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Abstract—Anti-androgens were designed based on the principle of inhibiting the folding of helix 12 of the nuclear androgen
receptor. The prepared anti-androgens exhibited full antagonistic activity toward human prostate tumor LNCaP cells with T877A
point-mutated nuclear androgen receptor, as far as examined, towards which other known anti-androgens, including hydroxy-
flutamide, are inactive or act as androgen agonists.
# 2003 Elsevier Ltd. All rights reserved.
Androgens, typically testosterone, are endogenous
ligands for the nuclear androgen receptor (AR) which is
a member of the steroid/thyroid/retinoid/vitamin D3

nuclear receptor superfamily, and play diverse physio-
logical and pathophysiological roles.1,2 AR, like other
nuclear receptors, consists of three main functional
domains including the ligand-binding domain (LBD),
DNA-binding domain (DBD) and amino-terminal
domain (A/B region).3�5 The general structure of the
LBD has been elucidated to be composed of 12 a helices
and a small b sheet by X-ray crystallography. Among
the substructures, the helix H12 plays a critical role in
the ligand-dependent activation of the receptor, that is,
it functions as a lid covering the ligand binding pocket,
being in the closed conformation when an agonist
occupies the binding pocket and in the open conforma-
tion without the agonist or when an antagonist occupies
the pocket.6,7

Among the pathophysiological effects elicited by
androgens, a role as endogenous tumor promoters,
especially for prostate tumor, is well known. Because of
this, anti-androgens (AA), which antagonize endogen-
ous androgens by competitively binding to AR, are
expected to be effective for treatment of androgen-
dependent tumors, especially for prostate tumor.2 On
the basis of a mechanistic consideration of AR activa-
tion, we can consider two types of AAs. One is AAs
which induce misfolding of helix 12 (denoted as mis-
folding inducers in this paper), and the other is AAs
which inhibit the folding of helix 12 (denoted as folding
inhibitors in this paper) (Fig. 1). Our computer-assisted
docking studies using the X-ray structure of the LBD of
AR suggested that all currently known AAs, including
clinically useful flutamide and its active form, hydroxy-
flutamide, can be categorized as misfolding inducers.

The major obstacle in the treatment of prostate tumor
with AAs is the sudden appearance of AA-resistant
cells. These cells have generally lost androgen-depen-
dency in their growth and, further, AAs promote their
growth, whereas AAs had suppressed their growth
before the cells acquired AA-resistance. One major
molecular mechanism of AA-resistance is point muta-
tion of AR. Some point mutations, including T877A
and T874H, are clinically established.8,9 ARs which
possess such a point mutation are considered to take a
helix 12-folded conformation, and are constitutively
active even in the absence of the cognate ligand, andro-
gen (Fig. 1). Of course, these mutated ARs can bind
androgens and misfolding inducer-type AAs, which sta-
bilize the active conformation of the AR, leading to
super-activation of the mutated ARs. Therefore, to
overcome the problem of AA-resistance based on AR
mutation, other types of AAs, which bind to the muta-
ted ARs and induce unfolding (or inhibit the folding of)
helix 12, would be useful (Fig. 1).

In this paper, we describe the design and biological
activities of AAs with an isoxazolone moiety (1–4, Fig. 2)
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which act as possibly full antagonists in human prostate
tumor LNCaP cells with T877A mutation in the AR,
towards which currently known AAs act as androgen
agonists.
Design of Folding Inhibitor-type AAs

Recently, we reported novel structural types of AAs
with an isoxazolone skeleton.10�12 Computer-assisted
docking studies suggested that (Z)-4-(4-N,N-diethyl-
aminophenylmethylene)-3-methyl-5(4H)-isoxazolone can
be a ligand for AR, with the 3-methyl moiety interacting
with helix 12 of AR. Based on this result, we considered
that by the use of the isoxazolone skeleton as a scaffold,
folding inhibitor-types AAs might be prepared by
replacing the 3-methyl group with a bulky group. This
consideration, as well as our previous studies on nuclear
receptor ligands,4,5,7,10�12 led us to design 3-phenylisox-
azolone derivatives 1–4 (Fig. 2).

Compounds 1–4 were prepared by usual synthetic
methods as illustrated in Figure 3, and the structures
were confirmed by NMR and mass spectrometry, and
by appropriate analytical values.13�16
Biological Activities of Compounds 1–4

Preliminary evaluation of androgenic and anti-andro-
genic activities, that is, activities toward normal ARs, of
the compounds was done by using a combination of two
assay systems, that is, receptor-binding assay and
growth promotion/inhibition assay using androgen-
dependent Shionogi carcinoma cells SC-3.12,17�19 The
ability of the compounds to be ligands for AR is indi-
cated by the former assay, while the latter assay deter-
mines whether the compounds are androgen agonists or
antagonists.

For receptor-binding assay, we adopted competitive
binding assay using [3H]testosterone and recombinant
human AR as described previously.12,19 The recombi-
nant AR was prepared from cytosol of Escherichia coli
transformed with a human AR LBD expression vector
(GST-hARLBD), which codes amino acids 627–919 of
hAR fused with GST protein under the lac pro-
moter.12,19 The binding activity of the GST-hARLBD
thus prepared toward [3H]testosterone, that is, the Kd

(dissociation constant) value, was determined to be 1.4
nM by Scatchard analysis, and this value is close to that
of AR prepared from intact SC-3 cells. The binding
activity of a test compound was determined by incu-
bation of GST-hARLBD with [3H]testosterone in the
presence of various concentrations of the test com-
pound. The concentration of a test compound that
inhibits [3H]testosterone-binding by 50% (IC50 value)
was determined after log–logit transformation, and the
Ki value was calculated based on the Kd of [3H]testos-
terone. The Ki value of flutamide thus obtained was 1.3
mM. The values of relative receptor-binding activity of
the test compounds, that is, (Ki value of flutamide)/(Ki
value of test compound), were in the range of 100–150
(details will be published elsewhere). In the growth pro-
motion/inhibition assay using androgen-dependent SC-
3 cells, none of the compounds prepared showed
growth-promoting activity, suggesting that none was an
androgen agonist. All the compounds prepared showed
dose-dependent growth-inhibitory activity on SC-3 cells
incubated in the presence of 10 nM testosterone, sug-
gesting that all the compounds act as AAs, at least
toward normal AR.

Activity of compounds 1–4 toward mutated, con-
stitutively active ARs was analyzed by the use of
LNCaP and 22Rv1 cells, which express T877A and
T874H point-mutated ARs, respectively.8,9 All of the
compounds prepared showed growth-inhibitory activity
on these cells, while known classical AAs, hydroxy-
flutamide (HF: 5, Fig. 2) and RU (6, Fig. 2) showed
Figure 1. Schematic illustration of putative mechanisms of activation
and inactivation of ARs by point mutation and with AAs.
Figure 2. Structures of folding inhibitor-type AAs (1–4) and known
AAs [hydroxyflutamide: HF (5) and RU (6)].
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growth-promoting activity (data for LNCaP cells were
shown in Fig. 4a, bottom). The result suggests that
compounds 1–4 do not elicit androgenic activity (do not
super-activate the mutated ARs) and act as AAs on
LNCaP and 22Rv1 cells, while HF (5) and RU (6) act as
androgen agonists on these cells.

Quantitative assessment of androgenic and anti-andro-
genic activities of the compounds was performed by
measurement of the amount of prostate-specific antigen
(PSA) produced by LNCaP cells (Fig. 4). PSA is a
marker molecule of prostate tumor malignancy and its
production is known to be induced by androgens.20,21

Therefore, androgenic activity can be detected in terms
of enhanced production of PSA (Fig. 4a), and anti-
androgenic activity can be assessed in terms of inhibi-
tion of PSA production induced by androgens (Fig. 4b).
The amount of PSA was measured by the use of an
ELISA PSA Assay Kit (Cayman Co. Ltd) according to
the protocol recommended by the supplier. The experi-
ment was performed in triplicate and repeated at least
two times. Though the values deviated from experiment
to experiment, the results (order of potency) were
basically reproducible, and a typical set of data is shown
in Figure 4.

As shown in Figure 4, LNCaP cells incubated under the
normal conditions produced a small amount of PSA
(the amount was defined as 1-fold in Fig. 4a), and
addition of 10 nM testosterone (TS) markedly enhanced
the production (the amount was defined as 100% in Fig.
4b). Classical AAs, HF (5) and RU (6), also enhanced
the production to 4–6 times (Fig. 4a), suggesting that
these AAs act as androgen agonists toward LNCaP
cells, which is in accordance with the cell growth pro-
motion/inhibition assay data for LNCaP and 22Rv1
described above. Compounds 1–4 did not enhance the
PSA production at all in the concentration range of 10–
1000 nM, suggesting that these compounds possess no
androgenic activity in the concentration range examined
(Fig. 4a). In the inhibition assay of testosterone-induced
PSA production (Fig. 4b), HF (5) was almost com-
pletely inactive (98%), and RU (6) showed moderate
inhibitory activity (58%). The results suggest that HF
(5) and RU (6) act as a full agonist and a partial ago-
nist/antagonist toward LNCaP cells in these assay sys-
tems, respectively. In contrast, all of compounds 1–4
showed inhibitory activity on testosterone-induced PSA
production (Fig. 4b). This result, combined with the
results in Fig. 4a, suggests that the compounds act as
possibly full AAs even on the LNCaP cells, which con-
stitutively express active mutated AR. Among the com-
pounds prepared, the 4-hydroxyl analogue (4) showed
the most potent inhibitory activity on PSA production. No
substituent effect at the 3-phenyl moiety of the isoxazolone
derivatives on the activity was apparent, as far as com-
pared among compounds 1–4. Further investigation is in
progress.
Conclusion

We designed AAs 1–4 as candidate inhibitors of the
folding of helix 12 of AR, with the aime of obtaining
full antagonistic activity toward constitutively active
point-mutated ARs. The prepared compounds 1–4 were
indeed found to act as full AAs on human prostate
tumor LNCaP cells expressing T877A mutated AR,
as far as examined, while classical and clinically used
AAs act as full androgen agonists or partial androgen
agonists/antagonists on these cells.
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Figure 3. Synthetic procedures of compounds 1–4: (a) POCl3, DMF,
80 �C, 2 h; (b) NH2OH.HCl, phosphoric acid, rt, overnight.
Figure 4. Effects of prepared AAs (1–4) and known AAs [hydroxy-
flutamide: HF (5) and RU (6)] on PSA production by LNCaP cells.
(A) Amount of PSA produced in the absence or presence of testoster-
one (TS: 10 nM) or test compounds (100 nM). The amount of PSA
produced by non-treated cells was defined as 1-fold. Values below the
panel indicate cell growth promoting activity (%) of the compounds
when the activity of TS was defined as 100%. (B) Effect of test com-
pounds (300 nM) on the amount of PSA produced in the presence of
10 nM testosterone (TS). The amount of PSA produced in the pres-
ence of 10 nM testosterone (TS) alone was defined as 100%.
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