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The majority of available antiandrogens have been reported to
possess agonist activity to induce prostate-specific antigen, which
might result in antiandrogen withdrawal syndrome. Here we
report the identification of 3B-acetoxyandrost-1,5-diene-17-ethyl-
ene ketal (ADEK) from dehydroepiandrosterone metabolites and
derivatives as a potent antiandrogen. We found ADEK could
interrupt androgen binding to the androgen receptor (AR) and
suppress androgen-induced transactivations of WT AR and a mu-
tant AR in prostate cancer cells. ADEK inhibited prostate-specific
antigen expression as well as growth in LNCaP prostate cancer cells
stimulated by androgen. Importantly, ADEK had only marginal
agonist effects, as compared with commonly used antiandrogens
such as hydroxyflutamide and bicalutamide, leading to a lower
possibility of inducing withdrawal response. Moreover, ADEK
could block an adrenal androgen androstenediol-induced AR trans-
activation that hydroxyflutamide and bicalutamide failed to block.
These unique antiandrogenic activities make ADEK a potential
therapeutic compound that might be able to inhibit AR-mediated
prostate cancer progression. Further in vivo studies might facilitate
the development of a better antiandrogen for the treatment of
prostate cancer.

Androgens play a major role in promoting the development
and progression of prostate cancer. Consequently, since the
first observation by Huggins and Hodges in 1941 (1), endocrine
therapy remains the critical therapeutic option for advanced
forms of prostate cancer. This therapy consists of androgen
ablation by medical or surgical castration and/or inhibiting the
receptor level action of androgens from both the testes and
adrenal glands by antiandrogens. Thus, antiandrogens are gen-
erally used in conjunction with castration as combined androgen
blockade (CAB). However, a debate is ongoing over whether the
survival benefit achieved with CAB over monotherapy (castra-
tion alone or antiandrogen alone) is statistically significant (2).
After a brief clinical response to the hormonal therapy in most
patients, the majority eventually develop symptomatic recur-
rences, which have been termed androgen-independent or hor-
mone-refractory prostate cancer, within a few years. Indeed, in
males, prostate cancer is the most common malignancy and is the
second-leading cause of cancer-related death (3).
Antiandrogens include a number of compounds that are able
to compete with androgens, such as dihydrotestosterone (DHT),
an active metabolite of testosterone in the prostate, for binding
to the androgen receptor (AR). There are three nonsteroidal
antiandrogens available in the United States: flutamide, bica-
lutamide (casodex), and nilutamide. Monotherapy of these
antiandrogens does not decrease androgen concentrations, of-
fering potential quality-of-life benefits over castration-based
approaches, but there are some specific side effects, such as
gynecomastia and breast pain, hepatotoxicity, visual and respi-
ratory disturbances, and alcohol intolerance (4). In addition,
antiandrogens have been reported to raise the amount of
prostate-specific antigen (PSA), a tumor marker of prostate
cancer and also an AR-responsive gene, during hormonal ther-
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apy. This phenomenon is known as antiandrogen withdrawal
syndrome, and a subset of patients may benefit temporarily from
the withdrawal of the majority of antiandrogens clinically used,
including the above three drugs, as well as some steroid hor-
mones, such as diethylstilbestrol and magestrol (5-7). The
mechanisms responsible for antiandrogen withdrawal syndrome
are not completely understood, although it is likely that AR
gene mutations and/or AR coregulators, such as ARA70, are
involved in the change of antiandrogens from antagonists to ago-
nists (6, 8-12). Thus, new and more effective antiandro-
genic compounds with lower androgenic activities need to be
identified.

Dehydroepiandrosterone (DHEA) is classified as belonging to
the “adrenal androgens” group and has been shown to have weak
androgenic activity (13). Previously, we found that some DHEA
metabolites, which have very low androgenic activity, could
block a precursor of testosterone A’-androstenediol (Adiol)-
induced AR transactivation in prostate cancer cells (13, 14).
However, these compounds failed to block completely the
DHT-induced AR transactivation. In the present study, we have
screened other DHEA derivatives/metabolites as potential an-
tiandrogenic compounds to see whether these compounds com-
pete with DHT and block its action on the AR. We found that
one of them, compound no. 10: 3B-acetoxyandrost-1,5-diene-
17-ethylene ketal (ADEK) (Fig. 14), inhibited both DHT- and
Adiol-induced AR transcription, PSA expression, and growth in
prostate cancer cells.

Materials and Methods

Chemicals and Plasmids. DHT, Adiol, 17B-estradiol, progesterone,
and dexamethasone were obtained from Sigma. Hydroxyflut-
amide (HF) was from Schering, and casodex was from ICI. Other
steroid compounds, derivatives of DHEA, were synthesized.
pSGS5-AR and pSG5-ARA70 were used in our previous studies
(11-15).

Cell Culture, Transfection, and Reporter Gene Assay. The human
prostate cancer cell lines (LNCaP, PC-3, and DU145) and
nonprostate cancer cell line COS-1 were maintained in RPMI or
DMEM (Life Technologies, Rockville, MD) supplemented with
10% FBS. Transfections and luciferase (Luc) assays were per-
formed as described (12, 16). Briefly, cells seeded to reach a
density of 50-60% confluence in 12-well tissue culture plates
were transfected with 1.5 ug of DNA according to SuperFect
transfection instructions (Qiagen, Chatsworth, CA). After 2-3 h
of incubation, cells were treated with medium supplemented
with charcoal-stripped FBS containing either ethanol (EtOH) or

Abbreviations: DHT, dihydrotestosterone; AR, androgen receptor; PSA, prostate-specific
antigen; DHEA, dehydroepiandrosterone; Adiol, A-androstenediol; ADEK, 3B-acetoxyan-
drost-1,5-diene-17-ethylene ketal; HF, hydroxyflutamide; Luc, luciferase; R1881, synthetic
androgen methyltrienolone; MMTV, mouse mammary tumor virus; EtOH, ethanol; RBA,
relative binding affinity.
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The structures of DHEA derivatives and effects on AR transcriptional activity. (A) The structures of compounds nos. 5, 10, 14, 15, 16, and 17, DHEA, Adiol,

testosterone, and DHT. (B) PC-3 cells were transfected with the WT AR expression plasmid pSG5-AR and MMTV-Luc. After transfection, cells were cultured for
24 h with 1 nM DHT or 1,000 nM of various DHEA derivatives. The Luc activity is presented relative to that of EtOH treatment (white bar; set as 1-fold). Values
represent the mean =+ SD of at least three determinations. (C) PC-3 cells were transfected with the pSG5-AR and MMTV-Luc. After transfection, cells were cultured
for 24 h with various concentrations of compounds nos. 5, 10 (ADEK), 14, or 16 in the presence of 1 nM DHT. The Luc activity is presented relative to that in the

presence of DHT (black bar; set as 100%). Values represent the mean = SD of at least three determinations.

ligands for 24 h. The cells were then harvested, and whole-cell
extracts were used for Luc assay. The Luc activity was deter-
mined by using a Dual-Luciferase Reporter Assay System (Pro-
mega) and luminometer.

Western Blot. Western blotting assay was performed in LNCaP
cells, using monoclonal PSA antibody (DAKO), as described
(16). An antibody for B-actin (Santa Cruz Biotechnology) was
used as the internal control. Blots were quantitated by COLLAGE
software (Fotodyne, New Berlin, WI).

Ligand Binding Assay. Whole-cell extracts from COS-1 with tran-

sient transfection of pSG5-AR, or LNCaP without transfection,
were incubated for 2 h at 37°C with 1 nM [*H]synthetic androgen
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methyltrienolone (R1881) in the presence and absence of in-
creasing concentrations (1-10,000 nM) of unlabeled ligands.
Then, hydroxyapatite (Bio-Rad) was added and stirred for 15
min at 4°C. After centrifugation and washing, radioactivity was
determined by scintillation counting.

Results and Discussion

Screening of Anti-DHT Effect of DHEA Derivatives with Low Andro-
genic Activity on AR Transcription. For the screening of DHEA
derivatives as antiandrogenic compounds, we first investigated
their ability to induce AR transcriptional activity in the AR-
negative PC-3 cell line. The Luc activity was determined in the
cell extracts with transient transfection of WT AR plasmid and
androgen response element-reporter plasmid [mouse mammary
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tumor virus (MMTV)-Luc]. After transfection, the cells were
treated with various DHEA derivatives at 0.1-1,000 nM. Of 17
compounds tested, only four (no. 5: 3B,7«,17B-trihydroxyan-
drost-5-ene; no. 10: ADEK; no. 14: 3B-acetoxyandrost-1,5-
diene-17-one; and no. 16: 3B-hydroxyandrost-1,5-diene-17-one,
see Fig. 14) at 1,000 nM showed marginal induction on AR
transcription, as compared with mock treatment (Fig. 1B). These
four compounds were then investigated for their anti-DHT
activity on AR transcription in PC-3 cells. Cells were transfected
with AR plasmid and MMTV-Luc reporter in the presence of 1
nM DHT and each of these compounds at 0.01, 0.1, or 1 uM.
Whereas compounds nos. 5, 14, and 16 showed marginal sup-
pression on DHT-induced AR transactivation, ADEK sup-
pressed it to 30% in a dose-dependent manner (Fig. 1C). ADEK
was further investigated, using different cell lines and different
reporters, and was also compared with nonsteroidal antiandro-
gens, HF and casodex. As shown in Fig. 24, ADEK has lower
androgenic activity on WT AR transcription than HF and
casodex in COS-1 cells. ADEK at 1 uM suppresses DHT-
induced WT AR transcription to 21%, similar to the suppression
by HF and casodex. In LNCaP cell line, 10 uM HF acts as full
agonist and therefore shows no suppression of DHT-induced
mutant AR transcription (Fig. 2B), consistent with the previous
findings (17, 18). However, casodex and ADEK still exhibit
dose-dependent suppression to 22% and 17%, respectively, and
androgenic activity of ADEK is lower than that of casodex.
Similar results were obtained when MMTV-Luc was replaced
with PSA-Luc (data not shown). In addition, one of the AR
coactivators, ARA70, which has been shown to enhance signif-
icantly the agonist activity of antiandrogens (5- to 12-fold) (11,
12), marginally enhanced AR transactivation in the presence of
ADEK (<2-fold) in DU145 cells (Fig. 2C). These results indicate
that ADEK acts as a potent antagonist on DHT-enhanced
transactivation of both WT AR and a mutant AR. Interestingly,
some compounds closely related to ADEK [nos. 14, 15 (androst-
1,4-diene-3,17-dione), 16, and 17 (3B-acetoxy-17B-hydroxyan-
drost-1,5-diene): ADEK without ethylene ketal and acetyl
groups, see Fig. 14] do not show significant antagonistic effects.
In addition, the agonist effect of ADEK is marginal and lower
than that of nonsteroidal antiandrogens, suggesting that there is
less possibility of inducing withdrawal response in prostate
cancer patients.

Anti-DHT Effect of ADEK on PSA Expression and Cell Proliferation. The
PSA is an AR-responsive gene and presently the most useful
tumor marker to monitor prostate cancer progression. There-
fore, it is of interest to determine whether ADEK suppresses
PSA expression in prostate cancer cells. The Western blotting
assay shows that DHT increases endogenous PSA expression in
LNCaP cells to 4.3-fold over mock treatment (Fig. 34, lane 1 vs.
2) and that ADEK and casodex decrease DHT-induced PSA
expression to 49% (Fig. 34, lane 8) and 58% (Fig. 34, lane 6),
respectively. HF induces PSA expression to 3.5-fold (Fig. 34,
lane 3), whereas ADEK (Fig. 34, lane 7) and casodex (Fig. 34,
lane 5) increase it to <2-fold. We next tested the effect of ADEK
on cell growth of LNCaP. As shown in Fig. 3B, DHT significantly
increases cell growth, and ADEK and casodex antagonize the
DHT effect. ADEK and casodex marginally increase growth in
the absence of androgen. These results confirm our data of AR
transcription and suggest that ADEK can inhibit androgen/AR-
mediated prostate cancer progression.

Interruption of Androgen Binding to the AR by ADEK. Clinically
available antiandrogens have an affinity for the AR, allowing a
competition with androgens for binding. To determine whether
ADEK has this common feature of AR antagonists, the com-
petitive androgen binding assay was performed. The affinity of
ligands for the AR was assessed by incubating whole-cell extracts
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Fig. 2. The effects of ADEK on the DHT-induced transcriptional activity of
AR. COS-1 (A) or LNCaP (B) cells were transfected with MMTV-Luc. The
pSG5-AR was cotransfected in COS-1 cells. After transfection, cells were cul-
tured for 24 h in the presence or absence of 1 nM DHT or various concentra-
tions of HF, casodex, or ADEK as indicated. The Luc activity is presented relative
to that in the presence of DHT (black bars; set as 100%). Values represent the
mean =+ SD of at least three determinations. (C) DU 145 cells were transfected
with the pSG5-AR and MMTV-Luc in the presence or absence of pSG5-ARA70.
After transfection, cells were cultured for 24 h with various concentrations of
HF, casodex, or ADEK as indicated. The Luc activity is presented relative to that
of EtOH treatment without ARA70 (white bar; set as 1-fold). Values represent
the mean = SD of at least three determinations.

of LNCaP or COS-1 with transfected WT AR with 1 nM
[*H]R1881 in the presence of various concentrations (1-10,000
nM) of unlabeled DHT, HF, casodex, or ADEK. As described
(19), the relative binding affinity (RBA) values were calculated
from the constructed competitive binding curves as the ratio of
concentration of unlabeled ligand and concentration of DHT
required to inhibit [*H]R1881 binding by 50% (Table 1). Com-
petitive RBAs in LNCaP cells were DHT > casodex > HF >
ADEK. Similar results were obtained in WT AR-transfected
COS-1 cells, although the RBAs are lower and binding of all of
the compounds in competition with [*H|R1881 was weaker.

Miyamoto et al.
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Fig.3. The effects of ADEK on PSA expression and cell proliferation. (A) Cell
extracts from LNCaP cells cultured for 48 h with 1 uM HF, casodex, or ADEK, in
the presence or absence of 1 nM DHT as indicated, were analyzed on Western
blots by using an antibody to the PSA. The 33-kDa protein was detected as
indicated and quantitated. B-Actin expression was used as an internal control.
The normalized expression level in the second lane (DHT treatment) was set as
100%. Values represent the mean + SD of three separate experiments. (B)
LNCaP cells were cultured with 1 M HF, casodex, or ADEK in the presence or
absence of 1 nM DHT as indicated. Total cell number was counted by hemo-
cytometer. Values represent the mean of at least three determinations.

These results confirm that ADEK also competes significantly
with androgen for AR binding

Anti-Adiol Effect of ADEK on AR Transcription. In a previous report
(13), we found that Adiol, which is produced from DHEA and

Table 1. Summary of AR ligand binding affinity

Ligand RBA value in LNCaP RBA value in COS-1 with AR
DHT 100.0 100.0
HF 23.0 171
Casodex 36.4 25.5
ADEK 11.1 6.0

RBA values were calculated from the constructed competitive binding curves
as the ratio of concentration of unlabeled ligand and concentration of DHT
required to inhibit [3H]R1881 binding by 50%. The RBA of DHT was set as 100.
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Fig. 4. The effects of ADEK on the Adiol-induced transcriptional activity of
AR. PC-3 or LNCaP cells were transfected with MMTV-Luc. The WT AR expres-
sion plasmid pSG5-AR was cotransfected in PC-3 cells. After transfection, cells
were cultured for 24 h in the presence or absence of 2.5 nM Adiol and 1 uM
HF, casodex, or ADEK as indicated. The Luc activity is presented relative to that
inthe presence of Adiol (black bars; setas 100%). Values represent the mean =
SD of at least three determinations.

can be converted to testosterone, also possesses intrinsic andro-
gen activity. Among androgens it is unique in that both HF and
casodex failed to block significantly Adiol-induced AR transac-
tivation in prostate cancer cells. Because castration with or
without combination therapy with antiandrogen decreases the
serum concentration of Adiol by only 40-50% (20, 21), our
previous findings suggested that current combined androgen
blockade treatment might be insufficient to block Adiol’s action
in AR-positive prostate cancer. Therefore, we determined
whether ADEK inhibited Adiol-induced AR transcription by
measuring MMTV-Luc activity. As shown in Fig. 4, Adiol at 2.5
nM increases AR transcriptional activity in PC-3 and LNCaP to
4.5- and 2.8-fold, respectively, over mock treatment (lanes 1 vs.
2). ADEK represses Adiol-induced AR transcription up to 43%
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Fig. 5. The effects of ADEK on the transcriptional activity of AR, progester-
one receptor (PR), glucocorticoid receptor (GR), and estrogen receptor (ER).
PC-3 cells were transfected with steroid receptor and its reporter (AR/MMTV-
Luc, PR/MMTV-Luc, GR/MMTV-Luc, or ER/ERE-Luc). After transfection, cells
were cultured for 24 h in the presence or absence of ligand [10 nM DHT,
progesterone (P), dexamethasone (Dex), or 17B-estradiol (E2)] or increasing
concentrations of ADEK. The Luc activity is presented relative to that of EtOH
treatment (white bars; set as 1-fold). Values represent the mean + SD of at
least three determinations.
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and 58% in PC-3 and LNCaP, respectively (Fig. 4, lanes 2 vs. 5),
whereas HF and casodex fail to block it (Fig. 4, lanes 3 and 4).
These results suggest that ADEK can suppress AR transactiva-
tion induced by classic androgens as well as adrenal androgen.

Steroid Hormone Specificity of ADEK. To determine whether ADEK
possesses any steroid hormone activity, PC-3 cells were trans-
fected with steroid receptor/reporter (progesterone receptor/
MMTV-Luc, glucocorticoid receptor/MMTV-Luc, or estrogen
receptor/ERE-Luc). As shown in Fig. 5, ADEK has some
estrogenic activity, but this compound has no progesterone or
glucocorticoid activity as well as no androgenic activity. This
result is consistent with our previous findings that many DHEA
metabolites may have some estrogen activity (14).

Conclusion

We have tested whether DHEA metabolites and some related
steroids can block DHT-induced AR transactivation and have
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