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Recent studies suggested that the protection of cell apoptosis by AKT involves phosphorylation and inhi-
bition of FKHR and related FOXO forkhead transcription factors and that androgens provide an AKT-
independent cell survival signal in prostate cancer cells. Here, we report receptor-dependent repression of
FKHR function by androgens in prostate cancer cells. Transcriptional analysis demonstrated that activation
of the androgen receptor caused an inhibition of both wild-type FKHR and a mutant in which all three known
AKT sites were mutated to alanines, showing that the repression is AKT independent. In vivo and in vitro
coprecipitation studies demonstrated that the repression is mediated through protein-protein interaction
between FKHR and the androgen receptor. Mapping analysis localized the interacting domains to the carboxyl
terminus between amino acids 350 and 655 of FKHR and to the amino-terminal A/B region and the ligand
binding domain of the receptor. Further analysis demonstrated that the activated androgen receptor blocked
FKHR’s DNA binding activity and impaired its ability to induce Fas ligand expression and prostate cancer cell
apoptosis and cell cycle arrest. These studies identify a new mechanism for androgen-mediated prostate cancer
cell survival that appears to be independent of the activity of the receptor on androgen response element-
mediated transcription and establish FKHR and related FOXO forkhead proteins as important nuclear targets
for both AKT-dependent and -independent survival signals in prostate cancer cells.

Androgens are the male steroid hormone responsible for the
development, maintenance, and regulation of the male pheno-
type and reproductive physiology. The activity of androgens is
mediated through the androgen receptor (7, 12, 31, 49), which
belongs to the steroid/thyroid nuclear receptor superfamily, a
group of ligand-regulated, zinc finger-containing transcription
factors (11, 50).

Similar to other steroid receptors, the androgen receptor,
both structurally and functionally, is modular in nature and
composed of an N-terminal A/B region (NT) containing the
major activation function (AF-1), a DNA binding domain con-
taining two zinc fingers, a short hinge region, and a C-terminal
ligand binding domain which contains a weaker activation
function (AF-2) (21, 22). A third activation function, AF-5, has
also been described (21).

Although modular in nature, the different domains of an-
drogen receptor act in a highly coordinated fashion during the
receptor activation. In the absence of androgens, the ligand
binding domain represses the activation functions until andro-
gens bind to it and relieve the repression by inducing the

formation of a conformation suitable for interaction with a
complex of transcriptional coactivators, including common co-
activators (1, 34), steroid receptor coactivators (3, 16, 18, 40),
as well as possible androgen receptor-selective coactivators
(51). The coactivators often are histone acetyltransferases
themselves or associated with the activity. They convey the
effect of androgen receptor on androgen response element-
mediated transcription by directly remodeling the chromatin
structure through the acetylation of core histones.

In addition to androgen response element-mediated gene
regulation, androgens have also been reported to regulate the
expression of many genes in which no well-defined androgen
response elements have been identified. Kallio et al. (23) have
shown that, in a proper context, androgen receptor is capable
of eliciting both trans-repression and trans-activation through
protein-protein interactions with other transcription factors
without interacting directly with specific DNA elements.

Besides their established physiological functions, androgens
are implicated in multiple pathological processes, including
benign prostatic hyperplasia and prostate cancer. Physiological
levels of androgens are chronically required for the normal
growth and development of the prostate gland. In addition to
the stimulation of cell proliferation, inhibition of prostatic cell
death plays an important role in the maintenance of the total
prostatic cell number by androgens in adulthood (19). Similar
to normal prostatic glandular epithelial cells, most prostate
cancer cells are androgen receptor positive in situ and remain
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androgen sensitive in vivo. Due to this retained androgen sen-
sitivity, androgen ablation therapy is an effective first-line ther-
apy for metastatic prostate cancer. However, prostate cancer
patients frequently relapse due to conversion of the tumor cells
to an androgen-independent status. To overcome the resis-
tance of prostate cancer cells to androgen ablation, it is essen-
tial to understand the mechanisms underlying the androgen
protection of prostate cancer cells from death.

While the ability of androgens to stimulate cell proliferation
is relatively well explained by the effects of androgens on cell
cycle regulators such as CDK2, CDK4, and p16 CDK inhibitor
(33), the mechanism by which androgens protect prostatic cells
against apoptosis remains largely unknown. Previous studies
have shown that androgens protect prostate cancer cells from
death induced by PTEN tumor suppressor (30) and phospho-
inositide 3-kinase inhibitors (5, 30), which both suppress the
activity of AKT, by activating a survival pathway that is inde-
pendent of the AKT signaling pathway or by activating the
same survival pathway at steps downstream from AKT.

AKT is a serine/threonine protein kinase that is activated by
membrane targeting through interaction with phosphatidylino-
sitol (3,4,5)-triphosphate, which is generated by active phos-
phoinositide 3-kinase (6). Active AKT is known to phosphor-
ylate and suppress the activity of many pro-apoptotic proteins,
including FKHR (forkhead in rhabdomyosarcoma) (14, 47)
and related FOXO transcription factors such as FKHRL1 (4)
and AFX (35), which represent the mammalian homologues of
Caenorhabditis elegans Daf-16 forkhead protein (39). AKT
phosphorylation results in the translocation of these FOXO
forkhead transcription factors to the cytoplasm, leading to the
suppression of the transcription of proapoptotic genes such as
Fas ligand (9), Bim (10), and Bcl-6 (48).

PTEN tumor suppressor is a lipid phosphatase that removes
the D3 phosphate from the inositol ring of phosphatidylinosi-
tol (3,4,5)-triphosphate, resulting in inactivation of AKT (42,
45). Through its negative effect on AKT, PTEN regulates
FKHR activity positively and induces Fas ligand expression
(9). The opposing effects of PTEN and AKT on Fas ligand
expression are believed to contribute to their pro- and anti-
apoptotic effects, respectively. Since apoptosis induced by an-
drogen ablation was reported to be impaired in Fas-null mice
(lpr�/�) (46), it is conceivable that androgens may also target
FOXO forkhead factors to protect prostate cancer cells against
apoptosis.

In the following pages, we will provide experimental evi-
dence that the androgen receptor forms a complex with FKHR
and that the active androgen receptor blocks the binding of
FKHR to its DNA response elements, leading to suppression
of FKHR’s transcriptional activity and its ability to regulate
Fas ligand expression and to induce apoptosis and cell cycle
arrest of prostate cancer cells. These findings suggest that
FOXO forkhead transcription factors are important nuclear
targets for both AKT-dependent and -independent survival
signals in prostate cancer cells.

MATERIALS AND METHODS

Plasmids. pcDNA3-FLAG-FKHR:WT (13, 47), pcDNA3-FLAG-FKHR:TSS
(47), pAlter-FKHR (14), 3�insulin response sequence-Luc (14, 47), pCMV�
(30), HA-FKHRL1-WT (4), HA-FKHRL1-MT (4), FHRE-Luc (4), AREe1bLuc
(30), pCMVhAR (30), pLEN�gal (28, 29), pLENhER� (28, 29), EREe1bLuc

(28, 29), pSG5L-HA-PTEN:WT (30, 42), pSG5L-HA-PTEN:G129R (30, 42),
CBP (32), SRC1 (40), AIB1 (2), and GST-AR-DBD (41) have already been
described.

GST-AR-NT was constructed by inserting the ClaI/Klenow- and HindIII-
digested 1.7-kb androgen receptor NT fragment from pAR3 (21) into pRSET-
GST-SRC(782-7346) (44) digested with NcoI/Klenow/HindIII. GST-AR-LBD
was constructed by inserting the NarI/BamHI/Klenow-treated 0.9-kb androgen
receptor ligand binding domain fragment from pAR28.1 (20) into the pRSET-
GST vector, which is derived from pRSET-GST-SRC(782-1139) digested with
BamHI/HindIII/Klenow.

To construct Gal4-FKHR(1-150), FKHR cDNA fragment coding the first 150
amino acids were amplified by PCR with primers 5�-CGGGGGTCACCGGAT
CCATGGCCGAGGC3� and 5�-GCTGCTCTTGCGTCTAGACTAGGCTGCC
CCGCG3�, which generates BamHI and XbaI sites at 5� and 3� ends of the DNA
fragment, respectively. The amplified FKHR(1-150) fragment was cloned into
the BamHI and XbaI sites of pFA-CMV vector (Stratagene, La Jolla, Calif.).
Gal4-FKHR(211-655) and Gal4-FKHR(350-655) were constructed similarly by
generating a BamHI site at the 5� end and a XbaI site at the 3� end of the
corresponding FKHR cDNA fragments. The primers for the 5� end were 5�-A
TTATGACGAATGGATCCCTTCCAGCCCGCCGAG-3� for Gal-FKHR(211-
655) and 5�-GGCCATCTTTGCGGATCCTGGCGGGTACACCATAG-3� for
Gal-FKHR(350-655). The 3�-end primer was 5�-CTCAGTTCCTGCTTCTAGA
CAATCTGAAGTAC-3�. pLENhER� was constructed by replacing the BamHI
fragment containing the �-galactosidase cDNA of pLEN�gal with the full-length
human estrogen receptor beta (ER�) cDNA released from pKCRE.ER� (36)
with BamHI.

Transfections and reporter assays. DU145 and PC3 cells were plated in
Dulbecco’s modified Eagle’s medium containing 10% fetal bovine serum at 2 �
105 cells/well in six-well plates, and LNCaP cells were plated in RPMI 1640 at 4
� 105 cells/well. One day after plating, cells were transfected by Lipofectamine
Plus following the protocol from Gibco/BRL. Transfected cells were treated with
synthetic androgens in medium containing 1% charcoal-stripped fetal bovine
serum and washed with phosphate-buffered saline. Cell lysates were prepared by
directly adding lysis buffer (25 mM Tris-phosphate [pH 7.8], 2 mM dithiothreitol,
2 mM 1,2-diaminocyclohexane-N�,N�,N�,N�-tetraacetic acid, 10% glycerol, 0.2%
Triton X-100) to the cells on ice. Luciferase activity was determined with lucif-
erase assay systems from Promega Corporation (Madison, Wis.) following the
company’s protocol. �-Galactosidase activity was determined as previously de-
scribed (28, 29, 30).

Cell survival and apoptosis assays. Determination of the survival and apo-
ptotic index of transfected prostate cancer cells has been described (30). In brief,
transfected cells were washed with phosphate-buffered saline and fixed in 3.7%
formaldehyde. The viability of transfected cells in each well was determined by
counting the total number of green cells in each well under a fluorescence
microscope. For the demonstration of apoptotic cells, fixed cells were stained
with 4�,6�-diamidino-2-phenylindole (DAPI), and cells with green and blue flu-
orescence were observed with a Leitz Orthoplan 2 microscope. Representative
micrographs were captured by a charge-coupled device camera with the Smart
Capture Program (Vysis, Downers Grove, Ill.). The apoptotic index of green
fluorescent protein (GFP)-positive cells was determined by scoring 300 GFP-
positive cells for chromatin condensation and apoptotic body formation.

Immunological assays. For immunoprecipitation with anti-Gal4 or M2 anti-
Flag antibodies, DU145 cells were transfected and treated as described above for
transcriptional assays. Whole-cell extracts were prepared in a buffer containing
0.5% NP-40, 20 mM Tris-HCl (pH 7.5), 250 mM NaCl, 3 mM EDTA, 3 mM
EGTA, 10 �g of aprotinin per ml, 10 �g of leupeptin per ml, 10 mM benzami-
dine, and I mM phenylmethylsulfonyl fluoride. Cellular extracts were incubated
with 4 �g of antibody for 4 h at 4°C and subsequently with protein G-agarose
beads for an additional 4 h. Beads were washed four times, and the immuno-
precipitates were heated in sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) sample buffer.

For immunoblotting, cell extracts or immunoprecipitates were separated on
SDS-polyacrylamide gels, transferred to a nitrocellulose membrane, probed with
anti-androgen receptor, anti-Gal4, or M2 anti-Flag antibodies, and visualized
with enhanced chemiluminescence as described (28, 29).

Nuclear extract preparation and electrophoretic mobility shift assay. Nuclear
extracts were prepared as described (28). In brief, transfected DU145 cells were
scraped in hypotonic buffer containing 20 mM HEPES (pH 7.9), 1 mM EDTA,
1 mM EGTA, 20 mM NaF, 1 mM Na3VO4, 1 mM Na2P2O7, 1 mM dithiothreitol,
1 mM phenylmethylsulfonyl fluoride, 1% NP-40, and protease cocktail. Nuclei
were separated from the cytosol by centrifugation at 4°C for 20 min. After
centrifugation, pellets containing nuclei were resuspended in the same buffer but
now containing 420 mM KCl and 20% glucose.
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Electrophoretic mobility shift assay was performed in binding buffer contain-
ing 50 mM Tris (pH 7.5), 13 mM MgCl2, 1 mM EDTA, 5% glycerol, 1 mM
dithiothreitol, 0.5 �g of poly(dI-dC), 0.5 �g of poly(dA-dT), 0.5 ng of insulin
response sequence oligonucleotide probe (8, 14, 48) labeled with the 32P RTS T4
kinase labeling system (Life Technologies, Rockville, Md.) and nuclear extracts
containing 10 �g of protein. After incubation at 22°C for 20 min, samples were
subjected to analysis on a 5% polyacrylamide gel containing 0.5� Tris-borate-
EDTA (45 mM Tris-borate, 1 mM EDTA).

GST pulldown assays. FKHR protein was produced in vitro from pAlter-
FKHR in the presence of [35S]methionine with T7 polymerase with the coupled
transcription-translation kit (Promega, Madison, Wis.). Constructs in which GST
was fused to the ligand binding domain, the DNA binding domain, and the NT
region of the androgen receptor were transformed into Escherichia coli
BL21(DE3) strain. Transformed bacteria were cultured at 37°C until the optical
density at 600 nm reached 0.8, and the culturing was continued overnight at 30°C
in the presence of 0.5 mM isopropylthiogalactopyranoside (IPTG). Then, the
bacterial cultures were harvested and sonicated in buffer containing 50 mM Tris,
10 mM NaCl, 1 mM EDTA, 6 mM MgCl2, 1 mM dithiothreitol, and 1 mM
phenylmethylsulfonyl fluoride. GST fusion proteins were purified by binding to
glutathione-Sepharose 4B beads (Amersham Pharmacia, Piscataway, N.J.). Then
50 �g of bead-bound GST proteins was incubated overnight at 4°C with 10 �l of
35S-labeled FKHR or androgen receptor in binding buffer with or without an-
drogens. The beads were then washed with binding buffer containing 0.5% NP-40
and heated in SDS-PAGE sample buffer. After a brief centrifugation, the super-
natant was resolved by SDS–8% PAGE, and the labeled protein was revealed by
autoradiography.

Determination of Fas ligand expression on the cell surface of transfected cells
by flow cytometry. To quantify Fas ligand expression on the cell surface of
transfected cells, DU145 and LNCaP cells grown in 100-mm dishes were co-
transfected with CD20 with or without FKHR and androgen receptor and
treated with R1881 or ethanol as a vehicle control. Then, cells were collected in
phosphate-buffered saline containing 2.5 mM EDTA, washed twice with phos-
phate-buffered saline, and incubated at 4°C for 60 min with fluorescein isothio-
cyanate-conjugated mouse anti-CD20 antibody (20 �l/106 cells). After staining
with CD20 antibody, the cells were fixed on ice for 30 min in phosphate-buffered
saline-paraformaldehyde (1.0%, wt/vol). Fixed cells were incubated at 4°C for 60
min with a rabbit anti-Fas ligand antibody (2 �g/ml), which was followed by
incubation with indocarbocyanine-conjugated anti-rabbit IgG (30 min at 4°C).
Cell sorting and flow cytometry analysis were performed on a FACScan (Becton
Dickinson, Mountain View, Calif.).

Cell cycle analysis of transfected DU145 cells. DU145 cells were cotransfected
with CD20 and treated as above for Fas ligand assays. After treatment, the cells
were harvested, incubated with fluorescein isothiocyanate-conjugated anti-CD20
antibody, stained with propidium iodide, and analyzed by two-color fluorescence-
activated cell sorting (Beckton-Dickinson).

RESULTS

Androgens repress FKHR activity in prostate cancer cells in
an androgen receptor- and dose-dependent manner. To inves-
tigate the possibility that androgen-mediated prostate cancer
cell survival involves the suppression of FKHR function,
PTEN-intact and androgen receptor-negative DU145 cells
were transfected with wild-type and mutant FKHR(AAA), in
which all three AKT phosphorylation sites were mutated to
alanines (14, 47). FKHR transcriptional activity was deter-
mined by cotransfection with a reporter gene containing copies
of the IGFBP-1 insulin response sequence immediately up-
stream of the minimal thymidine kinase promoter (14, 47).

As shown in Fig. 1A, IGF-1 inhibits transcriptional activity
of the wild-type FKHR but not the AAA mutant, indicating
that phosphorylation of these sites is critical for the ability of
growth factors to suppress transactivation by FKHR, consis-
tent with previous reports (37, 39). In cells transfected with the
androgen receptor, treatment with R1881, a synthetic andro-
gen receptor agonist, represses the activity of both the wild-
type FKHR and the AAA mutant (Fig. 1B), indicating that
repression of transactivation of FKHR by androgens occurs

independently of FKHR phosphorylation by AKT and that
androgens are more powerful repressors of FKHR than growth
factors. R1881 does not affect the FKHR activity in the ab-
sence of the androgen receptor, and the expression of the
androgen receptor does not have an effect on the FKHR ac-
tivity in the absence of R1881, demonstrating that the FKHR
inhibition is androgen receptor dependent and only occurs if
androgen receptor is activated. Activated androgen receptor
also decreases the reporter activity in the absence of ectopic
FKHR (Fig. 1B), suggesting that, when activated, androgen
receptor may also inhibit the activity of endogenous forkhead
proteins in DU145 cells. Overall, the activity in Fig. 1A is lower
than in Fig. 1B, presumably because the vehicle is ethanol for
R1881 and medium for IGF-1.

To directly demonstrate the dosage dependency, the activi-
ties of wild-type FKHR (Fig. 1C) and the AAA mutant (Fig.
1D) were determined in DU145 cells transfected with various
amounts of androgen receptor vector. Although in the absence
of androgens, the androgen receptor expressed at different
levels has little effect on FKHR activity, in the presence of
R1881, it decreases the activities of both wild-type FKHR and
the AAA mutant in a dosage-dependent manner.

To determine whether the decrease in FKHR activity is due
to a decrease in the level of FKHR protein, the level of FKHR
and androgen receptor proteins was examined by immunoblot-
ting under the same conditions that the reporter activity was
determined. As shown in Fig. 1E, R1881 treatment of DU145
cells expressing different amounts of androgen receptor pro-
tein does not decrease the level of FKHR protein, suggesting
that activated androgen receptor decreases the specific activity
of FKHR.

To make sure that the decreased reporter activity truly re-
flects inhibition of FKHR, we next tested the effect of activated
androgen receptor on the FKHR reporter in LNCaP cells
without FKHR cotransfection. LNCaP cells contain no func-
tional PTEN (42). AKT is constitutively active in these cells,
which would phosphorylate endogenous FKHR, resulting in its
cytoplasmic localization. As a consequence of the AKT phos-
phorylation, LNCaP cells contain little transcriptionally active
FKHR in the nucleus. As shown in Fig. 2A, activated androgen
receptor does not inhibit the basal activity of the FKHR re-
porter in LNCaP cells, demonstrating that the decreased re-
porter activity in DU145 cells without FKHR transfection must
be due to the repression of endogenous activity by activated
androgen receptor.

Wild-type FKHR introduced into LNCaP cells contains little
activity (Fig. 2B), which is expected because the activity of
wild-type FKHR, similar to the endogenous FKHR activity,
should be suppressed by the AKT phosphorylation. Different
from wild-type FKHR, the AAA mutant is active in the cells
and its activity is inhibited by R1881 through endogenous an-
drogen receptor (Fig. 2B), showing that FKHR inhibition is
not limited to ectopic androgen receptor introduced into an-
drogen receptor-negative cells. The transfection of additional
androgen receptor enhances the androgen inhibition, confirm-
ing the data from DU145 cells that the degree of inhibition
depends on the amount of androgen receptor in the cells.
Similar to the data in Fig. 1, androgen treatment does not
decrease the level of FKHR protein expression (Fig. 2C), dem-
onstrating that R1881, acting through the endogenous andro-
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gen receptor, decreased the specific activity of the AAA mu-
tant.

To determine whether androgens also repress the activity of
other mammalian homologues of Daf-16, the effect of acti-
vated androgen receptor on FKHRL1 was determined in
DU145 cells. As shown in Fig. 3A, activated androgen receptor
inhibits the activity of FKHRL1 on the reporter constructed
with the promoter of the Fas ligand gene (4), albeit to a lesser

degree than FKHR (Fig. 1B). To test whether FKHRL1 activ-
ity is also inhibited by androgens through endogenous andro-
gen receptor, the activity of a mutant FKHRL1, similar to the
AAA of FKHR, was analyzed in LNCaP cells treated or not
with R1881, As shown in Fig. 3B, the mutant FKHRL1 is again
inhibited by R1881 treatment. The data suggest that androgen
inhibition is not limited to FKHR and that androgens might be
general suppressors of FOXO forkhead factors.

FIG. 1. Inhibition of FKHR reporter activity by activated androgen receptor. (A) Inhibition of wild-type FKHR by IGF-1. DU145 cells were
transfected with 0.5 �g of 3�IRS-Luc, 0.2 �g of pCMV�, 0.1 �g of FKHR:WT (WT) or FKHR:TSS (AAA). Transfected cells were treated for
24 h or not with 50 ng of IGF-1 per ml as indicated. Luciferase activity was determined and normalized to cognate �-galactosidase activity. FKHR
activity was expressed as relative luciferase units (RLU) after normalization. Duplicate samples were analyzed for each data point, and the data
have been reproduced three times. (B) Androgen receptor (AR)-dependent inhibition of wild-type and AAA mutant FKHR by androgens. DU145
cells were transfected with 0.2 �g of pCMVhAR, 0.2 �g of pCMV�, 0.5 �g of 3�IRS-Luc, and 0.1 �g of FKHR:WT (WT) or FKHR:TSS (AAA).
Transfected cells were treated for 24 h with 10�8 M R1881 or ethanol (EOH) as vehicle controls. FKHR activity was determined and expressed
as for panel A. (C) Dosage-dependent inhibition of wild-type FKHR by activated androgen receptor (AR). DU145 cells were transfected with 0.5
�g of 3�IRS-Luc, 0.2 �g of pCMV�, 0.1 �g of FKHR:WT, and the indicated amounts of pCMVhAR. Transfected cells were treated and FKHR
activity was determined as for panel B. (D) Dosage-dependent inhibition of the AAA mutant by activated androgen receptor (AR). DU145 cells
were transfected as in panel C except that 0.1 �g of FKHR:TSS was used in place of FKHR:WT. Transfected cells were treated and FKHR activity
was determined as for panel B. (E) No decrease at the level of FKHR protein after androgen treatment. DU145 cells were transfected and treated
as for panels C and D. Androgen receptor (AR) and FKHR proteins were detected by Western blotting with PG-21 anti-androgen receptor
(Upstate) and M2 anti-Flag (Sigma) antibodies, respectively. Equal amounts of protein were loaded. W, wild-type FKHR; M, AAA mutant.
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FIG. 2. Androgen inhibition of FKHR activity mediated through endogenous androgen receptor. (A) Lack of an androgen effect on basal
FKHR reporter activity in LNCaP cells. Cells were transfected with 0.1 �g of pCMVhAR, 0.2 �g of pCMV� and 0.5 �g of 3�IRS-Luc. Transfected
cells were treated and FKHR activity was determined as in Fig. 1B. (B) Androgen inhibition of FKHR activity mediated through endogenous
androgen receptor (AR). LNCaP cells were transfected as in A but with 0.1 �g of FKHR:WT (WT) or FKHR:TSS (AAA). Transfected cells were
treated and FKHR activity was determined as for Fig. 1B. (C) No decrease at the level of FKHR protein in LNCaP cells after androgen treatment.
LNCaP cells were transfected and treated as for panel B. DU145 cells transfected with or without Flag-tagged FKHR were included as controls.
Note that there is a background band recognized by the M2 antibody which moves slightly faster than Flag-FKHR in the gel. Androgen receptor
(AR), FKHR, and �-actin proteins were detected by Western blotting with the PG-21, M2, and anti-�-actin monoclonal (Sigma) antibodies,
respectively. Equal amounts of protein were loaded.

FIG. 3. Inhibition of FKHRL1 activity by activated androgen receptor. (A) Inhibition of FKHRL1 activity by androgens in DU145 cells. Cells
were transfected with 0.2 �g of pCMVhAR, 0.2 �g of pCMV�, 0.5 �g of FHRE-Luc, and 0.1 �g of HA-FKHRL1-WT. Transfected cells were
treated and FKHRL1 activity was determined as for Fig. 1B. (B) Inhibition of FKHRL1 activity by androgens through endogenous androgen
receptor (AR) in LNCaP cells. Cells were transfected as for panel A except that HA-FKHRL1-MT was used in the place of HA-FKHRL1-WT
and no pCMVhAR was included in the transfection. Transfected cells were treated and FKHRL1 activity was determined as for Fig. 1B.
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PTEN reexpression in PTEN-null prostate cancer cells in-
creases FKHR activity that is suppressed by activated andro-
gen receptor. As shown in our earlier studies (30), PTEN
represses the transcriptional activity of the androgen receptor
but is unable to override the protective effect of androgens on
PTEN-induced apoptosis. It is thus possible that androgens
protect prostate cancer cells from PTEN-induced death
through inhibition of FKHR. If so, androgen repression of
FKHR should occur despite the PTEN repression of androgen
receptor transcriptional activity. Thus, we assayed the andro-
gen repression of FKHR in PTEN-null PC3 cells transfected
with wild-type PTEN.

As shown in Fig. 4, FKHR activity in PC3 cells is increased
by wild-type PTEN in comparison to an inactive PTEN mutant,
and the increase is repressed by R1881. As expected, PTEN
and androgen receptor vectors express the corresponding pro-
teins in the cells (Fig. 4B). The data suggest that the repression
of FKHR by activated androgen receptor may contribute to
the androgen receptor-mediated androgen protection of pros-
tate cancer cells from PTEN-induced apoptosis.

Androgen repression of FKHR is not due to competition for
transcriptional coactivators. Competition for the limited
amounts of transcriptional coactivators in cells has been held
accountable for the inhibition between AP-1 and steroid re-
ceptors (24) as well as among steroid receptors (40). To test
whether the FKHR repression by activated androgen receptor
is due to competition for coactivators, DU145 cells were trans-
fected with various amounts of coactivators, and the repression
of FKHR by activated androgen receptor was determined. As
shown in Fig. 5A, expression of the coactivators at different
dosages does not relieve the FKHR repression. As controls,
the transcriptional activity of ER� (Fig. 5B) is increased by the
increased dosages of the coactivators. In addition, different
amounts of activated ER� do not affect FKHR activity (Fig.
5C). Since steroid receptors share coactivators, activated ER�
would also be expected to repress FKHR activity if the repres-
sion were due to the competition for coactivators. Overall, the
data in Fig. 5 indicate that the FKHR repression by androgens
is not due to competition between the activated androgen
receptor and FKHR for coactivators.

Different from ER� but similar to androgen receptor, ER�
represses FKHR in the presence but not in the absence of
17�-estradiol (Fig. 5D), suggesting that FKHR repression is
not limited to the androgen receptor. The data are consistent
with two recent studies that identified FKHR as an ER�-
interacting protein in yeast two-hybrid screening and in cells
(43, 52).

Androgen receptor forms a complex with FKHR. Since the
repression of FKHR by androgens does not appear to be due
to competition for coactivators, we next tested the possibility
that activated androgen receptor represses FKHR through
protein-protein interaction. DU145 cells were transfected with
Flag-FKHR and androgen receptor vectors, and complex for-
mation was determined by coimmunoprecipitation with M2
anti-Flag antibody. As shown in Fig. 6A, the androgen receptor
is coimmunoprecipitated with FKHR only in cells transfected
with both FKHR and the androgen receptor, and the copre-
cipitation is enhanced by R1881 (Fig. 6A, lanes 1 and 2).
Without Flag-FKHR, the M2 anti-Flag antibody does not
bring down androgen receptor in either the presence (Fig. 6A,
lane 3) or the absence of R1881 (Fig. 6A, lane 4), demonstrat-
ing that there is no cross-reactivity between androgen receptor
and M2 antibody.

In cells transfected only with Flag-FKHR, no androgen re-
ceptor is detected in the precipitates (Fig. 6A, lanes 5 and 6),
showing that the band detected in lane 1 is indeed androgen
receptor. Since androgens are known to increase the stability
of androgen receptor protein, which is confirmed under our
conditions for R1881 (Fig. 6A, lanes 1 and 2 of the bottom
panel), the increased amount of androgen receptor protein in
the immunoprecipitates may be due simply to the higher
amount of total androgen receptor protein in R1881-treated
cells. Based on our estimation of the enhanced chemilumines-
cence signals on the immunoblots, the amount of the androgen
receptor in the immunoprecipitates, after normalization to the
total androgen receptor protein, is induced by R1881 about
fourfold. This experiment shows that the androgen receptor
and FKHR coexist in a protein complex in prostate cancer cells
and that complex formation is increased by R1881.

To determine whether the androgen receptor and FKHR

FIG. 4. Activated androgen receptor repressed PTEN-induced FKHR activity. (A) Inhibition of PTEN-induced FKHR activity by activated
androgen receptor (AR). PC3 cells were transfected with 0.2 �g of pCMVhAR, 0.2 �g of pCMV�, 0.5 �g of 3�IRS-Luc, 0.1 �g of pSG5L-HA-
PTEN:WT (WT) or pSG5L-HA-PTEN:G129R (MT), and 0.1 �g of FKHR:WT (WT). Transfected cells were treated and FKHR activity was
determined as for Fig. 1B. (B) Expression of PTEN and androgen receptor (AR) in PC3 cells. Cells were transfected and treated as for panel A.
PTEN and androgen receptor proteins were detected by Western blotting with anti-PTEN (Upstate), PG-21 anti-androgen receptor, and
anti-�-actin antibodies.
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interact in vitro, GST fusions with the androgen receptor ami-
no-terminal A/B region (GST-AR-NT), the DNA binding do-
main (GST-AR-DBD), or the ligand binding domain (GST-
AR-LBD) were produced in and purified from bacteria. These

fusion proteins were used to precipitate 35S-labeled FKHR
protein produced by in vitro transcription-translation reac-
tions. In these so-called GST pulldown assays, FKHR copre-
cipitates with GST-AR-NT (Fig. 6B, lane 2) but not with GST-

FIG. 5. Lack of effect of coactivator expression on inhibition of FKHR by androgens and differential effect of activated ER� and ER� on
FKHR activity. (A) Lack of an effect of coactivator expression on the inhibition of FKHR by activated androgen receptor (AR). DU145 cells were
transfected with 0.2 �g of pCMVhAR or control vector, 0.2 �g of pCMV�, 0.5 �g of 3�IRS-Luc, 0.1 �g of FKHR:WT (WT), and the indicated
amounts of coactivators. Transfected cells were treated and FKHR activity was determined as for Fig. 1B. (B) Enhancement of ER� activity by
coactivators. DU145 cells were transfected with 0.1 �g of pLENhER�, 0.5 �g of pLEN�gal, 0.5 �g of EREe1bLuc, and the indicated amounts of
CBP, SRC1, or AIB1. Transfected cells were treated for 24 h with 10�8 M 17�-estradiol (E2) or ethanol (EOH) as vehicle controls. ER� activity
was determined and expressed as for Fig. 1B. (C) Lack of an effect on FKHR activity of activated ER�. DU145 cells were transfected with 0.5 �g
of pLEN�gal, 0.5 �g of 3�IRS-Luc, 0.1 �g FKHR:WT (WT) or FKHR:TSS (AAA), and 0.1 or 0.5 �g of pLENhER�. Transfected cells were
treated with 17�-estradiol or ethanol as for panel B, and FKHR activity was determined as for Fig. 1B. (D) Inhibition of FKHR activity by activated
ER�. DU145 cells were transfected as for panel C except that 0.1 �g of pLENhER� was used in place of pLENhER�. Transfected cells were
treated with 17�-estradiol or ethanol, and FKHR activity was determined as for panel C. Co-A, coactivator.
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DBD (Fig. 6B, lane 5). In addition, the coprecipitation could
be detected with GST-AR-LBD in the presence (Fig, 6B, lane
4) but not in the absence of R1881 (Fig. 6B, lane 3). This
demonstrates that androgen receptor interacts with FKHR
through both the NT region and the ligand binding domain
(Fig. 6C). No FKHR was detected in GST precipitates (Fig.
6B, lane 6), showing the specificity of FKHR coprecipitation
with the androgen receptor fragments.

Compared to the input (Fig. 6B, lane 1), the NT region
showed a much stronger interaction with FKHR than the li-
ganded ligand binding domain. Coomassie blue staining shows
that the amounts of GST and GST-AR-DBD used in the pull-
down experiment are not lower than the amounts of the GST-
AR-NT or GST-AR-LBD constructs and that the amount of
GST-AR-LBD used for the pulldown assays performed in the
presence or absence of R1881 is comparable (Fig. 6B, lower
panel), eliminating the possibility that the difference in the
FKHR signal in the pulldown assays is due to different
amounts of GST protein used for the precipitations. Multiple
bands smaller than the predicted size of the fusion protein are
present in the GST-AR-NT and GST-AR-LBD lanes. Presum-
ably, these are the products of partial degradation of the full-
length GST fusion proteins. It is known that androgen receptor
expressed in bacteria as GST fusion proteins is not stable, and
so far nobody has succeeded in generating a GST fusion pro-
tein with a full-length androgen receptor.

To determine which region of FKHR interacts with the
androgen receptor, we transfected DU145 cells with androgen
receptor and FKHR fragments fused to the Gal4 DNA binding
domain and determined the binding in coimmunoprecipitation
assays with an anti-Gal4 antibody. As shown in Fig. 7, no
interaction with the androgen receptor is detected with Gal4-
FKHR(1-150) in either the absence or the presence of R1881,
whereas interaction with the androgen receptor is detected
with both Gal4-FKHR(211-655) and Gal4-FKHR(350-655) in
the presence but not the absence of R1881. As controls, Gal4-
FKHR proteins are detected in the immunoprecipitates (Fig.
7, middle panel), demonstrating that the lack of androgen
receptor interaction with Gal4-FKHR fusions in the absence of
R1881 as well as with Gal4-FKHR(1-150) in the presence of
R1881 is not due to insufficient amounts of Gal4-FKHR pro-
tein expression.

Based on the estimation of the enhanced chemilumines-
cence signals on the immunoblots, the amount of the androgen
receptor in the immunoprecipitates, after normalization to the
amount of Gal4-FKHR fusion proteins, is increased by R1881
more than 10-fold (Fig. 7, bottom panel). Although the quan-
titative data shown in Fig. 7, bottom panel, suggest an andro-
gen induction of complex formation between the androgen
receptor and FKHR, the data do not exclude the possibility
that the increased complex formation detected in the presence
of androgens is the result of androgen-induced accumulation
of both androgen receptor and FKHR to a higher level in the
cells.

FIG. 6. Complex formation between FKHR and the androgen re-
ceptor in prostate cancer cells and in vitro. (A) Coimmunoprecipita-
tion (IP) of FKHR and the androgen receptor (AR). DU145 cells were
transfected with 0.5 �g of pCMVhAR, 0.5 �g of FKHR:WT (WT), and
0.2 �g of pCMV�. Transfected cells were treated as for Fig. 1B.
Immunoprecipitates with M2 anti-Flag antibody were probed with M2
anti-Flag (top panel) or PG-21 anti-androgen receptor (middle panel)
antibodies. Androgen receptor (AR) protein expression in cell lysates
was detected with the PG-21 anti-androgen receptor antibody (bottom
panel). IB, immunoblot. (B) Interaction between FKHR and two sep-
arate regions of the androgen receptor (AR). 35S-labeled FKHR syn-
thesized in in vitro transcription-translation reactions was incubated
with GST-androgen receptor fusion proteins, precipitated with gluta-
thione beads, and visualized by autoradiography (top panel). The
amount of GST proteins used in the pulldown assays was visualized by
Coomassie blue staining after SDS-PAGE (bottom panel). Note that

the amount of reticulocyte lysate used for precipitations was 10 times
the input amount. EOH, ethanol. (C) A diagram depicting the FKHR-
interacting regions of the androgen receptor. aa, amino acids; DBD,
DNA binding domain; LBD, ligand binding domain.
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Activated androgen receptor inhibits the ability of FKHR to
bind DNA. Since the androgen receptor and FKHR exist in the
same protein complex and activated androgen receptor re-
presses FKHR activity, we performed electrophoretic mobility
shift assays to test whether activated androgen receptor inhib-
its the ability of FKHR to bind DNA. A synthetic oligonucle-
otide probe (8, 14, 47) containing an insulin response sequence
from the IGFBP-1 promoter was used in the electrophoretic
mobility shift assay. As shown in Fig. 8A, neither androgen
receptor expression nor t treatment with R1881 decreased the
level of FKHR expression, consistent with data presented ear-
lier (Fig. 1E and 2C). Compared to the control (Fig. 8B, lane
2), androgen receptor coexpression does not decrease FKHR
DNA binding in the absence of R1881 (Fig. 8B, lane 3, and 8C,
lane 9), whereas, after R1881 treatment, the androgen recep-
tor blocks the formation of FKHR-DNA complex (Fig. 8B,
lane 4, and 8C, lane 10).

Interestingly, the unliganded androgen receptor appears to
enhance the FKHR binding (Fig. 8B, lane 3, and 8C, lane 9),
for which the mechanism is unclear. The specificity of the
FKHR DNA complex is demonstrated by the inhibition of
complex formation with the M2 anti-Flag antibody (Fig. 8B,
lane 2b, and 8C, lane 2), but not with 12CA5 antihemagglutinin
(anti-HA) antibody (Fig. 8C, lane 1). Further analysis shows
that excess amounts of nonradiolabeled wild-type insulin re-

sponse sequence (Fig. 8C, lanes 5 and 6), but not that of a
mutant insulin response sequence (Fig. 8C, lanes 7 and 8),
inhibit the complex formation, confirming the specificity of the
FKHR complex. Although the activity of endogenous FKHR is
detected in DU145 cells (Fig. 1B), no specific DNA binding is
observed with nuclear extracts from DU145 cells transfected
with control vector (Fig. 8B, lane 1, and Fig. 8C, lane 3),
presumably due to the limited sensitivity of electrophoretic
mobility shift assays.

Activated androgen receptor suppresses FKHR-induced Fas
ligand expression. Since activated androgen receptor inhibited
the transcriptional activity of FKHR as well as its ability to
bind DNA, it is reasonable to expect that the activated andro-
gen receptor would suppress the expression of FKHR target
genes such as Fas ligand. To test this possibility, DU145 cells
were transfected with the mutant FKHR and an expression
vector for a cell surface marker, CD20, with or without the
androgen receptor. CD20-positive cells were separated from
CD20-negative cells by flow cytometry-based sorting, and Fas
ligand expression on the surface of the CD20-positive cells was
analyzed. As shown in Fig. 9A and B, the expression of AAA
in DU145 cells increases Fas ligand expression on the cell
surface about fourfold, and the increase is suppressed by
R1881 in the presence of androgen receptor. In the absence of
AAA expression, androgens and androgen receptor, alone or
in combination, have little effect on the basal level of Fas
ligand on the cell surface. Similar analysis in LNCaP cells
shows that the endogenous androgen receptor is sufficient to
mediate the androgen inhibition of FKHR-induced Fas ligand
expression (Fig. 9C).

Activated androgen receptor impairs the ability of FKHR to
induce prostate cancer cell apoptosis and cell cycle arrest. Up
to this point, our investigation has provided strong evidence
that activated androgen receptor binds and inhibits FKHR
transcriptional activity in prostate cancer cells as well as the
ability of FKHR to bind DNA and induce target gene expres-
sion. To determine the effect of the inhibition on the biological
activity of FKHR in prostate cancer cells, FKHR-induced cell
apoptosis was analyzed in the presence and absence of R1881.
LNCaP cells were transfected with wild-type FKHR or the
AAA mutant together with a GFP expression vector, and the
survival of transfected cells was examined. As shown in Fig.
10A, expression of the AAA mutant decreases LNCaP cell
survival by fourfold, whereas the expression of wild-type
FKHR has little effect. The decrease in cell survival induced by
the AAA mutant is prevented by R1881, showing that the
endogenous androgen receptor is sufficient to mediate the
androgen protection.

To show that the decreased prostate cancer cell survival
induced by FKHR is due to apoptosis, LNCaP cells transfected
with the AAA mutant and GFP vectors were stained with
DAPI and examined for features of cell apoptosis under a
fluorescence microscope. As shown in representative micro-
graphs in Fig. 10B, two of eight of the transfected cells are
going through apoptosis, while none of the surrounding non-
transfected cells are dying of apoptosis. After scoring 300 cells,
the results suggest that the AAA mutant increases the apopto-
tic index of LNCaP cells by fourfold and that R1881 treatment
restores the index to the basal level (Fig. 10C). In a parallel
analysis, wild-type FKHR causes only a marginal increase in

FIG. 7. Mapping the androgen receptor-interacting domain of
FKHR by coimmunoprecipitation. DU145 cells were transfected with
0.5 �g of pCMVhAR, 0.5 �g of Gal4-FKHR, and 0.2 �g of pCMV�
and treated with R1881 or ethanol (EOH). Immunoprecipitates (IP) of
anti-Gal4 antibody were probed with PG-21 anti-androgen receptor
(AR) antibody (upper panel) or the same anti-Gal4 antibody (lower
panel). Note that Gal4-FKHR(1-150), Gal4-FKHR(350-655), and IgG
light chain run close to one another in the gel due to their similar
molecular weights. After quantifying the intensity of the corresponding
bands, the ratio of androgen receptor to Gal4-FKHR in the immuno-
precipitates was plotted (bottom panel). IB, immunoblot; H-chain,
heavy chain.
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the apoptotic index, which is nevertheless also restored to the
basal level by R1881. Consistent with the fact that PTEN is
intact in DU145 cells, wild-type FKHR, like the AAA mutant,
decreased the survival of DU145 cells (Fig. 10D). R1881 treat-
ment restores the cell survival to the control level in cells
cotransfected with the androgen receptor but showed no effect
in the absence of androgen receptor, suggesting that the pro-
tection of prostate cancer cells from FKHR-induced death by
androgens is androgen receptor dependent. By varying the
amount of androgen receptor introduced into the cells, it is
obvious that the ability of the androgen receptor to mediate
the protection is dose dependent (Fig. 10E).

To extend the functional analysis beyond cell death, the
effect of activated androgen receptor on the regulation of
DU145 cell cycle progression by FKHR was determined with a
strategy similar to what we have used for the Fas ligand study.
DU145 cells were transfected with AAA, CD20, and androgen

receptor, and cell cycle distribution of CD20-positive cells was
analyzed by flow cytometry. As shown in Fig. 11, the expression
of AAA in DU145 cells decreases the percentage of cells in S
phase and increases the percentage in G1 phase about 15%.
The effect of FKHR on both G1/G0 and S phases is suppressed
by R1881 treatment. Similar analysis in LNCaP cells shows that
the endogenous androgen receptor is sufficient to mediate the
androgen suppression of FKHR-induced alteration in cell cy-
cle progression, with the exceptions that FKHR induces the
accumulation of LNCaP cells in G2/M instead of G1/G0 phase
and that the effect of FKHR on LNCaP cell cycle progression
is relatively minor (about 5%) (data not shown).

DISCUSSION

Due to the clinical relevance, the mechanism underlying
prostate cancer cell death induced by androgen ablation is the

FIG. 8. Androgen receptor-dependent inhibition of FKHR DNA binding by androgens. (A) Detection of transfected Flag-FKHR by immu-
noblotting. DU145 cells in 100-mm dishes were transfected with 2.5 �g of Flag-tagged FKHR or empty vector with or without 2.5 �g of pCMVhAR
and treated with R1881 or ethanol (EOH). Then 50 �g of nuclear extracts of transfected cells was subjected to immunoblotting analysis with M2
anti-Flag antibody. Lane 1, transfected with control vectors; lane 2, transfected with Flag-FKHR; lane 3, transfected with both Flag-FKHR and
androgen receptor; lane 4, transfected with Flag-FKHR and androgen receptor and treated with 10�8 M R1881. (B) Inhibition of FKHR DNA
binding by activated androgen receptor. We used 10 �g of nuclear extracts for the electrophoretic mobility shift assay with radiolabeled insulin
response sequence (IRS) probe as described in the text. The arrow points to the DNA complex containing Flag-FKHR protein. Lanes 1 to 4, as
in panel A; lane 2b, as in lane 2, but the nuclear extract was incubated with M2 antibody. (C) Characterization of the FKHR-DNA complexes.
DU145 cells were transfected as for panel A, and electrophoretic mobility shift assays performed as for panel B. Cotreatment with antibodies and
an excess amount of nonradiolabeled wild-type (WT) and mutant (MT) insulin response sequence oligonucleotides was performed as indicated.
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FIG. 9. Inhibition of FKHR-induced cell surface Fas ligand expression by activated androgen receptor. (A) Determination of cell surface Fas
ligand expression by flow cytometry. DU145 cells were transfected with 3.0 �g of pCMVCD20 and 2.5 �g of FKHR:TSS (AAA) with or without
2.5 �g of pCMVhAR. Transfected cells were treated with 10�8 M R1881 or vehicle for 36 h. CD20-positive cells were separated from
CD20-negative cells, and Fas ligand (FasL) expression on the surface of CD20-positive cells was determined. Similar data were obtained in multiple
experiments, and a representative experiment is shown. Cy3, indocarbocyanine. (B) A bar graph showing the inhibition of FKHR-induced Fas
ligand expression by activated androgen receptor (AR). (C) Inhibition of Fas ligand expression by androgens mediated through the endogenous
androgen receptor in LNCaP cells. LNCaP cells were transfected with CD20 with or without AAA. Transfected cells were treated with R1881 or
ethanol (EOH) as for panel A. The data from two independent experiments are presented as in panel B.
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FIG. 10. Androgen protection of prostate cancer cells from FKHR-induced cell death. (A) Androgen effect on the viability of FKHR-
transfected LNCaP cells. Cells were transfected with 0.5 �g of pLNCE and 0.1 �g of FKHR:WT (WT) or FKHR:TSS (AAA) and treated with
R1881 or ethanol (EOH). The viability of transfected cells in each well was determined by counting the total number of green cells. Triplicate
samples were analyzed for each data point, and the data were reproduced three times. (B) Representative micrographs of LNCaP cells transfected
with FKHR:TSS. Cells were transfected with FKHR:TSS and GFP vectors as for panel A, fixed, and stained with DAPI. Representative
micrographs were captured by a charge-coupled device camera attached to the fluorescence microscope. (C) Androgen effect on FKHR-induced
increase in apoptotic index of LNCaP cells. Cells were transfected as for panel A and processed as for panel B. Apoptotic index of GFP-positive
cells was determined by scoring 300 GFP-positive cells for chromatin condensation and nuclear fragmentation. Triplicate samples were analyzed
per data point, and the graph represents three independent experiments. (D) Androgen effect on the viability of FKHR-transfected DU145 cells.
Cells were transfected as for panel A but with or without 0.2 �g of pCMVhAR. Transfected cells were treated and determined for cell viability
as for panel A. (E) Dosage-dependent protection of DU145 cells from FKHR-induced cell death by activated androgen receptor (AR). Cells were
transfected as for panel D except that different amount of pCMVhAR were used, as indicated. Transfected cells were treated and cell viability was
determined as for panel A.
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continued focus of many investigations. A previous study has
shown that the introduction of synthetic androgen response
element oligonucleotides into LNCaP cells induces apoptosis
(25), suggesting that androgen response element-mediated
transcription may play an important role in prostate cancer cell
survival. If androgen response element-mediated transcription
were required for the androgen protection of prostate cancer
cell death induced by PTEN, our previous data (30) that
PTEN-induced prostate cancer cell apoptosis was blocked by
activated androgen receptor while the androgen receptor tran-
scriptional activity on androgen response element reporters
was repressed by PTEN under the same conditions would
appear paradoxical.

The ability of activated androgen receptor to suppress trans-
activation of FKHR through protein-protein interaction as
demonstrated in the current study reveals a new mechanism
for the androgen-mediated prostate cancer cell survival that
appears to be independent of androgen response element-
mediated transcription, which could explain why the effect of
androgen receptor transcriptional activity on androgen re-
sponse element-mediated reporters and its antiapoptotic func-
tion are separable (30). The facts that apoptosis induced by
androgen ablation was reported to be impaired in Fas-null
mice (lpr�/�) (46) and that FKHR-induced Fas ligand expres-
sion is blocked by activated androgen receptor, as shown in this
study, suggest that the androgen response element-indepen-
dent inhibition of FKHR through protein-protein interaction
might be more relevant to the in vivo function of androgens in
protecting prostate epithelial cells from apoptosis under phys-
iological and pathological conditions.

The existence of androgen response element-dependent
(25) and -independent mechanisms mediating androgen pro-
tection of prostate cancer cells from apoptosis suggests that
prostate cancer cell survival in vivo may be the result of the
cooperative actions of separate pathways that appear redun-
dant in in vitro analyses. Alternatively, prostate cancer cells
may have developed distinct pathways to mediate androgen
protection from specific death stimuli. For example, androgen
repression of FKHR activity may be specifically involved in the
protection of prostate cancer cells from death induced by the
PTEN tumor suppressor or other natural or synthetic inhibi-
tors of the phosphoinositide 3-kinase/AKT signaling pathways.
Although definitive proof that FKHR mediates PTEN-induced
apoptosis in prostate cancer cells is still lacking, this possibility
is supported by our data, which indicate that FKHR activity is
induced by restored PTEN expression in PTEN-null cells (Fig.
4). It is also consistent with a recent report that correlated
FKHR activity in prostate cancer cells with the functional
status of the PTEN tumor suppressor (38).

Schuur et al. (43) recently reported that FKHR interacted
specifically with the ligand binding domain of ER� but did not
detect an interaction with androgen receptor under their con-
ditions. Here, we demonstrate that the androgen receptor and
FKHR exist in the same protein in prostate cancer cells and in
vitro, which involves a possible androgen-regulated binding of
FKHR with the ligand binding domain and a constitutive in-
teraction with the NT region of the androgen receptor. Com-
pared to the interaction with the NT region, the interaction
with the androgen receptor ligand binding domain is weak,
which may explain why previous studies failed to detect such an
interaction (43). Since the activity of the NT region in full-
length androgen receptor is also regulated by androgens, the
interaction between FKHR and the NT region in the full-
length receptor is likely to be regulated by androgens in a way
similar to interaction with the ligand binding domain. This is
consistent with our finding that the interaction between FKHR
and full-length androgen receptor in coimmunoprecipitation
assays is regulated by androgens (Fig. 6 and 7). The fact that,
in addition to the androgen receptor, the activated ER� also
inhibits FKHR activity is consistent with recent publications in
which FKHR was identified as an ER-interacting protein in
yeast two-hybrid screening and in cells (43, 52). Different from
our findings that FKHR interacts strongly with androgen re-

FIG. 11. Inhibition of FKHR-induced cell cycle arrest by activated
androgen receptor. (A) Flow cytometry profile of CD20-positive
DU145 cells. DU145 cells were transfected with 3.0 �g of pCM-
VCD20, 2.5 �g of FKHR TSS (AAA), and 2.5 �g of pCMVhAR.
Transfected cells were treated with 10�8 M R1881 for 36 h, fixed, and
stained with propidium iodide. CD20-positive cells were separated
from CD20-negative cells and subjected to flow cytometry analysis.
Data from a representative experiment are shown. (B) A bar graph
showing the inhibition of FKHR-induced cell cycle arrest by activated
androgen receptor in DU145 cells. Each data point was analyzed in
duplicate.

116 LI ET AL. MOL. CELL. BIOL.



ceptor NT region, the ER studies showed that it binds with the
ER ligand binding domain. Since recent studies suggested that
ER� and ER� may have different roles in prostate tumorigen-
esis and that the ratio between them changes during prostate
cancer development (17, 27), it is interesting that the suppres-
sive effect of estrogens on FKHR is selectively mediated
through the ER� but not the ER� (Fig. 5).

Our data suggest that androgen-induced complex formation
with androgen receptor prevents FKHR from binding to DNA
response elements. Interestingly, the unliganded androgen re-
ceptor appears to be enhancing the binding of FKHR to the
insulin response sequence (Fig. 8B and 8C), the reason for
which is unclear. Since our data only showed an androgen
enhancement of the interaction and did not rule out the bind-
ing of androgen receptor to FKHR in the absence of the
ligand, it is possible that the mechanism underlying the inhi-
bition of FKHR DNA binding by activated androgen receptor
is more complicated than a quantitative change in protein-
protein interaction. Androgens may induce a qualitative
change in the interaction that switches stimulation to inhibi-
tion.

Besides the interaction with the carboxyl terminus of FKHR,
we also detected a relatively weak interaction between the
androgen receptor and the forkhead domain of FKHR that
appears to be enhanced by androgens (data not shown). In
addition, FKHR interacts strongly with the androgen receptor
NT region but weakly with the androgen receptor ligand bind-
ing domain, although the inhibition of FKHR DNA binding by
the androgen receptor is only detected in the presence of
androgens (Fig. 8B and 8C). Although this is speculative, the
carboxyl terminus of FKHR may interact with the NT region of
the androgen receptor in the absence of the hormone, provid-
ing a docking site that stabilizes the weak interaction between
the forkhead domain and the liganded androgen receptor li-
gand binding domain. Overall, the interaction detected in the
in vitro assays is generally weak, leaving open the possibility
that the interaction between androgen receptor and FKHR
may be indirectly mediated through a “bridging” factor that
also happens to be present in the rabbit reticulocyte lysates.

Since both the androgen receptor NT region and the ligand
binding domain participate in the FKHR interaction, the an-
drogen-induced conformational change in the androgen recep-
tor three-dimensional structure, such as the interaction be-
tween amino and carboxyl terminuses (26), may play an
important role in the inhibition of FKHR DNA binding. In
addition to a transcriptional activation domain, the carboxyl-
terminal region of FKHR contains a nuclear receptor interac-
tion motif, LxxLL, frequently present in receptor coactivators,
which may mediate the androgen receptor interaction. How-
ever, studies by He et al. (15) showed that the liganded andro-
gen receptor ligand binding domain preferentially binds the
FxxLF motifs versus the LxxLL motifs in the androgen recep-
tor NT region and that the interaction between the amino and
the carboxyl termini inhibits the binding of the androgen re-
ceptor ligand binding domain to LxxLL motifs of coactivators,
raising the possibility that it may not play a major role in the
FKHR interaction with the androgen receptor.

Overall, our study points to FOXO forkhead transcriptional
factors as being the common targets for both AKT- and an-
drogen-mediated prostate cancer cell survival. Furthermore,

the fact that PTEN-intact DU145 cells do not die despite the
lack of both active AKT and androgen receptor suggests the
existence of an alternative mechanism in prostate cancer cells
that opposes the negative effect of FOXO forkhead factors on
cell growth and survival, which is obviously independent of
androgens and AKT. Overall, our studies demonstrate that
multiple survival signals converge on FOXO forkhead factors
in prostate cancer cells, raising the possibility that augmenting
the function of FKHR may provide an effective approach to
overcome the resistance of prostate cancer cells to apoptosis
induced by androgen ablation, tumor suppressors, and other
natural or synthetic proapoptosis drugs used in prostate cancer
therapy.
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