {Exon 2} 313 35
Hu 038297 CITCGCATAACTGGGGCAAC (Exon 1] TCTCCGTGTGTGTCIIGCAG {Exon 2} 300 35
ey, Mu BCOMI93  CTGGTGGTGCTCATCTGLTC [Exon 2) AGGIGGTIGTCTIGCTIGGGTC | CUExon 3) . 0 445 30
Rat  NM_032076 GCCTCAGTGACTITCGCCG (Exon 1) GCTGTGCTGAACCGTCTCIG - {Exon 2) 336 35
Hu NM_000958 TGGTATGTGGGCIGGCIG [Exon 2] GAGGACGGTGGCGAGAAT , {Exon 3} 329 35
*Rat EPy primers were designed to generate no amplicons from either EPy variant cDNA Iunsphced £ rnRNA, Genbank DBBTSZ) or genomlc DNA®
Mu, mouse; Hu, human, P

peroxide. Sections were counterstained with haematoxylin.
As a negative control, the primary antibody was preincubated
with a 16-fold (molar ratio) excess amount of the fusion
protein used as the immunogen for ome hour at room
temperature prior to incubation of the sections.”

AOM induced colon tumour development in EP;
receptor knockout mice

Male EP; receptor deficient homozygous mice (EP; /") and
wild-type mice received AOM at a dose of 10 mg/kg body
weight intraperitoneally once a week for six weeks. At
56 weeks of age, mice were sacrificed under ether euthanasia
and complete autopsy was performed. After laparotomy, the
entire intestines were resected and opened longitudinally,
and the contents were flushed with normal saline. Using a
dissection microscope, colon tumours were noted grossly for
their location, number, and diameter, measured with
callipers. All tumours from AOM treated mice were subjected
to histological examination after routine processing and
haematoxylin and eosin staining. The experimental protocol
was according to the guidelines for Animal Experiments in
the National Cancer Center.

Effltlecls of ONO-AE-248 on growth of colon cancer
cells

The EP; receptor selective agonist 16-(3-methoxymethyl)-
phenyl-w-tetranor-3,7-dithiaPGE,; {ONQ-AE-248) was che-
mically synthesised at Ono Pharmaceutical Co. Ltd.®» DLD-1
and HCA-7 cells were seeded in plastic 96 well plates at a
density of 2x10? cells per well, and grown for 24 hours with
media containing 5% FBS. The EP, receptor selective agonist
ONO-AE-248 was added daily on days 04, and then
numbers of viable cells on day 1, 3, and 5 were measured
by colorimetric assay using the cell proliferation assay

reagent WST-1 (Wako Chemicals, Osaka, Japan) with a
microplate reader (Bio Rad, Hercules, California, USA) at a
reference wavelength of 655 nm and a test wavelength of
450 nm. Cell viability was determined as per cent of control
values. Experiments were repeated three times and data were
measured six times (n=6).

5’-Az0-2’-deoxycytidine treatment

CACOQ-2, CW-2, DLD-1, HCA-7, and WiDr cells were seeded at
a density of 5x10* cells/10 ¢m dish on day 0 and treated with
1 and 2 pM 5-aza-dC (Sigma, St Louis, Missouri, USA) on
days 1, 3, and 5. After each treatment, cells were placed in
fresh media and harvested on day 6. and total cellular RNA
was prepared using Isogen on day 7.

Statistical analysis
The significance of differences in the incidences of tumours
was analysed using the x2 test and other differences using the
Student’s ¢ test. Differences were considered statistically
significant at p<<0.05.

RESULTS

Different expression of PGE; receptors EP,, EP2, EP3,
and EP4 in normal colon mucosa and colon tumours
Expression of PGE, receptors EP,, EP,, EP;, and EP4 in
normal colon mucosa and colon tumours of AOM treated
mice and rats, and in human tissues, were examined by RT-
PCR (figs 1, 2). In the three mouse colon adenocarcinomas
tested, expression of EP, and EP, receptor mRNAs was
increased compared with levels in normal mucosa. EP,
mRNA was equally expressed in carcinomas and normal
mucosa. In contrast, expression of EP; mRNA was markedly
decreased in all carcinoma samples compared with normal
colon mucosa (fig 1A). Expression patterns of EP,, EP,, EP,,

Table 2 List of primers used for real fime reverse transcription-polymerase chain reaction
: Product suzo\ : '
Gene nome Primer sequences [5'—3') {op) Cycle condition
B-Actin Mu, Rat, Hu Forward CTACAATGAGCTGCGTGTG [Exon 3} 122 95°C {20 s} » 80°C {20 5) —» 72'C {10 5)
Reverse TGGGGTGTTGAAGGTCTC {Exon 4} ) '
EPy Mousa Forward GCIGTCCGTCIGTIGGTC [Exon 1) 100 95'C (3 5] — 60°C (20 s}
Reverse CCTOICCTITCCCATCIG {Exon 2) S
Rat Forward ACTGTCCGTCTGCTGGTC {Exon 1) 100 P5C(3Is) = &0°C{205)
Reverse CCTTCTCCTITCCCATCTG {Exon 2)
Human Forward GIGCIGICGGTCTIGCTG {Exon 1) 102 95°C{3s) = 66C(205)
Reverse CIITCTGCTTCTCCGIGTIG {Exon 2)
-Mu, mouse; Hu, human.
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Figure 1 Analyses of prostaglandin E2 {PGE) receptors EPy, EP,, EPs,
and EP, mRNA expression. [A) Azoxymethane (AOM) treated mouse
normal colon mucosa and colon carcinomas. Two pairs of samples
(lanes 1, 2) and wo independent samples {lone 3} were examine by
reverse franscripfion-polymerase chain reaction (RT-PCR]. (B) AOM
treated rat normal coli-:n mucosa end colon carcinomas. Four poirs of
samples [lones 1-4) were examined by RT-PCR. Expression levels of EP;
receptor mRMA were markedly lower in adenocarcinomas than in
normal mucosa in ol cases, (C, D} Quantitative real fime RT-PCR analysis
revecled significant downregulation of EP3 receptor mRNA in AOM
treated mice (C} and rat {D) colon carcinomas compared with normal
colon mucosa [mouse, n=3; rat, n=4). EP; receptor mRNA expression
was downregulated in tumours, being 5% in the mouse and 9% in the rot
of the average value of that in the respective normal colon mucesa.
Values are mean {SD); *p<0.05, *p<0.01. (A-D} f-Actin was used as
an intemal control. PCR primers of mouse ond rat EPy receptors were
designed fo torget a sequence common to all EP; receptor variants
expressed in each species.

and EP, receptors in eight pairs of samples of adenocarci-
noma and normal mucosa from AOM treated rats were
similar to those in mice. Patterns for EP,, EP;, EP,, and EP,
receptors in four typical pairs of samples are shown in fig 1B.
In the case of human colon tissues, EP; receptor mRNA was
markedly decreased in seven of eight samples for adenocar-
cinomas compared with adjacent normal mucosa of the
colon. Expression levels of EP; receptor mRNA were
increased in seven of eight human colon adenocarcinomas
compared with levels in normal mucosa, but expression of
EP, receptor was not clearly increased in human colon
carcinoma. EP; mRNA was equally expressed in carcinomas
and normal mucosa in all cases. Figure 2A shows expression
of EP,, EP,, EP,, and EP, receptors of colon carcinoma and
normal mucosa in four typical pairs of samples.
Furthermore, downregulation of EP, was confirmed by
quantitative real time RT-PCR (figs 1C. 1D, 2B, 2C).
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Figure 2 Analyses of prostaglandin E; {PGE;} tors EP,, EP,, EP3,

and EP, mRNA expression in human colon tissues. {A) Reverse
transcription-polymerase chain reaction (RT-PCR) analysis patterns in
four typical pairs of samples (lanes 1-4) are shown. (B, C} Quanlikative
reol time RT-PCR anclysis revealed significant downregulation in EPy
receptor mRNA. (B) EP; receptor mRINA was markedly decreased in
seven of eight samples of odenocarcinomas compclre(! with adjocent
normal mucosa of the colon. {C) EPy receplor mRNA expression was
dawnregulated in fJumours, being 28% of the average value of that in
odjocent normal colon mucosa. Volues are mean [SD); *p<0.05.
{A-C) B-Actin was used as on internal control. PCR primers of human
EP3 receptors were designed 1o forget o sequence common to cll EP3

receptor variants expressed.

Expression of EP; receptor mRNA was significantly down-
regulated in tumours, being 5% in mice (fig 1C), 9% in rats
(fig 1D), and 28% in humans (fig 2C) of the average value of
that in the respective normal colon mucosa.

Localisation of EP3 receptor protein in rat colon
tumours

Immunohistochemical analysis of paraffin embedded speci-
mens of eight colon tumours and normal colon mucosa in
rats treated with AOM was performed. Slight background
staining was widely detected in both negative controls, those
stained without antirat EP; receptor antibody (fig 3A, B) and
those stained with anti-EP; receptor antibody preabsorbed
with fusion EP; receptor protein (fig 3C, D). Moreover, slight
non-specific staining was detected in red blood cells. In
normal colon mucosa tissues, EP; receptor expression was
prominent in epithelial cells (fig 3E), and the muscular coat
was also positively stained. Similarly, positive staining of EP,
receptors was observed in hyperplastic ACF of the colon (data
not shown}. In contrast, staining was very faint, minimal, or
absent in epithelial cells of colon adenocarcinomas (fig 3F),
being totally lacking “in seven cases, sized 3-9 mm in
diameter. Only one carcinoma sample was weakly stained,
and its size was 2 mm.

Colon tumour development in EP; receptor knockout
mice '

To assess the role of EP; receptors in colon tumour
development, EP; receptor knockout mice were used in an
in vivo model. Data for the incidence (percentage of mice
with tumours) and multiplicity (number of tumours per
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Figure 3 Immunohistochemicot shaining for the rot prostoglandin E; receptor subtype EP3 of normal colon mucosa (A, €, and E) and colen

adenocarcinoma (B, D, and F). Non-specific stoining of some
stained without ani-EP; receptor anfibody [A, B}

receptor anfi , immunoreactive EP3 receplors were

was apparent in a colon adenocarcinoma [F). Magnification x100.

mouse) of colon tumours induced by AOM are summarised
in table 3. Tumour incidence was increased to 78% in EP;
receptor knockout mice compared with 57% in wild-type
mice. Regarding tumour multiplicity, values were 2.17 (0.51)
for EP; receptor knockout mice and 0.75 {0.15) for wild-type
mice (p<0.05). Histopathological examination revealed 20
colon tumowrs to be adenocarcinomas in wild-type, and 50
colon tumours to be three adenomas and 47 adenocarcino-
mas in EP; receptor knockout mice, Figure 4 shows the size
distribution, demonstrating a significant increase in tumours
measuring 2.0 mm in diameter in EP; receptor knock-
out mice (2.00 (0.48) v 0.50 (0,11); p<0.01) but not in
those measuring <2.0 mm in diameter (0.17 (0.08) v 0.25
{0.11)).

Table 3 Colon tumour development in EP; receptor
knockout mice

Mice Incidencet Multiplicityt
Wild-hype 16/28 (57%) 0.75 (0.15)
EPy/ 18/23 (78%) 217 [0.51)

thNumber of mice bearing lumours per lotal number of mice.
$Number of fumours per mouse. Data ore mean [SEM).
*Significantly different from tha corresponding wild-type value
(*p<0.05).

e o e S e oo B,
in ive controls stained with preabsorbed anti-EP: bor anti . D). With anti-EP.
: prominent in epithelial ::e“s of nol:mcl colon mucosa lSE} but no EPy receptor immunoreocﬁvil;

kground siaining were observed in the negative controls

Expressions of PGE, receptors in colon cancer cell
lines, and effects of the EP; selective agonist on
growth of colon cancer cells

Expression of PGE; receptors in 11 human colon cell lines
was examined by RT-PCR. EP,, EP;, and EP, were widely
detected in the human colon cancer cell lines (in 10 of 11 for
EP,, nine of 11 for EP;, and nine of 11 for EPy) but EP; was
only detected in HCA-7 (fig 5A).

To evaluate the physiological functions of the EP, receptor,
the effect of an EP; receptor seclective agonist ONO-AE-248
on viable cell numbers of DLD-1 and HCA-7 in monolayer
cultures was examined. In the HCA-7 human colon
adenocarcinoma cell line, expression of the EP, receptor
and other PGE; receptors (EP,, EP;, and EP;) were detected
by RT-PCR analysis (fig 5A). As shown in fig 5B, HCA-7 cell
numbers were significantly decreased dose dependently by
addition of ONO-AE-248, with 8%, 17%, and 30% decreases
(p<0.05, p<0.01, and p<0.01} in the presence of 1, 3, and
5 UM ONO-AE-2438 on day 5, respectively. On the other hand,
treatment with ONO-AE-248 did not affect growth of DLD-1
cells which were not expressing EP; mRNA. The experiments
were repeated three times and similar results were obtained.

Effect of 5-0za-dC on EP3 expression

To determine whether silencing by DNA methylation could
be involved in reduced expression of EP, receptor in colon
tumours, we tested the effects of 5-aza-dC, a demethylating
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Figure 4 Size distribution of colon lumours induced by ozoxymethane
in wild-type and prostaglandin E; receptor subtype EP; knockout (KO)
mice. The number of tumours/mouse in each size class is expressed as
mean (SEM). *Significantly different from the corresponding wild-type
value (p<0.01).

agent, on EP, receptor expression in colon cancer cell lines.
Human colon cancer cell lines CACO-2, CW-2, DLD-1, HCA-7,
and WiDr were treated with 5-aza-dC, and expression levels
of EP; receptor were analysed by RT-PCR. Without 5-aza-dC
treatment, expression of EP, receptor was detected in HCA-7,
but not in CACO-2, CW-2, DLD-1, or WiDr (fig 5A). After
5-aza-dC treatment, expression was restored in CACO-2,
Cw-2, and DLD-1, but not in WiDr (fig 6).

DISCUSSION

In the present study, examination of mRNA expression levels
for EP,, EP;, EP;, and EP, receptors in colon tissues in mice,
rats, and humans by RT-PCR and quantitative RT-PCR
provided evidence of a marked reduction in EP; receptors
in colon cancers, in clear contrast with the increase observed
for EP, and EP,. Additionally, results of mRNA expression of
EP receptors in 11 human colon cancer cell lines support the
above findings and further indicate the events may occur in
colon cancer cells. Recently, we reported enhancement of
AOM induced colon tumours with exogenous administration
of PGE, in male F344 rats, and that colon tumours exhibited
similar expression patterns in EP receptors as those observed
in the present study.* Sonoshita ef af reported that mRNA
expression of EP, was strongly increased and EP; was weakly
decreased in colon polyps compared with normal colon in
APC4715 mice.," These reports support our data that down-
regulation of EP; is a common feature in colon cancer of
mice, rats, and humans. It has been reported that expression
of the EP; receptor is widely distributed throughout the body,
and its mRNA has been identified in almost all tissues in
mice and rats, as well as in humans.”*’ Northern blot
analysis revealed that expression of EPy receptor mRNA was
mainly localised in the muscle layer in the rat gastrointestinal
tract,” and the present immunohistochemical analysis
indicated that EP; receptors were detectable in rat normal
colon epithelial cells and the muscular coat, but not in rat
colon adenocarcinomas. In our previous study, we demon-
strated that deficiency of EP, or EP, receptor reduced
formation of AOM induced ACF while EP, receptors had no
effect, using eight types of EP receptor knockout mice.'” '
However, long term in vivo examination of AOM induced
colon tumour development using EP; receptor knockout
mice, conducted here in the present study, demonstrated
enhancement of tumour incidence and multiplicity.
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Figure 5 Effect of ONO-AE-248 treatment on cell growth of DLD-1 and
HCA-7 cells. [A} Expression of prostoglandin E; {PGE;) receptors EPy,
EP,, EP3, and EP4 was analysed by reverse franscription- erase
chain reaction in 11 human colon cancer cell lines. (B) DLD-1 and
HCA-7 cells were seeded onto 96 well plates at a density of 2x10°
cells/well, with media containing 5% fefal bovine serum, and treated
with the EP3 receptor selective agonist ONC-AE-248 on doys 0-4. Then,
cell numbers were measured by WST-1 assay on days 1, 3, and 5.
Open symbols indicate DLD-1 and closed symbols HCA-7 cells;
concentrations of ONO-AE-248 treatment are indicated {wM). Data are
means [n=46}. *p<0.05, **p<0.01.
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Figure 6 5-Azo-2'-deoxycyfidine {5-aza-dC) freatment of CACO-2,
CW-2, DLD-1, HCA-7, and WiDr colon cancer cell lines. Each cell line
was freated with 1 and 2 pM 5-aza-dC three times, EP; receptor
expression was analysed by reverse franscription-polymerase chain
reaction.

Moreover, the size of the tumours was significantly
increased. Thus based on our present and previous results,
we suggest that the EP, receptor does not influence the early
stage of colon carcinogenesis, including ACF formation, but
its downregulation dould be important to cancer development
at a later stage.

In our present study, PCR primers of mouse, rat, and
human EP, receptors targeted a common sequence in each
species. PCR products would be expected to be derived from
the entire range of splice variants (figs 1A-B, 2A, 5A). It is
noteworthy that there are three splice variants of the EP,
receptor in mice and rats, and nine in humans, coupled to
different G protein signalling pathways.** These variants
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are different in the carboxy terminal tail, and the amino acid
sequence has an important role in G proteint coupling
specificity.”” ** Two of the three variants of the mouse EP,
receptors are EP3;, and EP;p which are coupled to G; and
cause inhibition of adenylate cyclase’® The mouse EP,,
receptor, in contrast, is coupled to G, in addition to G, and
evokes pertussis toxin insensitive cAMP production.
Preliminarily, we examined expression of three splice
variants of mouse EP; receptors by RT-PCR using specific
primers for each variant, and found EP,, to be the major
form in mouse normal mucosa {data not shown). These
observations support the conclusion that the major splice
variants of EP; receptors are coupled to G, and act to inhibit
adenylate cyclase in normal colon mucosa in mice. On the
other hand, EP; and EP, receptors are coupled to G, and
stimulate cAMP productiont by this enzyme. Increased cAMP
levels result in activation of cAMP dependent protein kinase
(PKA) and transcriptional factors that bind to cAMP
responsive elements to transactivate the transcription of
specific primary response genes that initiate cell prolifera-
tion.® In our previous study,” the EP, receptor selective
agonist ONO-AE1-329 was shown to enhance colony forma-
tion by the HCA-7 human colon adenocarcinoma cell line.
The EP, receptor selective agonist ONO-AE-248 was demon-
strated to suppress cell growth in HCA-7 in the present study.
It has been reported that ONO-AE-248 attenuates the rise in
intracellular cAMP induced by forskolin, an activator of
adenylate cyclase, in CHO cells transfected with EP;,
receptor.”” Therefore, the EP, receptor pathway may play an
important role in counteracting the effects of EP; and EP,
receptors, and its downregulation in later stages of colon
carcinogenesis may enhance cancer development. Additional
studies are needed to investigate interactions between the
EP; receptor signalling pathway and others linked to EP
receptors.

Hypermethylation of CpG islands in promoter regions is
known to cause silencing of genmes in various human
cancers,” * and silencing of COX-2 and APC genes by
hypermethylation has been reported in human colon
cancer.” * Although hypermethylation of the prostaglandin
receptor gene has not been reported,” * DNA sequences in
the promoter region and exen 1 of the human EP; gene are
GC rich (Genbank AL031429). Therefore, in the present
study, we examined the effects of demethylation of DNA
with 5-aza-dC on EP, expression in human colon cancer cell
lines. Dernethylation of five cell lines by 5-aza-dC treatment
resulted in restoration of EP; receptor expression in three cell
lines. These findings suggest that the DNA sequence of the
EP, receptor may be methylated but further studies are
needed to clarify whether hypermethylation of the EP,
receptor gene occurs and regulates EP; expression in colon
cancers.

In conclusion, data obtained in our present and previous
studies suggest that the PGE, receptor subtype EP; plays an
important role in suppression of cell growth and that its
downregulation enhances colon carcinogenesis at a later
stage. The underlying mechanisms clearly warrant further
investigation. '
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Mongolian gerbils are considered to be a3 good animal model for
understanding the development of Helicobacter pylori-associated
diseases. However, limitations regarding the genetic information
available for this animal species hamper the elucidation of under-
lying mechanisms. Thus, we have focused on identifying the nu-
cleotide sequences of ¢DNAs encoding Mongolian gerbil
inflammatory proteins, such as interleukin-1 (IL-1B), tumor necro-
sis factor o, (TNF-¢), cyclooxygenase-2 (COX-2) and inducible nitric
oxide synthase (iNOS). Furthermore, we examined the mRNA ex-
pression of these genes in the glandular stomach by RT-PCR at 1-
8 weeks after H. pylori infection. The deduced amino acid homol-
ogies to mouse, rat and human proteins were 86.2%, 83.6% and
67.8% for IL-1PB, 87.2%, 85.1% and 78.4% for TNF-a, 91.9%,
80.2% and 84.8% for COX-2 and 90.8%, 89.1% and 80.1% for
iNOS, respectively. The average stomach weight of Mongolian
gerbils inoculated with H. pylori was increased in a time-depen-
dent manner at 1, 2, 4 and 8 weeks after inoculation. In the py-
loric region, mRNA expression levels of IL-1B, TNF-a and iNOS
were increased in H. pylori-infected animals at the 2 weeks time
point, while in the fundic region, expression levels of IL-1B, TNF-c
and iINOS were elevated at 4 and 8 weeks. The COX-2 expression
level in the fundic region was clearly elevated in infected animals
compared with control animals at 4 and 8 weeks, but in the py-
loric region, expression levels were similar in both infected and
control animals. Thus, our results indicate that oxidative stress oc-
curs from an early stage of M. pylori infection in the glandular
stomach of Mongolian gerbils, {(Cancer S¢i 2004; 95: 798-802)

It is known that Helicobacter pylori infection is associated
with upper gastrointestinal diseases, such as peptic and duode-
nal ulcers,'-* as well as gastric cancer development.*-% Mongo-
lian gerbils can be readily colonized by H. pylori, with
associated development of chronic gastritis, gastric ulcers and
intestinal metaplasia after prolonged infection.™® Furthermore,
it has been reported that H. pylori infection greatly enhances N-
methyl-N-nitrosourea-induced stomach carcinogenesis in Mon-
golian gerbils.® Thus, they have been used as an animal model
for development of H. pylori-associated diseases. However, ge-
netic information about Mongolian gerbils is relatively limited,
which hampers elucidation of the underlying mechanisms.

H. pylori infection is associated with activation and infiltra-
tion of monocytes, neutrophils and lymphocytes, which pro-
duce various inflammatory factors. Inflammatory cytokines,
such as interleukin-1B (IL-1B) and tumor necrosis factor o
(TNF-0) are potent inhibitors of gastric acid secretion,'™ 'V and
the acid secretion level in turn influences H. pylori colonization
and development of gastritis.'? In epidemiological studies, IL-
1B polymorphisms have been found to be related to gastric can-
cer risk."-'¥ Prostaglandins, which are synthesized from arachi-
donic acid by cyclooxygenases (COXs), are associated with
protection of gastric mucosa.'® There are two isomers of COX,

798-802 | Cancer3ci | October 2004 | wol 95 | no. 10

COX-1, which is constitutively expressed, and COX-2, which
is induced by various cytokines, gastric injury'® and H. pylori
infection.”™ ™ It has also been reported that COX-2 plays an
important role in the recovery from gastric ulceration.!s ' Acti-
vated monocytes and neutrophils produce reactive oxygen spe-
cies such as superoxide anion radicals, hydrogen peroxide and
subsequently hydroxyl radicals in gastric mucosa.” The induc-
ible nitric oxide synthase (iNOS), which is upregulated by in-

- flammatory stimuli, produces large amounts of NO,? which

reacts with oxygen and superoxide and produces nitrogen ox-
ides and peroxynitrite, respectively, and these radicals are po-
tentially genotoxic oxidants with oxidizing, nitrating and
nitrosating activities.

From these observations, it seems that expression of inflam-
matory-associated genes, including IL-1B, TNF-a, COX-2 and
iINOS, might be closely related with gastric lesions and cancer
development, and it is important to analyze changes in their ex-
pression in H. pylori-induced gastritis. In the present study, we
therefore identified the nucleotide sequences of cDNAs encod-
ing Mongolian gerbil inflammatory factors, 1L-13, TNF-q,
COX-2, iNOS, as well as B-actin (a house-keeping gene). Fur-
thermore, we examined the mRNA expressions of these genes
in the glandular stomach at 1-8 weeks after H. pylori infection.
Based on the data obtained, the roles of IL-1B, TNF-a, COX-2,
and iNOS in H. pylori-induced gastritis are discussed.

Materials and Methods

Bacteria. H. pylori (ATCC 43504; American Type Culture
Collection, Manassas, VA) was grown in brucella broth supple-
mented with 10% heat-inactivated horse serum for 24 h at 37°C
under microaercbic conditions (5% O,, 10% CO, and 85% N,),
as previously described.??

Cell culture. Macrophages were isolated from the peritoneal
cavity after injection of 5 ml aliquots of 3% proteose peptone
solution into male Mongolian gerbils of 10 weeks of age (Seac

-Yoshitomi, Ltd., Fukuoka, Japan). After 3 days, the peritoneal

cavity was washed with 15 ml of cold Hank’s balanced salt so-
lution without calcium and magnesium. The peritoneal exudate
cells were collected by centrifugation and the macrophage frac-
tion was purified by the Percoll gradient method.*® The isolated
macrophages were plated onto 24-well plates (1.0x10% cells/
well} and maintained in RPMI 1640 medium (Gibco Industries,
Inc., Langley, OK) supplemented with 10% heat-inactivated fe-
tal bovine serum (HyClone Laboratories, Inc., Logan, UT), an-
tibiotics (100 pg/ml™of streptomycin and 100 units/ml of
penicillin) and 1 pg/ml of Escherichia coli lipopolysaccharide
(LPS, Sigma Chemical Co., St. Louis, MO) at 37°C in 5% CO,

To whom correspondence should be addressed.
E-mail; kwakabay@gan2.ncc.go.jp

Matsubara et al.

—444—



for 18 h.

¢DNA cloning of inflammatory factors in Mongolian gerbils. Total
RNA was isolated from LPS-stimulated macrophages for the
cloning of IL-1B, TNF-o, COX-2 and B-actin, and from the
glandular stomach of H. pylori-infected Mongolian gerbils for
the cloning of iNOS using ISOGEN (Nippon Gene, Tokyo). A
cross-species RT-PCR method was used to obtain Mongolian
gerbil cDNA fragments. Briefly, 0.5 pg aliquots of total RNA
were subjected to the reverse transcription reaction with ran-
dom 9-mer primer using an RNA “LA PCR” Kit (AMV)
Ver.!.l (TaKaRa Bio, Inc., Otsu, Japan). After reverse tran-
scription, PCR was carried out with LA Tag polymerase
(TaKaRa Bio), according to the manufacturer’s instructions.
Primers for IL-1B, TNF-¢, COX-2, iNOS and B-actin PCR
were designed from the ¢cDNA sequences that matched per-
fectly between mouse and rat. PCR amplifications were per-
formed in a thermal cycler (Gene Amp PCR System 9600,
Perkin-Elmer Applied Biosystems, Foster City, CA), with an
initial denaturation (34°C for 2 min) followed by 40 cycles of
denaturation at 94°C for 30 s, annealing at optimum tempera-
ture for 30 s and extension at 72°C for I min, with a final
extension process for 5 min. The PCR products were
electrophoresed on 2% agarose gels, and the amplified DNA
fragments were eluted and subjected to direct DNA sequencing
using an “ABI PRISM” “BigDye” Terminator Cycle Sequenc-
ing Ready Reaction Kit and an ABI 310 PRIZM DNA Se-
quencer (PE Applied Biosystems, Foster City, CA). Mongolian
gerbil-specific primers were designed from these identified se-
quences and rapid amplification of cDNA ends (RACE) was
employed to identify the sequences of 5" and 3’-ends. The 5'-
RACE was carried out with a modified lock-docking oligo{dT)
primer using a “SMART” RACE c¢DNA Amplification Kit
(Clontech Laboratories, Inc., Palo Alto, CA).*>» Then, nested
PCR was carried out with Mongolian gerbil-specific primers
and nested primer in the RACE kit, and the amplified products
were subjected to sequence analysis. The 3-RACE was carried
out with Mongolian gerbil-specific primers and oligo(dT) prim-
ers (Clontech, TaKaRa Bio and Invitrogen, Carlsbad, CA).

Subsequent analysis of sequence data was performed with
the GENETYX software package (Genetyx Co., Tokyo).

H. pylori infection of Mongolian gerbils. Specific pathogen-free
male Mongolian gerbils (Seac Yoshitomi, Ltd.), 6 weeks old,
were housed in an air-conditioned biohazard room with a 12 h
light-dark cycle. The animals were handled according to the
guidelines of the Committee for Ethics of Animal Experimenta-
tion in the National Cancer Center, Tokyo. They were fed a
normal diet (CE-2; Clea Japan, Inc., Tokyo) and water ad libi-
tum thronghout the experimental period. At 7 weeks of age, the
animals were divided into control and H. pylori infection
groups, and each animal was fasted for 24 h. Then, H. pylori
(0.5 ml, 2.4x10% CFU/ml) was orally inoculated by gavage to
the animals in the H. pylori infection group. Control animals re-
ceived sterilized broth alone. After inoculation, each animal
was kept without food and drinking water for 4 h. Five animals
of each group were sacrificed under ether anesthesia at 2 days,

Table 1. Mongolian gerbil-specific primers? for RT-PCR

1, 2, 4 and 8 weeks after bacterial inoculation and their stom-
achs were resected, opened along the greater curvature, and
washed with saline twice to remove the gastric content and mu-
cus. Then, the wet weights of the stomach and features of mac-
roscopic gastritis were recorded. The stomachs were divided
into right and left parts, and the right part was subjected to #.
pylori detection, Pieces of the pyloric and fundic regions in the
left part were subjected to RNA extraction for RT-PCR {n=3).
The residue of the left part was formalin-fixed and embedded in
paraffin for histological observation. Pathological diagnosis of
gastritis was made according to the criteria described
previously,? 2 with a microscopic score varying from 0 to 7.

Detection of H. pylori colonization in the gastric mucosa. To de-
tect H. pylori colonization, the glandular stomach was sepa-
rated into fundic and pyloric regions, and mucosa of each
region was scraped off and homogenized with 3 ml of phos-
phate-buffered saline. An aliquot (100 ul) of serially diluted ho-
mogenate was inoculated onto segregating agar plates for H.
pylori (Nissui Pharmaceutical Co,, Ltd,, Tokyo) and incubated
at 37°C under microaerobic conditions. After 5 days, the colo-
nies were counted to determine the level of H. pylori coloniza-
tion in each region.

mRNA expression of inflammatory factors in gastric tissue, Tissue
samples from fundic and pyloric regions were immediately sub-
merged in RNA protective solution ("RNA Later,” Ambion,
Austin, TX) and kept for 18 h at 4°C. Then, the tissue samples
were homogenized with ISOGEN (Nippon Gene), followed by
total RNA extraction. The expression levels of IL-1P, TNF-q,
COX-2, iNOS and pB-actin were examined by RT-PCR using
Mongolian gerbil-specific primers designed from identified se-
quences (see Table 1 for primers and PCR conditions). The
PCR products were electrophoresed on 2% agarose gels and vi-
sualized by staining with ethidium bromide.

Results

¢DNA cloning of inflammatory factors in Mongolian gerbils.
Cross-species RT-PCR was applied to obtain Mongolian gerbil
¢DNA fragments for IL-1, TNF-o, COX-2 and B-actin from
LPS-stimulated macrophages. The iNOS fragment was ob-
tained from the glandular stomach of H. pylori-infected Mon-
golian gerbils, since no iNOS expression could be detected in
LPS-stimulated macrophages. We then determined the ¢cDNA
sequences of IL-1B, TNF-ct, COX-2, iNOS and B-actin of Mon-
golian gerbils (DDBJ/EMBL/GenBank accession number,
AB177840-4). As shown in Table 2, the IL-1B, TNF-a, COX-2
and iNOS cDNAs shared more than 85% sequence homology
with the mouse and rat genes, and 76.8-82.9% sequence ho-
mology to the human genes. B-Actin cDNA showed more than
90% sequence homology to mouse, rat and human B-actin. The
deduced amino acid homologies to the mouse and rat proteins
were in the range of 83.6-91.9%, and those to human proteins
were in the range of 67.8—84.8%. The amino acid sequences of
B-actin could be shown maintained more than 99% homology
among Mongolian gerbil, mouse, rat and human.

forward primer (5'-3") Reverse primer (5°-3%) tem'?)':::z.'ulr:gco Cycle No.2 Prod(m;;t)mze
IL-1B GGCAGGTGGTATCGCTCATC  CACCTTGGATTTGACTTCTA 58 35 4933
TNF-a GCTCCCCCAGAAGTCGGCG CTTGGTGGTTGGGTACGACA 57 40 274
COX-2 CATGGAGTGGACTTAAATCA  ATCTCTCTGCTCTGGTCAAT 53 ™~ 40 699
iNOS TCACACAGGCTGCTCCCGGE  CCATAGGAAAAGACTGCCCCG 60 35 282
p-Actin @ TCCTCCCTGGAGAAGAGCTA  CCAGACAGCACTGTGTTGGC 60 30 203

1} Primers were designed from the cDNA sequences identified in this study.
2} Each cycle consisted of denaturation at 94°C for 30 5, annealing at the given temperature for 30 s and extension at 72°C for 1

min,
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Table 2. The homologies of cDNA and deduced amino acid sequences of cloned Mongolian gerbil
genes compared with mouse, rat and human sequences

Deduced amino acid

ORF size" CONA homology (%) homelogy (%)
{bp)
P Mouse Rat Human Mouse Rat Human
IL-1p2 801 88.0 87.6 76.8 86.2 83.6 67.8
TNF-a 705 86.2 853 81.2 87.2 85.1 78.4
COX-2 1812 89.3 83.0 829 91.9 90.2 848
iNOS 3453 89.7 834 822 90.8 9.1 80.1
B-Actin 1125 95.2 95.7 100 99.7 100

92.6

1) ORF: open reading frame.

2) <DNA sequences are registered on DDBJ/EMBL/GenBank. The accession numbers are AB177840
(IL-1B), AB177841 (TNF-cl), AB177842 (COX-2), AB177843 (iNOS) and AB177844 (B-Actin).

Log [CFU}/stomach

Weeks

Fig. 1. The changes of H. pylori colonization in H. pylori-inoculated
Mongelian gerbils. Data are meantSD. The open squares ([} repre-
sent the values in the pyloric region and closed squares (W) reprasent
the values in the fundic region (n=3 at 0 week and n=>5 at the other
weeks). The viable counts in the animal in which H. pylori colonization
was not detected were calculated as 10'7 CFU/stomach. The dotted
line represents the detection limit {(<10""* CFU/stomach).

Changes of gastritis parameters in H. pylori-infected Mongolian
gerbils. Data for numbers of viable bacteria obtained from H.
pylori-inoculated stomach samples are shown in Fig. 1. Two
days after inoculation, H. pylori was detected in the pyloric and
fundic regions of every animal, and viable counts were 10280
CFU/stomach in pyloric region and 102692 CFU/stomach in
fundic region. At 1 and 2 weeks, H. pylori was detected in the
pyloric region of every animal, and viable counts were [(31£0
and 10%*%3 CFU/stomach, respectively. On the other hand,
colonization was low in the fundic region, at <10 CFU/
stomach in some animals. At 8 weeks, counts for H. pylori col-
onization were 103203 CFU/stomach in the pyloric region, and
1044013 CFU/stomach in the fundic region.

The average stomach weights of Mongolian gerbils inocu-
lated with H. pylori increased in a time-dependent manner, be-
ing 0.53£0.0, 0.62+0.1, 0.77£0.2 and 1.02£0.1 g, respectively,
at 1, 2, 4 and 8 weeks after inoculation, The average stomach
weights of control animals were from 0.51+0.0 to 0.524£0.0 g
at 1, 2, 4 and 8 weeks. Macroscopically, gastritis with edema
was observed in two of five H. pylori-inoculated animals at 2
weeks after inoculation, and severe gastritis with edema and
hemorrhage was seen in every inoculated animal at 4 and 8
weeks. The presence of active gastritis was determined by scor-
ing the following parameters: lymphocyte infiltration (0 to 3),
polymorphonuclear leukocyte infiltration (0 to 3), and superfi-
cial erosions (0 to 1). Microscopically, erosion with infiltration,
featuring many polymorphonuclear leukocytes and lympho-
cytes, was observed in infected animals. Fig. 2 shows the

800

Microscopic score
Q = N W a0 o~

o
N
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Weeks

Fig. 2. The changes of pathological scores in H. pylori-inoculated
Mongolian gerbils. Data are meant5D. The open squares { (1) repre-
sent the values in the pyloric region and closed squares ( ) represent
the values in the fundic region (n=3 at 0 week and n=S at the other
weeks).

changes in pathological scores. Gastric changes were severe in
the pyloric region, but moderate in the fundic region. The
pathological scores at 8 weeks were 6.6%0.5 in the pyloric re-
gion and 4.6+0.9 in the fundic region. The score for animals
without inoculation was 0 throughout the experimental period.

Expression of inflammatory proteins in the stomach of H, pyfori-
infected Mongolian gerbils. Total RNA was prepared from stom-
ach tissue samples of control and H. pylori-infected Mongolian
gerbils (n=3) at 1, 2, 4 and 8 weeks after inoculation and
mRNA expression levels were assessed by RT-PCR. In the py-
loric region, expression of IL-1B and TNF-o¢ was unclear in
control animals, while two of three H. pylori-infected animals
were positive at 2 weeks, and all of the H. pylori-infected ani-
mals at 4 and 8 weeks (Fig. 3). In the fundic region, IL-1 and
TNF-ot expression levels were clearly increased in H. pylori-in-
fected animals at 4 and 8 weeks. The COX-2 expression levels
in the fundic region were clearly increased in infected as com-
pared with control animals at 4 and 8 weeks, but in the pyloric
region, similar expression was observed in both infected and
control animals (Fig. 4). In contrast to the lack of iINOS expres-
sion in control animals, two of three H. pylori-infected animals
were positive at 2 weeks, and the expression was markedly in-
creased at 4 and 8 weeks in the pyloric region (Fig. 4). In the
fundic region, iNOS expression was also increased in H. pylori-
infected animals at 4 and 8 weeks. Expression levels of B-actin,
evaluated as a house-keeping gene, were similar in H. pylori-
inoculated and control animals at all time points examined (Fig.
3.
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Fig. 3. Increase of IL-13 and TNF-a mRNAs in the glandular stomach of
H. pylori-infected Mongolian gerbils. RT-PCR analysis was performed
with samples from glandular stomach of control and H. pylori-infected
animals at 1, 2, 4 and 8 weeks after inoculation. Note the similarity of
expression levels of B-actin, assayed as a house-keeping gene, between
H. pylori-inoculated and control animals. The sizes of the amplified
products were determined to be 493 bp for IL-1B, 274 bp for TNF-ct and
203 bp for B-actin.
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Fig. 4. Expression levels of COX-2 and iNOS mRNAs in the stomach of
control and H. pylori-infected Mongolian gerbils. RT-PCR analysis was
perfarmed with samples from glandular stomach of control and H. py-
lori-infected animals at 1, 2, 4 and 8 weeks after inoculation. The sizes
of the amplified products were 6§99 bp for COX-2 and 282 bp for iNOS.
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Discussion

In the present study, we determined the cDNA sequences of [L-
1B, TNF-o, COX-2, iNOS and f-actin in Mongolian gerbils.
Partial sequences of Mongolian gerbil IL-1f}, B-actin®® and
COX-2™ have been reported earlier, and the homologies with
our sequences were 99.7%, 97.6% and 99.9%, respectively. The
deduced amino acid homologies of these inflammatory proteins

Matsubara et al.

were more than 80% among the Mongolian gerbils, mouse and
rat forms. Human IL-1P consists of 269 amino acids containing
a mature protein (153 amino acids), the homology of IL-1P
with the Mongolian gerbils protein being higher in the mature
protein (75.0%) than in the residual peptides (59.0%). TNF-o. is
also synthesized as a premature protein, but the homologies ap-
pear similar in the mature protein and residual peptides. It has
been reported that seven amino acids (Leul05, ArglO8,
Leull?, Alal60, Ser162, Vall67 and Glu222 in human prema-
ture TNF-¢t) are crucial for TNF-a activities,” and these amino
acids were here found to be conserved in Mongolian gerbils, as
in the mouse, rat and human cases. COX-2 catalyzes the syn-
thesis of prostaglandins from arachidonic acid, and has an
arachidonic acid binding domain, which consists of 24 amino
acids.™ All these were perfectly conserved in Mongolian ger-
bils, as in the mouse and human (rat; Ser339 —Trp).

There are many reports that iNOS is induced in murine mac-
rophages by stimulation with E. cofi LPS 3 However, no iNOS
expression was observed in macrophages of Mongolian gerbils
after LPS (1 jLg/mt) treatment. Therefore, we obtained an iNOS
¢DNA fragment from the stomach of H. pylori-infected Mon-
golian gerbils, The active center of the iNOS oxygenase do-
main is Glu37! (mouse), which binds to substrate L-arginine,
and Trp366, which binds to a heme.*" These two amino acids
were conserved in Mongolian gerbils, as in the mouse, rat and
human forms.

It has been reported that H. pylori infection increases the ex-
pression of IL-1B, TNF-o, COX-2 and iNOS in clinical biopsy
samples. However, data on these inflammatory proteins in the
early stage of H. pylori infection have hitherto not been avail-
able. In the present study, expression of IL-1B, TNF-&t and
iNOS was observed from 2 weeks after inoculation in the py-
loric region, and from 4 weeks in the fundus. The delay pre-
sumably reflects differences in H. pylori colonization levels in
the two sites. IL-1f3 and TNF-ot stimulate the production of re-
active oxygen species from leucocytes, and iNOS produces
NO. Thus, DNA damage may occur through oxidative stress
from an early stage of H. pylori infection. Although it has been
reported that COX-2 protein is not detectable in the glandular
stomach of H. pylori-uninfected Mongolian gerbils,'®3 in the
present study, mRNA expression was observed in both control
animals and infected animals. Similar results were also ob-
tained using other COX-2-specific primer pairs (data not
shown). Since these primers were designed from sequences that
shared low homology with COX-1 and COX-2, it is most likely
that these amplified products were not derived from COX-1
mRNA. It is reported that COX-2 expression in human normal
mucosa was detected by RT-PCR, but COX-2 protein was not
observed.” Thus, trace amounts of COX-2 mRNA in unin-
fected animals might be amplified and explain the discrepancy.
In the present study, COX-2 mRNA expression was clearly up-
regulated in the fundic region, but not in the pyloric region. It is
not yet clear why the expression of COX-2 mRNA was ob-
served without developrment of gastritis in the pyloric region. It
has been reported that COX-2 expression was observed in fi-
broblasts in the glandular stomach of Mongolian gerbils.?®
Therefore, it is speculated that COX-2 expression in the pyloric
region of uninfected Mongolian gerbils might be derived from
fibroblasts. It is also not clear why the upregulation of COX-2
mRNA was not observed in the pyloric region of H. pylori-in-
fected animals. Further study is required to understand the
mechanism.

The fundic and pyloric regions have very different functions.
Gastric acid is secreted from the fundic region, and gastrin,
which stimulates acid secretion, is secreted from the pyloric re-
gion, H. pylori colonization may be more difficult in the fundus
because of the acid secretion.'>* Acid hyposecretion because
of H, blockers or vagotomy enhances gastritis and H. pylori
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colonization in the fundic region. Consistent with the available
data, we found in the present study that gastritis developed
more severely and rapidly in the pyloric region, where H. pylori
colonization was more pronounced, particularly at 2 weeks af-
ter inoculation. IL-1P and TNF-o inhibit the secretion of gastric
acid,'®'" and H. pylori infection decreases acid secretion from
4 weeks after inoculation in Mongolian gerbils.?*% Since [L-
1B and TNF-o expressions were observed from 2 weeks in the
pyloric region, their expression might influence H. pylori infec-
tion in the fundic region through the acid hyposecretion, In-
deed, H. pylori numbers in the fundus increased from 4 weeks
after inoculation as shown in Fig. 1 in the present study,

In conclusion, cDNAs encoding the inflaimmatory proteins
IL-1B, TNF-o and iNOS of Mongolian gerbils were cloned,
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A novel mutagenic compound, 9-(4'-aminophenyl)-9H-
pyrido{3,4-blindole (aminophenylnorharman, APNH), is
shown to be formed by the in vitre enzymatic reaction of
9H-pyrido[3,4-blindole (norharman) and aniline. APNH
generates DNA adducts (dG-C8-APNH), and is potently
genotoxic to bacteria and mammalian cells. APNH has
also been demonstrated to be formed in vive from nor-
harman and aniline, and suggested to be a new type of
endogenous mutagenic compound. To determine its carci-
nogenic activity, long-term administration of APNH was
investigated in 93 male and 90 female F344 rats. Rats were
fed diets containing 0, 20 or 40 p.p.m. from 7 weeks of age.
All animals were killed after 85 weeks treatment and
necropsy was performed. Hepatocellular carcinomas
(HCCs) were induced at incidences of 10 and 79% in
male rats fed 20 and 40 p.p.m. APNH, and 34% in female
rats fed 40 p.p.m. of APNH, respectively. In addition, colon
adenocarcinomas were found at incidences of 3 and 9%
in male rats, and 4 and 13% in female rats fed 20 and
40 p.p.m. of APNH, respectively. Other tumors, including
thyroid carcinomas and mononuclear cell leukemia, were
also seen in rats fed APNH. Polymerase chain reaction-
single strand conformation polymorphism analysis
revealed B-catenin gene mutations in 24% of HCCs and
K-ras, B-catenin and Apc gene mutations were found in 22,
44 and 33% of colon cancers induced by APNH, respec-
tively. Most mutations occurred at G:C base pairs. $-Cate-
nin protein accumulations in the nucleus and cytoplasm
were also revealed in both liver and colon tumors,
Thus, APNH induced liver and colon cancers with K-ras,
B-catenin and Apc gene mutations in F344 rats.

Introduction

On heating tryptophan, a B-carboline compound, 9/H-pyrido
[3,4-blindole (norharman) is produced, together with muta-
genic/carcinogenic heterocyclic amines (HCAs), a- and y-car-
bolines {1,2). Norharman is reported to be present at much higher

Abbreviations: APNH, aminophenylnorharman, 9-(4'-aminophenyl)-9H-
pyrido[3 4-b]indole; norharman, 9H-pyride(3 4-blindole; HCCs, hepatocellular
carcinomas; IQ,  2-amino-3-methylimidazo(4,5-flquinoline; PCR-SSCP,
pcolymerase chain reaction—single strand conformation polymorphism.

levels than those of HCAs in cigarette smoke condensate and
cooked meat and fish (3). Furthermore, norharman is detected in
all urine samples from healthy volunteers eating an ordinary diet,
as well as from patients receiving parenteral alimentation (4).
It has been found that nmorharman becomes mutagenic to
Salmonella typhinmrinm TA98 with a metabolic activation sys-
tem (S9 mix) when incubated with a non-mutagenic aromatic
amine, aniline, although norharman itself is not mutagenic to
S.typhinuwium TA98 and TA100, either with or without an 89 mix
(2,5). Aniline is also present in cigarette smoke condensate and
some kinds of vegetables (6,7). Moreover, this compound
has been reported to be present in human urine and milk samples
(8-10). Thus, itis likely that humans are simultaneously exposed
to both compounds in daily life. We have demonstrated that a
mutagenic compound, 9-(4-aminophenyl)-9H-pyrido(3,4-
bjindole (aminophenylnorharman, APNH, shown in Figure 1},
is formed from norharman and aniline, then converted to the N-
hydroxyamino derivative, which produces DNA adducts after
esterification to induce mutations in S.typhimurium TAS8 and
YG1024 (11-13). Recently, we clarified that APNH forms DNA
adducts primarily at the C-8 position of guanine residues in virro
and in vive (14). In addition, APNH was found to induce sister
chromatid exchanges and chromosome aberrations (15). More-
over, APNH was detected in 24 h urine samples collected from
F344 rats administered norharman and aniline (16},

As mentioned above, humans are exposed to both norharman
and aniline, so that it is very likely that APNH may be pro-
duced in our bodies. In fact, APNH was detected in some 24 h
urine samples from smokers (our unpublished data) and there-
fore could play an important role in human carcinogenesis as a
new type of endogenous mutagen. To understand the effects of
APNH on human health, it is important to elucidate its carci-
nogenicity in rodents. We have demonstrated previously that
APNH induces glutathione S-transferase placental {(GST-P)
positive foci, pre-neoplastic hepatic lesions, in the livers of
male F344 rats in a short-term experiment (17). In the present
study, the carcinogenicity of APNH with long-term adminis-
tration in both male and female F344 rats was investigated.
Tumors were found in the liver and colon, and mutation
analysis of cancer-related K-ras, B-catenin, Apc and p53
genes in the lesions, was also performed using polymerase
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Fig. 1. Chemical structure of APNH,
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chain reaction-single strand conformation polymorphism
(PCR-SSCP) to give points to underlying mechanisms.

Materials and methods

Animuals and chemicals

A total of 186 weanling F344 ruts of both sexes were obtained from Charles
River Japan (Atsugi, Japan) and quarantined for 2 weeks. All animals were
housed three to a plastic cage. Rats were randomly distributed into three groups
and maintained under contrelled conditions: 12-h light/dark cycle, 21 + 2°C
room temperature, and 50 £ 10% relative humidity. CE-2, purchased from
Japan Clea Laboratory, Tokyo, Japan, was used as the basal control diet. Food
and water were available ad libitunt throughout the experiment, APNH was
purchased from the Nard Institute (Osaka, Japan) and its purity was confirmed
to be >99% by HPLC.

Experimental procedire

Starting at 7 weeks of age, the rats were fed either controt peltet diet (CE-2) or
experimental diets containing 20 or 40 p.p.m. APNH until the termination.
Body weights and diet consumption were recorded weekly during the first 14
weeks and then every 4 weeks until the end of the study. When animals were
found to be meribund, they were killed and complete autopsy was performed.
At 85 weeks after the beginning of the experiment, all surviving animals were
killed by ether and similarly processed. Organs/tissues including brain, skin—
including specialized sebaceous glands, oral cavity, esophagus, stomach,
intestines, salivary glands, liver, pancreas, kidneys, urinary bladder, thyroid
gland, mammary glands, lungs, spleen, thymus, bone marrow, heart, adrenal
glands, pituitary gland, male reproductive system incleding testis, epididymis,
prostate, and seminal vesicles or female reproductive system including ovary,
uterus and vagina were examined under a dissection microscope for any
abnormality. For histological evaluation, all organs were fixed in 10% neu-
tral-buffered formalin, embedded in paraffin blocks, cut into multiple sections,
and routinely processed for H&E staining. The histological criteria adapted
for diagnoses of tumors were according to ‘Pathology of the Fischer Rat® (18).
Half of the liver umors were stocked in liquid nitrogen for subsequent
PCR-SSCP analyses.

PCR-SSCP analysis and direct sequencing

Genomic DNA of liver tumors was obtained from frozen tissue samples using
standard procedures involving enzymatic digestion of protein and RNA
followed by extraction with phenol and chloroform:iscamyl alcohol (24:1, v/v).
In the colon tumors, DNA was extracted from 10 pm thick sections cut from
paraffin-embedded materials with TaKaRa DEXPAT™ (TaKaRa Shuzo, Kyoto,
Japan) according to the manufacturer’s instructions. The primers and PCR condi-
tions for the B-catenin, Apc, p53 and ras family genes examined in this study
were the same as those reported previously (19-24). One microliter of PCR
products was mixed with 9 pl of 95% formamide, 20 mM EDTA, 0.05%
bromophenol blue and 0.05% xylene cyanol, heated at 90°C for 3 min, then
applied to a2 10 or 12.5% polyacrylamide gel with or withowt 5% glycerol.
Electrophoresis was carried out at 300 V for 2 h at 20°C and the gel was stained
using a silver staining kit (Daiichi Pure Chemicals, Tokyo, Japan). When mutated
shifted-bands were observed in the gels, mutation analysis was performed by
direct sequencing of DNA fragments extracted from SSCP bands or PCR pro-
ducts using a capillary sequencer (ABI PRISM 310 Genetic Analyzer, Perkin
Elmer, Foster City, CA).

Immunchistochemical staining of B-catenin

Immunohistochemical analysis was performed with the same procedure as
described previously, with minor modifications (21). Briefly, after deparaffi-
nization and re-hydration, samples were microwaved (5 min, five times) in
10 mM citrate buffer (pH 6.0), then endogenous peroxidase activity and
non-specific reactions were blocked with 0.3% hydrogen peroxide and 5%
normal horse serum, respectively. The sections were then incubated overnight
with an anti-B-catenin monoclonal antibody diluted at 1:500 (Transduction
Lab., Lexington, KY) at 4°C. Then, the sections were incubated at room
temperature with the secondary antibody, biotinated anti-mouse IgG (H+L)
raised in a horse, at 1:200 {Vector, Burlingame, CA) for 30 min. Staining was
carried out using a Vectastain ABC kit (Vector), 3,3 -diaminobenzidine and
hydrogen peroxide. All sections were counterstained with hematoxylin. The
bile duct epithelium was considered as a positive control in all liver sections.

Statisticel analysis

The Fisher's exact probability test was used for statistical analysis of differ- -

ences in twmor incidences. Significance was concluded at P < (.05.

1968

Results

General observations

Body weights of contro! male rats reached 450 g, and those of
female rats almost 250 g during the study. Values for male rats
fed 40 p.p.m. of APNH were decreased to 95% as compared
with the control group at 80 weeks (P < 0.05). Female rats
receiving the 40 p.p.m. dose also demonstrated 5-10% lower
body weights than those in the control diet group from | month
after ‘starting the diet to termination. No change was observed
with the 20 p.p.m. dose in either sex. The average consumption
of diet per day per rat by males and females was 15 and 10 g,
respectively, with no effects from APNH. All male rats fed the
control diet survived to the end of the study, although two
control females died of metastasis to lungs from fibrosarcoma
and uterus bleeding at 1 week before death. One female and
one male rat fed APNH at 40 p.p.m. each developed hepato-
cellular carcinomas (HCCs) at 49 and 53 weeks, respectively,
after starting the study. Some animals fed APNH became
moribund and were found to have tumors. Effective numbers
of rats were defined as those surviving until week 49 of
the study when a HCC was first recognized in a female rat
given APNH. At termination, survival rates of rats fed APNH
at 20 and 40 p.p.m. were 90 and 48% in males and 73 and 48%
in females, respectively.

Tumors induced by APNH

At termination, all surviving animals were killed and necrop-
sies were performed. Details for tumors found in both sexes of
rats treated with APNH are summarized in Tables I and II,
respectively.

Liver tumors

Both male and female rats fed APNH developed liver tumors,
including adenomas and HCCs, which were absent in the
controls (Table I). The incidences of liver adenomas were
7 and 18% for male rats fed 20 and 40 p.p.m. of APNH, and
9% for female rats fed 40 p.p.m. of APNH, respectively. In the
case of HCCs, the incidences were 10 and 79% for male rats
fed 20 and 40 p.p.m. of APNH, and 34% for female rats fed
40 p.p.m. of APNH, respectively. In male rats, most of the
APNH-induced HCCs were well differentiated (75%), and
32% were moderately differentiated. Only one tumor was
diagnosed as poorly differentiated. On the other hand, all
APNH-induced HCCs found in female rats were well differ-
entiated. Among 26 HCCs developed in male rats fed 40 p.p.m.
APNH, six cases including two well and four moderately
differentiated HCCs demonstrated lung metastasis. Male rats
fed APNH at 40 p.p.m. also developed cholangiocellular
carcinomas at a 12% incidence. Male rats proved more
susceptible to induction of liver tumors than females,

Colon tumors

As shown in Table I, rats fed APNH developed colon adenc-
carcinomas in a dose-dependent manner (3 and 9% in males
and 4 and 13% in females at 20 and 40 p.p.m. APNH, respec-
tively). No colon tumors.were found in rats fed the control diet.

Other tumors '

The incidences of tumors induced by APNH in organs other
than the liver or colon are summarized in Table IL. Follicular
carcinomas and C-cell carcinomas, in the thyroid gland were
observed following APNH administration, The incidence of
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Table L. Incidence of liver and colon tumors induced by APNH in F344 rats

Dose of APNH (p.p.m.) Sex Effective no. of rats® No, of rats with (%)

Liver Colon
Adenoma Hepatocellular carcinoma Cholangiocellular carcinoma Adenocarcinoma
0 M 30 0 0 0{0) 0
F 30 0 0 0 - LX(1)]
20 M 30 2(N 300y 00 1
F 23 0{D) 0 () 0( 1 (4)
40 M 33 6 (180 26 (79° 4 (12) 309
F 32 3% 11 (349 -0 (0) 4 (13¥

“Number of rats surviving at 49 weeks, when the first hepatocellular carcinoma was found in a female given 40 p.p.m. of APNH.
b-dgjgnificantly different from the control group (0 p.p-m. APNH) by Fisher’s exact prabability test ("P < 0.05, °F < 0.00001, 9P < 0.001).
“Numbers of male and female rats combined were significantly different from the control group (0 p.p.m. APNH) by Fishet’s exact probability test (P < 0.05).

Table 1. Incidence of tumors in organs/tissues other than the liver or colon in rats

Dose of APNH (p.p.m.) Sex Effective no. of rats® No. of rats with (%)

Thyroid Mononuclear cell leukemia Clitoral gland carcinoma

C-cell Follicular

Adenoma Carcinoma Adenoma Carcinoma

0 M 30 1(3) 0 (0) 0(0) 1(3) 13 -

F 30 13 0 0 () 0 3 (10 0
20 M 30 0(0) 4 (13) 00y (7 I -

F 28 1(3) 0 0 L4 9 (32)° 310
40 M 33 &) 2 (6) 1 3F 5 (15 1L (33) -

F 32 1K) 4013 1 (3 2 (6)° 16 (50)° 8 (25

INumber of rais surviving at 49 weeks, when the first hepatocellular carcinoma was found in a female given 40 p.p.m. of APNH,

Ygignificantly different from control group (0 p.p.m. APNH) by Fisher's exact probability test *£ < 0.05, *P < 0.001, %P < 0.01),

“Numbers of male and female rats with follicular adenoma and carcinoma combined were significantly different from the control group (0 p.p.m. APNH)
by Fisher’s exact probability test (P < 0.05).

follicular tumors (adenomas and carcinomas) was significantly
increased at 40 p.p.m. APNH group, although there were no
apparent effects on incidences of C-cell tumors. Menonuclear Genes
cell leukemia was also found in both control and APNH-

treated rats, the incidence being significantly increased in a Mutated codon  Mutation pattern
dose-dependent manner. In female rats, clitoral gland carcino-

Table 1[I, Mutation analysis of the B-catenin gene in APNH-induced HCCs

Frequency (%)  Mutation

mas were induced dose-dependently, incidences being 10 and B-Catenin 4117 24) g% gg ((é’::srl;):-TIthrT(((:E!;;)
25% at 20 and 40 p.p.m. of APNH, respectively. 37 TCT (Ser) = TGT (Cys)
Transitional cell carcinomas in the urinary bladder were 41 ACC (The) — ATC (Ile)

found in a male rat fed 20 p.p.m. of APNH and in two female

rats fed 40 p.p.m. of APNH with incidences of 3 and 6%, “hf;t;z;): analysis were performed by PCR-SSCP and direct sequencing

respectively, although the values were not s.ig.niﬁcantly differ- Primers and PCR conditions were the same as those reported previously
ent from the contro group. In males, interstitial cell adenomas (29-34).

of the testes were frequently found in all groups at an incidence No mutations were detected in H-ras, K-ras, N-ras, p33 or Apc genes.
of 58-67% incidence, with no obvious influence of APNH. In
addition, preputial gland carcinomas, pituitary gland adeno-

mas, lung carcinomas were observed at incidences of 3-7%,  PCR-SSCP analysis. While no mutations were identified in the
without significant deviation from the control group. In female H-ras, K-ras, N-ras, p53 and Apc genes, the B-catenin gene was
rats, endometrial hyperplasia was found to be increased fol-  found to show mobility-shifted bands in four out of 17 HCC
lowing APNH feeding (20, 36 and 69% at 0,20 and 40 p.p.m.  samples (Table III). DNA fragments extracted from those SSCP
of APNH, respectively), but no carcinomas were found. bands were amplified and subjected to direct sequencing. As

shown in Table III, mutations were detected in all four cases: one
Genetic alterations in liver and colon tumors induced by at the first base of codon 32, two at the second base of codon 37,
APNH and one at the second base of codon 41 (a G:C to T:A transver-
Liver. DNA samples obtained from 17 HCCs were examined for sion, C:G to G:C transversions and a C:G to T:A transition,
mutations of B-catenin, ras family, p53 and Apc genes using respectively), all leading to amino acid substitutions (Table III).
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Table [V, Summary of mutation patterns of cancer-related genes in colun adenocurcinomas induced by APNH

Genes Frequency Murated codon Mutation pattern Amino acid change
B-Catenin 479 (44%) 32 GAT — GGT Asp— Gly
34 GGA — GAA Gly — Glu
34 GGA — AGA Gly — Arg
K-ras 2/9 (22%) 12 GGT—GIT Gly — Val
Ape 39 (33%) 874875 §.-GGGGTTT-Y ~ 5-GGGTTT-3' Truncated product (834 an)
89 TCTI —TCG Silent
900 GAC—TCAC Asp — His

Mutation analysis were performed by PCR-SSCP and direct sequencing methods,
Primers and PCR conditions were the same as those reporied previously (29-34).

No mutations were detected in H-ras, N-ras or p5J3 genes.

Immunohistochemical analysis of P-catenin indicated
that some cancer cells showed prominent immunoreactivity
in the nucleus, cytoplasm or cell membrane, whereas non-
cancerous hepatocytes lacked B-catenin immunoreactivity in
the nucleus and cytoplasm, and showed only weak reactivity,
limited to the cell membrane. Accumulation of PB-catenin in
the nucleus and cytoplasm, compared with the amount seen
in non-cancerous hepatocytes, was detected in six of 17
(35%) HCC samples. Among these, five revealed B-catenin
accumulation in the cytoplasm, and one in the nucleus.
Moreover, four out of six HCC samples showing B-catenin
immunoreactivity contained genetic alterations in exon 3 of
the B-catenin gene.

Colon. The findings of nine cases of colon cancers are sum-
marized in Table IV. Four showed mutations at codons 32 and
34 of the B-catenin gene (one A:T to G:C transition at the
second base of codon 32, two G;C to A:T transitions at the
second base and one G:C to A:T transition at the first base of
codon 34}, all leading to amino acid changes. In addition, two
mutations of K-ras and three mutations of Apc genes were
detected in APNH-induced colon carcinomas. The K-ras
mutations were G:C to T:A transversions at the second base
of codon 12, with change of Gly to Val. Of the three Apc
mutations detected, one was a frameshift mutation with one
G deletion in the 5'-GGGGTTT-3 sequence resulting in a
truncated product, and the other two were base substitutions
including one silent (T:A to G:C at codon 879) and one G:C to
C:G transversion, leading to amino acid substitution.

Among the colon cancer samples, three had double mutations
with K-ras and B-catenin (two samples) and Ape and B-catenin
{one sample). The Apc mutation in the colon tumor sample
containing the B-catenin mutation was silent. Moreover, all
the samples with Apc and/or B-catenin gene mutation demon-
strated strong nuclear or cytoplasmic immunoreactivity with
B-catenin. Although PCR-SSCP analyses of H-ras, N-ras and
P53 genes were performed under at least two conditions, no
shifted bands were detected in any of the nine colon carcinomas,

Discussion

Our results indicated clearly that orally administered APNH is
carcinogenic in both male and female F344 rats. As expected
from our previous finding of GST-P positive liver foci after 4
weeks of treatrment (17), the feeding of APNH at 40 p.p.m. for
85 weeks resulted in the development of HCCs at 79 and 34%
in male and female F344 rats, respectively, whereas liver

1970

tumors were absent in the controls. Most HCCs found in both
sexes were well differentiated,

Genetic alteration of B-carenin was observed in 24% of the
HCCs induced by APNH. However, no mutations were found
in ras family, p53 or Apc genes. All of the point mutations
detected featured replacement of a serine or threonine residue,
encoded by codons 37 and 41 or a contiguous site with serine
33 in exon 3, known to be putative phosphorylation targets of
GSK-3f3. In immunohistochemical analysis, all of the HCCs
bearing 3-carenin gene mutations demonstrated accumulation
of B-catenin protein in the nucleus and cytoplasm. In addition,
two HCC samples without any mutations showed immuno-
reactivity, The reason for this is not clear, however, we
analyzed only limited regions of B-catenin and Apc genes;
therefore, mutations might occur at other regions of these
genes or other wnt signaling related genes. On the other
hand, there seems to be no relation between B-catenin accu-
mulation and tumor malignancy. B-Catenin accurnulation and
mutation of exon 3 have also been reported in diethylnitrosa-
mine-induced rat liver tumors and also in human liver cancers
(25-27). With diethylnitrosamine-induced HCCs in rats, muta-
tions were detected in codons 32, 33, 34, 35,37 and 41 inexon
3 at incidences of 31 and 45% (25,26). In a human series of
HCCs, 39% demonstrated accumulation of B-catenin and 24%
gene mutations at codons 32, 34, 35, 37 and 41 (27). Thus,
the available data suggest that B-carenin gene mutations may
be related to hepatocarcincgenesis in both rodents and man,
although incidences of B-catenin accumulation and gene muta-
tions observed in human and chemically induced HCCs are
much lower than in colon cancers. Therefore, pathways rather
than B-carenin-wnt signaling are presumably involved. Further
studies are thus needed to clarify the mechanisms of APNH
hepatocarcinogenesis.

As with azoxymethane (AOM)-, 2-amino-3-methylimi-
dazo[4,5-flquinoline (IQ)- and 2-amino-1-methyl-6-phenyl-
imidazo[4,5-b]pyridine (PhIP)-induced rat and human colon
tumors (21,23,28,29), mutations of B-catenin, K-ras and
Apc genes in colon adenocarcinomas were here found to
be more frequent than those in HCCs. Missense mutations in
K-ras, B-catenin and Apc genes were found in 22, 44 and 33%
of the APNH-induced colon tumors, as compared with 62 (K-
ras), 75 (B-catenin) and 8% (Apc) in AOM-induced colon
tumors (21). The respective figures for the IQ-induced
B-catenin and Ape genes are 100 and 15%, and 57 and 50%
for PhIP-induced colon tumors (23,28). In the case of human
colon cancers, K-ras, B-catenin and Apc gene mutations have
been found in 33-36%, 7-15% and 43-48%, respectively (29).
The regions for PB-catenin gene mutations detected in
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APNH-induced colon adenocarcinomas were at codons 32 and
34, which are contiguous with serine 33. These mutations may
cause alterations of the B-catenin protein structure, therefore
leading to inhibition of phosphorylation of B-carenint and
blocking of degradation through the ubiquitin—proteasome
pathway. In addition, Apc gene mutations, except one, led to
amino acid change or truncated products, and B-catenin
protein accumulation was evident in the APNH-induced
colon cancers.

We have reported previously that the structure of the major
APNH-DNA adduct was dG-C8-APNH, as is the case with
PhIP, IQ and 2-amino-3,8-dimethylimidazo[4,5-f]quinoxaline
(MelQx) (14). This adduct has been detected in various organs
of rats given 40 p.p.m. APNH for 4 weeks, with levels higher
in the liver and colon than in other organs {14). Based on these
observations, it is suggested that APNH forms DNA adducts at
the C8 position of guanine residues, especially in its target
organs. Recently, we have also reported that the gpt mutant
frequencies were elevated 10- and 5-fold in the liver and colon
of the gpt delta transgenic mouse treated with 20 p.p.m.
APNH, respectively (30). APNH induced G:C to T:A trasver-
sions and single G:C deletions in G:C run sequences predomi-
nately in the liver of transgenic mice. Similarly, most gene
alterations detected in APNH-induced liver and colon tumors
in the present study involved G:C base pairs. From these obser-
vations, it is suggested that dG-C8-APNH was formed in the
target genes, and these adducts might cause the mutations.
Therefore, the mutations detected in the APNH-induced tumors
were mainly at G or C (opposite position of G) base pairs.

Development of other tumors, such as thyroid adenocarci-
nomas, was also found to be enhanced by APNH feeding in
both males and females in the present study. Moreover, endo-
metrial hyperplasias were increased by feeding of APNH, and
turnors of the hematopoietic system, including leukemia, were
found to be enhanced in both sexes. The underlying mechan-
isms of the development of these tumors by APNH are now
under investigation in cur [aboratory.

In conclusion, APNH demonstrated carcinogenicity in
various organs, including the liver and colon, in both sexes
of F344 rats, at doses almost 10 times lower than those proved
to be carcinogenic for HCAs, such as MelQx (31). As
mentioned above, norharman and aniline are abundantly pre-
sent in our environment and continuous exposure to both
compounds during daily life is conceivable. It is reported that
APNH can be detected in the urine of rats administered norhar-
man and aniline (16). Moreover, when 24 h urine samples were
collected from smokers and non-smokers and analyzed by LC-
MS after purification with HPLC, we found that APNH was
clearly detectable in some samples from smokers {own unpub-
lished data). Therefore, it is highly conceivable that APNH is a
new type of endogenous mutagenfcarcinogen, involved in
human carcinogenesis.

It has been reported that norharman is mutagenic in the pre-
sence of o-toluidine and S9 mix (2,5,32). Moreover, harman
({-methyl-9H-pyrido[3,4-h]indole), another B-carboline com-
pound, has a similar co-mutagenic activity with aniline or
o-toluidine (2). Recently, we reported the mutagenic compounds
produced by norharman with o-toluidine, and hamman with
aniline or o-toluidine, to be 9-(4'-amino-3'-methylphenyl)-9H-
pyrido(3.4-blindole  (amino-3'-methylphenylnorharman, ~ 3'-
AMPNH), 9-(4'-aminophenyl)-1-methyl-9#-pyrido[3,4-hlindole
(aminophenylharman, APH) and 9-(4'-amino-3"-methylphenyi)-
|-methyl-9H-pyrido[3,4-hlindole  (amino-3'-methylphenylhar-

Carcinogenicity of aminophenylnorharman

man, AMPH), respectively (3,33). To clarify the effects of
APNH and its derivatives on human health, it is important to
further elucidate their detailed biological properties. Furthermore,
it is very important to determine how much APNH and its deriva-
tives may be produced in our bodies in daily life, and consicler
preventive studies in accordance.
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Studies of ¢olon carcinogenesis in animal models are very useful
to elucidate mechanisms and provide pointers to potential pre-
vention approaches in the human situation. In the rat colon car-
cinogenesis model induced by azoxymethane (AOM), we have
documented frequent mutations of specific genes, K-ras muta-
tions at codon 12 were found to be frequent in hyperplastic aber-
rant crypt foci (ACF) and large adenocarcinomas. In addition,
mutations of the f-catenin gene in its GSK-3p phosphorylation
consensus motif could also be identified in many adenomas and
adenocarcinomas, and altered cellular localization of B-catenin
protein was ohserved in all of the dysplastic ACF, adenomas and
adenocarcinomas examined, indicating that activation of Wnt sig-
naling by accumulation of p-catenin is a major mechanism in the
AOM-induced colon carcincgenesis model. Frequent gene muta-
tions of f-catenin and altered cellular localization of the protein
are also features of AOM-induced colon tumors in mice. Expres-
sion of enzymes associated with inflammation, such as inducible
nitric oxide synthase (iNOS) and the inducible type of cyclooxyge-
nase (COX), COX-2, is increased in AOM-induced rat colon carcino-
genesis, and overproduction of nitric oxide (NO)} and
prostaglandins is considered to be involved in colon tumor devel-
opment. We have demonstrated that increased expression of
iNOS is an early and important event occurring in step with B-
catenin alteration in rat colon carcinogenesis. Activation of K-ras
was also found to be involved in up-regulation of iNOS in the
presence of inflammatory stimuli. In addition, expression levels of
prostaglandin E, (PGE,) receptors may be altered in colon cancers.
For example, the EP, and EP, subtypes have been shown to be
up-regulated and EP; down-requlated in AOM-induced colon can-
cers in rats and mice. EP, and EP, appear to be involved in ACF
formation, while alteration in EP, and EP, is considered to con-
tribute to later steps in colon carcinogenesis. Increased expres-
sion of some other gene products, such as the targets of Wnt/j-
catenin signaling, have also been reported. The further accumula-
tion of data with this chemically-induced animal colon carcino-
genesis model should provide useful information for
understanding colorectal neoplasia in man. (Cancer Sci 2004; 95:
475-480)

In recent years, colorectal cancer has increasingly become a
major cause of cancer mortality in Japan. Therefore, elucida-
tion of the mechanisms of colon carcinogenesis and the search
for chemopreventive agents are important and urgent tasks.
Screening of colon cancer preventive agents has been carried
out using several in vivo animal models, the majority using
azoxymethane (AOM), a very potent carcinogen which induces
colorectal cancers at high incidence in rats and mice. In rela-
tively short-term experiments, aberrant crypt foci (ACF) in-
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duced by treatment with AOM in rats and mice can be used as
biomarkers, since the formation and growth of these putative
preneoplastic fesions are thought to be useful indices of the ef-
fects of carcinogens and agents promoting or preventing car-
cinogenesis in the colon."? Recently, other pre-neoplastic
lesions such as B-catenin-accumulated crypts and mucin-de-
pleted foci have also been reported as specific biomarkers for
colon carcinogenesis.’-* Compounds which appear to be effec-
tive in the short-term must then be further examined in long-
term experiments focusing on AOM-induced colon cancer de-
velopment. In order to identify novel prevention approaches, it
is very important to take into account the mechanisms underly-
ing colon carcinogenesis in this animal model, and this is the
rationale for examining mutations in different genes and
changes in expression of proteins. Understanding the relation-
ship of such alterations to each step of colon carcinogenesis
should help to elucidate the mechanisms of colon carcinogene-
sis, not only in rodents, but also in humans.

1. Gene mutations in colon carcinogenesis

Colon carcinogenesis is known to be a multistep process in-
volving multiple genetic alterations. Findings for K-ras, APC,
DCC and p53 in tumors are summarized in Table 1. In human
lesions, these genes are frequently mutated or deleted $-'9 K-
ras and APC gene mutations are involved in relative early
stages of colon carcinogenesis, while alterations of DCC and
p53 are involved in the late stages.'” K-ras mutations are fre-
quent from the ACF stage, while APC mutations are frequent
from the adenoma stage. Most ACF are hyperplastic and posi-
tive for K-ras mutations, but about 5% of ACF are dysplastic
and harbor APC mutations.® K-ras is an oncogene which en-
codes an intracellular signaling molecule. Oncogenic mutations
in Ras result in constitutive activation of Ras and its down-
stream signaling pathways, such as the Raf/MEK/MAPK and
PI3K/Akt/PKB pathways. The other three are tumor suppres-
sor genes. DCC encodes a protein that has homology to cell ad-
hesion molecules, and p53 protein is a transcription factor
which regulates the cell cycle and apoptosis. The APC gene has
been identified as responsible for the inherited colon cancer
syndrome adenomatous polyposis coli, the APC protein form-
ing a complex with P-catenin and stimulating its degra-
dation.** ' Mutations in the GSK-3f phosphorylation

Y
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consensus motif of the S-catenin gene, as well as APC muta-
tions, cause stabilization of B-catenin in the cytoplasm, and in-
duce constitutive transcriptional activation with Tcf-4, a
member of the Tcf family of DNA binding proteins,’™ " In fact,
Sparks et al. found mutations of the B-catenin gene in half of
human colon tumors possessing an intact APC gene.'® In APC-
deficient tumors or cell lines, f-catenin mutations are generally
not detected. It can be concluded that most colon tumors fea-
ture change in the APC/ B-catenin/Tcf pathway.

Table 1 also shows gene alterations that occur during chemi-
cal carcinogenesis in rat colon. In AOM-induced lesions, K-ras
mutations are frequent, as seen in human cancers, but Apc and
P53 mutations are only rarely observed.'* 2 This difference can
not be explained by species differences, because p53 mutations
have been detected in methylnitrosourea (MNU)-induced rat
colon tumors and Apc mutations have been found in 2-amino-
1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP)-induced tu-
mors.?':*» Furthermore, K-ras mutation does not appear to be
a feature of PhIP-induced colon tumors.™ The K-ras gene is
activated by point mutations at codon 12 or 13, while most ob-
served mutations in the APC gene in human colon tumors are
due to frame-shift deletions or nonsense mutations that produce
truncated products. [t has also been reported that in the rat,
PhIP causes specific one-base deletions of GGGA to GGA in
the Apc gene.?» AOM causes point mutations of G:C to A:T
transversion type in the K-ras gene,* which may derive
from Of-methyl-deoxyguanine adducts.?-?" Thus, the differ-

ence may be carcinogen-specific rather than species-specific. In
order to ascertain whether the P-catenin/Tcf pathway is in-
volved in AOM-induced rat colon carcinogenesis, we have fo-
cused on B-catenin in AOM-induced rat colon tumors, and we
found frequent mutations and altered cellular localization. .2
B-Catenin mutations have also been found in PhIP-induced rat
colon tumors without Apc mutations.”® These results indicate
that Wnt/Apc/B-catenin signaling indeed plays important roles
in chemically-induced rat colon carcinogenesis, as it does hu-
man cancers.

1.1 p-Catenin

Male F344 rats were treated with AOM to induce colon tu-
mors, and adenocarcinomas obtained after 36 weeks were ex-
amined by PCR-single strand conformation polymorphism
(SSCP) analysis and direct sequencing for S-catenin mutations
in the GSK-3B phosphorylation consensus motif. Immunchis-
tochemical staining and immunoblotting were also performed
to examine the cellular localization and protein level, with an
additional focus on small adenomas and ACF to investigate al-
teration of the f-catenin pathway in different steps of colon car-
cinogenesis.?®

Fig. 1 shows the DNA sequence around the GSK-3 phos-
phorylation consensus motif of rat B-catenin. The B-carenin

- mutations found in our study were located in codons 33 and 41,

which are encode serine and threonine residues important for
GSK-3f phosphorylation, and in codons 32 and 34, encoding

Table 1. Gene alterations in colon cancers
. . . Mutation frequency (%)
Species  Carcinogen Lesion -
APC B-Catenin K-ras pcc D53
Human Adenocarcinoma 40-80 15 40-60 40-70 50-80
Adenoma 40-65 —_ 0-40 —_ —_
ACF <5 _ 10-95 - — —
Rat AOM Adenocarcinoma 8 75 30-60 —_ ¢
ACF ) 0 - 20-40 — 0
PhiIP Adenocarcinoma 13 50 0 — 0
MNU Adenocarcinoma — —_ 18 -— 27
Mouse AOM Adenocarcinoma — 100 0-10 - 0
References: 6-13, 18-25, 28, 30, 32).
-2 No data.
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CTGGA — CTGAA CTGGT -+ CTGAT
12 13
K-ras gene ATG ACT GAG TAT AAA CTT GTG GTA GTT GGA GCT GGT GGC GTA GGC BAG AGT GCC
FNR A
M A
A
A
A Fig-.1. Mutations of the fcatenin and K-ras
: genes in rat colon lesions induced by AOM, The
A * serine residues encoded by codons 33, 37 and 45
A and the threenine residue encoded by codon 41
A of the f-catenin gene are GSK-3B phosphoryla-
A tion sites. Mutational hot spots are the second G
A of CTGGA/T sequences, indicated in red.
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Table 2. Alterations in AOM-induced colonic lesions in rats®

Frequency (%) in

Gene or .
; Alteration Hyperplasti splasti Small Large
protein ypAgF ¢ Dy.*tt«JCFt © Adenoma adenocarcinoma? adenocarginoma”
K-ras Mutation 70 0 0 8 43
B-Catenin Mutation 0 66 33 75 79
B-Catenin Cytoplasmic & nuclear 0 100 100 100 100
translocation
INOS Increased expression
in epithelial cells 0 100 100 92 100
in stromal cells - - - - +
COX-2 Increased expression
in epithelial cells 0 0 17 . a2 79
in stromal cells + + ++ ++ +++
1} Reference: 29).
2} Small adenocarcinomas: 1-5 mm.
3) Large adenocarcinomas; »5 mm.
IL18 homogeneous or focal heterogeneous nuclear staining was evi-
K-rastwrz s dent.’® Furthermore, reduced expression of Apc protein in
(Koras mutation) {inflammation) AOM-induced mouse tumors has been reported.? The results
show that P-catenin alterations are early events in AOM-in-
1 l duced colon tumorigenesis, and may play important roles in
E —_ E — inos 4 causing dysplastic changes.
nteatinal l[—— iNOS inhibitars 1.2 K-ras
epithalial calts

Colony formation

*

Tumor growth *

Fig. 2. K-ras codon 12 mutations can elevate iNOS expression medi-
ated by 1L-1f and LPS. Rat intestinal epithelial cells (IEC-6) were trans-
fected with K-ras*®'2 mutant ¢cDNA. In the presence of IL-1B or LPS
stimuli, iNOS expression is markedly enhanced, and anchorage-inde-
pendent growth is elevated. Note suppression of the in vivo growth of
{EC-6/K-ras*2 cells by NOS inhibitors.

residues adjacent to the serine residue encoded by codon 33,
and presumably affecting its phosphorylation. Frequent muta-
tions in codons 32 and 34 are CTGGA to CTGAA. The com-
mon K- and H-ras mutations in codon 12 that have been
observed frequently in AQOM-induced rat colon tumors are
also CTGGT to CTGAT, and CTGGA to CTGAA,
respectively.# 25230 Thus, the second G in CTGGA or
CTGGT sequences may be a hot spot for AOM-induced muta-
tions. As shown in Table 2, mutations in the f-catenin gene
were found to be frequent from the step of dysplastic ACE?

In normal colon epithelium, B-catenin exists mainly as a
component of the cadherin-mediated cell-cell adhesion system
and is immunohistochemically stained at the cellular mem-
brane. In contrast, pronounced cytoplasmic and nuclear staining
of B-catenin was seen in all AOM-induced colon adenocarci-
nomas examined. As summarized in Table 2, alteration of the
cellular localization of B-catenin was observed in all dysplastic
ACF, adenomas and adenocarcinomas examined, but not in any
hyperplastic ACE® These results indicate the importance of
dysplastic ACF as a precursor of colon cancer.

Analysis of mutations in the B-catenin gene and altered cel-
lular localization in mouse colon carcinomas induced by AOM
yielded similar results to those found in the rat. A hot-spot in
the mouse B-carenin gene was found in codon 34 at the second
G of the CTGGA sequence. Other mutations were identified in
codons 33, 41 and 37, but not codon 32. In addition to the nu-
clear staining of P-catenin with a scattered heterogeneous pat-
tern, which is common to the rat, mouse-distinctive

Takahashi et al.

Using the same DNA samples employed for the mutation
analysis of the B-catenin gene, rat K-ras gene mutations were
analyzed. Fig. 1 shows mutations detected in exon 1. All were
G:C to A:T transitions, and the most frequent was CTGGT to
CTGAT at the second base of codon 12. As shown in Table 2,
in the AOM-induced rat colon carcinogenesis model, K-ras ac-
tivating mutations at codon 12 were very frequently observed
in ACF and tumors, especially in large tumors, as in human
cancers, indicating that activation of K-ras may be involved in
promotion of cell proliferation.?” On the other hand, K-ras mu-
tations in mouse colon carcinomas induced by AOM proved
rare.”® It has also been reported that K-ras mutations are not
detected in mouse colon tumors induced by 1,2-dimethylhydra-
zine, a precursor of AOM.™ These findings suggest that activa-
tion of the K-ras gene is not essential for colon cancer
development,

2. Altered gene expression in colon carcinogenesis

In human colorectal cancers, the expression of enzymes asso-
ciated with inflammation, such as inducible nitric oxide syn-
thase (iNOS) and inducible-type cyclooxygenase, COX-2, have
been reported to be elevated,’>3 and their reaction preducts,
nitric oxide (NO) and prostaglandin E, (PGE,), could contribute
to colon tumorigenesis. However, the relation between their ex-
pression and gene alteration remains to be clarified .

In our studies of the expression of iNOS and COX-2 in
AOM-induced rat colorectal cancers by immunoblotting and
immunohistochemical staining, the levels of both proteins were
found to be markedly elevated.? "

2.1iNOS

In normal colon mucosa, iNOS expression is hardly detect-
able in epithelial or stromal cells. As summarized in Table 2,
increased expression of iNOS in epithelial celis is very fre-
quently observed in dysplastic ACF, adenomas and adenocarci-
nomas, but not in hyperplastic ACF. Thus, iNOS expression is
detected in almost'all lesions in which B-catenin alterations are
observed, indicating a possible direct or indirect causal relation-
ship. However, iNOS expression within tumors was not homo-
geneous, in contrast to the B-catenin alteration®® Positive
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