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Chemopreventive and potential therapeutic effects of soy isoflavones have been
shown to be effective in numerous preclinical studies as well as clinical studies in
prostate cancer. Although the inhibition of androgen receptor signaling has been
supposed as one mechanism underlying their effects, the precise mechanism of
androgen receptor inhibition remains unclear. Thus, this study aimed to clarify
their mechanism. Among soy isoflavones, equol suppressed androgen receptor as
well as prostate-specific antigen expression most potently in androgen-depen-
dent LNCaP cells. However, the inhibitory effect on androgen receptor expression
and activity was less prominent in castration-resistant CxR and 22Rv1 cells. Con-
sistently, cell proliferation was suppressed and cellular apoptosis was induced by
equol in LNCaP cells, but less so in CxR and 22Rv1 cells. We revealed that the pro-
teasome pathway through S-phase kinase-associated protein 2 (Skp2) was
responsible for androgen receptor suppression. Taken together, soy isoflavones,
especially equol, appear to be promising as chemopreventive and therapeutic
agents for prostate cancer based on the fact that equol augments Skp2-mediated
androgen receptor degradation. Moreover, because Skp2 expression was indi-
cated to be crucial for the effect of soy isoflavones, soy isoflavones may be appli-

cable for precancerous and cancerous prostates.

doi: 10.1111/cas.12948

With the introduction of prostate-specific antigen (PSA)
screening, the prevalence rate of prostate cancer dra-
matically increased in Europe and North America in the
1980s, followed by Japan in the 1990s. Accordingly, prostate
cancer is the most common non-cutaneous cancer and the sec-
ond leading cause of cancer-related mortality among the male
population in these countries. Owing to widespread PSA
screening, the stage at diagnosis has migrated to earlier stages,
accompanied by improved cancer-specific survival among
PSA-screened populations, as shown in the European Random-
ized Study of Screening for Prostate Cancer trial undertaken in
European countries, " although a controversial result has been
reported from the Prostate, Lung, Colorectal and Ovarian Can-
cer Screening trial carried out in the USA. However, the latter
report suffered from a high contamination rate in the control
gro%)), among whom more than 50% underwent PSA screen-
ing.

Thus, because of such a high prevalence rate of prostate can-
cer and its long latency period, a preventative strategy for
prostate cancer appears to attractive, and various agents,
including natural and chemical compounds such as vitamin E,
selenium, and So-reductase, were studied in large-scale clinical
trials, but failed to show significant results. A large amount of
soy isoflavones are consumed in Asian countries, where the
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prevalence rate of prostate cancer is comparatively low, which
suggests that soy isoflavones may be a possible agent for pros-
tate cancer prevention.(3’4) In fact, two randomized clinical tri-
als have examined whether soy proteins and isoflavones can
prevent the development of prostate cancer, with both showing
a marginal reduction in prostate cancer detection.®® A recent
publication has clearly revealed the significant preventative
value of soy by meta-analysis.”” In addition, therapeutic
effects of soy isoflavones have also been expected and exam-
ined in clinical trials for prostate cancer, especially localized
and low-aggressive cancer.'%19

As for proof of concept, numerous basic research studies
have been undertaken to reveal the significance and the mecha-
nism of soy isoflavones on anticarcinogenesis and their anti-
cancer effects. As a result, chemopreventive and therapeutic
effects of soy isoflavones have been shown and several mecha-
nisms of their effects, including the disruption of growth sig-
naling, induction of apoptosis, and inhibition of angiogenesis
by phytoestrogens and their antioxidant properties have been
proposed.®* Among them, the inhibitory effect on androgen
receptor (AR) signaling in prostate cancer has been considered
as one of the major effects of soy isoflavones. Davis et al.
reported that soy isoflavones suppressed AR as well as PSA
expression at the transcription level in prostate cancer cells.

© 2016 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
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Later, conversely, Basak et al." showed that soy isoflavones
similarly suppressed AR at the protein level owing to its loss
of stability, but not AR at the mRNA level in prostate cancer
cells. Thus, there is controversy regarding the mechanisms reg-
ulating AR expression by soy isoflavones.

Therefore, in this study, we aimed to further reveal the
mechanism regulating AR expression in prostate cancer cells,
as well as the differential effect of isoflavones on cell prolifer-
ation in prostate cancer cells. Then, we identified the key
molecule regulating AR expression by the most potent equol
among soy isoflavones, and revealed its expression in prostate
cancer.

Materials and Methods

Cell culture. Human prostate cancer LNCaP and 22Rvl cells
were obtained from ATCC (Manassas, VA, USA) and authen-
ticated by short tandem repeat analysis. Cells were cultured in
RPMI-1640 media (Life Technologies, Carlsbad, CA, USA)
supplemented with 10% FBS. LNCaP cells were passaged
between 10 and 40 times before use. CxR cells were estab-
lished and maintained as described previously.'® The cell
lines were maintained in a 5% CO, atmosphere at 37°C.

Antibodies and reagents. Antibodies against AR (sc-816),
p27 Kipl (sc-528), and ubiquitin (sc-271289) were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-
cleaved poly(ADP-ribose) polymerase (#9541), S-phase kinase-
associated protein 2 (Skp2) (#4358), and p27 Kipl
(SX53G8.5) antibodies were obtained from Cell Signaling
Technology (Cambridge, MA, USA). Anti-B-actin (A3854) and
anti-PSA  (#1984) antibodies were obtained from Sigma-
Aldrich (St. Louis, MO, USA) and Epitomics (Burlingame,
CA, USA), respectively. Equol, genistein, and daidzein were
obtained from Sigma-Aldrich (45405, G6776, and D7802).
Dihydrotestosterone (DHT), MG132, and cycloheximide were
purchased from Sigma-Aldrich, CalbioChem (San Diego, CA,
USA), and R&D Systems (Minneapolis, MN, USA), respec-
tively.

Knockdown analysis using siRNAs. The following double-
stranded RNA 25-bp oligonucleotides were commercially gen-
erated (Life Technologies): Skp2 #1, 5'-CUUCCUCGCUGUU
GCUCAGGCUGUC-3' (sense) and 5'-GACAGCCUGAGCAA-
CAGCGAGGAAG-3' (antisense); and Skp2 #2, 5-UAGAGA
GCAAGGCUGCAAAGGAGUC-3" (sense) and 5'-GACUCC
UUUGCAGCCUUGCUCUCUA-3’ (antisense). Prostate cancer
cells were transfected with siRNA using Lipofectamine 2000
(Life Technologies) according to the manufacturer’s protocol.

RNA isolation, reverse transcription, and quantitative real-time
PCR. Total RNA was extracted using the NucleoSpin RNA II
kit (Clontech, Palo Alto, CA) and reverse transcribed using
iScript (Bio-Rad, Hercules, CA, USA). The resulting cDNAs
were diluted to 1:5-10 and served as templates for real-time
PCR using TagMan Gene Expression Assays for full-length
AR  (Hs00907244_ml), AR V7 (custom-made), PSA
(Hs00426859_g1), Skp2 (Hs00185584_m1), B-actin
(Hs00185584_m1), and GAPDH (Hs02758991_gl) (all from
Life Technologies) and TagMan Gene Expression Master Mix
(Life Technologies) on a CFX Connect Real-Time System
(Bio-Rad). The transcript levels of target genes were normal-
ized to the corresponding GAPDH transcript levels. All values
represent the results of at least three independent experiments.

Western blot analysis. Whole-cell extracts and Western blot
analyses were prepared as described previously."'”? Briefly,
the concentration of the prepared protein extracts was
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quantified using a Protein Assay (Bio-Rad) based on the Brad-
ford method. Aliquots (20 pg protein) were separated by 4—
20% SDS-PAGE and transferred to PVDF microporous mem-
branes (GE Healthcare Bio-Sciences, Piscataway, NJ, USA)
using a semi-dry blotter. The membranes were then incubated
with the primary antibodies for 1 h at room temperature, fol-
lowed by incubation with peroxidase-conjugated secondary
antibodies for 40 min at room temperature. The bound anti-
bodies were visualized using an ECL kit (GE Healthcare Bio-
Sciences), and images were obtained using an image analyzer
(Ez-Capture MG; ATTO, Tokyo, Japan).

Co-immunoprecipitation assay. Co-immunoprecipitation
assays were carried out as previously described.'” Briefly,
whole-cell extracts (500 pg) were incubated for 2 h at 4°C
with 1.0 pg anti-AR antibody and p27 antibody with 20 pL
protein A/G agarose (Santa Cruz Biotechnology). The
immunoprecipitated samples were washed three times, and the
immunoprecipitated samples and pre-immunoprecipitated sam-
ples (50 pg) as inputs were subjected to Western blot analysis
with the indicated antibodies.

Cytotoxicity analysis. Cytotoxicity analysis was carried out
as described previously."®2? Briefly, prostate cancer cells
(2 x 10°) were seeded in 96-well plates. On the following
day, cells were cultured with FBS or charcoal-stripped serum
(CSS)-supplemented media with or without 1 nM DHT for
24 h and various concentrations of equol were applied. After
48 h, the surviving cells were stained using the alamarBlue
assay (TREK Diagnostic Systems, Cleveland, OH, USA) at
37°C for 180 min. The absorbance of each well was mea-
sured using an ARVO MX plate reader (Perkin Elmer, Wal-
tham, MA, USA). The results are representative of at least
three independent experiments.

Statistical analysis. The statistical significance of most differ-
ences between groups was calculated using Prism 19 software
(GraphPad, San Diego, CA, USA). All data were assessed
using Student’s r-test. Levels of statistical significance were set
at P < 0.05.

Results

Equol potently inhibits AR and PSA expression. We examined
which soy isoflavones, including equol, genistein, and daid-
zein, were most potent for suppressing AR signaling. As
shown in Figure 1(a), LNCaP cells showed impairment of AR
expression after treatment with soy isoflavones. Consistently,
expression of the major AR-target gene, PSA, was also
reduced by soy isoflavones. However, AR mRNA expression
was little affected by soy isoflavones (Fig. 1b). In contrast,
PSA mRNA expression was significantly inhibited by soy iso-
flavones (Fig. 1b), suggesting non-transcriptional regulation of
AR expression by equol. Interestingly, equol, which is a major
metabolite of daidzein, most potently inhibited AR and PSA
expression compared with genistein and daidzein. Therefore,
we used equol in subsequent experiments.

Androgen receptor protein and cell proliferation suppressed by
equol with or without androgens. To examine the effect of
androgens on AR degradation by equol, LNCaP cells were
incubated in CSS-supplemented media with or without DHT
and treated with equol. When LNCaP cells were treated with
equol, the AR protein level decreased with or without DHT
(Fig. 2a). Consistently, PSA mRNA levels were also decreased
by equol with or without DHT, although equol repeatedly
failed to affect AR mRNA levels (Fig. 2b). Cell proliferation
was also retarded by equol with or without DHT (Fig. 2c¢).

© 2016 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
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Fig. 1. Soy isoflavones inhibit androgen receptor (AR) and prostate-
specific antigen (PSA) expression. (a, b) LNCaP cells were treated with
50 uM equol, genistein, or daidzein for 48 h. (a) Whole-cell extracts
were subjected to SDS-PAGE, and Western blot analysis was carried
out with the indicated antibodies. (b) After extraction of total RNA
and synthesis of ¢cDNA, quantitative real-time PCR was carried out
with primers and probes specific for AR, PSA, and GAPDH. The tran-
script levels of AR and PSA from non-treated cells were defined as 1.
Boxes, mean; bars + SD.

The inhibitory effects of equol on AR activity and cell prolif-
eration were intriguingly prominent in DHT treated cells com-
pared with DHT untreated cells (Fig. 2), suggesting that the
effect of equol is partially androgen-dependent.

Effect of equol on AR expression in CxR and 22Rv1 cells. We
analyzed the effect of equol in CxR cells, which are castra-
tion-resistant derivatives of LNCaP cells. Interestingly, equol
induced downregulated AR expression at the protein level
(Fig. 3a), but not at the mRNA level (Fig. 3b). Accordingly,
PSA expression was reduced by equol at both mRNA and pro-
tein levels (Fig. 3a,b), although the inhibitory effects on AR
and PSA suppression by equol was less prominent compared
with that in LNCaP cells (Fig. 1b). However, in another cas-
tration-resistant cell line, 22Rv1, full-length AR as well as AR
variant (AR V7) expression was little affected by equol at both
mRNA and protein levels (Fig. 3c,d).

Equol reduces cell viability most prominently in LNCaP cells,
compared with CxR and 22Rv1 cells. Subsequently, we examined
cytotoxicity by equol in LNCaP, CxR, and 22Rv1 cells. As
shown in Figure 4(a), LNCaP cells showed prominent suscep-
tibility to equol. However, equol had little or no effect in CxR
and 22Rv1 cells, respectively. The cleaved form of poly(ADP-
ribose) polymerase, indicating an induction of cellular apopto-
sis, increased in LNCaP cells but not in CxR or 22Rv1 cells in
the presence of equol (Fig. 4b).

Equol suppresses AR expression through AR degradation. To
investigate the mechanism of AR repression by equol, LNCaP
cells were treated with cycloheximide, inhibiting de novo pro-
tein synthesis, or MG132, inhibiting proteasome degradation.
As shown in Figure 5, although equol alone induced AR pro-
tein degradation, MG132 blocked AR degradation by equol.
However, cycloheximide reversed the AR level changes by

© 2016 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
on behalf of Japanese Cancer Association.
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Fig. 2. Androgen receptor (AR) protein and cell proliferation are
suppressed by equol with or without androgens. (a, b) LNCaP cells
incubated in charcoal-stripped serum (CSS)-supplemented media with
or without 10 nM dihydrotestosterone (DHT). Equol was supple-
mented in media after 24 h. Cells were harvested at 48 h after equol
treatment. (a) Whole-cell extracts from these cells were subjected to
SDS-PAGE, and Western blot analysis was carried out with the indi-
cated antibodies. (b) After extraction of total RNA and synthesis of
cDNA, quantitative real-time PCR was undertaken using primers and
probes specific for AR, PSA, and GAPDH. AR and PSA transcript levels
from non-treated cells were defined as 1. Boxes, mean; bars + SD. (c)
LNCaP cells were seeded into 96-well plates and incubated in CSS-sup-
plemented media with or without 1 nM DHT. On the following day,
various concentrations of equol were applied. After incubation for
72 h, cell survival was analyzed by cytotoxicity assay. Cell survival in
the absence of equol corresponds to 100. Boxes, mean; bars + SD.
*P < 0.05. PSA, prostate-specific antigen.

equol, indicating that equol suppresses AR expression through
proteasome degradation. Intriguingly, MGI132 treatment
induced a truncated form of AR, especially with equol
(Fig. 5), as previously reported.m)

Androgen receptor degraded by equol through interaction
between AR and Skp2. It has been reported that Skp2 regulates
AR expression through ubiquitin-mediated degradation.*® To
assess the role of Skp2 on AR expression after treatment of
equol, we transfected Skp2-specific siRNA into LNCaP cells
and then examined AR expression and cell viability. In the
presence of equol, knockdown of Skp2 resulted in restored AR
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Fig. 3. Effect of equol on androgen receptor (AR) and prostate-speci-

fic antigen (PSA) expression in CxR and 22Rv1 cells. (a, ¢) CxR (a) and
22Rv1 (c) cells were treated with indicated concentrations of equol for
48 h. Whole-cell extracts were subjected to SDS-PAGE, and Western
blot analysis was carried out with the indicated antibodies. (b, d) CxR
(b) and 22Rv1 (d) cells were treated with indicated concentrations of
equol for 48 h. After extraction of total RNA and cDNA synthesis,
quantitative real-time PCR was undertaken using primers and probes
specific for AR, AR V7, PSA, and GAPDH. Transcript levels of AR and
PSA from non-treated CxR and 22Rv1 cells were defined as 1. Boxes,
mean; bars + SD.
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Fig. 4. Equol suppresses cell proliferation most prominently in
LNCaP. (a) LNCaP, CxR, and 22Rv1 cells were seeded into 96-well
plates. The following day, various concentrations of equol were
applied. After incubation for 48 h, cell survival was analyzed by a
cytotoxicity assay. Cell survival in the absence of equol corresponds to
100. Boxes, mean; bars + SD. *P < 0.05; **P < 0.01. (b) LNCaP, CxR,
and 22Rv1 cells were treated with indicated concentrations of equol
for 48 h. Whole-cell extracts were subjected to SDS-PAGE, and Wes-
tern blot analysis was carried out with the indicated antibodies. PARP,
poly(ADP-ribose) polymerase.

expression, which was accompanied by PSA induction, and
overcame cell growth inhibition compared with control siRNA
(Fig. 6a,b). These results suggest that equol induced AR
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Fig. 5. Equol suppresses androgen receptor (AR) expression through
AR degradation. LNCaP cells were cultured with or without (Non)
5 mM MG132 or 1 mg/mL cycloheximide (CHX) during equol treat-
ment for 48 h. Whole-cell extracts were subjected to SDS-PAGE, and
Western blot analysis was carried out with the indicated antibodies.

degradation through Skp2. Next, we examined whether equol
treatment affects the interaction between AR and Skp2. Inter-
estingly, the interaction between AR and Skp2 was increased
in the presence of equol, even though the number of non-
immunoprecipitated Skp2 and AR proteins was decreased by
equol (Fig. 6¢).

Because Skp2 is one of ubiquitin ligase to regulate tumor
suppressor genes, including CDK inhibitor p27,*> we tested
the hypothesis that p27 degradation is suppressed during AR
degradation. In LNCaP cells, equol treatment resulted in p27
accumulation (Fig. 6d). Then, we tested the ubiquitination of
p27 in LNCaP cells after treatment with equol and found that
the ubiquitination of p27 was suppressed.

Expression of Skp2 in prostate cancer cell lines. Skp2 expres-
sion was important to suppress AR expression in the presence
of equol. We found the effect of equol was different between
cell lines (Fig. 4). Then, we examined Skp2 expression levels
in prostate cancer cell lines. As shown in Figure 7, Skp2
expression levels were decreased in LNCaP, CxR, and 22Rv1
cells, in descending order, at both mRNA and protein levels.

Discussion

Soy isoflavones consist of several types of components, such
as more abundant daidzein and genistein and less abundant
glycitein, as well as equol as a metabolizer of daidzein. Previ-
ously, equol has been shown to be more active compared with
other soy isoflavones.***> In line with previous studies, this
study showed that equol exerted the most powerful effect to
suppress AR expression in LNCaP cells compared with non-
metabolized soy isoflavones, such as daidzein and genistein,
suggesting a crucial role metabolizing daidzein into equol by
intestinal flora, as suggested by Akaza.?®

Previously, there has been some controversy regarding AR
regulation by soy isoflavones. The present study revealed that
AR protein expression by equol was regulated by the proteaso-
mal pathway, but not through transcriptional or translational
mechanisms, which supports the results of Basak et al.,""> but
not those of Davis et al.'? However, it should be noted that
differences in experimental conditions, such as exposure dura-
tion to the agent, might affect results. Previously, Basak et al.
showed that histone deacetylase inhibition by genistein leads
to the hyperacetylation of the AR-stabilizing chaperone heat
shock protein 90, which undermines the chaperone function
and accelerates ubiguitination and degradation of client pro-
teins including AR.“” Similarly, Li er al.®® reported that AR
activity was regulated by isoflavones through Akt/Foxo3a/

© 2016 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
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Fig. 6. Equol predominantly induces androgen
receptor (AR) degradation by S-phase kinase-
associated protein 2 (Skp2). (a) LNCaP cells were
transfected with 50 nM control siRNA, Skp2 siRNA
#1, or Skp2 siRNA #2, and treated with 50 uM

equol at 24 h after incubation. Cells were harvested
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glycogen synthase kinase-3f signaling, resulting in inhibition
of AR translocation into the nucleus, thereby promoting AR
degradation. For AR ubiquitination, the cascade of ubiquitin
ligases from El to E3 plays a crucial role. Among these pro-
teins, several E3 ubiquitin ligases have been reported to modu-
late AR function. Previous studies have shown that the
MDM2%” and Skp2®* E3 ligases promote AR depletion and
inhibit AR function, whereas RNF6“” and Siah2" E3 ligases
play opposite roles. Because MDM2 has been shown to be
downregulated by the soy isoflavone genistein,®? suggesting
inconsistent effects of soy isoflavone on AR and MDM2, we
focused on Skp2 as a possible mediator of AR degradation by
the soy isoflavone equol. Next, we successfully revealed the
functional role of Skp2 that promoted the interaction with AR
and augmented AR degradation in the presence of equol. Pre-
viously, soy isoflavones have been shown to bind to the AR
ligand-binding domain and act as an anti-androgen,”> as well
as to affect the expression of not only AR but also estrogen
receptor o/f and progesterone receptor in  prostate
cancer cells.**3® In addition, AR mutation (T877A) in
LNCaP cells might influence the effect of soy isoflavones, as
it has been known that AR mutation can affect ligand speci-
ficity.®” These reports suggest the possibility that these func-
tions also influence the growth inhibition in equol-treated
LNCaP cells. Consistently, our study has shown that equol
inhibited AR function as well as cell proliferation in androgen-
dependent LNCaP cells in a partially androgen-dependent
manner.

As a member of the F-box protein family, Skp2 is responsi-
ble for the degradation of several tumor suppressors, such as
p27°® and Foxol.®” We showed that equol induced accumu-
lation of p27. These results suggest that expression of tumor

© 2016 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
on behalf of Japanese Cancer Association.
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Fig. 7. S-phase kinase-associated protein 2 (Skp2) expression in pros-
tate cancer cells. (a, b) LNCaP, CxR, and 22Rv1 cells were treated with
50 uM equol for 48 h. (a) After extraction of total RNA and cDNA syn-
thesis, quantitative real-time PCR was undertaken with primers and
probes specific for Skp2 and GAPDH. Skp2 transcript levels from LNCaP
cells were defined as 1. Boxes, mean; bars + SD. **P < 0.01;
*kp < 0.001. (b) Whole-cell extracts were subjected to SDS-PAGE, and
Western blot analysis was carried out with the indicated antibodies.
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suppressor genes including p27 was maintained through equol
promoting AR degradation by Skp2.

In addition, this study has shown that Skp2 expression was
decreased in castration-resistant CxR and 22Rv1 cells, com-
pared with androgen-dependent LNCaP cells. This decrease in
Skp2 would bring about decreased AR degradation and thereby
increased AR expression. The increased AR degradation®” as
well as augmented AR expression by various mechanisms™“"
are well known to be major causes for obtaining castration
resistance in prostate cancer. Therefore, decreased expression
of Skp2 may be one cause of castration resistance in castra-
tion-resistant CxR and 22Rv1 cells.

In this study, we showed that 50 pM equol effectively sup-
pressed AR expression and cell growth. This concentration is
higher than ordinary serum and prostate tissue concentrations
of equol and isoflavones.““*** Therefore, to obtain high con-
centration levels of equol in prostate tissue, the development
of methods to increase equol bioavailability by increasing the
absorption rate using bacterial conversion from daidzein into
equol would be required, as suggested by Akaza.?®

Taken together, this study has provided proof of concept to
use soy isoflavones, especially equol, for chemoprevention and
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