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dependent manner after treatment with KuJ (15, 20, 25 and 30 ytM)
for 48 h (Fig. 2E). Moreover, KuJ treatment dramatically decreased
the expression of survivin, a member of the inhibitor of apoptosis
protein family, which is involved in inhibition of apoptosis and ex-
erts multiple effects throughout the cell cycle (Altieri, 2003). We
next investigated the effect of KuJ on caspase-3 and PARP, proteins
which are directly involved in apoptosis. KuJ treatment decreased
pro-caspase-3 levels; cleavage products of caspase-3 and PARP
were not detected (Fig. 2E). The absence of the active form of cas-
pase-3 taken together with the absence of PARP cleavage and de-
creased survivin expression, suggest that KuJ-mediated induction
of apoptosis may be via a caspase-independent mechanism, possi-
bly involving apoptosis-inducing factor (Croci et al., 2008).

3.5. Kuj inhibition of invasion and migration of PC3 cells

Treatment with 20 pM Ku] for 24 h did not have a statistically
significantly effect on the proliferation of PC3 cells. Thus, treatment
with 20 pM or lower concentrations of KuJ for 24 h was considered
to be non-toxic. For the investigation of the effect of KuJ on the
invasion and migration of PC3 cells, non-toxic concentrations of
10, 15 or 20 uM KuJ were used. Representative images and data
of the invasion and migration studies are presented in Fig. 3A
and B. Cell invasion of PC3 was inhibited by up to 51% and 76%
(P<0.01 and P<0.001) with 15 and 20 pM of Ku]j for 24 h. These
concentrations of KuJ also inhibited cell migration, by about 49%
and 81% (P <0.01 and P < 0.001) after the treatment for 12 h.
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3.6. Reduction of MMP-2, MMP-9 and uPA secretion from PC3 cells by
Kuf

Zymography showed that secretion of MMP-2, MMP-9 and uPA
was reduced with KuJ treatment (Fig. 4). After incubation with 10,
15 and 20 puM KuJ for 24 h, the inhibition of MMP-2 (active-form)
secretion was about 44%, 72% (P < 0.01) and 68% (P < 0.01), respec-
tively (Fig. 4A and B); the inhibition of MMP-9 (active-form) secre-
tion was about 54% (P<0.05), 60% (P<0.01) and 60% (P<0.01),
respectively (Fig. 4C and D); the inhibition of uPA (pro-form) secre-
tion was about about 4%, 48% (P < 0.05) and 64% (P < 0.01), respec-
tively (Fig. 4E and F); and the inhibition of uPA (active-form)
secretion was about 55% (P<0.01), 82% (P<0.001) and 79%
(P<0.001), respectively (Fig. 4E and F).

3.7. Effects of KuJ on MMP-2, MMP-9 and MT1-MMP mRNA expression

Quantitative real time RT-PCR results showed that KuJ treat-
ment for 24 h did not affect MMP2 mRNA level (Fig. 5A) and only
slightly decreased gene expression of MMP-9: treatment with 10,
15 and 20 pM KuJ resulted in a non-significant inhibition of
MMP-9 expression of about 11%, 20% and 27%, respectively
(Fig. 5B). In contrast, the expression of MT1-MMP, which can acti-
vate MMP-2, was dramatically down-regulated by Kuj: treatment
with 10, 15 and 20 pM Ku]j inhibited MT1-MMP expression by
about 66% (P < 0.05), 68% (P < 0.01) and 84% (P < 0.01), respectively
(Fig. 5C).
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Fig. 2.  Effects of KuJ on cell cycle progression and induction of apoptosis in PC3 cells. After treatment with 0, 15, 20, 25 and 30 pM Ku}, cells were harvested for analysis of cell
cycle distribution and apoptosis. PC3 cell cycle distribution after treatment with Ku] for 24 (A) and 48 h (B). Percentage of non-apoptotic cells and cells in early and late
apoptosis after 24 (C) and 48 h (D) of KuJ treatment are shown. Data are mean * SD values from three independent experiments. *P < 0.05, **P < 0.01 and **P < 0.001, versus
vehicle control. Survivin, cell cycle-related proteins (cyclinD1, cyclinE, CDK2, CDK4 and PCNA), and apoptosis-related proteins (caspase-3, cleaved-caspase-3, PARP and
cleaved-PARP) after treatment with vehicle control or KuJ for 48 h (E). The immunoblots shown here are representative of three independent experiments with similar

results. B-actin was employed as a loading control.
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Fig. 3. KuJ inhibited invasion and migration of PC3 cells. The cells were treated with
0, 15, 20, 25 and 30 uM Ku] for invasion (24 h) and migration (12 h) assays using
transwell cell culture chambers, with 10 pg/mL fibronectin as a chemoattractant.
Cells were photographed under phase-contrast microscopy (A) and quantified (B).
The results are expressed as percentages of untreated control values. Data are
mean # SD values from three independent experiments. *P < 0.05 and P < 0.01.
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3.8. BMLE suppresses PC3 prostate cancer xenograft growth

The cell culture data presented above suggest that BMLE, which
contains Kuj, may have an in vivo anti-cancer effect against PC3.
Therefore, we investigated the effect of BMLE against PC3 in vivo
using a PC3 xenograft model. The dosages of BMLE used were 1%
and 5% w/w in the diet. BMLE did not exert any adverse effect on
the body weight of the host nude mice {data not shown). Some
mice were sorted out because of technical error of the injection.
BMLE treatment resulted in clear inhibition of tumor growth rate
(Fig. 6A) and significantly decreased the final tumor size (to 63%
and 57% of controls, P < 0.01) at necropsy (Fig. 6B). The incidences
of lymph node metastasis among control (2/7), 1% BMLE (0/6) and
5% BMLE (1/7) groups did not show any significant difference.
Metastasis to other organs was not detected. The Ki67 labeling in-
dex in the transplanted tumor tissue did not significantly differ be-
tween groups but tended to be decreased in the 1% and 5% BMLE-
treated groups (Fig. 6C). There was no difference in the percent of
TUNEL-positive cells (Fig. 6D) among groups.

4. Discussion

Fruits, vegetables, and common beverages, as well as several
herbs and plants with diversified pharmacological properties, have
been shown to be rich sources of micro-chemicals with the
potential to prevent human cancers (Khan et al, 2010;
Thangapazham et al., 2006). Prostate cancer is an ideal disease
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Fig. 4. Effect of KuJ on the secretion of MMP-2, MMP-9 and uPA from PC3 cells. Cells were treated with 0, 15, 20, 25 and 30 uM Ku] for 24 h under serum-free conditions.
Gelatin zymography was performed for detection of MMP-2 (A) and MMP-9 (C). uPA secretion was analyzed by casein-plasminogen zymography (E). Levels of MMP-2
(active-form), MMP-9 (active- form), and uPA (pro- and active- form) were quantified (B, D, F). The results are percentages of the control values. Data are mean * SD values

from three independent experiments. *P <0.05 and **P < 0.01.
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for chemopreventive intervention as it grows slowly before the on-
set of symptoms and the establishment of diagnosis, which usually
occurs in men more than 50 years old. Therefore, pharmacological
or nutritional intervention could considerably impact the quality of
life of patients by delaying the progression of cancer (Syed et al.,
2007). In a previous study, we demonstrated that Kuj inhibited cell
growth via induction of cell cycle arrest and apoptosis in androgen-
dependent prostate LNCaP cells (Pitchakarn et al., 2011b). This
study suggested the possibility of repression of prostate carcino-
genesis by KuJ treatment. In the present study, we found that Kuj
exerted significant inhibitory effects on carcinogenic progression
of PC3 cells via inhibition of proliferation and invasion. Thus, KuJ
is able to induce apoptosis/cell cycle arrest in pre-initiated/initi-
ated tumor cells, while in more advanced tumors, Ku] is still able
to induce apoptosis/cell cycle arrest and it is also able to block
metastasis. These data indicate that KuJ treatment inhibits prostate
carcinogenesis at multiple stages. Taken together with our previ-
ous report (Pitchakarn et al., 2011b), in which we demonstrated
that the sensitivity of the human normal prostatic epithelial cell
line PNT1A to the cytotoxic effects of Kuj (IC50 > 30 uM) was much
lower than that of the prostate cancer cell lines LNCaP
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Fig. 5. Effects of KuJ on MMP-2, MMP-9 and MT1-MMP gene expression. PC3 cells
were treated with 0, 15, 20, 25 and 30 pM KuJ for 24 and then total RNA samples
were extracted and subjected to a real time PCR, with GADPH was used as an
internal control. The mRNA expression of MMP-2 (A), MMP-9 (B) and MT1-MMP (C)
is presented as percentages of untreated control values. Data are mean * SD values
from three independent experiments. *P < 0.05 and **P < 0.01.

(150 = 15 uM) and PC3 (IC50 = 25 pM), Ku] may be an effective
chemopreventive and chemotherapeutic agent against prostate
cancer.

In our study, treatment of androgen-independent prostate
cancer cells (PC3) with Ku] resulted in a significant G1-phase arrest
along with reduction of cyclinD1, cyclinE, Cdk2 and Cdk4. Kuj also
dramatically suppressed the expression of a proliferation marker,
PCNA, that is expressed in late G1 phase and early S phase
(Moldovan et al., 2007).
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PC3 cells (1 x 10%/animal) into their posterior areas. Mice were sacrificed at week
15. Tumor growth curves (A), dot plot analysis of final tumor size (B), Ki67 labeling

index (C) and percent of TUNEL positive cells (D) are shown. **P < 0.01.
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Survivin is a member of the inhibitor of apoptosis protein family
and is well known to be overexpressed in numerous types of can-
cers and high expression of survivin is a risk factor for cancer pro-
gression and poor prognosis (Altieri, 2008). Decreased survivin is
also reported to be associated with caspase-independent apoptosis
(Croci et al., 2008). Thus, inhibition of survivin expression may in-
hibit the survival and proliferation of cancer cells. Qur study
showed that KuJ treatment dramatically reduced the protein level
of survivin. Decreased survivin levels could be associated with
KuJ-induced cell cycle arrest and growth inhibition in PC3 cells.

Comparing this study to our previous study (Pitchakarn et al.,
2011b), KuJ appears to have greater growth inhibitory effect in
LNCaP than in PC3 cells. A number of differences between PC3
and LNCaP cells may account for this difference in sensitivity.
PC3 is a more aggressively growing cell line and is null for p53
and androgen receptor (AR). LNCaP is a much less aggressive cell
line and possesses wild-type p53 and an AR which, although mu-
tated, is responsive to androgen. The previous study revealed that
KuJ markedly decreased AR expression and induced p53 levels in
LNCaP cells. We also found that p53 played a critical role in Kuj-
mediated induction of apoptosis by LNCaP cells. These data could
explain the lower induction of apoptosis in PC3 cells compared
to LNCaP. Induction of G1 arrest by KuJ, however, was similar in
AR-dependent LNCaP cells and AR-independent PC3 cells, suggest-
ing that the AR might not be a critical component for mediating the
growth-arresting properties of Ku].

An important cause of the high incidence of morbidity and mor-
tality in prostate cancer is tumor invasiveness and metastasis.
Metastasis is accompanied by various physiological alterations in-
volved in extracellular matrix (ECM) degradation, which allow can-
cer cells to invade the blood or the lymphatic system and spread to
another tissues or organs. In our study, non-cytotoxic levels of Ku]
dramatically reduced migration and invasion by androgen-inde-
pendent human prostate cancer PC3 cells. It has been postulated
that cell-ECM interactions are essential for invasion, migration,
and metastasis of tumors (Gilles et al., 1997; Liotta et al., 1986).
MMPs play important roles in the ECM degradation which allows
for tumor growth, invasion and angiogenesis (Westermarck and
Kahari, 1999). Among MMPs, MMP-2 and MMP-9 are reported to
be the most important for basement membrane type IV collagen
degradation (Stetler-Stevenson, 1990; Zeng et al., 1999) and their
expression correlates with an aggressive, invasive or metastatic tu-
mor phenotype (Cockett et al., 1998; Papathoma et al., 2001; Wang
et al., 2003). Therefore, MMP-2 and MMP-9 are candidate targets
for therapeutic anticancer drugs.

Secretion of active MMP-2 is not induced by most cytokines
that regulate other MMPs, consequently the final proteolytic acti-
vation step is very important in controlling MMP-2 activity. Acti-
vation of proMMP-2 further differs from other MMPs by involving
a cell surface activation mechanism (Overall and Sodek, 1990;
Strongin et al., 1995; Zucker et al., 1995) that requires the partic-
ipation of a 63-kDa integral plasma membrane MMP (membrane
type-MMP: MT1-MMP) (Sato et al., 1994). We demonstrated in
the current study that KuJ treatment reduced secretion of active
MMP-2 but did not reduce mRNA expression. Importantly, KuJ
treatment also reduced the expression of MT1-MMP. In addition,
KuJ inhibited the secretion of active MMP-9 and uPA: uPA, is an
upstream activator of MMPs and is also implicated in tumor cell
invasion, survival, and metastasis (Li and Cozzi, 2007; Pulukuri
et al., 2005). (MMP-9 expression also appeared to be reduced by
Kuj, but the reduction was not significant.) Kuj did not directly af-
fect the activity of purified collagenase type IV (data not shown),
indicating that Ku]-mediated inhibition of the PC3 MMP enzymes
was not affected by direct inhibition of their collagenase activi-
ties. Taken together, these data suggest that Kuj primarily reduces
the activity of MMP-2 and MMP-9 by suppression of upstream

activators of these enzymes, MT1-MMP and uPA, and not by
inhibiting their expression or by directly inhibiting their enzy-
matic activities.

Bitter melon is widely consumed as a vegetable and especially
as a traditional medicine in Asia. In the present study we have
shown that KuJ, which is a component of BMLE, has anti-cancer
properties. To explore the use of BMLE as a chemopreventive agent
for prostate cancer in daily life we tested the effect of dietary BMLE
on the growth of PC3 xenographs in vivo. We found that dietary
BMLE significantly reduced the growth of PC3 xenografts.

In our study, while KuJ inhibited migration and invasion by PC3
cells in vitro, dietary BMLE did not reduce metastasis to the lymph
node by PC3 xenograph cells in vivo. The PC3 xenograph model,
however, has a very low incidence of metastasis. Taking all the mice
together, PC3 cells metastasized to the lymph node with an inci-
dence of only 3/20, 15%, and metastasis to other organs was not de-
tected. Previously, using a model in which intravenous inoculation
of androgen-independent rat prostate cancer cells into nude mice
resulted in a 100% incidence of lung metastasis (Pitchakarn et al.,
2010), we demonstrated that BMLE did have an anti-metastatic ef-
fect in vivo. The low incidence of metastasis in the PC3 xenograph
model is one reason why differences in the incidence of lymph node
metastasis between the control and the BMLE-diet fed animals
could not be determined. Further studies using more suitable hu-
man prostate cancer metastatic models are needed to confirm the
effects BMLE on metastasis in vivo.

Other points to be investigated in future experiments include
the following: KujJ accounts for only approximately 1.6% of BMLE.
Therefore, BMLE may include other bioactive compounds which
exert anti-tumor effects. Thus, characterization of other active
components present in BMLE needs to be further elucidated. In
addition, the absorption and metabolism of bioactive compounds
after consumption remains to be investigated.

In conclusion, we report that Kuj exerts inhibitory effects on
progression of androgen-independent human prostate cancer cells
in vitro by inhibiting cell proliferation and viability and by sup-
pressing cancer cell invasion. Dietary BMLE also inhibits the
growth of tumor cell xenographs in vivo. Further studies are under-
way to explore the molecular mechanisms of action of KuJ and to
determine its properties in vivo.
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BACKGROUND. With the limited sirategies for curative treatment of castration-resistant
prostate cancer (CRPC), public interest has focused on the potential prevention of prostate
cancer. Recent studies have demonstrated that an angiotensin II receptor blocker (ARB) has
the potential to decrease serum prostate-specific antigen (PSA) level and improve perfor-
mance status in CRPC patients. These facts prompted us to investigate the direct effects of
ARBs on prostate cancer growth and progression.

METHODS. Transgenic rat for adenocarcinoma of prostate (TRAP) model established in our
laboratory was used. TRAP rats of 3 weeks of age received ARB (telmisartan or candesartan)
at the concentration of 2 or 10 mg/kg/day in drinking water for 12 weeks. In vitro analyses
for cell growth, ubiquitylation or reporter gene assay were performed using LNCaP cells.
RESULTS. We found that both telmisartan and candesartan attenuated prostate carcinogen-
esis in TRAP rats by augmentation of apoptosis resulting from activation of caspases, inacti-
vation of p38 MAPK and down-regulation of the androgen receptor (AR). Further,
microarray analysis demonstrated up-regulation of estrogen receptor  (ERB) by ARB
treatment. In both parental and androgen-independent LNCaP cells, ARB inhibited both cell
growth and AR-mediated transcriptional activity. ARB also exerted a mild additional effect
on AR-mediated transcriptional activation by the ERB up-regulation. An intervention study
revealed that PSA progression was prolonged in prostate cancer patients given an ARB
compared with placebo control.

CONCLUSION. These data provide a new concept that ARBs are promising potential
chemopreventive and chemotherapeutic agents for prostate cancer. Prostate © 2012 Wiley
Periodicals, Inc.
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INTRODUCTION

Prostate cancer has become the most common ma-
lignancy in men in western countries such as Europe
and the United States while its incidence is low in
Asian countries. It has been estimated that there will
be approximately 240,890 new cases of prostate cancer
and 33,720 deaths from prostate cancer in the United
States in 2011 [1], and the prevalence of prostate can-
cer has also been increasing in Japan [2]. Androgen
ablation therapy is widely accepted and carried out
for prostate cancers because androgens are essential
for the development and growth of normal prostate
and prostate cancer cells [3]. However, outgrowth
of hormone-independent cancer cells occurs within
several years and eventually leads to a fatal outcome
in many cases [4].

Accumulating evidence suggests that the renin-
angiotensin system (RAS) is involved in maintenance
of blood pressure as well as progression of various
cancers, such as breast, lung, kidney, stomach, colo-
rectum, ovary, and bladder [5]. Angiotensin II is a
main effector molecule of the RAS and is an octapep-
tide hormone with diverse biological activity through
binding to typical G protein-coupled receptors, angio-
tensin II receptor type 1 (ATIR) and type 2 (AT2R).
ATIR is expressed in diverse adult tissues and
mediates cell proliferation, migration, angiogenesis,
and inflammatory responses via G protein-dependent
and independent signaling including the MAPK and
STAT signal pathways [6]. AT2R is predominantly
expressed at a high level in the fetus, and its expres-
sion is low in adult tissues, being detectable in heart,
kidney, pancreas, adrenal gland, uterus, ovary, and
brain [7]. In contrast to ATIR, AT2R has been shown
to exert an antagonistic effect against many ATIR-
mediated actions [5,8]. Recent studies have demon-
strated that an angiotensin II receptor blocker (ARB)
has the potential to decrease serum prostate-specific
antigen (PSA) level and improve performance status
in some patients with castration-resistant prostate
cancer (CRPC) [9,10]. Moreover, expression of ATIR
and angiotensinogen in CRPC was significantly higher
than that in normal prostate tissue or hormone-naive
prostate cancer [11]. These facts prompted us to con-
firm the direct effects of ARBs on prostate cancer and
investigate the mechanisms of their suppression of
prostate cancer growth and progression.

We have established a transgenic rat for adenocar-
cinoma of prostate (TRAP) model bearing a probasin
promoter/simian virus 40 (5V40) T antigen construct,
which features development of high-grade prostatic
intraepithelial neoplasia (PIN) from 4 weeks of age
and well-moderately differentiated adenocarcinoma
with high incidences by 15 weeks of age [12,13]. These
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characteristics of TRAP have been shown to be very
suitable for evaluation of strategies for chemopreven-
tion and treatment with ARBs in vivo.

Here, we showed that ARBs attenuate prostate
cancer development in TRAP rats and androgen
receptor (AR)-mediated transcriptional activity in
human prostate cancer cells. Also, we showed that an
ARB delayed PSA progression in patients with local
recurrence after radical prostatectomy clinically.

MATERIALS AND METHODS

Chemicals, Reagents, Plasmids, and Celi Line

Telmisartan was provided by Boehringer Ingel-
heim (Ingelheim, Germany) and candesartan was
from Takeda Pharmaceutical Co. Ltd. (Osaka, Japan).
MG132 was purchased from Calbiochem (EMD
Biosciences, Inc., San Diego, CA), diarylpropionitrile
(DPN) from Tocris Bioscience (Bristol, UK), and
biochanin A from Sigma (St. Louis, MO). The PSA
promoter reporter construct (pGL3/PSA promoter)
was donated by Dr. Chawnshang Chang, University
of Rochester Medical Center. An expression vector for
human ERB (pCXN2/ERB) was provided by Dr.
Masami Muramatsu (Saitama Medical University,
Japan). To generate an expression vector for FLAG-
tagged human AR (pCMVTag/hAR), the human AR
open reading frame was amplified by PCR and cloned
into the pCMV-Tag2 vector at BamHI/Xhol sites. The
human prostate cancer cell lines LNCaP (androgen-
dependent) and VCaP (androgen-independent), and
the non-tumorigenic prostate epithelial cell line
RWPE-1 were obtained from the American Type
Culture Collection (Manassas, VA). Four androgen-
independent (AI) sublines derived from LNCaP were
established after seven repeated cycles of incubation
using the following culture medium; RPMI1640 con-
taining 10% FBS for 5-7 days or RPMI1640 containing
10% charcoal-stripped FBS for 2-3 weeks. Al sublines
were designated Al-1, -5, -5s, and -8, respectively
(Fig. S1A,B).

Animals

Male heterozygous TRAP rats established in our
laboratory with a Sprague-Dawley genetic back-
ground were used in the present study. They were
housed at three animals per cage on wood-chip bed-
ding in an air-conditioned animal room at 23 & 2°C
and 50 + 10% humidity. Food and tap water were
available ad libitum.

Experimental Protocol

Experiment 1. A total of 36 heterozygous male TRAP
rats of 3 weeks of age were randomly divided into
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three groups. Rats in Group 1 as a control received
basal diet and tap water. The rats in Groups 2 and 3
continuously received 2 or 10 mg/kg/day telmisartan
in drinking water for 12 weeks, respectively.

Experiment 2. A total of 48 heterozygous male TRAP
rats of 3 weeks of age were randomly divided into
four groups. Rats in Group 1 as a control received
basal diet and tap water. The rats in Groups 24 con-
tinuously received 2 or 10 mg/kg/day candesartan
or 10 mg/kg/day telmisartan in drinking water for
12 weeks, respectively.

In both experiments, measurement of blood pres-
sure was performed at weeks 4, 7, and 11, and the
experiments were terminated at week 15. The prostate
was removed and fixed in formalin. A part of the
prostate glands was immediately frozen in liquid ni-
trogen and stored at —80°C until processed. Testoster-
one and estrogen levels in serum were analyzed using
radioimmunoassay by a commercial laboratory (SRL,
Inc., Tokyo, Japan). The present experiments were
performed under protocols approved by the Institu-
tional Animal Care and Use Committee of Nagoya
City University Graduate School of Medical Sciences.

Assessment of Prostate Neoplastic Lesion
Development

Neoplastic lesions in the prostate gland of TRAP
rats were evaluated as previously described [14].
Briefly, neoplastic lesions were classified into three
types: low-grade PIN (LG-PIN), high-grade PIN (HG-
PIN), and adenocarcinoma. The relative numbers of
acini with the histological characteristics of each type,
that is, LG-PIN, HG-PIN, and adenocarcinoma, were
quantified by counting the total acini in each prostatic
lobe.

Immunoblot Analysis

Immunoblot analysis was performed as described
previously [15]. Briefly, frozen ventral prostate tissues
were homogenized in RIPA buffer (150 mM NaCl,
50 mM Tris-HCl (pH 8.0), 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, 1 mM phenylmethylsul-
phonyl fluoride, 1 mM sodium orthovanadate, and
protease inhibitor cocktail [Complete, Roche]). The
antibodies used were cyclin D1 (Oncogene Science,
Cambridge, MA), caspases 3, 7, and 9, Erk 1/2 and
phophs-Erk1/2, p38 MAPK and phospho-p38 MAPK
(Cell Signaling Technology, Danvers, MA), AR and
SV40 T antigen (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA), VEGF (IBL Co. Ltd., Fujioka, Japan) and §3-
actin (Sigma). The intensity of each band was mea-
sured using Image J 1.440 (National Cancer Institute,
Bethesda, MD).
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Immunohistochemistry

Deparaffinized sections were incubated with dilut-
ed antibodies for Ki-67 (Novocastra Laboratories Ltd.,
Newcastle, UK), SV40 T antigen (Santa Cruz Biotech-
nologies), phospho-p38 MAPK (Thr180/Tyr182), and
cleaved caspase 3 (Asp175: Cell Signaling Technolo-
gy, Danvers, MA). Apoptotic cells in the prostate
were detected using an In Situ Apoptosis Detection
Kit (TUNEL method) according to the manufacturer’s
instructions (Takara Bio Inc., Ohtsu, Japan). Labeling
indices for Ki-67, TUNEL, cleaved caspase 3 or phos-
pho-p38 MAPK were generated by counting over
1,000 cells mainly in HG-PIN under microscope
at high magnification and they were expressed as
numbers of positive cells per 100 cells. To evaluate
the effect of telmisartan against angiogenesis, micro-
vessels were detected using anti-factor 8-related anti-
gen (DAKO, Glostrup, Denmark).

Cell Proliferation Assay

Cell proliferation of prostate cancer cell lines was
assessed by 4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-
5-tetrazolio]-1,3-benzene disulfonate tetrazolium salt
(WST-1) assay (Roche Applied Science, Mannheim,
Germany). Briefly, cells were seeded in 96-well plates
at1 x 10* cells/well in 200 pl of culture media. ARBs
or ERB agonists were added 24 hrs after seeding
and incubated for 3 days. WST-1 reagent was added
to each well with incubation for 60 min at 37°C, and
then each well were measured for absorbance at
430 nm.

Ubiquitylation Assay

LNCaP cells were transfected with Flag-tagged
human AR (pCMVTag/hAR) using Nucleofector Il
(Amaxa AG, Koeln, Germany), seeded into a 6-well
plate and incubated for 24 hr. Cells were treated with
ARBs and/or 1 pM MG132 for 24 hr, and then lysed
with RIPA buffer supplemented with COMPLETE
protease inhibitor cocktail (Roche Diagnostics GmbH,
Mannheim, Germany). The extracts were immunopre-
cipitated with anti-Flag antibody (Sigma) and protein
G sepharose (GE Healthcare Bio-sciences AB, Uppsala,
Sweden) for 3 hr at 4°C. After washing the agarose
with RIPA buffer, Laemmli sample buffer was direct-
ly added to the agarose and heated to 85°C for
10 min. Samples were subjected to immunoblot anal-
ysis using anti-ubiquitin antibody (Santa Cruz).

Reporter Gene Assay

LNCaP cells were transfected with the pGL3/PSA
promoter using Nucleofector II. Twenty-four hours
after transfection, 5 nM.DHT and /or ARB was added.
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Cells were lysed with the buffer supplied in the kit
72 hr after transfection. The luciferase assay was
conducted using the dual-luciferase reporter assay
system (Promega Corporation, Madison, WI) accord-
ing to manufacturer’s protocol. Data shown represent
the mean and standard deviation of four independent
data points.

Microarray Analysis

Total RNA was isolated from ventral prostate
tissues as en bloc by phenol—chloroform extraction
(ISOGEN, Nippon Gene Co. Ltd., Toyama, Japan),
and fluorescent cRNA amplification was performed
using a Low RNA Input Fluorescent Linear Amplifi-
cation kit (Agilent Technologies, Palo Alto, CA)
according to the manufacturer’s instruction. Total
RNA from ventral prostate of F344 rat was used as a
reference RNA. Quality of total and amplified cRNAs
was examined with a high-resolution electrophoresis
system, Agilent 2100 Bioanalyzer (Agilent Technolo-
gies). Gene expression analysis was performed using
a Whole Rat Genome oligo DNA microarray (4 x 44k;
Agilent Technologies). The slides were hybridized
with Cy3- or Cy5-labeled cRNA for 16-18 hr at 60°C,
washed in 0.5 x 55C/0.01% SDS buffer for 5 min at
room temperature, then 0.06 x SSC buffer for 2 min,
and desiccated with a centrifuge. The slides were
scanned with a DNA Microarray Scanner (Agilent
Technologies) at two wavelengths to detect emission
from both Cy3 and Cy5. Genes with significantly dif-
ferent expression levels were revealed by Significance
Analysis of Microarray (ver 2.0; delta = 0.34; http://
www-stat.stanford.edu/~tibs/SAM/).

Real-Time RT-PCR

Total RNA was isolated from ventral prostate
tissues as en bloc using an RNeasy Mini kit (Qiagen,
Valencia, CA). Total RNAs were reverse-transcribed
with the Thermoscript first-strand synthesis system
(Invitrogen Corporation, Carlsbad, CA), and real-time
RT-PCR was performed using a LightCycler (Roche
Diagnostics GmbH). The oligonucleotides listed in
Table S1 as primers.

RNA-Interference

siRNAs were designed and obtained from RNAi
Co. Ltd. (Tokyo, Japan), AR, ERB and control siRNA
sequences were 5-GAGGAGCUUUCCAGAAUCUGU-
3, 5-GGAAAUGCGUAGAAGGAAUUC-3 and 5'-
GUACCGCACGUCAUUCGUAUC-3, respectively.
LNCaP cells were transfected with siRNAs using
Nucleofector IL
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Statistical Analysis

Differences in incidences or means between
groups were determined by analysis of variance
(ANOVA), followed by the Dunn’ multiple compari-
son test or Dunnett’s post-hoc test with GraphPad
Prism (version 5.0c; GraphPad Software, Inc., La Jolla,
CA), respectively. '

Intervention Study

After Institutional Review Board approval was
obtained, data from 234 patients undergoing radical
prostatectomy (RP) at Yokohama City University
Hospital and Center Hospital from March 1999 to
July 2007 were entered into our database. Biochemical
failure (BCF) was defined as a single PSA level of
>0.2 ng/ml. The PSA-doubling time (DT) was calcu-
lated by log-linear regression and analyzed, respec-
tively, as from the nadir PSA level after RP up to
0.2 ng/ml, and from 0.2 ng/ml to about 1.0 ng/ml.
Briefly, PSA-DT was calculated starting with the na-
dir PSA value after RP, and included all PSA values
up to 0.2 ng/ml used in the PSA-DT calculations,
and also required patients to have a minimum of two
values separated by at least 3 months, which was des-
ignated as ePSA-DT. In cases with a PSA value over
0.2 ng/ml, PSA-DT was calculated using PSA values
after BCF (i.e.,, >0.2 ng/ml), as opposed to ePSA-DT,

~ which was computed using all values after BCF up to

about 1.0 ng/ml, at which point secondary therapy,
for example, radiotherapy or hormonal therapy, was
started, which was designated as aPSA-DT.

Eighteen patients were enrolled in this study. All
patients underwent RP, and the specimens showed
adenocarcinoma pathologically, with tumor stage T2
or T3, without lymph node metastasis (pathological
stage: T2 or T3 NOMO). At BCF of PSA values, they
received olmesartan (Dai-ichi Sankyo Co., Tokyo,
Japan), an ARB, at 10-20 mg once daily till they re-
ceived secondary therapy when their PSA values
were over 1.0 ng/ml. ePSA-DT was calculated using
all PSA values from the PSA nadir after RP until the
start of olmesartan. Then, aPSA-DT was calculated
using all PSA values after the start of olmesartan to
the start of secondary therapy, at which point their
PSA values were over 1.0 ng/ml. As for the control, 9
patients were not treated after RP until PSA level was
over 1.0 ng/ml. ePSA-DT was calculated starting
with the nadir PSA value after RP and included all
PSA values up to 0.2 ng/ml, and aPSA-DT was calcu-
lated using all PSA values from BCF (>0.2 ng/ml) to
over 1.0 ng/ml.

We compared ePSA-DT and aPSA-DT of olmesar-
tan-treated patients and control patients. Also, the
ratio of aPSA-DT/ePSA-DT was compared between
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olmesartan-treated patients and control patients by
Wilcoxon signed-rank test. Furthermore, the time to
PSA progression over 1.0 ng/ml after BCF and from
the nadir PSA value (TTPP;,) was estimated using
Kaplan-Meier method and analyzed using log rank
test.

RESULTS

Animal Experiment UsingTRAP Rats

Experiment 1. One rat in the control group was omit-
ted from the effective animals because of suffering
from cachexia due to the spontaneous development
of leukemia. Blood pressure of TRAP rats treated
with telmisartan was significantly lowered in a dose-
dependent manner (Table S2). Telmisartan decreased
mean body weight and increased kidney weight but
did not influence the ventral prostate and liver
weights (Table S2, Fig. S2A). Histologically, stromal
edema was demonstrated in the kidneys of TRAP rats
given telmisartan but tubular or glomerular damage
was not evident (Fig. 52C). Serum levels of testoster-
one and estradiol were not affected by telmisartan
(Table S2). In the lateral prostate, a significant
decrease in the incidence of adenocarcinoma was
observed (Table I). In the ventral prostate, there was a
marked or partial pathologic response to telmisartan
treatment, as demonstrated by a significant reduction
in the amount of prostatic neoplastic lesions in TRAP
rats; however, small foci of adenocarcinoma still
remained, so there was no significant difference in the
incidence of PIN or adenocarcinoma in the prostate of
TRAP rats (Table I). Quantitative evaluation of the
proportion of preneoplastic and neoplastic lesions in
the prostate gland showed significant suppression of
progression from LG-PIN to HG-PIN or adenocarci-
noma in rats treated with telmisartan (Table II). There

was a significant increase in the apoptotic index in
the prostate of TRAP rats given telmisartan (Fig. 1A),
although Ki-67 index was not different among the
groups (Fig. 1B). In the ventral prostate, immunoblot
analyses showed activation of caspases 3 and 7 and
inactivation of p38 MAPK in rats treated with telmi-
sartan, while expression of cyclin D1 was not altered
in all groups (Fig. 1E). Both caspase 3 activation and
decreased expression of phospho-p38 MAPK were
confirmed by immunohistochemistry (Fig. 1G,).
There was no difference in the expression of AT1R in
the ventral prostate between telmisartan-treated and
control rats (Fig. 1K). ARB exerted suppressive effects
on the growth of prostate cancer via the inhibition of
angiogenesis in a tumor xenograft model [16]. The
possibility that telmisartan augmented apoptosis in
prostate cancer through suppression of tumor angio-
genesis in TRAP rats was examined. Unexpectedly,
VEGF protein expression in the ventral prostate was
not altered by telmisartan treatment (Fig. S3), and
there was no difference in microvessel density among
the groups (Table S3).

Experiment 2. To confirm the reproducibility of the
suppressive effect of telmisartan on prostate carcino-
genesis, we performed an experiment with a similar
design to that of experiment 1. Candesartan, a selec-
tive ATIR blocker with no PPARy agonistic activity at
usual doses, was applied for comparison with the
effects of telmisartan. Body weight gain and organ
weights were not affected by candesartan (Table 54,
Fig. S2B). Serum levels of testosterone and estradiol
were not significantly different between telmisartan
and candesartan treatment (Table 54). Prostate adeno-
carcinomas were found only in the ventral and lateral
lobes, and a significant decrease in its incidence was
observed in the lateral prostate and suppression of
the progression of prostatic lesions from LG-PIN to

TABLE I. Incidences of Adenocarcinoma of the Prostate Glands of TRAP Rats

Treatment No. of rats Ventral AC (%) Lateral AC (%) Dorsal AC (%)
Experiment 1 .

Control 11 11 (100) 9 (82) 0

TS 2 mg/kg/day 12 11 (92) 8(67) 0

TS 10 mg/kg/day 12 9(75) 4 (33)* 0
Experiment 2

Control 12 12(100) 12 (100) 0

CS 2 mg/kg/day 12 12(100) 10 (83) 0

CS 10 mg/kg/day 12 11 (92) 5 (42)** 0

TS 10 mg/kg/day 12 12(100) 4 (33)** 0

TS, telmisartan; CS, candesartan; AC, adenocarcinoma.

*P < 0.05 versus control.
**P < 0.01 versus control.
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TABLE li. Quantitative Evaluation of Neoplastic LesionsinVentral Prostate of TRAP RatsTireated With ARBs

Treatment No. of rats LG-PIN HG-PIN AC
Experiment 1
Control 11 72+£23 90.1 £ 22 27+12
TS 2 mg/kg/day 12 11.9 + 4.2* 86.7 + 4.2 14 + 04™
TS 10 mg/kg/day 12 12.5 & 5.0™* 85.9 + 4.8* 1.6 £ 0.6™
Experiment 2
Control 12 10.6 + 4.5 83.1 & 34 63+28
CS 2 mg/kg/day 12 13.5 £ 5.9 82.6 + 4.9 3.9 +£2.1*
CS 10 mg/kg/day 12 184 £ 4.9 789 £ 4.5 2.7 £ 1.2
TS 10 mg/kg/day 12 225 4 8.6"** 75.0 + 7.8™* 25 £ 1.3

Values (mean% = SD) are the relative number of acini with histological characteristics against whole number of acini.
LG-PIN, low-grade prostatic intraepithelial neoplasia; HG, high grade; AC, adenocarcinoma; TS, telmisartan; CS, candesartan.

*P < 0.05 versus control.
**P < 0.01 versus control.
***P < 0.001 versus control.

HG-PIN or adenocarcinoma were found in rats given
telmisartan and high-dose candesartan (Tables I
and II). The numbers of apoptotic cells in both the
ventral and lateral prostate of rats treated with both
telmisartan and candesartan were significantly in-
creased as compared with the controls, whereas there
was no obvious difference in Ki-67 labeling index
(Fig. 1C,D). Immunoblot and immunohistochemical
analyses clearly demonstrated activation of caspases
3 and 7 and a tendency for inactivation of p38 MAPK
in the ventral prostate of rats freated with both
candesartan and telmisartan, as likewise shown in
experiment 1 (Fig. 1FH,]). There was no significant
difference in ATIR expression among the groups
(Fig. 1L).

Suppressive Effects of ARBs on the Expression and
Transcriptional Activity of Androgen Receptor (AR)

We examined the effects of ARBs on AR expression
because previous clinical studies demonstrated that
ARBs have potential to decrease serum PSA level in
prostate cancer patients. AR protein expression was
down-regulated in the ventral prostate of TRAP rats
while SV40 T antigen protein and AR mRNA expres-
sion did not differ among the groups (Fig. 2A,B).
Immunohistochemical analysis revealed that all
prostate epithelial cells, including neoplastic and
normal-looking cells, expressed SV40 T antigen at
almost similar levels (Fig. S4A). Real-time RT-PCR of
the androgen responsive gene, GK11, known as an
ortholog of human PSA, demonstrated significant
down-regulation by ARB treatment while probasin
expression levels showed no «clear alteration
(Fig. S$4B,C). In human prostate cancer and prostate
epithelial cells, all cells used in the present study
expressed both ATIR and AT2R but its levels were
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variable (Table S5). In LNCaP cells, ARBs repressed
both AR and PSA protein expression although real-
time RT-PCR analysis of the AR gene showed no
obvious difference among treatments (Fig. 2CKE).
ARBs also suppressed both AR and PSA expression
in VCaP cells, androgen-independent prostate cancer
cells harboring wild type AR (Fig. 2D). The suppres-
sive effect of ARBs on AR protein expression was
blocked by the proteasome inhibitor, MG132,
suggesting that a proteasome-dependent pathway is
involved in ARB-induced AR protein down-regula-
tion (Fig. 2F). Subsequent luciferase reporter assays
clearly demonstrated significant inhibition of AR
transcriptional activity, this finding being considered
to simply reflect down-regulation of AR protein
expression by ARBs (Fig. 2G).

In RWPE-1 cells, normal epithelial cells from the
peripheral zone of the human prostate immortalized
with human papilloma virus 18, candesartan did
not affect cell growth while high-dose of telmisartan
attenuated cell proliferation (Fig. S5).

Estrogen Receptor 3 (ER) Upregulation by
ARBs in Prostate of TRAP Rats and
Human Prostate Cancer Cell Lines

To further investigate the downstream molecule(s)
of AT1R responsible for suppression of prostate carci-
nogenesis, we performed microarray analysis using
ventral prostate tissue of TRAP rats. According to
comprehensive mRNA profiling by DNA microarray,
28 genes were up-regulated and 43 were down-
regulated in the telmisartan treatment group over the
control (Delta = 0.340; Fig. 56). Table S6 showed sig-
nificant genes detected microarray analysis. Among
these genes, we focused on ERB as one of the genes
up-regulated by ARB treatment because the majority
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Fig. 2.

Effect of ARBs on AR expression in TRAP rats or human prostate cancer cells. Inmunoblot (A) or Real-time-RT-PCR (B) analysis

for AR in the ventral prostate of TRAP rats. The intensity of each band was measured and normalized to actin. Data were analyzed using all
animal samples and represent mean =+ SD. Immunoblot analysis for AR in LNCaP (C) and VCaP (D) treated with [0 @M TS or CS for 3 days.
The intensity of each band was measured and normalized to actin. E: Real-time RT-PCR for AR in LNCaP exposed 10 1M TS or CS for 3 days.
F: Ubiquitylation assay for AR in LNCaP cells transfected with FLAG-tagged human AR, treated with 10 wM TS, CS andjor | M MGI32
for 24 hr. Protein extracts prepared from treated or untreated cells were subjected to immunoprecipitation using anti-FLAG antibody.
The ubiquitylation status of AR was analyzed by immunoblotting using anti-ubiquitin antibody. G: Inhibition of PSA promoter luciferase
activity by ARBs in LNCaP cells. Cells were transfected with both a PSA promoter reporter construct (pGL3/PSA promoter) and a control
phRL-TK Renilla luciferase vector. Cells were incubated in the absence or presence of 5 nM DHTand/or ARBs for 48 hrin RPMII640 containing
10% charcoal-stripped FBS without phenol red. Data represent the mean and standard deviation of four independent data points. *,**P < 0.05

and 0.0l versus no treatment control, respectively. TS2and TSI0, teimisartan 2 and 10 mg/kg/day, respectively; CS, candesartan.

of the genes other than ERB were involved in the reg-
ulation of blood pressure. First, we needed to confirm
ERp expression in TRAP rat prostate in both in vivo
experiments, as we have done. As expected, signifi-
cant elevation of ERB mRNA was observed in the
ventral prostate of TRAP rats by quantitative RT-PCR
(Fig. 3A,B), and a similar phenomenon was found in
LNCaP cells exposed to ARBs (Fig. 3C).

Up-Regulation of ERJ Induce Suppression of
AR Transcriptional Activity and
Prostate Cancer Cell Growth

Luciferase reporter assay demonstrated that forced
expression of ERB in LNCaP cells clearly inhibited

The Prostate

AR-mediated transcriptional activity in both ligand-
dependent and -independent manners (Fig. 3D).
Treatment with selective ERP agonists, diarylpropio-
nitrile (DPN) and biochanin A, suppressed both
growth and AR-mediated transcriptional activity of
LNCaP cells as did ARBs (Fig. 3EF). Immunoblot
analysis revealed that selective ERB agonists
down-regulated PSA expression but AR expression
was increased in LINCaP cells (Fig. 3G). Selective ERB
agonist-induced cell growth suppression was blocked
by siRNA-mediated knock-down of AR expression,
suggesting that the suppressive action of ERB was via
the AR signaling pathway (Fig. 3H). Knock-down
of ERB expression by siRNA did not affect on cell
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Fig. 3. Effects of ARBs on ERB mRNA expression inTRAP rats or LNCaP cells. Real-time-RT-PCR for ER{ in ventral prostate of TRAF
rats from Experiment | (A) and from Experiment 2 (B) Data in (A) and (B) were analyzed using all animal samples. C: Real-time RT-PCR for
ERB using total RNA of LNCaP cells treated with ARBs for 3 days. D: Inhibition of PSA promoter luciferase activity by ERB in LNCaP cells.Cells
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mock vector (pCXN2). Cells were incubated in the absence or presence of 5 nM DHTor [00 nM 173-estradiol (E2) for 48 hr. Data represent
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eraseactivity by ARBs or selective ER agonist in LNCaP cells. Cells were transfected with the same as (D). Cells were treated in the absence
or presence of 5 nM DHTand/or ARBs or a selective ERP agonist as indicated for 48 hr in RPMII640 containing 10% charcoal-stripped FBS
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were transfected with either control siRNA or AR siRNA and then were exposed to selective ER agonists | day after transfection. Cells were
incubated with RPMI1640 containing 5% FBS without phenol red for 3 days. Cell growth was evaluated by WST-1assay. N.S., not significant. TS2
and TSIO, telmisartan 2 and 10 mg/kg/day, respectively; CSI0, candesartan 10 mg/kg/day; DPN, diarylpropionitrile; BCA, biochanin A.
*¥¥FP < 0.05and 0.001 versus control, respectively.
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BCA, biochanin A; TS, telmisartan; CS, candesartan; Ctrl, control.

proliferation, suggesting the role of ERB was a mild
additional modifier on AR-mediated transcriptional
activity (Fig. 57). To examine the effect of ARBs on
the growth of androgen-independent LNCaP cells,
we used VCaP and AI-8 cells, which possessed the
highest PSA expression among the four sublines
(Fig. S1C). Selective ERP agonists as well as ARBs
inhibited cell proliferation of both AI-8 and VCaP
cells (Fig. 4A,B). Immunoblot analysis revealed that
AR expression was increased while PSA was de-
creased by treatment with selective ERB agonists in
AI-8 cells (Fig. 4E). On the other hand, ARBs clearly
repressed PSA expression although the AR protein
level was slight increased with telmisartan (TS) and
decreased with candesartan (CS) treatment compared
with the no-treatment control. These results are in
marked contrast to the findings seen in androgen-
dependent parental LNCaP cells as shown in
Fig. 3G. Up-regulation of ERB mRNA expression by
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ARB treatment was observed in both AI-8 and VCaP
cell (Fig. 4C,D).

Intervention Study

Background data of the patients are shown in Table
S7. aPSA-DT was significantly longer than ePSA-DT
in both the olmesartan-treated patients (see Materials
and Methods Section), median 436.3 versus 128.7
days (P = 0.004; Fig. 5A). However, the ratio of aPSA-
DT/ePSA-DT was significantly longer in olmesartan-
treated patients (3.36 times) than in control patients
(1.80 times) (P = 0.0156), indicating that olmesartan
treatment could delay PSA progression (Fig. 5B).
Fig. 5C shows that TTPP; ¢ from biochemical failure
(0.2 ng/ml) to over 1.0 ng/ml in olmesartan-treated
patients was significantly longer than that in control
patients (no treatment; P = 0.026). Similarly, the time
for PSA progression from the PSA nadir to over
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control patients (P = 0.012). BCF, biochemical failure.

1.0 ng/ml in olmesartan-treated patients was signifi-
cantly longer than that in control patients (P = 0.012)
as shown in Fig. 5D.

DISCUSSION

It is widely accepted that there are multiple pro-
cesses in the development of cancer; that is, initiation,
promotion and progression. In 1976, Sporn proposed
“cancer chemoprevention’” as a strategy for preven-
tion of cancer to delay the development of clinically
evident disease by suppression of progression from
precancerous lesions to invasive cancer by giving
natural or synthetic compounds [17]. Prostate cancer
is known to be strongly associated with aging, that is,
about three-quarters of cases worldwide occur in men
aged 65 years or more [18]. Therefore, prostate cancer
is an attractive target for cancer chemoprevention
because of the high population incidence and long
latent period, and several dietary factors as well as
genetic background have been linked to risk and
progression of prostate cancer [19,20]. In fact, a large
number of observational or intervention studies have
been conducted using vitamins, phytochemicals, and
minerals [21,22]. Moreover, three large scale random-
ized clinical trials, SELECT (Selenium and Vitamin E
Cancer Prevention Trial) [23], PCPT (Prostate Cancer
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Prevention Trial) [24], and REDUCE (Reduction by
Dutasteride of Prostate Cancer Events) [25], have
been completed, and the latter two trials using 5a-
reductase inhibitors showed a reduction of prostate
cancer risk, although adverse effects including sexual
dysfunction were observed. From the viewpoint of
sexual dysfunction, ARB could restore rather than
induce these side effects [26-28].

The present study demonstrated suppressive
effects of ARBs on prostate tumor progression in an
in vivo animal model, with decrease in the develop-
ment of both HG-PINs and adenocarcinoma and con-
sequent increase in LG-PINs in the ventral prostate.
We have validated the chemopreventive effects of
various chemicals including anti-androgens using our
TRAP rats [14,15,29,30]. This transgenic rat is charac-
terized by the sequential development of prostatic
lesions, that is, LG-PINs, HG-PINs and adenocarcino-
mas in almost all acini in the entire ventral and lateral
lobes. The SV40 T antigen used in the transgene of
the TRAP rat acts as a potent oncoprotein to strongly
stimulate cell growth and the development of adeno-
carcinomas in almost all acini in the entire prostatic
lobes through inhibiting both the pRB and p53 tumor
suppressor pathways. Since expression of SV40 T
antigen is regulated by the androgen-dependent
probasin promoter, it is speculated that cancer



12 Taltahashiet al.

development in TRAP rats is very sensitive to
chemicals that modulate the AR axis, including the
endogenous androgen level. The possibility that sup-
pressive effects of ARBs were due to down-regulation
of the transgene expression could be excluded by
the data on SV40 T antigen expression shown in
Figures 2A and S4A. The in vivo finding that ARBs
not only down-regulated AR protein but also
suppressed the androgen responsive gene, GK11, an
ortholog of human PSA, at the mRNA level, provided
evidence that ARBs functionally suppressed the AR
pathway in prostatic lesions of TRAP rats. Thus, the
present study highlighted that the main pathway re-
sponsible for attenuation of prostate carcinogenesis
by ARBs is the AR signal pathway through suppres-
sion of AR-mediated transcriptional activity by both
AR down-regulation and ERB up-regulation, as well
as inactivation of the p38 MAPK pathway.

ERB is known to regulate prostate gland growth as
an antiproliferative receptor [31]. This study demon-
strated that ERP is one of the downstream molecules
of ATIR, and the ERB signal transduction pathway
plays an important role in the mechanisms of sup-
pression of prostate carcinogenesis by ARBs. Genis-
tein and deizein, major components of soybean
isoflavone, have been shown to exert suppressive
" effects on rat prostate carcinogenesis [32], and these
compounds are known to bind ERB and to have ERB
agonistic activity [33]. Gamma-tocopherol has also
demonstrated an inhibitory effect on prostate carcino-
genesis in TRAP rats by activation of caspase signal-
ing [15] and it is speculated that the ERB signal
pathway might be involved in these inhibitory effects
because gamima-tocotrienol was recently revealed to
induce apoptosis by activation of caspase 3 and ERB
signaling [34]. The latest report suggests that ERB
exerts a pivotal role in sustaining the epithelial
phenotype and suppressing the acquisition of
epithelial-mesenchymal transition and aggressive
characteristics of prostate cancer [35]. This accumulat-
ing evidence suggests that modulators of ERB might
be potential chemopreventive or chemotherapeutic
agents.

Among the ARBs used here, telmisartan demon-
strated PPARy activation while candesartan and
olmesartan did not [36]. Additionally, olmesartan is
known to increase angiotensin 1-7 levels through acti-
vation of angiotensin converting enzyme 2 [37]. No
toxic effects were observed in TRAP rats treated with
candesartan while significant suppression of body
weight gain was found with the high-dose telmisar-
tan. These phenomena are presumably PPARy-
related and similar effects of telmisartan have been
reported previously [38,39]. However, it has been
proven to also potentiate the signaling of PPARa or
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PPARS in mice [40,41], and PPARS activation is deep-
ly involved in the prevention of body weight gain by
telmisartan [42].

Androgen deprivation therapy remains the gold
standard first-line treatment for prostate cancer;
however, most tumors gradually acquire a castration-
resistant phenotype. Several signal pathways
responsible for the pathogenesis of CRPC have been
elucidated, and growth and survival of CRPC contin-
ue to depend on a functional AR signal pathway that
is adapted to a microenvironment of low androgen
levels [43,44]. At present, several agents targeting AR
signaling have been developed, such as a new type of
anti-androgens, CYP17 inhibitors, HSP90 inhibitors,
histone deacetylase inhibitors, and tyrosine kinase
inhibitors [45]. The present data suggest that ARBs
are also candidates for suppressor drugs of the AR
signal pathway by attenuating AR-mediated tran-
scriptional activity.

Our previous report indicated that ARBs have the
potential to decrease or stabilize PSA level of patients
with CRPC and inhibit the occurrence of symptoms
such as bone pain [9]. These effects seemed to be due
to the anti-inflammatory and anti-angiogenesis activi-
ty of ARB. In this study, we examined whether ARBs
could clinically affect the growth of hormone-naive
cancer cells. In general, it has been reported that
aPSA-DT was longer than ePSA-DT from the nadir
of biochemical failure (BCF), PSA 0.2 ng/ml [46].
However, olmesartan treatment markedly prolonged
PSA-DT in patients with BCF, that is, PSA >0.2 ng/ml
after RP, in comparison with non-treated patients
(control patients). It is well known that PSA-DT after
RP is strongly associated with the risk of cause-specif-
ic mortality [47], and is a predictor of development of
metastasis [48-50]. In the present study, administra-
tion of olmesartan prolonged aPSA-DT 2 fold com-
pared with non-treated patients. These clinical data
are consistent with in vivo and in vitro data showing
that ARBs have the property to suppress the progres-
sion of prostate cancer associated with PSA decrease.

Interspecies scaling is commonly used to extrapo-
late doses from animal experiments to humans. It is
known that plasma concentrations are better than
dose levels for the interpretation of animal studies.
An approximately five times higher dose in rats com-
pared with human dose level is necessary to reach
similar average steady-state plasma levels [51]. More-
over, the 0.75 power of body weight method is con-
ventionally used in scaling [52,53]. The formula is
(mg dose in rat)/(rat body weight)*/* = (mg dose in
human)/ (human body weight)*/4, and this can be re-
written as (mg/kg/day dose in rat) x (rat body
weight)'/* = (mg/kg/day dose in human) x (human
body weight)!/. Applying this formula in the present
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experiments using TRAP rats, an equivalent dose of
ARBs in human (mg/ kg/day) = (10 mg/kg/day) x
0.3 kg)'/*/(70 kg)'/* = 2.56 mg/kg/day. This value
is equivalent to an intake 2—4 times higher for telmi-
sartan or 14-22 times higher for candesartan than the
respective standard intake level in a 70 kg-sized
person. In practical terms, however, candesartan is
effective for suppressing serum PSA levels at a dose
within 4-8 mg/day in advanced prostate cancer
patients [9,10]. Therefore, a normal dose of ARBs
used in the clinical scenario should provide satisfacto-
ry responses of human prostate cancers.

In conclusion, ARBs impede prostate cancer pro-
gression by affecting AR expression. These data may
contribute to the establishment of a novel chemo-
preventive and alternative chemotherapeutic strategy
for human prostate cancer. '
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ABSTRACT

Humanized mice, which refers to immunodeficient mice

repopulated with the human immune system, are powerful tools
for study in the field of immunology. It has been difficult,
however, to generate these transgenic (Tg) mice directly from
such strains as the NOD/SCID mouse. In this study, we describe
a method developed by us for the. generation of Tg mice on an
NOD/SCID background. First, we obtained fertilized eggs
efficiently by means of in vitro fertilization (IVF); then, we
attempted to generate CAG-EGFP Tg mice on an NOD/SCID
‘background, finding that delayed timing of the microinjection
after the IVF improved the time to development of the two-cell-
stage embryos and the obtainment of newborns. We successfully
generated Tg mice and confirmed the germ-line transmission in
the offspring. In conclusion, we established a novel system for
directly generating transgenic mice on an NOD/SCID back-
ground. This novel system is expected to allow improved
efficiency of the generation of humanized mice.

embryos, immunodeficient mice, in vitro fertilization, IVF,

microinjection, Tg mice

INTRODUCTION

Mouse models have contributed significantly to advances in
the field of immunology, especially after the establishment of
inbred mice, transgenic mice, knockout mice, and knock-in
mice [1, 2]. Although the results of immunological analyses in
mice cannot necessarily be extrapolated simply to humans,
conventionally, preclinical studies to predict the efficacy and
safety of drugs have been conducted almost exclusively in mice
and rats-[3]. Humanized mice, which refers to immunodeficient
mice repopulated with the human immune system, have been
used as a substitute for humans, to great advantage in the study
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of immunology [4, 5]. To generate humanized mice,
immunodeficient mice whose natural and acquired immune
systems are highly impaired or disrupted, such as the scid
mouse [6], NOD/SCID mouse [7], and the NOG mouse [8], are
required. Among those mentioned, the NOD/SCID mice have
been used the most frequently because of their relatively easy
availability and limited usage restrictions.

To generate immunodeficient mice expressing human
genes, three methods of exogenous gene transmission have
mainly been reported until now. In the first, the exogenous
gene is transmitted into an immunodeficient mouse embryo via
a lentivirus vector [9]. Although this method can yield
transgenic mice after 3 mo, handling of lentiviruses requires
physical containment level P2 or P3, which might pose an
obstacle to the use of this method. In the second method, the
exogenous gene is injected into an immunocompetent mouse
by microinjection, followed by backcrossing with mice having
an immunodeficient background. This method only requires
physical containment level P1, although it takes 2 yr to
generate a sufficiently backcrossed transgenic mouse [10]. The
third method involves transgenic (Tg) mice directly on a
nonobese diabetic (NOD) background followed by backcross-
ing with NOD/SCID mice; however, this still requires two
backcrossings.

Here, we report a novel method for the generation of
transgenic mice on an immunodeficient background, which
takes as short a time as the lentiviral method, but, like the
backcrossing method, needs only physical containment level
P1. The method involves in vitro fertilization (IVF),
followed by delayed timing of the microinjection of the
exogenous gene directly into the fertilized eggs of the NOD/
SCID mice.

MATERIALS AND METHODS

Construction and Validation of the EGFP Expression Vector

To obtain a ubiquitous EGFP expression vector from the Z/EG plasmid
[11], the Bgeo fragment flanked by the two loxP sites was excised by in vitro
treatment with recombinant Cre protein (New England Biolabs Inc.). Briefly, [
ug of Z/EG plasmid was incubated with recombinant Cre protein in a 6-pl
volume of reaction mixture for 30 min at 37°C, followed by heat inactivation of
the enzyme for 15 min at 70°C. The Cre-treated plasmid was digested with
EcoRV, whose recognition site was located within the Bgeo fragment, to
linearize the unrecombined plasmid. After selection of the circular Pgeo-
excised plasmid and propagation in Escherichia coli, a PGK-Puromycin
resistance unit was inserted into the Stul site within the EGFP expression
vector. The plasmid was then linearized with EcoRV to obtain the CAG-EGFP
Tg cassette for microinjection.
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