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We have previously shown that genistein could inhibit Akt
activation and down-regulate AR (androgen receptor) and PSA
(prostate-specific antigen) expression in prostate cancer (PCa)
cells. However, pure genistein showed increased lymph node
metastasis in an animal model, but such an adverse effect was
not seen with isoflavone, suggesting that further mechanistic
studies are needed for elucidating the role of isoflavone in PCa.
It is known that FOXO3a and GSK-3�, targets of Akt, regulate
cell proliferation and apoptosis. Moreover, FOXO3a, GSK-3�,
and Src are AR regulators and regulate transactivation of AR,
mediating the development and progression of PCa. Therefore,
we investigated the molecular effects of isoflavone on the Akt/
FOXO3a/GSK-3�/AR signaling network in hormone-sensitive
LNCaP and hormone-insensitive C4-2B PCa cells. We found
that isoflavone inhibited the phosphorylation of Akt and
FOXO3a, regulated the phosphorylation of Src, and increased
the expression ofGSK-3�, leading to the down-regulation ofAR
and its target gene PSA. We also found that isoflavone inhibited
AR nuclear translocation and promoted FOXO3a translocation to
the nucleus. By electrophoreticmobility shift assay and chromatin
immunoprecipitation assay, we found that isoflavone inhibited
FOXO3a binding to the promoter of AR and increased FOXO3a
binding to the p27KIP1 promoter, resulting in the alteration of AR
andp27KIP1 expression, the inhibition of cell proliferation, and the
induction of apoptosis in both androgen-sensitive and -insensitive
PCa cells. These results suggest that isoflavone-induced inhibition
of cell proliferation and induction of apoptosis are partlymediated
through the regulation of theAkt/FOXO3a/GSK-3�/AR signaling
network. In conclusion, our data suggest that isoflavone could be
useful for the prevention and/or treatment of PCa.

Androgen and AR (androgen receptor) are required for both
normal prostate development and prostate carcinogenesis.
Androgen ablation therapy for prostate cancer, although initially
effective, nearly always leads to treatment failure and progression

to hormone-refractory prostate cancer (HRPC),2 for which there
is no curative therapy. It is still unclear how the prostate cancer
cells progress to androgen independence. However, more evi-
dence indicates that themechanisminvolved in theescapeofpros-
tate cancer (PCa) from androgen control include mutation and
overexpression of the AR gene or ligand-independent AR activa-
tion by other signaling pathways, including Akt and Src (1–4).
Most HRPC cells express AR and the androgen-inducible PSA

(prostate-specific antigen), suggesting that AR signaling plays an
important role in the development and progression of HRPC (5).
In prostate epithelial cells, ligand-free AR is sequestered in the
cytoplasm. Binding of androgen to the AR induces AR conforma-
tional change. The AR then forms a homodimer and is phospho-
rylated. This phosphorylation stabilizes the ligand-AR complex,
allowing its translocation to the nucleus for its activity (6). The
activated AR then initiates gene transcription by binding to spe-
cific androgen-response elements in the promoter regions of tar-
get genes, includingPSA.More evidences have shown that instead
of androgen, other molecules in cell signaling pathways can also
transactivate AR (7). It has been found that Akt and Src can phos-
phorylate the AR and transactivate the activity of AR (3, 4). In
addition, Akt has also been found to phosphorylate AR and sup-
press AR transactivation (8). Further study has shown that Akt
pathway can suppress AR activity in androgen-dependent LNCaP
cellswith lowpassagenumbers;however,AktcanalsoenhanceAR
activity inLNCaPcellswithhighpassagenumbers, suggesting that
Aktpathwaymayhavedistinctmechanisms tomodulateAR func-
tions in various stages of prostate cancer cells (9). Therefore, Akt
couldbean important regulatorofARrequired for theprogression
of PCa cells to HRPC.
The activated Akt can inhibit apoptosis and promote cell

survival by direct phosphorylation of its downstream targets
(10). FOXO3a (Forkhead transcription factor class O3a) is one
of the main targets of activated Akt. By binding to the nuclear
importer, active FOXO3a translocates to the nucleus, binds to
DNA, and promotes the transcription of its target genes,
including p27KIP1, inducing either cell cycle arrest or apoptosis
(11). However, activated Akt regulates transcription of
FOXO3a target genes through phosphorylation of FOXO3a,
leading to the release of FOXO3a from DNA and translocation
to the cytoplasm (11, 12). It has been found that FOXO3a also
promotes the transcription of AR (13). Therefore, Akt/
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FOXO3a/AR signaling appears to play important roles in the
development and progression of HRPC.
GSK-3� (glycogen synthase kinase 3�) is another main Akt

target gene critically involved in the induction of apoptosis and
cell cycle arrest (10). GSK-3� also controls cell survival through
regulation of �-catenin, one of the key molecules in Wnt sig-
naling (14). Moreover, GSK-3� is an AR regulator that inhibits
transcriptional activity of AR, forming a signal network with
Akt/FOXO3a/AR (15, 16). In addition, Src, one of the impor-
tant intracellular oncogenic signals, can activate Akt through
the regulation of phosphatidylinositol 3-kinase (17) and trans-
activate AR through the phosphorylation of AR (2), suggesting
that Src is also a member of the Akt/FOXO3a/GSK-3�/AR sig-
naling network. These findings suggest that Akt/FOXO3a/
GSK-3�/AR signaling network may play important roles in the
development and progression ofHRPC. Therefore, specific tar-
geting of the molecules in this signaling network by a novel
approach could be important for killing HRPC cells, and thus,
such a strategy could be useful for the prevention and/or treat-
ment of not only primary PCa but most importantly HRPC and
metastatic disease.
We and others have previously found that genistein, one of

the most active isoflavones found in soybeans, exerts a potent
antiproliferative effect on various cancers, including PCa (18,
19). We have also reported that genistein induces growth inhi-
bition and apoptosis in PCa cells through the down-regulation
of Akt (20), AR, and PSA (21). Moreover, Hillman et al. (22)
from our group have found that pure genistein alone could
increase lymph node metastases in an orthotopic model of PCa
induced by PC-3 cells; however, such a phenomenon was not
found when soy isoflavone formulation was used (23). These
findings suggest that isoflavone formulation ismore suitable for
cancer prevention and treatment studies; however, no such
studies have been reported to date to elucidate the effect and
molecular mechanisms of isoflavone’s action on the Akt/
FOXO3a/GSK-3�/AR signaling network in PCa cells, espe-
cially in HRPC cells. Recently, we found that 3,3�-diindolyl-
methane, one of the chemopreventive agents, could inhibit the
growth of prostate cancer cells through the inhibition of Akt/
FOXO3a/�-catenin signaling (24). Here we report, for the first
time, that isoflavone mixture is a second class of potent agent
for inducing growth inhibition and apoptotic cell death in both
androgen-sensitive LNCaP and androgen-insensitive C4-2B
PCa cells, which is partly mediated through the regulation of
Akt/FOXO3a/GSK-3�/AR signaling. From these results, we
conclude that isoflavone rather than pure genistein should be
exploited for the prevention and/or treatment of PCa but most
importantly in HRPC, for which there is no curative therapy.

EXPERIMENTAL PROCEDURES

Cell Lines, Reagents, and Antibodies—Human PCa cell lines,
including LNCaP and C4-2B cells, were maintained in RPMI
1640 (Invitrogen) with 10% fetal bovine serum, 100 units/ml
penicillin, and 100 �g/ml streptomycin in a 5% CO2 atmo-
sphere at 37 °C. Isoflavone mixture (83.3% genistein, 14.6%
daidzein, and 0.26% glycitein; manufactured by Organic Tech-
nologies and obtained from the National Institutes of Health)
was dissolved in DMSO to make a stock solution containing 50

mM genistein. The concentrations of isoflavonewe described in
this article all refer to the concentration of genistein in the
isoflavone mixture. It has been reported that the concentration
of genistein in plasma can reach up to 27.46� 15.38�Mwithout
clinical toxicity after a single-dose administration of soy isofla-
vones to healthy men (25) and that prostate tissue can concen-
trate genistein after oral isoflavone supplementation in PCa
patients (26). Therefore, we chose 25 and 50 �M isoflavone
(equivalent to 25 and 50 �M genistein) for treatments in this
study. IGF-1 was purchased from R&D Systems (Minneapolis,
MN). Testosterone and LY294002 were from Sigma. Anti-AR
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA), anti-Akt
(Santa Cruz Biotechnology), anti-phospho-Akt (Ser473) (Cell
Signaling, Danvers, MA), anti-phospho-Akt (Thr308) (Cell Sig-
naling), anti-FOXO3a (Cell Signaling), anti-phospho-FOXO3a
Ser253 (Cell Signaling), anti-phospho-FOXO3a Thr32 (Cell Sig-
naling), anti-GSK-3� (Cell Signaling), anti-pGSK-3� Ser9 (Cell
Signaling), anti-phospho-�-catenin (Cell Signaling), anti-
karyopherin � (BD Biosciences), anti-karyopherin � (BD Bio-
sciences), anti-PSA (Lab Vision, Fremont, CA), anti-Rb (Santa
Cruz Biotechnology), anti-Src (Cell Signaling), anti-Src
(Tyr416) (Cell Signaling), anti-Src (Tyr527) (Cell Signaling), and
anti-�-actin (Sigma) primary antibodies were used for immu-
noprecipitation, Western blot analysis, or immunofluorescent
staining.
Cell Proliferation Studies by 3-(4,5-Dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium Bromide (MTT) and 5-Bromo-2-de-
oxyuridine Assays—Human LNCaP and C4-2B PCa cells were
seeded in 96-well plates. After 24 h, the cells were incubated in
serum-free medium supplemented with 100 ng/ml IGF-1, 50
�M isoflavone, or 50 �M isoflavone plus 100 ng/ml IGF-1 for
48 h. Control cells were treated with 0.1% DMSO (vehicle con-
trol). After treatment, the cells were subject to anMTTassay, as
described previously (27), and a 5-bromo-2-deoxyuridine assay
using the BrdU Labeling and Detection Kit III (Roche Applied
Science), according to themanufacturer’s protocol. The growth
inhibition of LNCaP and C4-2B cells by isoflavone treatment
was statistically evaluated with Student’s t test using GraphPad
StatMate software (GraphPad Software Inc., San Diego, CA).
Hoechst Staining, Histone/DNA Enzyme-linked Immu-

nosorbent Assay, and Caspase-3 Assay for Detection of
Apoptosis—LNCaP and C4-2B PCa cells were treated with
100 ng/ml IGF-1, 50 �M isoflavone, or 50 �M isoflavone plus
100 ng/ml IGF-1 for 48 h, as described above. After treatment,
cells were washed with cold PBS and fixed in ethanol for 1 h.
The cells were then stained with 5 �g/ml Hoechst for 30 min
and visualized under a fluorescence microscope. Bright con-
densed, punctuate, or granular nuclei were considered apopto-
tic.We also quantitatively compared the apoptotic cells in con-
trol or IGF-1- or isoflavone-treated cells using the cell death
detection enzyme-linked immunosorbent assay kit (Roche
Applied Science) according to the manufacturer’s protocol, as
described previously (27). The activity of caspase-3 in each
sample was measured by using the EnzChek caspase-3 assay kit
(Molecular Probes, Inc., Eugene, OR), following the manufac-
turer’s protocol. The cleavage and activation of caspase-3 were
also accessed by Western blot analysis using anti-caspase-3
antibody (Cell Signaling). The induction of apoptosis by isofla-
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vone treatment of LNCaP and C4-2B PCa cells was statistically
evaluated with Student’s t test using GraphPad StatMate soft-
ware (GraphPad Software Inc.).
Preparation of Cytoplasmic and Nuclear Lysates—LNCaP

and C4-2B PCa cells were treated with 50 �M isoflavone for 48
and 72 h. After treatment and harvesting, the cells were resus-
pended in lysis buffer (0.08 M KCl, 35 mMHEPES, pH 7.4, 5 mM
potassium phosphate, pH 7.4, 5 mM MgCl2, 25 mM CaCl2, 0.15
M sucrose, 2 mM phenylmethylsulfonyl fluoride, 8 mM dithio-
threitol) and frozen at �80 °C overnight. The cell suspension
was thawed and passed through a 28-gauge needle three times.
A small aliquot of the cells were checked for cell membrane
breakage using trypan blue. Then the cell suspension was cen-
trifuged, and the supernatant was saved as cytoplasmic lysate.
The pellet was suspended in lysis buffer, and the nuclei were
lysed by sonication. After centrifugation, supernatant was
saved as nuclear lysate. The protein concentration in the lysates
was measured by a Coomassie Plus protein assay (Pierce).
Immunoprecipitation—Nuclear lysate (500�g) and cytoplas-

mic lysate (800 �g) were subjected to immunoprecipitation by
adding 2.5–5 �g of anti-AR, anti-FOXO3a, or anti-�-catenin
antibody and incubation overnight at 4 °C. After adding 50�l of
Protein G-agarose (Santa Cruz Biotechnology) and incubation
for 1 h, the samples were centrifuged. The agarose pellet was
then washed three times, resuspended in Laemmli buffer, and
boiled for 5 min. Boiled samples were centrifuged, and super-
natant was used for Western blot analysis.
Western Blot Analysis—LNCaP and C4-2B cells were treated

with 25 or 50 �M isoflavone for 1–8 or 24–72 h. Whole cell
lysate of the cellswas prepared by sonicating the cells lysed in 62
mM Tris-HCl and 2% SDS. In another set of experiments, cyto-
plasmic and nuclear proteins were also extracted. The protein
concentrationwasmeasured by the BCAprotein assay (Pierce).
Immunoprecipitates, whole cell lysates, and cytoplasmic or
nuclear proteins were subjected to standardWestern blot anal-
ysis, as described previously (27). The signal of Western blot
was scanned and quantified by using AlphaEaseFC software
(Alpha Innotech, San Leandro, CA). The signal ratio of each
protein over loading control was calculated by standardizing
the ratios of each control to the unit value.
Transient Transfection with Akt cDNAConstructs—pLNCX-

Akt (wild type Akt), pLNCX-Myr-Akt (constitutively activated
Akt), pLNCX-Akt-K179M (dominant negative), and pLNCX
(control empty vector) were generously provided by Dr. Sellers
(Dana-Farber Cancer Institute, Boston,MA). The pLNCX-Akt,
pLNCX-Myr-Akt, pLNCX-Akt-K179M, or pLNCX was tran-
siently transfected into LNCaP and C4-2B PCa cells using
ExGen 500 (Fermentas, Hanover, MD). After 5 h, the trans-
fected cells were washed and incubated with complete RPMI
1640 medium overnight, followed by treatment with 50 �M
isoflavone for 48 h. Subsequently, the cytoplasmic and nuclear
proteins from transfected and untransfected cells were
extracted and subjected toWestern blot analysis using the indi-
cated antibodies.
siRNA Transfection—C4-2B and LNCaP PCa cells were

transfected with Akt siRNA (Santa Cruz Biotechnology) or
control RNA duplex (Santa Cruz Biotechnology) by Lipo-
fectamine RNAiMAX (Invitrogen). After 48 h of incubation,

the total cellular proteins fromeach samplewere extracted. The
level of phospho-FOXO3a, phospho-Akt, Akt, GSK-3�, phos-
pho-AR, and PSA expression was detected by Western blot
analysis. C4-2B cells were also transfected with AR, p27, and
control siRNA and incubated for 48 h. The effects of siRNAs on
cell proliferation were measured by an MTT assay.
Immunofluorescence Staining—LNCaP and C4-2B PCa cells

were cultured on chamber slides and treated with 50 �M isofla-
vone for 24–72 h. Cells were then fixedwith acetone for 15min,
rinsed with PBS, and incubated with 1% bovine serum albumin
in PBS for 30 min. The cells were then incubated with anti-AR
or anti-FOXO3a antibody at 4 °C overnight. After washingwith
PBS, the cells were incubated with fluorescein isothiocyanate-
conjugated or Texas Red-conjugated secondary antibody
(Santa Cruz Biotechnology) at 37 °C for 1 h and washed with
PBS.Cell imageswere observed under a fluorescentmicroscope
and photographed under the same exposure andmagnification
(�200) settings.
Electrophoretic Mobility Shift Assay (EMSA)—EMSA was

conducted tomeasure the activity of FOXO3a binding toAR or
p27KIP1 promoter in isoflavone-treated and -untreated cells.
LNCaP andC4-2B PCa cells were treatedwith 50�M isoflavone
for 24–72 h. Following treatment, nuclear protein from cells
was extracted and subject to DNA binding and gel analysis as
we described previously (27). The sequences of IRDye-labeled
oligonucleotide (LI-COR, Lincoln, NE), which contains AR or
p27KIP1 promoter sequences with a consensus FOXO3a DNA
binding site, are as follows: 5�-ATTATGTCCTTGTTTCAGC-
CTGTT-3� for AR and 5�-ATGTGTAGCTTGTTTTCT-
TAGCCAC-3� for p27KIP1 (13, 28, 29). Supershift using
FOXO3a antibody was also conducted to confirm the specific-
ity of FOXO3a DNA binding activity.
Chromatin Immunoprecipitation (ChIP) Assay—A ChIP

assay was performed to test the effect of isoflavone on FOXO3a
binding to AR or p27KIP1 promoter under an in vivo environ-
ment. Briefly, LNCaP and C4-2B PCa cells were treated with 50
�M isoflavone for 48 h. After formaldehyde cross-linking and
quenching, the cells were incubated in cell lysis buffer (5 mM
HEPES, pH 8.0, 85 mM KCl, 0.5% Nonidet P-40, 1 �g/ml leu-
peptin, 1 �g/ml aprotinin, and 1 mM phenylmethylsulfonyl flu-
oride) on ice for 10 min. The nuclei were pelleted and resus-
pended in nuclear lysis buffer (50 mM Tris-HCl, pH 8.1, 10 mM
EDTA, 1% SDS, 1 �g/ml leupeptin, 1 �g/ml aprotinin, and 1
mM phenylmethylsulfonyl fluoride). After incubation on ice for
10 min, the nuclear lysates were sonicated to generate an aver-
ageDNA size of�600 bp, and protein concentrationwasmeas-
ured using the BCA protein assay (Pierce). 800 �g of each sam-
ple were incubated with FOXO3a antibody (Santa Cruz
Biotechnology) at 4 °C overnight. The FOXO3a antibody-
boundDNAcomplexeswere pelletedwith ProteinG-agarose at
4 °C for 2 h.Afterwashing and elution, the immunoprecipitated
complexes and input were reversed from cross-linking. The
input DNA and immunoprecipitated DNA were then precipi-
tated and purified. Real time and conventional PCRs were per-
formed using the purified DNA and the following primers: AR
promoter (forward, 5�-AGCCTTTCCCAAATGACAATG-3�;
reverse, 5�-GCACAGCCAAACATCATAGG-3�), p27KIP1
promoter (forward, 5�-GTCCCTTCCAGCTGTCACAT-3�;
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reverse, 5�-GGAAACCAACCTTCCGTTCT-3�), �-actin (for-
ward, 5�-CCACACTGTGCCCATCTACG-3�; reverse, 5�-AGG-
ATCTTCATGAGGTAGTCAGTCAG-3�). For real time PCR,

data were analyzed according to the
comparative Ct method, and the
amount of FOXO3a-bound AR or
p27KIP1 promoter DNA was nor-
malized by input �-actin DNA. For
conventional PCR, PCR product
was visualized by agarose gel elec-
trophoresis and ethidium bromide
staining.

RESULTS

Inhibition of FOXO3a Phospho-
rylation, Up-regulation of GSK-3�
Expression, and Down-regulation of
AR Expression and Phosphorylation
by Isoflavone—We have previously
reported that genistein inhibits the
phosphorylation of Akt in PC-3 PCa
cells and the expression of PSA in
LNCaPPCa cells (20, 21). To further
investigate whether isoflavone
could suppress the expression of
PSA through the inhibition of Akt
phosphorylation and the inactiva-
tion of AR, we tested the effects of
isoflavone onAkt, FOXO3a, andAR
in IGF-1-stimulated and -unstimu-
lated conditions. We observed that
phosphorylation of Akt, FOXO3a,
and AR was up-regulated by IGF-1
in PCa cells, as expected (Fig. 1A).
However, isoflavone inhibited the
phosphorylation of Akt, FOXO3a,
and AR in the cytoplasm and
nucleus of C4-2B and LNCaP PCa
cells (Fig. 1, B and C). Moreover,
isoflavone abrogated the up-regula-
tion of Akt, FOXO3a, and AR phos-
phorylation induced by IGF-1 (Fig.
1A). Phosphorylation of Akt at both
Ser473 andThr308 siteswas inhibited
by isoflavone (Fig. 1, B and C). Fur-
thermore, we found that isoflavone
inhibited the phosphorylation of
FOXO3a at both Thr32 and Ser253
sites and FOXO1 at Thr24 in LNCaP
and C4-2B PCa cells (Fig. 1D). We
have also observed that the level of
FOXO3a was increased in nuclear
lysate after isoflavone treatment
(Fig. 1E), suggesting that the
increased ratio of FOXO3a over
phospho-FOXO3a in both the cyto-
plasm and nucleus of PCa cells
could retain a greater amount of

active FOXO3a in the nuclear compartment to inhibit cancer
cell growth. To further confirm the effects of isoflavone on
FOXO3a and AR, we conducted studies using Akt siRNA. We

FIGURE 1. Western blot analysis and siRNA assay showed that isoflavone down-regulated Akt, AR, and
Src signaling and up-regulated FOXO3a and GSK-3� signaling. A, LNCaP and C4-2B PCa cells were treated
with 100 ng/ml IGF-1, 100 nM testosterone, 50 �M isoflavone, 50 �M isoflavone plus 100 ng/ml IGF-1, or 50 �M

isoflavone plus 100 nM testosterone for 48 h. Total lysate from each sample was subjected to Western blot
analysis. B, C4-2B PCa cells were treated with 50 �M isoflavone for 24 –72 h. Cytoplasmic and nuclear lysate from
each sample was subjected to Western blot analysis. C, LNCaP cells were treated with 50 �M isoflavone for 1– 4,
48, or 72 h. Cytosol and nuclear and total proteins were subjected to Western blot analysis (C, control; Iso,
isoflavone). D, C4-2B and LNCaP PCa cells were treated with 25 �M isoflavone or 20 �M LY294002 for 48 h. Total
cell lysates from each sample were subjected to Western blot analysis (C, control; Iso, isoflavone; LY, LY294002).
E, C4-2B PCa cells were treated with 25 �M isoflavone (Iso1) for 1– 8 h. Cytoplasmic and nuclear proteins were
subjected to Western blot analysis. F, C4-2B PCa cells were transfected with Akt siRNA or control RNA duplex or
treated with 25 �M isoflavone. Total cell lysates from each sample were subjected to Western blot analysis. G–I,
C4-2B PCa cells were treated with 25 (Iso1) and 50 (Iso2) �M isoflavone for 24 –72 h (G and I) or 24 h (H). Total cell
lysates from each sample were subjected to Western blot analysis. The concentration of isoflavone is equiva-
lent to the concentration of genistein in the isoflavone mixture.
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found that Akt siRNA transfection decreased the levels of Akt,
phospho-Akt, phospho-FOXO3a, phospho-AR, and PSA (Fig.
1F), similar to the effects of isoflavone, suggesting that the effect
of isoflavone on FOXO3a and AR is mediated through the Akt
signaling. We also exposed the PCa cells to a lower concentra-
tion of isoflavone for a short time (1–8 h) and observed similar
results (Fig. 1E), suggesting that the down-regulation of phos-
pho-FOXO3a by isoflavone observed in our studies was not the
consequence of cell death. In addition, we also found that tes-
tosterone stimulated AR expression and phosphorylation,
whereas isoflavone decreased AR expression and phosphoryla-
tion under both testosterone-stimulated and -unstimulated
conditions (Fig. 1, A and B).
Next, we tested the effects of isoflavone on FOXO3a and

AR after Akt transfection. After transfection with wild-type
Akt and constitutively activated Akt cDNA, we observed up-
regulation of phospho-Akt and phospho-FOXO3a proteins
in the cytoplasm and nucleus of C4-2B PCa cells (Fig. 2, A
and B). We also observed up-regulated AR phosphorylation
in nucleus and increased level of PSA in the cytosol after Akt
transfection (Fig. 2, A and B). Importantly, we found that
isoflavone could abrogate the up-regulation of phospho-Akt,
phospho-FOXO3a, phospho-AR, and PSA induced by wild-
type Akt or constitutively activated Akt cDNA transfection
and increased the levels of FOXO3a in the nuclear compart-
ment (Fig. 2, A and B).

By immunoprecipitation, we
found that isoflavone inhibited the
formation of Akt and FOXO3a
complex in the cytoplasm and
nucleus of PCa cells (Fig. 2, C and
D), consistent with Akt inactiva-
tion and subsequent decrease in
FOXO3a phosphorylation by isofla-
vone treatment. We also found that
isoflavone decreased the formation
of FOXO3a and AR complex, which
could inhibit FOXO3a activity, in
both the cytoplasmic and nuclear
compartments (Fig. 2, C and D),
suggesting that higher levels of
active FOXO3a proteins in the
nuclear compartment in isoflavone-
treated cells could be mechanisti-
cally linked with the antiprolifera-
tive and proapoptotic effects of
isoflavone.
Moreover, we found that isofla-

vone enhanced the expression of
GSK-3� beginning from 4–8 h and
up to 72 h (Fig. 1, E and G), consist-
ent with the down-regulation of AR
by isoflavone. By immunoprecipita-
tion, we discovered that GSK-3�
binding to �-catenin was increased
upon isoflavone treatment (Fig. 2, C
andD). Isoflavone also inhibited the
phosphorylation of GSK-3� and

increased the phosphorylation of �-catenin (Fig. 1, G and H),
suggesting that isoflavone could inactivate Wnt signaling to
inhibit PCa cell growth. Because AR could also be transacti-
vated by activated Src, we next investigated the effects of isofla-
vone on Src signaling to gain further insight as to themolecular
mechanism of action of isoflavone.
Down-regulation of Src Signaling by Isoflavone—ByWestern

blot analysis, we found that isoflavone down-regulated the
expression of Src (Fig. 1I). Moreover, the level of phospho-Src
(Tyr416), which is activated formof Src, was decreased by isofla-
vone (Fig. 1I). However, the level of phospho-Src (Tyr527),
which triggers Src inactivation, was increased (Fig. 1I). These
findings are consistent with the down-regulation of Akt andAR
signaling by isoflavone (Fig. 1A). Because bothAR and FOXO3a
are transcription factors that regulate the transcription of their
target genes in the nuclear compartment, we further investi-
gated the nuclear localization of AR and FOXO3a altered by
isoflavone treatment.
Inhibition of AR Nuclear Translocation and Enhancement of

FOXO3a Nuclear Localization by Isoflavone—By immunofluo-
rescent staining, we found that isoflavone decreased the levels
of nuclear AR (Fig. 3A); however, the nuclear FOXO3a was
increased upon isoflavone treatment (Fig. 3B). To confirm
these results, we exposed PCa cells to 25 �M isoflavone for 1–8
h. We observed that cytoplasmic AR was increased, whereas
nuclear AR was gradually decreased (Fig. 3C), suggesting the

FIGURE 2. Gene transfection and immunoprecipitation experiments showed that isoflavone down-
regulated Akt and AR signaling and up-regulated FOXO3a and GSK-3� signaling. A and B, C4-2B PCa
cells were transiently transfected with pLNCX-Akt (wild type Akt), pLNCX-Myr-Akt (constitutively acti-
vated Akt), or pLNCX (empty vector) and treated with 50 �M isoflavone for 48 h. Cytoplasmic (A) and
nuclear (B) lysates from each sample were subjected to Western blot analysis. C and D, C4-2B PCa cells
were treated with 50 �M isoflavone for 48 h. Cytoplasmic (C) and nuclear (D) lysates from each sample were
subjected to immunoprecipitation (IP), followed by Western blot analysis, using the indicated antibodies
(C, control; Iso, isoflavone). The concentration of isoflavone is equivalent to the concentration of genistein
in the isoflavone mixture.
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inhibition of AR nuclear transloca-
tion by isoflavone.Moreover, isofla-
vone treatment for 24–72 h signifi-
cantly reduced the levels of both
cytoplasmic and nuclear AR pro-
teins (Fig. 1B), consistent with the
results from immunofluorescent
staining. We also tested the expres-
sion of karyopherin, one of the
nuclear importins, and the interac-
tion of karyopherin with AR or
FOXO3a in isoflavone-treated and
-untreated PCa cells. We found that
isoflavone decreased the level of
karyopherin protein in LNCaP (Fig.
3D) and C4-2B PCa cells (Fig. 3E).
More importantly, we found that
isoflavone inhibited karyopherin
binding to AR (Fig. 2C), consistent
with the data from immunofluores-
cent staining (Fig. 3A) and Western
blot analysis (Fig. 3, D and E), dem-
onstrating the inhibitory effects of
isoflavone on the nuclear localiza-
tion of AR. However, we observed
increased binding of karyopherin to
FOXO3a (Fig. 2, C and D) and
increased level of FOXO3a in
nuclear lysate (Fig. 1E) after isofla-
vone treatment, consistent with the
data from immunofluorescent
staining (Fig. 3B). Since FOXO3a
functions as a transcription factor,
which is known to regulate the tran-
scription of its target genes, includ-
ing AR and p27KIP1, we tested the
effects of isoflavone on the tran-
scriptional activity of AR and
p27KIP1 regulated by FOXO3a.
Stimulation of FOXO3a-medi-

ated p27KIP1 Expression by Iso-
flavone—By EMSA, we found that
isoflavone increased the activity of
FOXO3a protein binding to p27KIP1
promoter DNA in C4-2B PCa cells
(Fig. 4A). A ChIP assay confirmed
the EMSA data, showing that iso-
flavone significantly enhanced
FOXO3a protein binding to the
p27KIP1 promoter in vivo in PCa
cells (Fig. 4, B and C). Moreover, we
found an increased level of p27KIP1
protein after 24 h of isoflavone
treatment in LNCaP andC4-2B PCa
cells (Fig. 4D), consistent with the
data from EMSA and ChIP assays.
Furthermore, we found that expo-
sure of PCa cells to isoflavone for a

FIGURE 3. Isoflavone inhibited the nuclear translocation of AR and enhanced FOXO3a nuclear translocation.
A and B, C4-2B PCa cells were treated with 50 �M isoflavone for 48 h. The samples were subjected to immunofluo-
rescent staining using anti-AR (A) and anti-FOXO3a (B) antibodies (magnification, �200). C, C4-2B PCa cells were
treated with 25 �M isoflavone for 1–8 h. Cytoplasmic and nuclear lysates from each sample were subjected to
Western blot analysis. D, LNCaP PCa cells were treated with 25 (Iso1) and 50�M (Iso2) isoflavone for 24–72 h. Total cell
lysates from each sample were subjected to Western blot analysis. E, C4-2B PCa cells were treated with 50 �M

isoflavone for 48 h. Total, cytoplasmic, and nuclear lysates from each sample were subjected to Western blot analysis
(C, control; Iso, isoflavone; Cyto, cytosol; NE, nuclear extract). The concentration of isoflavone is equivalent to the
concentration of genistein in the isoflavone mixture. DAPI, 4�,6-diamidino-2-phenylindole.

FIGURE 4. Isoflavone up-regulated FOXO3a binding to the promoter of p27KIP1. A, C4-2B PCa cells were treated
with 50 �M isoflavone for 24 and 48 h. Nuclear proteins from each sample were subjected to EMSA using p27KIP1

oligonucleotide (Super, supershift; arrow, specific DNA binding). B and C, C4-2B PCa cells were treated with 50 �M

isoflavone for 48 h. The samples were then subjected to a ChIP assay, followed by real time PCR (B, bars, mean � S.E.;
*, p � 0.05 compared with control; n � 3) or conventional PCR (C, p27P, using p27KIP1 promoter primers; C, control;
Iso, isoflavone treatment). D, C4-2B and LNCaP PCa cells were treated with 25 (Iso1) or 50 �M (Iso2) isoflavone for
24–72 h. Total lysates from each sample were subjected to Western blot analysis. E, C4-2B PCa cells were treated with
25 �M isoflavone for 1–8 h. Cytoplasmic and nuclear lysates from each sample were subjected to Western blot
analysis. The concentration of isoflavone is equivalent to the concentration of genistein in the isoflavone mixture.
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short (1–8 h) period enhanced the nuclear translocation of
p27KIP1 (Fig. 4E), suggesting that isoflavone inhibits cell prolif-
eration partly through the nuclear accumulation of p27KIP1.
Inhibition of FOXO3a-mediated AR Transcription by

Isoflavone—In contrast to the data on p27KIP1, using EMSA, we
found that isoflavone inhibited the activity of FOXO3a protein
binding to AR promoter DNA in C4-2B PCa cells (Fig. 5A),
suggesting the inhibitory effect of isoflavone on the FOXO3a-
induced transcription of AR. The data from the ChIP assay
clearly showed that isoflavone treatment decreased FOXO3a
protein binding to the AR promoter in vivo in C4-2B PCa cells
(Fig. 5, B and C). ByWestern blot analysis, we found the down-
regulation of AR expression by isoflavone treatment (Fig. 1, A
andB), consistent with the results fromEMSA andChIP assays.
Since FOXO3a, GSK-3�, p27KIP1, Src, and AR all are important
factors in Akt and AR signaling that regulate cell survival, we
tested the effects of isoflavone on cell proliferation and
apoptosis.
Inhibition of Cell Proliferation and Induction of Apoptosis by

Isoflavone through Regulation of Akt/FOXO3a/GSK-3�/AR

Signaling—Using two different
methods of proliferation assays, we
found that IGF-1, which activates
Akt, promoted cell proliferation in
LNCaP and C4-2B PCa cells (Fig. 6,
A and B). Importantly, isoflavone
inhibited cell proliferation and
abrogated IGF-1-induced cell pro-
liferation (Fig. 6, A and B). By
Hoechst staining for testing apopto-
tic cells, we observed more bright
condensed and granular stained
nuclei in isoflavone-treated C4-2B
and LNCaP PCa cells compared
with control (Fig. 7A), suggesting
that isoflavone could induce apop-
tosis. To quantitatively measure
apoptotic cell death after different
treatment, we conducted a histone/
DNA enzyme-linked immunosor-
bent apoptosis assay.We found that
IGF-1 protected cancer cells from
apoptosis (Fig. 7B), whereas isofla-
vone induced apoptosis and abro-
gated IGF-1-mediated protection of
LNCaP and C4-2B PCa cells from
apoptosis (Fig. 7B). To further con-
firm the induction of apoptosis by
isoflavone, we conducted caspase-
3 activity and cleavage assays.
We found increased activity of
caspase-3 (Fig. 7C) and the cleaved
and active caspase-3 fragment (Fig.
7D) in isoflavone-treated cells.
Moreover, AR siRNA also inhibited
the proliferation of prostate cancer
cells, whereas p27KIP1 siRNA pro-
moted cell growth (Fig. 6C). These

results are consistent with our observation on the alterations of
Akt, FOXO3a, and AR caused by IGF-1 or isoflavone treatment
(Fig. 1A), suggesting that the inhibition of cell proliferation and
induction of apoptosis by isoflavone is partly mediated by the
regulation of Akt/FOXO3a/GSK-3�/AR signaling pathways.

DISCUSSION

Akt/FOXO3a signal transduction is an important regulatory
event in the Akt signaling pathway (30). The key step to control
FOXO3a is phosphorylation of FOXO3a by Akt. The ratio of
FOXO3a over phospho-FOXO3a is one of the factors that
determine whether cancer cells will survive or undergo apopto-
tic cell death. From our series of studies, we found that isofla-
vone inhibited the phosphorylation and activation of Akt, lead-
ing to the lower levels of phospho-FOXO3a (Fig. 8). Moreover,
isoflavone also increased nuclear translocation of FOXO3a,
leading to the higher ratio of FOXO3a over phospho-FOXO3a
in the nuclear compartment of isoflavone-treated cells. These
results suggest that isoflavone regulates the activity of FOXO3a
through the regulation of FOXO3a phosphorylation and

FIGURE 5. Isoflavone inhibited FOXO3a binding to the promoter of AR. A, C4-2B PCa cells were treated with
50 �M isoflavone for 24 –72 h. Nuclear proteins from each sample were subjected to EMSA using AR oligonu-
cleotide (Super, supershift; arrow, specific DNA binding). B and C, C4-2B PCa cells were treated with 50 �M

isoflavone for 48 h. The samples were then subjected to a ChIP assay, followed by real time PCR (B, bars, mean �
S.E.; *, p � 0.05 compared with control; n � 3) or conventional PCR (C, ARP, using AR promoter primers;
C, control; Iso, isoflavone treatment). The concentration of isoflavone is equivalent to the concentration of
genistein in the isoflavone mixture.

FIGURE 6. Isoflavone-inhibited cell growth. C4-2B and LNCaP PCa cells were treated with 100 ng/ml IGF-1, 50
�M isoflavone, or 50 �M isoflavone plus 100 ng/ml IGF-1 for 48 h. The concentration of isoflavone is equivalent
to the concentration of genistein in isoflavone mixture. Cell proliferation was assessed by an MTT assay (A) and
5-bromo-2-deoxyuridine assay (B) (*, p � 0.05, compared with control; n � 3). C, C4-2B cells were transfected
with AR, p27KIP1, or control siRNA. After 48 h, cell proliferation was assessed by an MTT assay, and protein
expression was measured by Western blot analysis (siC, control siRNA; siC/Iso, control siRNA plus 50 �M isofla-
vone treatment for 48 h; siAR, AR siRNA; si27, p27KIP1 siRNA; p � 0.05 compared with control; n � 3).
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nuclear importing. It has been shown that FOXO3a regulates
the transcription of p27KIP1 andARby binding to their promot-
ers (13, 31). Interestingly, using EMSA and ChIP assay, we
found that isoflavone was able to induce FOXO3a binding to
p27KIP1 promoter and suppress FOXO3a binding to the AR
promoter, resulting in the increased p27KIP1 protein expression
and decreased AR protein level. Up-regulation of p27KIP1 pro-
moter activity and protein expression by isoflavone-mediated
FOXO3a regulation could lead to the growth inhibition and
apoptotic cell death that we have observed in PCa cells, as
reported in this paper. It has been reported that FOXO3a acti-
vates AR expression (13), whereas AR inactivates FOXO (32),
forming a regulatory loop to maintain a balance between AR
and FOXO. The decreased levels of AR protein and
AR-FOXO3a complex after isoflavone treatment clearly sug-
gest that isoflavone could interrupt the above mentioned regu-
latory loop, resulting in the inhibition of AR transactivation
(Fig. 8). It is important to note that the initiation of transcrip-
tion for a specific gene requires chromatin remodeling,

promoter recognition, and DNA
binding under the regulation of co-
regulators, including activators and
suppressors (33). Isoflavone-altered
FOXO3a DNA binding could also
be caused by the alterations in chro-
matin remodeling and co-regula-
tors, such as GSK-3�, leading to
increased FOXO3a binding to the
p27KIP1 promoter and decreased
binding to the AR promoter. In
addition, the alteration of p27KIP1
protein level by isoflavone treat-
ment could also be due to the
altered activity of proteasome, as
reported previously (34). Therefore,
further investigations are required
for establishing the cause and effect
relationship between these mole-
cules during isoflavone-induced cell
death.
GSK-3� is another molecule that

controls cell cycle and apoptosis in
the Akt signaling pathway. GSK-3�
also interacts with �-catenin to reg-
ulate cell proliferation throughWnt
signaling. It has been shown that
activated Akt phosphorylates and
inactivates GSK-3� (35). If Akt is
inactivated, GSK-3� can phospho-
rylate and inactivate �-catenin,
leading to the inhibition of cell sur-
vival stimulated by Wnt signaling
(15, 36). In this study, we found that
isoflavone treatment decreased
GSK-3� phosphorylation and
increased GSK-3� expression and
�-catenin phosphorylation, sug-
gesting that isoflavone could down-

regulateWnt signaling. However, the regulation ofWnt signal-
ing is a complex process and thus requires in-depth
mechanistic studies that are currently being conducted in our
laboratory. Importantly, it has been reported that GSK-3� can
suppress the activity of AR (16), whereas Src can activate AR
(2). �-Catenin also can form a complex with AR binding to the
PSA promoter to initiate PSA transcription (37). In this study,
we did observe increased expression of GSK-3� and decreased
active Src, AR, and PSA in isoflavone-treated PCa cells. More
importantly, we found that isoflavone inhibited Akt-mediated
AR phosphorylation and activation. These results all suggest
that isoflavone could inhibit cell survival through the regulation
of Akt/GSK-3�/AR signaling (Fig. 8). Recent study by other
investigators also showed that genistein in diet could inhibit
Akt activation and increase GSK-3� activity in TRAMP PCa
model, providing relevant evidence of isoflavone effect in vivo
(38), and thus these results are consistent with our findings.
Akt, FOXO3a, p27KIP1, GSK-3�, and Src all are critical mol-

ecules in signal transduction, and they interact with each other

FIGURE 7. Isoflavone-induced apoptosis. C4-2B and LNCaP PCa cells were treated with 100 ng/ml IGF-1, 50
�M isoflavone, or 50 �M isoflavone plus 100 ng/ml IGF-1 for 48 h. Apoptotic cell death was assessed by Hoechst
staining (A; arrow, condensed and granular stained nuclei in apoptotic cells), cell death detection enzyme-
linked immunosorbent assay (B; *, p � 0.05, compared with control; n � 3), caspase-3 activity assay (C; *, p �
0.05, compared with control; n � 3), and Western blot analysis for cleavage of caspase-3 (D).
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to regulate cell survival and apoptosis (39–41).Moreover, all of
them act as AR co-regulators that influence AR transactivation
(13, 16, 42). It is obvious that there is significant cross-talk
between Akt, FOXO3a, p27KIP1, GSK-3�, Src, and AR. There-
fore, the Akt/FOXO3a/GSK-3�/AR signaling network appears
to play critical roles in the control of PCa cell growth and apo-
ptosis. In the present study, we found that isoflavone exerts its
effects on each of these molecules at every step of this signaling
pathway. The effect of isoflavone could begin from the inhibi-
tion of Akt activation and cause subsequent series of alterations
of signal transduction in this signaling network, finally leading
to the inhibition of AR transactivation and PSA expression in
both androgen-sensitive and -insensitive PCa cells (Fig. 8).
More importantly, it has been found that Akt, FOXO3a, and
GSK-3� function as critical regulators in the development of
androgen-independent PCa by regulation of the oncogenic
function of AR and other genes (15, 43, 44). We found that the
isoflavone mixture in the present formula that we have used
could regulate these molecules and subsequently cause down-
regulation of AR transactivation and decreased level of PSA,
suggesting that this isoflavone mixture could be used for the
prevention and/or treatment of PCa, especially HRPC. The
comparisons of pure genistein, diadzin, or glycitein alone with
the isoflavone mixture for the regulation of Akt/FOXO3a/
GSK-3�/AR signaling pathways are needed to investigate the
role of a component in the isoflavone that is responsible for
negating the adverse effect of pure genistein in PCa, and thus,
studies are ongoing in our laboratory, which could be impor-
tant for gaining further insight as to the molecular mechanism

of action of isoflavone for the prevention and/or treatment of
PCa in the future.
It is known that growth factor IGF-1 activates Akt and tes-

tosterone activates AR (45, 46), suggesting that IGF-1 and tes-
tosterone could induce cell growth and inhibit apoptosis. Inter-
estingly, we found that isoflavone abrogated the IGF-1- and
testosterone-induced Akt and AR activation and cell prolifera-
tion and caused more apoptotic cell death. Isoflavone also
affected Akt downstream genes, including FOXO3a, GSK-3�,
and p27KIP1, due to the inactivation of Akt, resulting in the
down-regulation of AR. These results suggest that isoflavone-
induced inhibition of cell proliferation and induction of apo-
ptotic cell death are in part due to the regulation of the Akt/
FOXO3a/GSK-3�/AR signaling network. Our molecular
mechanistic data also suggest that isoflavone could be a potent
nontoxicagentforthepreventionand/ortreatmentofhormone-
dependent PCa but most importantly for HRPC.
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