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Intake of isoflavones derived from soybean products may
impact on prostate cancer risk. Here we evaluated the
effects of Fujifiavone, 2 commercial isoflavone supplement,
on rat prostate carcinogenesis induced by 2-amino-1-
methyl-6-phenylimidazo[4,5-6]pyridine (PhIP), the most
abundant heterocyclic amire in cooked meat. ¥344 male
rats were given infragastric administrations of PhIP at the
dose of 200 mg/kg twice weekly for 10 weeks. The rats
subsequently fed a diet containing 0.25% Fujiflavone
showed a significantly lower incidence of prostate carcino-
mas than those fed a soy-free diet. Interestingly fewer
carcinomas but more foci of prostatic intra-epithelial
neoplasia (PIN) were observed in the Fujiflavone group
although the sum of the two lesions was not altered by
Fujiflavone treatment. cDNA array analyses confirmed
by semi-quantitative reverse transcription polymerase
chain reactions (RT-PCR) revealed Fujiflavone to alter
gene expression of ornithine decarboxylase (ODC), prothy-
mosin alpha (PTA) in the rat prostate. No modification of
PhIP-induced colon carcinogenesis was evident, except for
increased multiplicity of aberrant erypt foci >4 crypts in
size. These results indicate that a commercial isoflavone
supplement can inhibit PhIP-induced rat prostate carcino-
genesis without any adverse effects, possibly by inhibiting
progression of PIN fo carcinoma, and that down-regulation
of ODC and PTA could be related to the underlying
mechanisms. Thus, intake of dietary isoflavones can be
promising for prevention of human prostate cancer.

Introduction

Prostate cancer is one of the chief causes of male cancer death
in North America and Europe, but is much less frequent in
Asia (1). The reason might be partly explained by differences
of dietary habits because Japanese emigrants to America who
adopt a Western diet demonstrate higher risk of prostate cancer
than native Asians (2).

Western people tend to consume a large amount of cooked
meat (3-3), from which a number of heterocyclic amines
(HCAs), known to be highly mutagenic carcinogens, have

Abbreviations: ACF, aberrant crypt foci; PhIP, 2-amino-1-methyl-6-
phenylimidazo[4,5-b]pyridine; ODC, omithine decarboxylase; PIN, prostatic
intra-epithelial neoplasia; PTA, prothymosin alpha.
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been isolated (6,7). Among them we have found previously
2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP), the
most abundant HCA (8), to be a carcinogen in the rat prostate
(9). PhIP also causes mammary and colon cancers in the rat
(10), both of which are common in Western countries as well
as prostate cancer (1), Therefore, this HCA is a candidate for
human carcinogen.

Asians consure a great deal of soy products containing
abundant isoflavones (3). Many biological actions of isofla-
vones related to tumor growth suppression and cancer preven-
tion have been reported (11) and epidemiological studies have
revealed that a high intake of isoflavones is associated with
low breast, prostate and colon cancer risk (12), suggesting that
isoflavones might be promising candidates for chemopreven-
tion of these cancers.

Many previous studies on the anticancer effects of isofla-
vones were focused mainly on genistein, a major isoflavone
(11). However, single genistein for chemoprevention is not
practical because of difficulties and expense in purification.
In addition, promoting effects of pure genistein on colon
carcinogenesis were found in a previous investigation (13).
In the present study we evaluated the effects of Fujiflavone,
a commercial isoflavone supplement containing relatively low
genistein derivatives, on prostate carcinogenesis induced by
PhIP. Alterations of gene expression in the rat prostate after the
treatment with Fujiflavone were also examined.

Materials and methods

Animals

Five-week-old F344 mate rats were purchased from Charles River Japan
(Atsugi, Japan) and housed 2 or 3/plastic cage with wooden chips for bedding
in an air-conditioned room at 22 < 2 and 55 =4+ 5% humidity with 2 12 h light/
dark cycle. Tap water and food were available ad libitum.

Chemicals

PhIP hydrochloride with purity >99.9% was purchased from the NARD
institute (Oszka, Japan). Fujiflavone P40, an enriched isoflavone exiract
from soy germ, was kindly provided by the manufacturer (Fujicco Co.,
Kobe, Japan). Manufactusing proceduses and characteristics of Fujiflavone
were described in a previous report (14) and are available or the website
(http:/fwww.fujicco.co.jp/english). Isoftavone compenents in Fujiflavone
are listed in Table 1.

Animal experiment 1

PhiP suspended in com oil was administered to 6-week-old 344 male rats
intragastrically at the dose of 200 mg/kg twice a week for 10 weeks. The rats in
one group were fed powdered soy-free diet {(soybean-free modified NIH-07;
Oriental yeast Co., Tokyo, Japan) and those in the other were given the same
diet containing Fujiftavone at a concentration of 0.25% for the next 50 weeks
(Figure 1). The znimal weights were recorded once or twice a week until the
end of the experiment. In addition, food consumption was monitored twice a
month during the latter half of the experimental course. At the age of 66 weeks,
all rats were killed under ether anesthesia and their prostates, kidneys, lvers
and colons were excised. Kidneys and livers were weighed and prostates and
colons were processed for histological examination. Blood was collected from
five rats of each group for determination of serum hormone levels.
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Tissue processing

Prostates and colons were fixed in 10% buffered formalin. Prostales were then
divided into ventra] lobes, dorso-lateral lobes and seminal vesicles with ante-
rior lobes, Each lobe was weighed and the whole ventral lobe, two transverse
slices of the dorso-lateral lobe and four transverse slices of the seminal vasicle
with the anterior iobe from each side were embedded in paraffin for histo-
logical examination. Coloas were stained with 0.5% methylene blue for counts
of aberrant crypt foci (ACF), followed by paraffin embedding of macroscopi-
cally visible tumors for histological diagnoses.

Hisiclogical and histomorphometric examinations
Routine bistological examination was performed with hematoxylin and eosin

staining. Multiplicity of the prostate neoplastic lesions was determined as the
number of neoplastic foci per cm? of each section. Areas of each prostate lobe

Table I. Contents of isoflavones in Fujiflavone P40°

Isoflavones Contents (g/100 g)
Daizin 22,72
Glycitin 18.17
Genistin 5.69
Maionyldaizin 0.18
Malonylgycitin 0.06
Malonylgenistin 0
Acetyldaizin 1.23
Acetylglycitin 0.88
Acetylgenistin 0.43
Diazein 0.31
Glycitein 0.58
Genistein 0.08
Total 50.33

“Analysis by the manufacturer.

Experiment {

Expetiment 2

Fig. 1. Experimental protocols. Animals were F344 male tats 6 weeks old at
commencement. Closed box, PhIP 200 mg/kg body weight intragastric
administration twice weekly. Hatched box, 0.25% Fujiflavone administered
in soy-free diet. Open box, Soy-free diet only. S, sacrifice.

were measured with an image processor (Image Processor for Analytical
Pathology; Sumika Technoservice, Osaka, Japan). ACF were counted with a
stereoscopic microscope (SZH10; Olympus Optical, Tokyo, Japan).

Animal experiment 2

Six-week-old F344 male rats were divided into two groups. One group of five
yats were fed the soy-free diet and the other of five rats were fed the same diet
with 0.25% Fujiflavone for 2 weeks (Figure 1). At the age of 8 weeks, all rats
were killed under ether anesthesia and their prostates were excised, frozen in
liguid nitrogen and stored at ~80°C uatil RNA extraction.

Extraction of total RNA and cDNA array analysis

Total RNA extraction from the rats of ‘experiment 2* followed by DNase
treatment were performed with the Adas Pure Total RNA Labeling System
(Clontech, Palo Alto, CA} according to the manufacturer’s instructions. Fifty
micrograms of total RNA from rats in each group were pooled, respectively,
and used for probe synthesis of cDNA arrays. Poly(A)+ RNA enrichment and
2P labeling were performed according to the manufacturer's instructions
(Atlas Pure Total RNA Labeling System; Clontech). The Atlas Rat Stress/
Toxicology Array (Clontech) was used to compare gene expression profiles of
the rat prostate in the Fujiflavone group with those in the soy-free group. Signal
spots for each gene were detected and analyzed with an image analyzer (FLA-
3000G; Fujifilm, Tokyo, Japan) using Array Gauge software (Fujifilm), The
expression ratio of each gene was calculated from the average signal intensity
determined by duplicate analyses. More than 2-fold increase or decrease (ratio
over 2 or under 0.5) was regarded as a significant change.

Semi-guantitative reverse transcription-polymerase chain reactions

One microgram of the RNA was converted to cDNA with avian myoblastosis
virus reverse transcriptase (Takara, Otsu, Japan) in 20 pl of reaction mixture.
Aliquots of 2 jul of cDNA samples were subjected to quantitative PCR in 20 ul
reactions using FastStart DNA Master SYBR Green I and a Light Cycler
apparatus (Roche Diagnostics, Mannheim, Germany), Primers are listed in
Table II. Initial denaturation at 95°C for 10 min was followed by 40 cycles with
denaturation at 95°C for 15 s, annealing at 56-60°C for 5 s and elongation at
72°C for 30 s. The fluorescence intensity of the double-strand specific SYBR
Green I, reflecting the amount of formed PCR product, was monitored at the
ead of each elongation step. mRNA levels of glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) were used to normalize the sample cDNA content.

Statistics

Mann-Whitney’s [/-test was employed for statistical analyses of body and
organ weight, tumor multiplicity and gene expression levels. Tumor incidence
was analyzed with Fisher's exact probability test.

Results

Body and relative organ weights

Body weight gain of the rats did not differ between the Fuji-
flavone and soy-free diet groups through the experiment.
Relative weights of the kidney and the liver were not affected
by administration of Fujiflavone (Table III) but that of the
prostate was smaller in the Fujiflavone group due to decrease
in weight of the seminal vesicle with the anterior lobe (Table I'V).
The weight of the ventral lobe, where neoplastic lesions are
usually cansed by PhIP (9), demonstrated no significant dif-
ference between the two groups (Table IV).

Table IL Primers used for semi-quantitative RT-PCR

Gene Forward primer (5 — 3) Reverse primer (5'— 3')

PTA CGCCAGAGTCCTCGAAACTC CATTCTCTGCCTCCTCCACAA
oDC GTTGGTTITGCGGATTIGCC TGCCCGTTCCAAGAGAAGC
Microsomal glutatione S-transferase 1 TCGTTCCCTTICTCGGTATCG TGAGCAGCCTGTAAGCCATTG
Glutathione peroxidase 1 AGTGCGCATACAGCAGGC CCGTCATGGAAAAACCTCCC
Glutathione S-transferase, mu type 2 GAGAGGATTCGTGTGGACGTT GCCCAGGAATTCGGAGTAAA
Bcl-2 associated death agonist AGAGTTTGAGCCGAGTGAGC TGACTGTTATTGGCTGCCTG
Cyclin D1 GCCCTCCGTTTCTITACTTC AGACCTCCFCTTCGCACTTIC
Cyclin-dependent kinase 4 TTCGTGAGGTGGCCTIGTTA GCGCATCAGATCCTTAATGGT
GAPDH TGATTCTACCCACGGCAAGTTC TTCACACCCATCACAAACATGG
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Table ITI. Final body weights and relative orgen weights

Group Treatment No. of rats Final body weight (g) Liver (%) Kidneys (%) Prostate (%)
1 PhlP + Fujiflavone 14 359.8 £ 228 2,70 4 0.14 0.56 £ 0.03 0.44 = 0.07
2 PhIP + soy-free diet 16 3474 £ 18.5 274 £ 0.07 0.57 + 0.04 0.4% % 0.08
Data are mean = SD values.
2P < 0.01 vs group 2.
Table TV. Relative weight of each lobe of the prostate
Group Treatment No. of rats Prostate (%)
Ventral Dorsolateral Amnterior-8V Total

1 PhIP 4 Fujifiavone 14 0.07 £ 0.02 0.13 + 0.02 0.24 £ 0.05° 044 £ 0.07"
2 PhIP + soy-free diet 16 0.07 £ 0.01 0.14 % 0.03 0.29 £ 0.05 0.49 £ 0.08
Data are mean = SD values. SV, seminal vesicle.
P < 0.01 vs group 2.
Table V. Incidence and multiplicity of neoplastic lesions in the ventral prostate
Group Treatrnent No. of rats Incidence (%) Multiplicity®

PIN CA PIN CA PIN + CA
1 PhIP + Fujiflavene 14 14 (100} 3 (21408 347 £ 1140 0.31 % 0.620 3,78 £+ 1.46
2 PhIP + soy-free diet 16 15 {93.8) 10 (62.5) 2.26 £+ 1.39 0.90 £ 0.84 3,16 = 2.09
*Expressed by the number of foci per cm? of one section. Data are mean + SD values.
PP < 0.05 vs group 2.
CA, carcinoma.
Table V1. Iacidence and multiplicity of neoplastic lesions of the colon
Group Treatment No. of rats  Carcinoma ACF

Incidence  Muitiplicity  Incidence  Multiplicity®
(%) (%) (%)
Focifrat Cryptsfrat Crypts/focus  ACF with
>4 crypts/rat

1 PhIP + Fujiflavone 14 5357 1.00 £ 000 14{100) 11537 +£6.35 3807 £27.21 328059 457+ 287°
2 PhIP 4 soy-free diet 16 4 (25.0} 1.00 £ 0.00 16 {100) 825 417 272541401 343+142 231x1.82

“No. of tumors per tumor-bearing rat.
*Data are mean = SD values,
P < 0.05 vs group 2.

Incidence and multiplicity of neoplastic lesions in the prostate
Prostatic intra-epithelial neoplasia (PIN), a putative pre-
cancerous lesion of the rat prostate (15,16) as in the human
prostate (17-19) was found in anterior and ventral lobes of
almost all rats in both groups. As reported previously (9),
carcinomas were observed only in the ventral lobe, all of
which were non-invasive. They were observed in 62.5% of
rats in the soy-free group, while 21.4% of those in the Fuji-
flavone group, showing statistical difference with P < 0.05
(Table V). PIN and dysplasia were observed in the anterior
lobe and the seminal vesicle of most rats in both groups,
respectively. No neoplastic lesions were found in the dorso-
lateral lobe (data not shown).

Concerning multiplicity of PIN and carcinoma in the ventral
lobe, more PIN foci and less carcinoma foci were observed in
the Fujiflavone group than in the soy-free group with signifi-
cant difference (P <0.05). However, the sums of the two
lesions were about equal in each group (Table V).

Effects of Fujiflavone on PhIP-induced colon carcinogenesis
The incidence of colon carcinomas was 35.7% in the Fuji-
flavone group and 25% in the soy-free group showing no
significant difference. All carcinomas were non-invasive and
every tumor-bearing rat had only single lesions (Table VI).
As to ACF, putative carcinoma-related lesions (20,21), no
significant difference was shown on comparison of incidence.
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Multiplicity of ACF with >4 crypts was statistically higher in
the Fujiflavone group (Table VI),

Change of gene expression profile by treatment with
Fujiflavone

cDNA array analyses detected seven up-regulated genes and nine
down-regulated genes with >2-fold expression change (Table ViI).
Confummation of the data using semi-gquantitative reverse
ranscription-polymerase chain reactions (RT-PCRs) showed
more considerable expression changes of the down-regulated
genes by Fujiflavone treatment than those of the up-regulated
genes, especially down-regulation of prothymosin alpha (PTA),

ornithine decarboxylase (ODC) were evident with 0.36- and 0.52-
fold expression, respectively (Figure 2).

Discussion

In the present study significant inhibitory effects of Fuji-
flavone, a commercial isoflavone supplement, on rat prostate
carcinogenesis were clearly shown, consistent with previous
studies with various types of isoflavones (22-27). We applied
PhIP as a prostate carcinogen as it might be more relevant to
the human situation than other carcinogens (28-30), considering
its target organs (9,10) and possible daily intake by people with

Table VIL. Up- or down-regulated genes with Fujiflavone treatment in the rat prostate on cDNA. array analyses

GenBank
accession no.

Gene name

Up-regulated (>x2.0) J02592

J03752

L11007
M69249
MB6389
X02904
X12367

AFO03523
D13374
D14014
D16309
104792
M20035
578556
U41853

Down-regulated (<x0.5)

Glutathione S-transferase, mu type 2 (Yb2)

Microsomal gluthione S-transferase 1

Cyclin-dependent kinase 4

Serine {or cysteine} proteinase inhibitor, clade H, member 1
Heat shock 27 kDa protein

Glutathione S-transferase, pi2

Giutathione peroxidase 1

Bel-2 associated death agonist

Expressed in non-metastatic cells 1

Cyelin D1

Cyclin D3

QDC 1

PTA

Mitochondrial stress-70 protein precursor (MTHSP70)
Oxygen regulated (150 kDa)

B Soy-free diet

107 O Fujiflavone

Aelolive expressionfevel
(-] [=-]
L Ll

-
1

e

GST muz mGST CDK4 GPx

BAD Cyclin D1 obC PTA

Fig. 2. Expression levels of genes detected by cDNA array analyses confirmed with semi-quantitative RT-PCR. Expression levels are presented as ratios
to GAPDH expression level. Values are means of triplicate experiments =5D. GST mu?2, glutathione S-transferase, mu type 2; mGST, microsomal glutathione
S-transferase; CDK, cyclin-dependent kinase; GPx, glutathione peroxidase; BAD, Bcl-2 associated death agonist; ODC, ornithine decarboxylase;

PTA, prothymosin alpha. *P < 0.05.
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Western-style diet (31). Anticancer effects of 1soflavones have
been explained by referring to various possible mechanisms
including mhibitionof tyrosine kinases (32,33), topoisomerase II
(34), angiogenesis (35} and growth factor-induced c-fos
expression (36). Antioxidant properties (37,38) and promotion
of apoptosis (39) have also been reported. PhIP-induced rat
prostate carcinomas are androgen receptor-positive and show
androgen-dependent growth, like human prostate cancers
{unpublished data). Although isoflavones have weak estro-
genic properties (40) and a recent report has shown genistein
is likely to inhibit 5-alpha reductase activity resulting in a
reduction of dihydrotestosterone (DHT}—active form of tes-
tosterone—in several tissues including the prostate (25), serum
luteinizing hormone, testosterone and DHT levels and DHT/
TES ratio was not modified by Fujiflavone treatment (data not
shown). Besides weights of each prostate lobe did not differ
with the Fujiflavone treatment and microscopically prostate
glands showed no involution (data not shown). These results
suggest that anti-androgenic effects were not significantly
involved in the mechanism of Fujiflavone to inhibit prostate
carcinogenesis. Interestingly fewer carcinomas but more PIN
foci were observed in the Fujiflavone group although the sum
of the two lesions was not altered by Fujiflavone treatment.
This might indicate Fujiflavone inhibits progression of PIN to
carcinomas.

To evaluate the effects of Fujiflavone on gene expressions
in the prostate tissue, cDNA array analysis of the rat prostate
with Fujiflavone treatment was performed without PhIP pre-
treatment in the present study. This protocol was used since
PhIP is likely to alter gene expressions in the prostate by itseif.
For example, PhIP induces cytochromes P450, and is muta-
genic and forms DNA adducts (41,42). Such changes could
modify or mask the alterations that Fujiflavone might bring,
and obscure which chemical is responsible for the observed
effects. PTA, one of the down-regulated genes confirmed by
semi-quantitative RT-PCR 1in the present study, is a small
acidic nuclear protein ubiquitously expressed in various types
of cells. Its physiclogical role remains unclear but several
studies have indicated its involvement with cell proliferation
including processes leading to malignant transformation
(43,44) and poor prognosis in some clinical cancers (45,46).
ODC 1, another down-regulated gene in the Fujiflavone-treated
prostate, codes the key enzyme for synthesis of polyamines
known as cell proliferation factors. High activity of ODC in
cancer cells or cancerous tissues including the prostate has
been reported and over-expression of ODC can cause cellular
transformation like a proto-oncogene product (47). Develop-
ment of ODC inhibitors as anticancer agents is under way
(48,49), also targeting prostate cancer (50,51). As described
above, less PIN lesions progressed into carcinomas in the
Fujiflavone-treated prostate in the present study. These find-
ings indicated that down-tegulation of PTA and ODC might be
related to the mechanism of Fujiflavone to inhibit prostate
carcinogenesis. It is probable that down-regulation of PTA
and ODC by Fujiflavone is specific to the prostate because
their expression changes were not detected at least on cDNA
array analyses of the Fujiflavone-treated colon, forestomach
and liver (data not shown). Therefore, further studies for
involvement of these genes in prostate cancer might be neces-
sary to reach unique preventive or therapeutic options against
prostate cancer.

Most previous studies on anticancer effects of isoflavones
focused mainly on genistein. Although soybean products

Isoflavones inhibit PhIP prostate carcinogenesis

generally contain genistein derivatives as major isoflavones,
other isoflavone components such as daizein and glycitein
cannot be negligible (52). A recent epidemiological study has
shown a correlation between daizein-metabolizing ability and
prostate cancer progression (53). Although Fujiflavone used in
the present study contains more daizein and glycitein deriva-
tives than other isoflavone mixtures used In previous
reports (23-25) and relatively low amounts of genistein deri-
vatives, inhibitory effects on rat prostate carcinogenesis were
apparent and not less than seen in previous stodies using
similar protocols. Some reports described adverse effects of
pure genistein including the promotion of mammary and colon
cancer (13,54). Here the incidence of ACFE with >4 crypts was
significantly elevated by Fujiflavone, whereas the final inci-
dence and multiplicity of colon tumors were almost identical
in the two groups, indicating no promotion of tumorigenesis.
These findings do not accord with the reported correlation
between ACF with >4 crypts and final colon tumor cutcome
(55). The present colon tumor results suggest that isoflavone
mixture might have a less adverse effect than purified genis-
tein and be more suitable as a cancer-preventive agent. And
it would be important to study all critical aspects of each
isoflavone component including their interactions.

In the present study each rat fed Fujiflavone consumed
~80 mg/kg/day of total isoflavones, estimated by food con-
sumption menitoring (data not shown). Such an isoflavone
intake is very high compared with the Japanese daily isofla-
vone intake (52,56). As to toxicity, 868 mg/day has been found
safe in a human trial (57) and a single administration of
5000 mg/kg demonstrated no toxicity in mice (T.Toda, perso-
nal communication). Previous studies with relatively high dose
of isoflavones have not revealed any toxic findings (22-26).
Considering the data, together with body weight gain during
the experimental course and the final organ weights in the
present study, Fujiflavone seems to have no toxicity even at
high dose.

In conclusion, Fujiflavone, a commercial isoflavone mixture
supplement, showed inhibitory effects on rat prostate carcino-
genesis induced by PhIP, an environmental human carcinogen
candidate, possibly by inhibiting progression of PIN to
carcinoma with no evident adverse effects. And the down-
regulation of PTA and ODC could be related to the mechan-
ism. These results suggest that intake of dietary isoflavones is
promising for prevention of human prostate cancer.
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Abstract

The modifying effects of late neonatal administration of p-nonylphenol (NP}, & suspected xenoestrogen, on 3,2'-dimethyl-4-
aminobiphenyl (DMAB)-induced prostatic carcinogenesis were investigated in male F344 rats. Three-week-old rats received
23, 250 or 2000 ppm of NP in the diet for 3 weeks prior to DMAB treatment and were sacrificed at 67 weeks of age for
histopathological assessment of lesions and Ki-67 immunohistochemical analysis of cell cycle kinetics. Dietary administration
of NP during the sexually immature pericd had no effects on maturation of male sex organs. Incidence, multiplicity and areas of .
neoplastic lesions in the prostate and seminal vesicles, and Ki-67 labeling indices in normal-logking epithelium were not

significantly different among the experimental groups. These results indicate that late neonatal treaiment with NP has no
modulating effects on DMAB-induced rat prostatic carcinogenesis.

© 2004 Elsevier Ireland Ltd. Al rights reserved.

Keywords: p-Nonylphenol; Endocrine disrupting chemical; 3,2"-Dimethyl-4-aminobiphenyl; Rat; Prostate carcinogenesis

1. Introduction

Abbreviations: DMAB, 3,2'-dimethy}-4-aminobiphenyl; NP, p- Recent studies have demonstrated hormone-like
nonylphenol; OP, p-octhylphenal; SV, seminal vesicles: PIN, acnv;Fles of environmental agents and confadcrable
prostatic intraepithelial neoplasia; ER, estrogen seceptor; AR, attention has been focused on endocrine disrupting
androgen receplor; CYP, cytochrome P450 enzymes; NOAEL, ‘no chemicals. The Endocrine Disruptor Screening and
observed  adverse  effec’ level; DHPN,  N-bis(2- Testing Advisory Committee (EDSTAC) under the
hydroxypropyDnitrosamine. US Environmental Protection Age {(EPA) h
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or androgen receptors, as well as their ability to
modulate thyroid functions.

Environmental estrogen-mimicking chemicals are
classified into three major types: (1} phytoestrogens,
{2) mycoestrogens and (3) xenoestrogens. The first
two are naturally existing and the last are man-made,
synthesized for commercial use or formed as
byproducts of manufaciuring processes and combus-
tion of waste. Xenoestrogens include bisphenols [1],
polychlorinated bisphenols [2], phthalates [3], and
alkylpheno! ethoxylates [4,5]. Alkylphencls are
derived from biodegradation of alkylphenclpo-
Iyethoxylate and are mainly p-nonylphenol (NP), the
most abundant product accounting for 80% of the
alkylphenol, and p-octhylphenol (OP}. In the environ-
ment, NP accumulation is due to commercial sources,
and human exposure may occur through contaminated
water, food, and contact with the skin, continuously at
a dose of around 5-10 pg/day/kg [6,7]. For infants
exclusively fed with breast milk or infant formulas
daily intakes of 0.2 and 1.4 pg/day NP, respectively,
could be estimated in Germany [8].

Estrogenic activity of alkylphenols was first
reported in 1936 [9). Soto et al. [10] reported
estrogenic activity of NP in 1991 on establishing the
E-SCREEN in vitro bicassay [11]. There have also
been experiments conducted to assess the modifying
effects of NP using rodent carcinogenic models
[12-14]. However, to our knowledge, there has
been no report of effects of pretreatment of NP on
3,2'-dimethyl-4-aminobiphenyl (DMAB)-induced rat
prostate carcinogenesis. In the present study, we
therefore assessed the influence of exposure to NP
during the late neonatal period (3—-6 week old) on
maturation of male sex organs, as well as risks for
prostate cancer with DMAB-induced prostate cancer
model in F344 rats.

2. Materials and methods
2.1. Chemicals, animals and diets

Male 3-week-old F344 (F344/DuCrj) rats were
purchased from Charles River Japan, Inc. (Atsugi) and
housed 3/cage on wood-chip bedding in an air-
conditioned animal room at 23 +2°C and
50 & 10% humidity. DMAB was obtained from

the Nard Institnte (Qsaka), with a purity of > 98.0%.
NP was from Tokyo Kasei Kogyo Co., Ltd (Tokyo).
The experimental diet was prepared by adding NP at
doses of 25, 250 and 2000 ppm (W/W) to soy-protein-
free CRF-1 diet (Oriental Yeast Co, Tokyo) to avoid
the effects of the phytoestrogens included in the
ordinary CRF-1 diet. Food and tap water were
available ad libitum.

2.2. Experimental procedure

The 95 rats were divided into five groups. Twenty
rats each in groups 1—4 received the diet containing
NP at doses of 0, 25, 250 and 2000 ppm from 3 weeks
of age for 3 weeks. Although it is well known that the
first 2 weeks of postnatal life are very sensitive to
estrogens and androgens including endocrine disrupt-
ing chemicals, we started the experiment after
weaning for oral administration of NP. Diet admin-
istration of NP at the dose of 250 ppm corresponds to
approximately 11-44 mg/kg/day in rats, near the ‘no
observed adverse effect’ level (NOAEL) of NP
(50 mg/kg/day) [15]. This dose is estimated approxi-
mately 1/10 of the maximum tolerated dose (MTD).
After administration of NP, they were treated with
subcutaneous injection of DMAB at 50 mg/kg body
weight every other week for a total of 10 injections
from 7 weeks of age. The 15 rats in group 5 were
given NP in the same manner as for group 4 without
administration of DMAB. The experiment was
terminated at week 64 and the animals were subjected
to complete aulopsy. All organs were carefully
inspected and fixed in 10% buffered formalin. After
fixation, all grossly abnormal lesions and accessory
sex organs were embedded in paraffin. Sections
(4 wm) were cut and stained with hematoxylin and
eosin for histopathological examination. The numbers
and areas of histological lesions of prostate and
serninal vesicles (SV) were quantitatively measured
with an Image processor for Analytical Pathology
(IPAP) (Sumika Technos Co., Osaka). Serum testos-
terone levels were analyzed using a radioimmuno-
assay by a commercial Iaboratory (SRL, Tokyo).

2.3. Immunohistochemistry of Ki-67

For Ki-67 immunostaining, deparaffinized sections
were autoclaved for 5 min at 120 °C, and sequentially
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Table 1
Intzkes of food and test chemicals
Group Treatment Dietary intake Total intake

of NP (mg/rat}
NP {ppm) DMAR Food NP
(g/day/rat) (mg/day/rat)
1 0 + 11.11 £ 0.44° - -
2 25 + 11.58 = 0.63 0.29 6.1
3 250 + 11.36 = 0.34 2.84 59.7
4 2000 + 10.84 = 0.49 21.68 455.2
5 2000 - 11.05 £ 0.88 22.10 464.2
* Mean = 5D,

treated with 0.5% H>0, for 30 min and 1% skimmed
milk for 30 min. The sections were incubated with
diluted rabbit polyclenal Ki-67 antibody (NCL-
K3i67p, 1:3000, Novocastra Laboratories Lid, New-
castle, UK) for 2h at room temperature
and sequentially exposed to biotin-labeled horse
anti-mouse IgG and ABC (Vectastain ABC Elite
kit, Vector Laboratories, Burlingame, CA). Diamino-
benzidine was used for visualizing the sites of
peroxidase binding. Ki-67 labeling indices were
generated by counting over 1000 normal-looking
prostate epithelial cells in each lobe under a
microscope at high magnification and were expressed
as numbers of Ki-67-positive cells per 100 prostate
epithelial ceils.

2.4. Siatistical analysis

Statistical analysis was performed using the
post-hoc test (Bonferroni/Dunn) with StatView
(version 5.0) software (SAS Institute Inc., Cary, NC)
for the significance of differences between the
treatment groups in body weights and the data for
histopathological lesions and immunchistochemical
analysis.

3. Results
3.1. Food intake

Food consumption (g/day/rat) did not significantly
differ among the groups (Table 1). Estimated

intakes of NP were well correlated with doses applied
(Table 1).

3.2. Survival rate and final body and relative organ
weights

The survival curves of rats with NP/DMAB
treatment demonstrated groups 2 and 4 to have the
best rates followed by groups 1 and 3 (Fig. 1).
The cause of death in the majority of cases was due to
the development of tumors of the Zymbal glands and
malignant schwannomas of soft tissue. No obvious
effects of NP administration were detected on tumor
induction on Zymbal gland and soft tissue. The final
body and relative organ weights of rats at week 64 are
shown in Table 2. The mean relative weights of
muscle levator ani, a valuable model tissue for studies
of hormone action [16] of group 2 were significantly
smaller than those of group 3 (P < 0.01).

100
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Fig. 1. Survival cerves of NP/DMAB treated rats.
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Table 2

Final body and relative organ weights of rats given NP and then DMAB

Group Treatment No. Body Relative organ weight
— s of rats weight (g)
NP DMAB Testis (%) Epididymis  Muscli Prostate
(ppm) (%) levator ani (%)
Ventral Dorsolateral Anterior 4
(%o0) (%0) SV (%e)
] 0 + 9 1056 = 45.3* (.72 + 008" 0.20 = 0.02° 0.19 =003  0.93 £ 023 130X 017 232025
2 25 i3 413.0+ 280 082=x019 021002 018002 087 £ 046 1272021 1.97 %058
3 250 + 8 4029 360 0792012 023+010 021%002° 086029 141*026 221075
4 2000 + 12 4034 £339 074008 021 £002 018x002 091 £022 126033 207=*036
5 2000 - 15 431.1 =307 074003 021005 0.19=x001 090014 137%018 237*044
? Mean * SD.

b P < 0.01 vs. Group 2.

3.3. Lesions in sex accessory organs

Animals that survived longer than 52 weeks were
included in the effective numbers. Tables 3-35
sumimarize the data on neoplastic lesions developed
in sex accessory organs. In the ventral prostates,
almost all DMAB ireated rats developed prostatic
intracpithelial neoplasia (PIN). No significant differ-
ences were observed in the numbers and areas of
either PINs or adenocarcinomas among the groups. In
the anterior prostate, no adenocarcinomas were
detected and no significant differences were found in
PIN development. In the dorsolateral prostate, the
number and size of PINs were very small and no
adenocarcinomas developed in any of the groups. In
the SV, dysplasias were observed in almost all
animals, From the macro and microscopic analysis,
there were no obvious effects of NP treatment on
maturation of the male sex organs.

Table 3

Neoplastic lesions of ventral prostate of rats given NP and then DMAB

3.4. Sex hormone levels in serum

No significant differences were observed in the
serum testosterone levels among the experimental
groups {Table 6).

3.5. Ki-67 labeling indices

Ki-67 labeling indices in normal-looking epi-
thelium of the prostates and SV are given in Table 7.
No significant differences were observed among the
groups in any of the sites examined.

4, Discussion
The present study demonstrated that dietary

administration of NP at late neonatal period (for 3
weeks starting from 3-weeks of age) did not affect

Group  Treaiment Effective no. of rats  PIN

Adenocarcinoma

NP DMAB

Incidence Muliplicity  Area Incidence  Multiplicity  Asea
(ppm) {fem®) (mmZ/cm?} {fem®) {mm?*/cm®)
1 0 14 14 (100) 275 1.24* 018 013" 429 0.28 = 052" 0.05 = 0.08°
2 25+ 17 16 (94) 198128 010010 5029 031056 035x0.3]1
3 250 + 12 10 (81) 214 %201 010x0.12 5(42) 035047 017 £033
4 2000 + 16 14 (88) 1L78 £ 116 0142036 5(31) 033059 0.10%*020
5 2000 - 15 1(% 004014 0002000 OM 0 0

3 Mean * SD.
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Table 4

Neoplastic lesions of dorsolateral and anterjor prostates of rats given NP and then DMAR

Group Treaument Effective no. of rats  PIN

NP DMAB

Dorsclateral Anterior
{ppm)
Incidence Multiplicity  Area Incidence Multiplicity  Area
(fem®} (% 1072 mm*em?) (fem®) {mm*/em®)
1 0 + 14 32N 0.17 £ 034" 0.19 = 0.41° 6 (43) 1.37 £ 1.65° 0.17 £ 0.22°
2 25+ 17 2(12) 0.10 %028 028 +0385 4 (24) 090£1.67 014036
3 250 + 12 1® 008 027 042 %146 5(42) 155213 041070
4 2000 4+ 16 1(6) 005018 0.I5=x059 4 (25} 0.81 £145 011 £0.25
5 2000 -~ 15 2(13) 009 £025 020=*055 2 (13} 037058 (05x016
® Mean & SD.

the subsequent DMAB-induced prostate carcinogen-
sis in male F344 rats. To our knowledge, this is the
first report that the endocrine-modulating chemical
NP has no effect on chemically induced prostate
carcinogenesis. We also demonstrated that dietary
treatment of NP during a sexually immature period
did not persistently affect the maturation of the male
sex organs and their cell cycle kinetic activity. From
the viewpoint of mean relative weights of muschi
levator ani, although significant differences were
found between groups 2 and 3, we could not
determine the effect of NP because of the lack of
obvious dose dependency.

It has been reported that the commercial alkylphe-
nol NP, one of the xenoestrogens, possesses weak
estrogenic activity [10}. It was shown that NP
stimulated the proliferation of MCF-7 cells, an
estrogen-dependent human breast cancer cell line
[10]. It was also demonstrated that NP possessed a
stimulating effect on epithelial cells of the Noble rat
mammary gland [17], and uterotropic effects in mice

[10] and rats [18]. It was considered that alkylphenols
interferes with estrogen binding to its receptor [19]
and that the action of alkylphenols are mediated by the
estrogen receptor, as their effects depended on its
presence and was blocked by estrogen antagonists [5].
Moreover, it is likely that they interact with a similar
region of the hormone-binding domain as 17@-estra-
diol, because the mutant receptor G-525R, which is
defective in estrogen binding, is also insensitive to
atkylphenols [5). A recent study demonstrated that not
only the estrogen receptor, but also the androgen
receptor could be a target of NP [20]. NP appears to
affect multiple steps in the activation and function of
the androgen receptor as an antagonist [20].

The cytochrome P450 enzymes (CYP) responsible
for the metabolism of xencbiotic chemicals and
steroids comprise a superfamily. It is widely recog-
nized that specific agents, many of which are also
substrates themselves, can modulate their expression
levels or catalytic activities in vivo. In rats, NP is
known to be metabolized by CYP2B2 isozyme,

Table 5
Neoplastic lesions of seminal vesicles of rats given NP and then DMAB
Group Treatment Effective no. of rats Dysplasia
NP (ppm) DMAB Tncidence Multiplicity (fem®) Area (mm¥ca®)
1 0 + 14 14 (100) 3.B2 = 1.67" 0.62 = 0.31*
2 25 =+ 17 17 (100) 6.25 £ 5.34 1.20 £ 0.74
3 250 + 12 12 (100) 6.55 * 5.22 1.03 = 0.82
4 2000 + 16 16 (100) 432 £2.21 0.82 =039
5 2000 - 15 0 (0} 0 0

* Mean = 5D.
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Table 6
Serum testosterone levels

Group Treatment No. of rats  Testosterone (ng/ml}

NP (ppmy DMAB

1 0 + 5 0.24 = 0.07°

2 25 + 5 024 £ 013

3 250 + 5 0.14 = 0.04

4 2000 + 5 0.11 =003

5 2000 - 5 027 2016
? Mean % SD.

a homologue of human CYP2B6 [21], and after first-
pass metabolism, the predominant metabolites are
glucuronide conjugates in the serum [22]. Lee et al.
[23] also reported that treatment with NP reduces the
7-ethoxyresorufin O-deethylase activity of CYPIA,
owing to the suppression of CYPI1A2 production at
the mRNA and protein levels. Since CYP1A2Z was
shown to contribute as a catalyst to DMAB metab-
olism [24], the pretreatment with NP might have been
expected to affect the induction of neoplastic Jesions
by modulating the metabolic activation of DMAB.
However, in the present experiment, no effect of
pretreatment with NP was observed in the incidence,
numbers and area of neoplastic lesions. This could be
due to DMAB administration was carried out for long
after NP treatment, at which NP effects on medifi-
cation of metabolism had not been remained.

The NOAEL of NP has been estimated as
50 mg/kg/day [15]. Fourie et al. [25] investigated
this dose using biochemical markers for epididymal
function and concluded that it is borderline for
effects of NP in adult male rats. In our study,
the oral administration of NP at 250 and
2000 ppm corresponds to approximately 35-45

Table 7

and 200280 mg/kg/day, respectively. Histopatholo-
gical analysis, however, demonstrated no significant
effects on the maturation of male sex accessory organs
even at the highest dose. Furthermore, the Ki-67
labeling index, a biological marker for cell cycle
kinetics, did not significantly differ among the
treatment groups, in line with the absence of
modulating effects on male sex organs. While the
possibility remains that longer treatment with NP, ora
shorter evaluation period after NP administration
might have revealed effects, the present results point
to a lack of influence.

The present DMARB prostate cancer model, in
which microscopic, androgen-dependent adenocarci-
nomas develop in the ventral prostates of F344 rats,
was established in our laboratory [26—29], and it has
been used to identify promoters and chemopreventive
agents [30,31]. Investigation of modifying effects of
the phytoestrogens, genistin and daidzin, in this model
demonstrated anti-cancer effects on relatively early
stages of prostate cancer development [32]. Concern-
ing xenoestrogens, although the peried of test
chemical treatment and the DMAB administration
manner were different from our experiment, Kohno
et al. [33] assessed the modifying effects of OP,
possessing 10—20-fold more estrogenic potency than
NP [5], in the DMAB prostate carcinogenesis model.
They concluded that OP had no modifying effects on
DMAB induced prostatic tumorigenesis. In other
models, Son et al. [13,14] demonstrated no modifying
effects of NP on N-bis(2-hydroxypropyl)nitrosamine
(DHPN) induced thyroid carcinogenesis in rats, while
Seike et al. [12] reported that dietary NP may act as a
promoter in the lung, causing increase in cell
proliferation, in a F344 rat multiorgan carcinogenesis
model. Effects might thus be organ dependent and are

Ki-67 Jabeling indices on normal Jocking epithelium of prostate and seminal vesicles

Group Treatment No. of rats Prostate Seminal vesicles
NP (ppm) DMAB Ventral Dorsolateral Anterior

1 0 =+ 5 1.1 £03* 1.0+ 02" 0.9 £0.3° 1.8 = 0.5°

2 25 4+ 5 1.0+ 04 0903 0802 17208

3 250 + 5 0802 11204 0803 16205

4 2000 + 3 0.9 :* 0.3 1.0£03 0.8 =04 15% 1.0

5 2000 - 5 09=03 1.0 04 09 %02 15%05

2 Mean * SD.
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also dependent on the age and/or exposureperiod and
dose levels.

From our experimental data, dietary feeding of NP
during the late neonatal period did not act as a
modulator of accessory sex organ maturation and it
also had no effects on the prostate cancer induction on
DMAB rat prostatic carcinogenesis. In conclusion,
extrapolating to the human situation, we consider that
the risks are quite low with the paraneonatal period
exposure to NP, because the prevailing levels of NP in
the environment are much lower than the experimen-
1af Jevels.
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Abstract

AClI/Seg (ACI) rats develop prostate cancers spontanesnsly
with aging, similar to humans. Here, to identify genes
involved in prostate cancer susceptibility, we did linkage
analysis and oligonuclectide microarray analysis. Linkage
analysis was done using 118 effective rats, and prostate cancer
susceptibility 1 (Pcsl), whose ACI allele dominantly induced
prostate cancers, was mapped on chromoesome 19 [logarithm
of odds (LOD) score of 5.0]. PC resistance 1 (Pcrl), whose ACI
allele dominantly and paradoxically suppressed the size of
prostate cancers, was mapped on chromosome 2 (LOD score
of 5.0). When linkage analysis was done in 51 rats with single
or no macroscopic testicular tumors, which had larger
prostates and higher testosterone levels than those with
bilateral testicular tumors, Pcs2 and Per2 were mapped on
chromosomes 20 and 1, respectively. By oligonucleotide
microarray analysis with 8,800 probe sets and confirmation
by quantitative reverse transcription-PCR, only two genes
within these four loci were found to be differentially
expressed >1.8-fold. Membrane metalloendopeptidase (Mme),
known to inhibit androgen-independent growth of prostate
cancers, on Perl was expressed 2.0- to 5.5-fold higher in the
ACI prostate, in accordance with its paradoxical effect.
Cdknla on Pes2 was expressed 1.5- to 4.5-fold lower in the
ACI prostate. Additionally, genes responsible for testicular
tumors and unilateral renal agenesis were mapped on
chromosomes 11 and 14, respectively. These results showed
that prostate cancer susceptibility of ACI rats involves at least
four loct, and suggested Mme and Cdknla as candidates for
Pecrl and Pes2. {Cancer Res 2005; 65(7): 2610-6}

Introduction

Prostate cancer is one of the leading causes of cancer-related
death in men in most developed countries, and its incidence is
increasing in Japan (1). A variety of genetic and environmental
factors are considered involved in the initiation and progression of
humnan prostate cancers (2, 3), and clarification of these factors is
urgently required. Genes that are likely to confer dominant
susceptibility to prostate cancers have been mapped by linkage
analysis of familial prostate cancers at 1g24-25 (4), 1q42-43 (5), 1p36
(6), Xq27-28 (7), 20q13 (8), 17p (9), and 8p22-23 (10). Three putative

Note: Supplementary data for this article are available at Cancer Research Online
{http://cancerres.aacrjournals.org).
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Cancer Center Research Institute, 5-1-1-Tsukiji, Chuo-ku, Tokyo 104-0045, Japan, Fax:
81-3-5565-175%: E-mail: tushijim@ncegojp.
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prostate cancer susceptibility genes, RNASEL/HPCI at 1q25 {11),
MSR1 at 8p22 (10), and ELAC2/HPC2 at 17p11 (9), have been recently
identified. In addition, polymorphisms of the prostate-specific
antigen, isoforms of cytochrome P450, androgen receptor {12),
vitamin D receptor (13), and steroid Sa-reductase 2 (SRD5A2; ref. 14)
have been proposed to be related to prostate cancer risks. In spite of
the efforts and expertise in the field, identification of a responsible
gene in each locus and clarification of the interaction among the
genes are still facing difficulties due to the complex interactions
among these genetic factors in individuals who have been exposed
to different levels of various environmental factors.

Experimental animal models are useful because a population of
animals can be exposed to the same homogeneous environmental
factors and the number of genes involved is limited, As for prostate
cancers, a number of rodent models are reported (15). Among these,
AC1/Seg (ACI) rats are unique in that they spontaneously develop a
high incidence of microscopic cancers of the ventral prostate along
with aging (16-18). By 33 months of age, 95% to 100% of the rats
develop intra-alveolar dysplasia in the ventral lobe, and 35% to 40%
develop invasive carcinomas (17). The high ineidence of microscopic
cancers and the lower incidence of macroscopic cancers are
considered to mimic the natural history of human prostate cancers,
where the incidence of microscopic cancers is very high and that of
clinical diseases is much lower (19, 20). The ACI model was used to
show that a high-fat diet had a promotional effect on the early stage
of prostate carcinogenesis (21), that 5o-reductase inhibitor sup-
presses prostate carcinogenesis (22), and that long-term feeding of
a 1% cholesterol diet promotes prostate carcinogenesis, possibly
by increasing tissue oxidative stress (23). However, no information
is available for the genetic loci or genes responsible for the
predisposition of ACI rats to prostate cancers.

In this study, we did linkage and oligonucleotide microarray
analyses to identify candidate gene(s) involved in the genetic
predisposition of ACI rats to prostate cancers. Linkage analysis
was done in F; intercross rats produced by crossing ACI rats with
F344 rats, which were less susceptible to prostate cancers (24) but
more susceptible to spontaneous testicular tumors (25). Oligonu-
cleotide microarray analysis was done considering that if genes
differentially expressed in the prostates of ACI and F344 rats are
present in the mapped loci, they are good candidates for the
responsible genes. Additionally, genes responsible for testicular
tumors and unilateral renal agenesis (URA) were mapped.

Materials and Methods

Animals and carcinogenicity test. ACI/SegHgd (ACI) and F344/Jcl
(F344) rats were purchased from Harlan {Indianapolis, IN) and CLEA Japan,
Ing, {Tokyo, Japan), respectively. Male ACI and female F344 rats were mated
to produce F, progeny. F; rats were intercrossed to produce F, intercross
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ACi/Seg
{n=12)

F3a4lJel
(n=8)

(F344 x ACIF,
(n = 14)

(F344 x ACI)F,
(n = 118)

Body and organ weights
Body weight (g)
Prostate weight (g}
Ventral prostate weight (g)
Testes weight (g)
Liver weight (g}
Spleen weight (g}

4186 + 658 {309.2-506.9)
154 % 0.83 (0.61-3.00)
032 = 0.14 (0.13-0.58)
281 + 050 (2.04-3.59)
113 1.4 (8.5-127)
0.80 + 0.14 {0.57-1.06)

3507 £ 29.7 (309.3-391.6)
092 + 0.19 (0.67-1.26)
027 % 0.07 (0.19-0.42)
6.62 + 2.51 (2.48-9.84)
12.7 + 34 (8.6-190)
234 £ 1.74 (L11-5.68)

5095 + 67.5 (315.2-583.3)
161 + 0.75 (0.86-2.91)
0.36 + 0.12 (0.22-0.59)
7.73 + 9.10 (2.57-33.93)
150 + 4.8 (15-20.3)
110 & 0.23 (0.82-163)

4189 + 77.5 (1959-652.9)
1.64 + 158 (0.38-11.75)
035  0.32 (0.07-2.20)
420 * 2.50 (067-21.16)
132 + 2.9 (4.7-313)
131 % 0.79 (0.34-5.57)

Any lesions in prostate

Presence (%) 100 50

Number 53 +21 15 % 19

Area (mm®) 178 122 022 + 0.50

Area ratio (%) 161 + 129 025 £ 033
Lesions with 2 solid structure

Presence {%} 92 25

Number 3.0 £ 26 04 + 07

Area (mm?) 117 £ 125 0.06 + 0.14

Area ratio (%} 109 * 131 0.07 £ Q.15
Lesions with ACI-type nuclei

Presence (%) 100 38

Number 514+ 24 13£138

Area {mm®) 173 + 1.24 022 + 030

Area ratio (%) 1.57 £ 1.31 0.24 + 0.33

100 89
45 % L9 38 + 33
1.03 + 0.80 111 + 150
0.84 = 0.59 131 £ 1.75

93 59
20+ 13 13 £ 16
040 £ 0.35 040 = 1.07
038 £ 037 048 + 1,27

100 81
33+ 14 3.1+ 30
0.8% + 0.74 090 £ p41
0.73 + 0.56 108 + 168

rats. A total of 21 male ACI rats, 22 male F344 rats, 21 male F; rats, and 219
male F, intercross rats were fed an Oriental MF {Oriental Yeast Co., Tokyo,
Japan) diet and housed three per plastic cage on woodchip bedding in an
air-conditioned animal room at a temperature of 21°C to 25°C and a
humidity of 40% to 60% with a 12-hour light 12-hour dark cycle. Moribund
rats were sacrificed to clarify the cause of death, and the remaining rats
were sacrificed at the age of 30 months. The animal experiments followed
the Guidelines for the Care and Use of Laboratory Animals of Nagoya City
University Medical School and were approved by the Institutional Animal
Care and Use Committee.

Histologic and serim analysis. The male sex organs and bladder were
resected en bloc and were examined for gross abnormalities and fixed in
10% buffered formalin. After fixation, the ventral prostate was removed
from the base of the bladder neck and the entire organ weighed. One
sagittal slice through the ventral prostate was embedded in paraffin, and
three 4-um-thick sections were stained with H&E. The areas of ventral
lobe and lesions were quantitatively measured by an Image Processor for
Analytical Pathology (IPAP-WIN, Sumika Technoservice, Takarazuka,
Japan). The area of lacuna with secretions was included as the area of
the prostate. Hyperplastic and tumorous lesions were classified according
to their structural and nuclear atypism as described in Results. The area
ratio was calculated as the percentage of the area of a lesion in the total
area of the ventral lobe.

Testicular tumors were diagnosed by histologic examination of H&E-
stained samples. Leukemia was diagnosed by hypertrophy of the spleen and
the liver with infiltration of leukemic cells. Unilateral renal agenesis was
diagnosed by the lack of one kidney. All histologic diagnoses were made by
experienced pathologists {To.S and 5.5.) and a wrologist (Y.H.).

Serum testosterone levels are known to be at their peaks between 9:00 am
and 1:00 pm (26}, and blood samples were collected between 10:00 am and
12:00 noon. Concentrations were measured by RIA at SRL, Inc. (Tokyo,
Japan).

Genotyping and linkage analysis. Genotyping was dene using 201
markers {157 microsatellite markers and 44 AP-RDA markers: Supple-
mentary Table 51) and genomic DNA extracted from the tails (27-30).
Linkage maps were consttucted by MAPMAKER/EXP (version 3.0b}

software (31), and quantitative trait Jocus (QTL) analysis was done using
MAPMAXKER/QTL (version 1.1b) software. The presence of a lesion(s) and
absence of any lesions were scored as “1" and “0;" respectively, and treated
like a QTL. The number of lesions was square root transformed to obtain
improved normality. The area and area ratio of lesions were treated as
actual values. Association of a quantitative trait with an allele was
evaluated by a logarithm of odds (LOD) score. Threshold LOD scores at
28 and 4.3 were considered as “suggestive” and “significant” linkages,
respectively (32).

Oligonuclectide microarray analysis. Equal amounts of KNA were
pooled from the whole prostates of three F244 and three ACI rats at two
ages 8 and 48 weeks. Oligonucleotide microarray analysis was done using
GeneChip Rat Genome U34A (Affymetrix, Santa Clara, CA) with 8,800 probe
sets as in our previous studies (33-35). The signal intensities were
normalized so that the average of all the genes on a GeneChip would be
equal, and the data were processed using Affymetrix Microarray Suite
version 5.0 at the default varizble. The annotation was according to
RG_U34A Annotations (June 2004; Affymetrix).

Quantitative reverse transcription-PCR. cDNA was synthesized from
2 pg of total RNA with oligo (dT);2.1g primer. Real-time PCR analysis was
done separately for the three rats in each group using an iCycler iQ
detection system {Bio-Rad Laboratories, Hercules, CA) with SYBR Green
PCR Core Reagents (Applied Biosystems, Foster City, CA). Primers with
the following sequences were used, Mme upper 5'- CCTACCGGCCAGAG-
TATGCAG -3 and lower 5- TATGAGITTCTTGCGGCAATGA -3, Cdinla
upper §- CCTTCTTCTGCTGTGGGTCA -3 and lower 5- AAGACACAC-
TGAATGAAGGCTA -3'. To quantify the nurmber of molecules of a specific
gene in a sample, 2 standard curve was generated using templates that
contained 10' to 10° copies of the gene and was normalized to that of
B-actin.

Results

Incidences and sizes of prostate lesions in inbred and
crossed rats. Twelve of 21 ACL 8 of 22 F344, 14 of 21 F;, and
118 of 219 F, intercross rats survived to 30 months of age,
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premature deaths being caused by renal failure due to URA and
leukemia. Hyperplastic and/or tumorous lesions in the ventral
prostate were observed in 100%, 50%, 100%, and 89% of AC],
F344, F, and F, infercross rats, respectively (Table 1). The lesions
in ACI and F344 rats had distinct morphologies (Fig. 1). Lesions
in ACI rats showed a solid structure, and round, irregular (ACI
type) nuclei whereas those in F344 had a papillary or cribriform
structure, and angled nuclei with regular sizes. The lesions in
ACI rats were much larger (1.8 versus 0.2 mm®, P = 0.001), often
associated with inflammatory infiltrates, and occasionally
invaded into the adjacent alveoli In contrast, lesions in F344
rats never developed into macroscopic cancers. Based on the
structural and nuclear atypisms and sizes of tumors, ACI (# = 12)
and F344 (n = 8) rats could be distinguished with 95% accuracy
in a blinded manner.

Therefore, all the lesions were classified according to their
structural and nuclear atypisms (Table 1). A solid structure was
present in 92%, 25%, 93%, and 59% of ACI, F344, F; and F,
intercross rats, respectively. ACI-type nuclei were present in 100%,
38%, 100%, and 81%, respectively. In ACI and F, intercross rats,
100% and 99%, respectively, of lesions with a solid structure had
ACI-type nuclei.

Testicular tumors, unilateral renal agenesis, leukemia, and
subcntaneouns tumors. Testicular tumors, histologically diag-
nosed as Leydig cell tumors, were observed in 92%, 100%, 100%,
and 92% of ACI, F344, F, and F; intercross rats, respectively.
Bilateral macroscopic testicular tumors were observed in 25%,
88%, 100%, and 57%, respectively. URA was observed in 24%, 0%,
0%, and 11%, respectively, at 30 months. Leukemia was cbserved
in 0%, 25%, 0%, and 9%, respectively, at 30 months. S.c. tumors
were observed in 0%, 38%, 0%, and 10%, respectively.

Linkage mapping of o gene that affects the development and
the size of prostate cancers. Linkage analysis with the presence
of (i) any lesions, (i) lesions with a solid structure, and (iii) lesions
with ACI-type nuclei was done in the 118 F, intercross rats, and
one QTL was identified in the vicinity of DI9Rat75 (LOD scores of
2.9, 3.0 and 5.0, respectively; Table 2). The same QTL was mapped

Figure 1. Distinct histological features of prostate cancers in ACI and F344 rats.
Lesions of ACI rats (A and B) were characterized by high incidences of solid
structures (A) and round, irregular nuclei {B). Lesions of F344 rats (C and D)
were characlerized by a papiliary or cribriform pattern {C) and nuclei with angles
and relatively regular sizes (D). Lesons in ACI rats were larger and invaded into
flanking lobules showing their more malignant characteristics,

+ Table 2: Resuits of QTL analysis iy F intercross rats - *
Lesions Pest Pert
used for {chromosome 19} (chromosome 2)
linkage
analysis
LOD % Variance LOD % Varance
scores explained  scores explained

Any lesions in prostate

Presence 29 106 04 1.7

Number 32 12.2 19 7.6

Arez (mm®) 04 15 37 162

Area ratio (%) 02 0.8 5.0 20.3
Lesions with a solid structure

Presence 30 114 0.7 27

Number 28 107 11 4.2

Area (mm®) 0.1 04 23 9.0

Area ratio (%) 0.2 07 29 11.4
Lesions with ACI-type nuclei

Presence 5.0 17.6 05 20

Number 37 135 13 5.2

Area {mm®) 04 17 27 11.4

Area ratio (%) 0.1 0.5 4.0 156

using the numbers of these three kinds of lesions. When F,
intercross rats were classified by the genotypes at DI9Rat75,
lesions with ACI-type nuclei were observed in 85% (22 of 26), 92%
(60 of 65), and 52% (14 of 27) of rats with the ACI/ACI, ACI/F344,
and F344/F344 genotypes, respectively. This locus, prostate cancer
susceptibility 1 (Pesl), therefore conferred ACI-dominant prostate
cancer susceptibility (Fig. 24). This region {DI19Rat75-D19Rat46)
corresponded to rat 19g11-12.

Linkage analysis was done using areas containing the three kinds
of lesions, and a QTL was identified in the vicinity of D2Rat181
(LOD scores of 3.6, 2.3, and 2.7, respectively; Table 2). The same
QTL was mapped using the area ratio. Notably, this locus conferred
ACI-dominant resistance to an increase in size, and the effect was
clearer using areas with any lesion than with using areas with
lesions characteristic to ACI rats. F, intercross rats with the ACI/
ACIL ACI/F344, and F344/F344 genotypes at D2Ratl61 had area
ratios of 0.8 £ 1.2% (mean + SD), 0.9 + 1.0%, and 2.5 + 2.6%,
respectively (Fig. 3). This locus, prostate cancer resistance 1 (Perl),
had a paradoxical effect on the size of prostate cancers (Fig. 2B).
This region (D2Rai26-D2Rat40) corresponded to rat 2q23-g32.

Effect of bilateral testicular tumors on prostate cancers. The
size of the ventral prostate was significantly smaller in F, intercross
rats with bilateral macroscopic testicular tumors {024 + 0.13 g
n = 67) than in those with single or no twmnors (049 + 042 g, n =51,
P < 0.005). However, the incidences and mean areas of twmorous
lesions in the ventral prostate were not different (50 of 67 and 1.0 +
14 mm?® in the former rats, and 45 of 51 and 1.3 + 1.6 mm® in the
Iatter rats). The mean serum testosterone level at 30 months was
0.1 % 0.2 ng/mL in rats with bilateral tumors and 1.3 + 5.6 ng/mL
(0.3 & 0.4 ng/mhL when two extremely high values were excluded) in
rats without bilateral tumors. Although the presence of bilateral
testicular tumers did not affect the incidence or area of tumorous/
hyperplastic lesions in the prostate, two new QTLs were mapped
when linkage analysis was done in rats without bilateral testicular
tumors (Teble 3). One QTL in the vicinity of D20Rat3, Pes2,
conferred an ACI-dominant increase in the incidence of lesions
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(LOD scores of 1.9-3.3; Fig. 2C). Another QIL in the vicinity of
D1Rat211, Pcr2, conferred a paradoxical effect, ACI-dominant
suppression of the area ratio (LOD scores of 3.9-4.3; Fig. 2D). Pes2
{D20Rat41-D20Rat5) and Per2 {D1Rat]121-D15Rat45) corresponded
to rat 20p12-11 and 1pl2-qll, respectively.

Oligonueleotide microarray analysis of genes within the
loci. By oligonucleotide microarray analysis using the prostates
of ACI and F344 rats at 8 weeks, 219 and 143 probes were found
to be expressed higher and lower, respectively, at =18-fold in
the ACI prostates. At 48 weeks, 371 and 154 probes were

expressed higher and lower, respectively, in the ACI prostates.
Forty-eight and 34 genes were expressed higher and lower both
at 8 and 48 weeks (Supplementary Table 52). Among these
genes, those located within the Pcsl, Perl, Pes2, and Per2
regions were RT1 class II (locus DMa; 2.1- to 3.0-fold), membrane
metalloendopeptidase (Mme; 1.9- to 3.7- fold), and Gsz2 (3.0- to
6.1-fold).

RT1 and Gstt2 in Pecs2 were found to have sequence poly-
morphisms in their oligonucleotide probes, which caused apparent
expression difference in the microarray analysis (35). In contrast,
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DI9Rati0r O D2Rat251 o
D1$Ratt5
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D19Rat25 Pes1
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D19R2168
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D19Nces
C.Chr.20 ,  'ODScore D2RatiaT
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D20Ratdt <]
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obtained by the presence of lesions with ACI-type nuclei in
the Fy intercross rats with single or no testicular tumors. D.Chr.1 .y LOD Score
ACI allele in this locus dominantly promoted the growlh of Difag I —_—
the lesions in this subgroup of rats. D, LOD score obtained D2Ratasa 7t
by the area rafic of any lesions in the F injercross rats with
single or no testicular tumors. ACI allele in this locus
dominantly and paradoxically suppressed the growth of the DiRat121
iestons in this subgroup. £, LOD score cblained by
development of testicular tumors. The F344 allele in this g:’;;ﬁ:; Per2 E. Chr. 11 o LOD Scare
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Mrne in Perl was confirmed to be expressed at higher levels in the
ACI prostate (2.0- to 5.5-fold) by quantitative reverse transcription-
PCR (RT-PCR; Table 4). The difference and its location in the Perl
region suggested Mme as a candidate for Pcrl. In addition, we
previously found that Cdknla (p21)} on Pes2 was differentially
expressed in the prostates of various rat strains,’ and its high
expression in F344 rats was confirmed by quantitative RT-PCR (1.5-
to 4.5-fold, Table 4). Although the Cdknla difference could not be
identified by the oligonucleotide microarray analysis, the difference
and its location in the Pcs2 region suggested Cdknia as a candidate
for Pes2.

Mapping for the other QTLs. Linkage analysis with the
presence of testicular tumors was done in the 118 F, intercross
rats, and one QTL was identified in the vicinity of DI1Nee20. An
F344 allele of this locus dominantly promoted the development of
testicular tumors (LOD score of 3.9; Fig. 2E). The incidences were
71% (17 of 24) in rats with the ACI/ACI genotype and 94% (91 of 94)
in rats with the ACI/F344 and F344/F344 genotypes. The QTL,
testicular fumor resistance I (Twrl), explained 14% of the total
variance.

One QIL, whose ACI allele semidominantly induced URA, was
mapped in the vicinity of DI4Rat65 (LOD score of 2.9). URA was
observed in 20% (10 of 49), 9% {7 of 77), 0% (0 of 56) of rats
with ACI/ACI, ACL/F344 and F344/F344 genotypes, respectively.
The QTL, Ural, explained 13% of the total variance. No QTLs
were mapped for the senun testosterone levels, the development
of leukemia and that of s.c. tumors at 30 months.

Discussion

Prostate cancers in ACl rats occasionally progressed into
invasive cancers, which were considered to model human clinically
significant prostate cancers. In contrast, prostate cancers in F344
rats stayed as small lesions, if present, which was considered to
mode] human indolent prostate cancers. By using these strains, two
prostate cancer susceptibility and two resistance genes were
mapped using F, intercross progeny of ACI and F344 rats.
Dominant ACl alleles of PesI (chromosome 19) and Pcs2
(chromosome 20) increased the incidence and the number of
prostate lesions, and these genes were considered to be involved
in the development of prostate cancers. In contrast, dominant
ACI alleles of Perl (chromosome 2) and Pecr2 (chromosome 1)
paradoxically decreased the area and area ratio of lesions, and
these genes were considered to suppress the growth of prostate
cancers. A similar example that an allele of a susceptible strain
confers a resistance has been reported (27). Even when these
four genes were combined, these did not fully explain the
genetic predisposition of ACI rats. It was therefore shown that
susceptibility of ACI rais to prostate cancers is determined by
the four genes mapped here and many other weak genes.

The effect of Pcs2 and Pcr2 was clearly observed in rats
without bilateral macroscopic testicular twmors and masked in
rats with such tumors. Testicular tumors of rats are known to be
associated with a tendency towards feminization (37). Although
serum testosterone levels are known to be highly variable (26),
30-month-old rats with bilateral macroscopic testicular tumnors
had lower testosterone levels in this study. Therefore, as a
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Figure 3. Effect of Fer? lecus on the area ratio of lesions. When F; intercross
rats were classified by their genotype at D2Rat161, rats with the ACI allele(s)
showed smaller area ratios.

possible mechanism for the differential effects of Pes2 and Pcr2,
involvement of different molecular pathways in the development
of prostate cancers depending upon testosterone levels was
considered. Because Pes2 promotes and Per2 suppresses prostate
cancers and many other unmapped genes are potentially
involved, the incidence and area of prostate cancers were not
different between rats with and without bilateral macroscopic
testicular tumors. Temporal analysis on the development of
prostate cancers, that of testicular twmors, and testosterone
levels is necessary to clarify possible involvement.

By combining positional information obtained by linkage
analysis and expression information obtained by oligonucleotide
microarray analysis (38), two candidate genes were identified.
GeneChip “Rat Genome U34A” covered 39 of 158 genes within
the region of PesI, 77 of 308 in Pcrl, 86 of 191 in Pcs2, and 39
of 115 in Per2, accounting for 31% of the genes within the
mapped loci. In addition, the responsible genes in the loci are
not necessarily differentially expressed. Therefore, the combina-
tion strategy is effective only when candidate genes are cbtained,
and no good candidates were found for Pes! and Pes2? in this
study. Nevertheless, Mme (also called Neutral endopeptidase,
Cd10), which showed higher expression in ACI rats, was
considered as a good candidate for Perl that had a paredoxical
effect Mme expression was known to suppress growth of
androgen-independent prostate cancer cells and was decreased
in androgen-independent prostate cancers (39). Therefore, its
higher expression in ACI was in accordance with its paradoxical
effect. Cdknla, which showed lower expression in ACI rats, was
a good candidate for Pes2. Cdknla is a well-established negative
regulator of the cell cycle, and a structural abnormality in its 5
of promoter region has been identified.®

Chromosomal regions around Pesl, Perl, Pes2, and Per2
corresponded to human 19p13, 4q28-31, and 16q21-22; 3926-27,
13q12-14, 3q21-26, and 4q32; 6p21, 21922, 22q11, and 10q21; and
6g23-25 and 5pl5, respectively. As for Pecsi, linkage of Swedish
familial prostate cancers to 19pl13 (40) and frequent loss of
heterozygosity in human prostate cancers {16q22; refs. 41, 42) are
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