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Background: The androgen receptor (AR) is the primary drug target for prostate cancer treatment.

Results: We have identified a novel AR antagonist, the compound 6-(3,4-dihydro-1H-isoquinolin-2-yl)-N-(6-methylpyridin-2-
ylnicotinamide (DIMN) that inhibits the growth of AR-positive prostate cancer cells.

Conclusion: DIMN has been identified as a new lead structure targeting the AR.

Significance: This novel AR antagonist could be a useful therapeutic agent for prostate cancer treatment.

Hormonal therapies, mainly combinations of anti-androgens
and androgen deprivation, have been the mainstay treatment for
advanced prostate cancer because the androgen-androgen
receptor (AR) system plays a pivotal role in the development and
progression of prostate cancers. However, the emergence of
androgen resistance, largely due to inefficient anti-hormone
action, limits the therapeutic usefulness of these therapies.
Here, we report that 6-(3,4-dihydro-1H-isoquinolin-2-yl)-N-(6-
methylpyridin-2-yl)nicotinamide (DIMN) acts as a novel anti-
androgenic compound that may be effective in the treatment of
both androgen-dependent and androgen-independent prostate
cancers. Through AR structure-based virtual screening using
the FlexX docking model, fifty-four compounds were selected
and further screened for AR antagonism via cell-based tests.
One compound, DIMN, showed an antagonistic effect specific
to AR with comparable potency to that of the classical AR antag-
onists, hydroxyflutamide and bicalutamide. Consistent with
their anti-androgenic activity, DIMN inhibited the growth of
androgen-dependent LNCaP prostate cancer cells. Interest-
ingly, the compound also suppressed the growth of androgen-
independent C4-2 and CWR22rv prostate cancer cells, which
express a functional AR, but did not suppress the growth of the
AR-negative prostate cancer cells PPC-1, DU145, and R3327-
AT3.1. Taken together, the results suggest that the synthetic
compound DIMN is a novel anti-androgen and strong candidate
for useful therapeutic agent against early stage to advanced
prostate cancer.
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Prostate cancer is the most commonly diagnosed malignancy
and the second leading cause of cancer deaths in men in the
United States (1, 2). It is well established that androgens, such as
testosterone and dihydrotestosterone (DHT),* play an essential
role in the tumorigenesis and progression of androgen-depen-
dent early stage prostate cancer (3). Testosterone, predomi-
nantly produced by Leydig cells in the testes, is converted to a
more active form, DHT, by the enzyme 5a-reductase in the
prostate. Early onset prostate cancer is androgen-dependent;
therefore, androgen-ablation therapies that decrease the levels
of circulating androgens through chemical or surgical castra-
tion have been the mainstay of treatment for androgen-depen-
dent prostate cancer (ADPC). Unfortunately, androgen-abla-
tion therapy is only palliative. After 2—3 years of treatment, the
cancer cells progress to a more aggressive form, androgen-in-
dependent prostate cancer (AIPC), or to a hormone refractory
state known as castration-resistant prostate cancer (CRPC)
4, 5).

The androgen receptor (AR), the mediator of androgen
action, is a member of the steroid hormone receptor superfam-
ily and contains a DNA-binding domain and a hormone-bind-
ing domain. This receptor is activated by binding with andro-
gens in the cytoplasm and is then translocated into the nucleus,
where it regulates the expression of target genes such as pros-
tate-specific antigen (PSA) and NK3 transcription factor locus
1 (NKX3.1) in the human prostate. AR signaling is known to
regulate the development and progression of normal, benign,
and malignant prostate cells (6 —8). The AR is expressed in the
vast majority of both ADPC and AIPC, and decreasing levels of
AR protein expression reduce both ADPC and AIPC growth,
suggesting a critical role of AR signaling in both types of pros-
tate cancers (9 —11). Castration resistance is attributed to the
high expression of the AR and AR-regulated genes, indicating

*The abbreviations used are: DHT, dihydrotestosterone; AR, androgen recep-
tor; OHF, hydroxyflutamide; BIC, bicalutamide; DIMN, 6-(3,4-dihydro-1H-
isoquinolin-2-yl)-N-(6-methylpyridin-2-yl)nicotinamide; ADPC, androgen-
dependent prostate cancer; AIPC, androgen-independent prostate cancer;
CRPC, castration-resistant prostate cancer; HTS, high-throughput screen-
ing; VS, virtual screening; RMSD, root-mean-square deviation; LBD, ligand-
binding domain.
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that AR transcriptional activity is reactivated. AR reactivation
in CRPC can be explained by AR gene amplification (12, 13), AR
gene mutation (14-17), activation by alternative androgens
(18, 19), or ligand-independent AR activation through other
factors, including the increased expression of transcriptional
co-activators or the activation of kinases and signal transduc-
tion pathways that modulate AR function (7, 20 -23).

Because of the critical role of the AR in prostate cancer, the
AR has been the primary target for the treatment of this disease,
and AR antagonists have been used for the treatment of pros-
tate cancer and prostatic hyperplasia. There are two types of AR
antagonists, structure-based steroidal and non-steroidal.
Cyproterone acetate, one of the steroidal AR antagonists, inhib-
its androgen action, but it also has weak progestational and
glucocorticoid activities (24, 25). Non-steroidal AR antagonists,
such as flutamide (hydroxyflutamide) and bicalutamide, have
been considered to be less problematic due to their selective
blockade of androgen action and fewer side effects (26 -28).
Bicalutamide is the most widely used of these compounds in the
treatment of prostate cancer because it is believed to overcome
some problems caused by other anti-androgens (29). However,
because the classical AR antagonists are not effective for the
treatment of advanced prostate cancers, many efforts have been
undertaken to develop newer and better AR antagonists that
work effectively on either early stage androgen-dependent or
later stage androgen-independent prostate cancer cells.

Searching for new lead scaffolds that induce equal or better
biological responses than the current drugs through the same
receptor is a challenging goal in drug design. Because new ther-
apeutic targets and their three-dimensional structures have
been identified at a dramatic rate, computational screening
methods have become quite reliable as a source of chemical
starting points in the drug design/discovery process. Compared
with the conventional high-throughput screening (HTS)
method, virtual screening (VS) extends the screening possibil-
ities to molecules that do not exist physically in the collection
but can be purchased. In addition, out of the large number of
chemicals screened in silico, only a small subset of chemicals is
tested to quantify biological activity based on the computa-
tional prediction results. These substantial advantages have
made the VS approach increasingly valuable for the identifica-
tion of novel lead scaffolds that bind to ligand-dependent
receptors (30, 31).

Many trials have been conducted to identify new leads for the
development of better AR antagonists that could provide new
treatments for prostate cancers. Most of the AR antagonists
that have been discovered thus far have been developed
through ligand-based drug design, which relies on the pharma-
cophores of known drugs. Because of the characteristics of
ligand-based design, most AR antagonists seem to contain the
same basic scaffolds as the known drugs, such as bicalutamide
and flutamide or other non-steroidal AR agonists (32, 33). Asan
example, MDV3100, now in phase III clinical trials, was devel-
oped from the non-steroidal AR agonist RU59063 by modifying
the chemical structures systemically while maintaining the key
chemical scaffold (34).

In this study, keeping in mind the possible switch from AR
antagonism to agonism induced by similar scaffolds to those of
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known ligands, we carried out AR structure-based virtual
screening to discover a novel chemical scaffold for AR antago-
nists. We have successfully identified a new lead structure tar-
geting the AR, and verified the biological effects of the com-
pound as AR antagonist that works on early stage prostate
cancer cells as well as on late stage cells.

EXPERIMENTAL PROCEDURES

Chemistry—Chemicals were purchased from Aldrich Chem-
ical Co. or Tokyo Chemical Industry Co. Melting points were
determined by the capillary method on Electrothermal IA9200
digital melting point apparatus. '"H NMR data were collected on
a Varian 300 FT spectrometer and were calibrated with tetra-
methylsilane. The NMR data are displayed as follows: chemical
shifts () are recorded in ppm, coupling constants (J) in hertz
(Hz), integrity in the number of protons, and multiplicity in s
(singlet), d (doublet), t (triplet), and m (multiplet). Mass spectra
were obtained on a Shimadzu LCMS-2010EV utilizing the elec-
tron-spray ionization (ESI) method and on a JEOL JNS-DX 303
using the electron-impact (EI) method. IR spectra were
recorded on a JASCO-FT IR spectrometer using CHCI, or KBr
pellets. Thin-layer chromatography (TLC) was carried out
using plates coated with silica gel 60 F,., purchased from
Merck. Column chromatography was performed with Merck
silica gel 60 (70 -230 mesh).

Chemical Synthesis of DIMN—DIMN was prepared in three
steps starting from 6-chloro-nicotinic acid (1) (Fig. 1B). Nico-
tinic acid chloride, formed by refluxing (1) with thionyl chlo-
ride, was treated with pyridylamine (2) to obtain the interme-
diate (3) with 83% yield. Finally, an S\ /Ar reaction with 1,2,3,
4-tetrahydroisoquinoline (4) in 2-propanol under reflux condi-
tions provided the desired DIMN (5) with 72% yield.

Reagents—Cyproterone acetate (CPA), bicalutamide (BIC), and
2-hydroxyflutamide (OHF) were purchased from Sigma, Sequoia
Research Products Ltd., and LKT Laboratories, Inc., respectively.
Radiolabeled dihydrotestosterone ([PH]JDHT) ([1,2,4,5,6,7->H(N)]-
dihydrotestosterone (5a-androstan-173-ol-3-one)) and thymidine
(Imethyl-*H]thymidine, specific activity: 70-90 Ci (2.59-3.33T
Bq/mmol) were obtained from Perkin Elmer Life Science. Antibodies
were purchased from Santa Cruz Biotechnology, Inc. (AR (sc-815),
PSA (sc-7638) and a-tubulin (sc-5286)) and Epitomics, Inc. (GAPDH
(cat. #2251-1)).

Plasmids—The mammalian expression plasmids of the
mouse AR (pcDNA3.AR), mouse GR (pcDNA3.GR), pARE,-
TATA-Luc, PSA-Luc, MMTV-Luc, GFP-AR, pCR3.1-SRC1,
and pSG5-HA-GRIP-1 (SRC-2) have been previously described
(35-40). The pcDNA3.ER«a (human ER« expression plasmid)
and ERE-Luc reporter constructs were kindly provided by Dr.
J. W. Lee (Baylor College of Medicine) (41). The mammalian
expression plasmids VP-AR1-660, GAL-AR624-919, and
5XGAL4-Luc3 (originally from Dr. Donald McDonnell) were
kindly provided as gifts by Dr. Elizabeth M. Wilson (University
of North Carolina) (42).

Cell Culture—CQOS-7,293T, PPC-1, DU145, HeLa, and MEF
(mouse embryonic fibroblast) cells were maintained in Dulbec-
co’s minimum essential medium (Hyclone) supplemented with
10% fetal bovine serum (FBS). LNCaP cells were purchased
from the American Type Culture Collection (ATCC CRL-
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1740). C4—2 and CWR22rv cells were kindly provided by Dr. C.
Jung (Chonnam National University Medical School, Republic
of Korea). LNCaP, C4 -2, and CWR22rv cells were maintained
in RPMI 1640 (Hyclone) medium supplemented with 5% FBS.
R3327-AT3.1 cells were kindly provided by Mazence, Inc.,
(Suwon, Republic of Korea) and were maintained in RPMI 1640
(Hyclone) medium supplemented with 10% FBS. All cells were
cultured at 37°C in a 95% humidified atmosphere containing 5%
CO,.

Transient Transfection Assay—Transfections were carried
out using the SuperFect (Qiagen) transfection reagent for
COS-7 and 293T cells and the Lipo2000 transfection reagent
for PPC-1 cells, according to the instructions of the manufac-
turer. Cells plated in 24-well plates were transfected with the
indicated expression plasmids and a reporter plasmid, along
with the B-gal expression plasmid pCMV-f (Clontech). Cells
kept in 5% charcoal-stripped FBS (CSS) were treated with
chemicals in the presence or absence of the ligand for 24 h and
processed as described previously (43). The levels of luciferase
activity were normalized to 3-gal expression.

Competitive Steroid Binding Assay— The whole-cell binding
assay was performed as described previously (44). Briefly,
COS-7 cells were transiently transfected with pcDNA3.AR.
Twenty-four hours prior to the binding reaction, the cells were
placed in phenol red-free DMEM supplemented with 5% CSS
and incubated for 2 h at 37 °C with 5 nm 5a-[*H]DHT in the
presence and absence of increasing concentrations of unlabeled
chemicals. Nonspecific binding of 5a-[PH]DHT was assessed
by adding a 100-fold molar excess of unlabeled 5a-DHT. Dose-
response data were analyzed using the sigmoidal dose-response
function of Prism (GraphPad, San Diego, CA).

Fluorescent Microscopy—HeLa cells plated onto 0.1% gela-
tin-coated coverslips were transfected with the GFP-AR
expression vector. After 16 h, transfected cells were fed with
fresh DMEM containing 5% CSS and treated for 1 h with chem-
icals. Cells were processed for fluorescent microscopy using an
Olympus 1 X 70 fluorescent microscope (Tokyo, Japan) as
described previously (44).

Northern Blot Analysis—Northern blot analysis was conducted
as described previously (45). Random-primed a->?P-labeled PSA,
NKX3.1, and GAPDH (glyceraldehyde-3-phosphate dehydrogenase)
c¢DNA probes were used for hybridization. GAPDH expression was
used as an internal control.

Western Blot Analysis—W estern blot analysis was conducted
as described previously (46). In brief, the LNCaP and C4 -2 cells
were incubated in RPMI supplemented with 5% CSS for 2 days,
and then treated with AR antagonists in the presence of 10 nm
or 1 nm DHT for 2 days, respectively (47). The whole cell lysates
were separated by SDS-PAGE, transferred to nitrocellulose and
subjected to Western blot analysis with anti-AR, anti-PSA,
anti-a-tubulin, and anti-GAPDH antibodies. Signals were
detected using an ECL kit (Amersham Biosciences Pharmacia).

Thymidine Incorporation Assay—The thymidine incorpora-
tion assay was conducted as described previously (37). LNCaP
cells were seeded into 96-well plates at a density of 2 X 10 cells
per well. The cells were treated with chemicals in the presence
of 1 nm DHT for 72 h and then treated with 10 uCi/ml of
[*H]thymidine for another 4 h. Cells were harvested onto a glass
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microfiber filter (Whatman, Inc., Florham Park, NJ) and pro-
cessed for the measurement of incorporated amount of thymi-
dine into DNA. All values represent the mean =+ S.E. of at least
three independent experiments.

Cell Viability—The cell growth and cytotoxicity assays were
conducted using the CellTiter 96® aqueous non-radioactive cell
proliferation assay kit (Promega). Cells were seeded into
96-well plates at a density of 2 X 10? cells per well (LNCaP,
C4-2,and MEF) or 5 X 107 cells per well (PPC-1, DU145, and
R3327-AT3.1). Cells cultured in media supplemented with 5%
CSS (LNCaP), 5% FBS (C4-2 and MEF), or 10% FBS (PPC-1,
DU145, and R3327-AT3.1) were treated with indicated chemi-
cals for 4 and 6 days. Combined MTS/PMS (ratio 20:1 by vol-
ume, 20 ul/well) solution was added to cells in freshly prepared
media. After 2 h, the absorbance at 490 nm was recorded using
an ELISA plate reader. Cell viability was also assessed by trypan
blue dye exclusion by counting cell numbers as described pre-
viously (48). CWR22rv cells (4 X 10* cells per well) were incu-
bated with chemicals for 5 days. All values represent the
mean * S.E. of at least three independent experiments.

Statistical Analysis—To identify significant differences, the
data were analyzed using GraphPad Prism (GraphPad Soft-
ware, Inc.). Single comparisons between two experimental
groups were performed using an unpaired Student’s ¢ test. Data
are shown as the means = S.E. of the mean (S.E.). For all statis-
tical analyses, p < 0.05 was used as the criterion to determine
statistical significance.

RESULTS

AR Structure-based Virtual Screening for AR Antagonists—A
key feature of ligand-dependent receptors for use in rational
drug design is the ligand-binding domain (LBD), which we have
used in AR structure-based drug discovery. Crystal structures
of the AR LBD bound to ligands have been determined, but no
structural information about the nature of the antagonist-in-
duced conformational change exists because of the lack of
defined crystallization of the wild-type AR-antagonist complex
to date. We therefore selected the structure of the AR-metribo-
lone (R1881) complex for screening (code from Protein Data
Bank: 1E3G). Since R1881 is one of the compounds known to
bind most tightly to the AR, the bound LBD structure would be
expected to offer some information on the native AR in its
strongest binding state.

A chemical library containing over 200,000 drug-like mole-
cules extracted from commercial and in-house databases was
docked into the AR LBD using the docking algorithm FlexX.
The binding affinity between the chemicals and the AR LBD
was predicted by five different scoring functions and a consen-
sus score. To verify the prediction confidence of our docking
system, a root-mean-square deviation (RMSD) calculation was
performed by taking into account the binding coordinate of
R1881 in the AR LBD. The use of FlexX resulted in the RMSD
value of 0.721, which is almost identical to the RMSD value of
the native AR-R1881 structure, indicating that our docking
program is highly confident. Following the screening, 54 com-
pounds were acquired and numbered in order of their consen-
sus scores (data not shown).
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FIGURE 1. Identification of DIMN as a new AR antagonist. A, chemical structures of DIMN and the classical AR antagonists hydroxyflutamide and bicalut-
amide. B, chemical synthesis of DIMN. C, selective AR antagonist activity of DIMIN. COS-7 cells were co-transfected with, AR/pARE,-TATA-Luc, GR/MMTV-Luc or
ER/ERE-Luc. The cells were treated with 1 um DIMN in the presence of 0.3 nm DHT (dihydrotestosterone), 100 nm DXM (dexamethasone), and 10 nm E2
(estradiol), respectively. D, repression of AR transactivation by DIMN. The transcriptional activity was determined in COS-7 cells transiently co-transfected with
pcDNA3.AR and an androgen-responsive luciferase reporter (pARE,-TATA-Luc, PSA-Luc, or MMTV-Luc). After a 24-h transfection, cells were treated with 1 um
OHF, CPA, or DIMN in the presence of 0.3 nm DHT for an additional 24 h. OHF and CPA were used as positive controls for AR antagonism. The luciferase data were
normalized for B-galactosidase activity and expressed as a percentage of AR activity in the presence of 0.3 nm DHT only. E, dose-dependent AR antagonistic
activities of DIMN. After a 24-h transfection with pcDNA3.AR and pARE,-TATA-Luc, COS-7 cells were treated with various concentrations of BIC or DIMN in the
presence of 10 nm DHT and incubated for 24 h. The IC5, values represent the concentrations of compounds that inhibited 50% of the response induced by 10
nm DHT. F, agonistic/antagonistic effect of DIMIN on AR transactivation. Cells transfected as in E were treated with 10 um of DIMN in the absence (white bar) or

presence (black bar) of 10 nm DHT. Each value represents the mean = S.E. of at least three independent experiments. RLU, relative light units.

To test whether the selected 54 compounds exhibit agonis-
tic/antagonistic activity toward the AR, we performed transient
transfection assays using a reporter system for the AR, pARE,-
TATA-Luc, which contains two AREs of the androgen target
gene C3. The results revealed that several compounds signifi-
cantly inhibited the DHT-induced transcriptional activation of
AR at a concentration of 1 um in the presence of 0.3 nm DHT
(supplemental Fig. S1, upper panel). Among them, compound
#1 (6-(3,4-dihydro-1H-isoquinolin-2-yl)-N-(6-methylpyridin-
2-yl)nicotinamide), designated as DIMN, showed the smallest
agonistic effect (supplemental Fig. S1, bottom panel) with a sig-
nificant antagonistic effect. Moreover, this compound survived
elimination on the basis of Lipinski’s rule, the novelty of chem-
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ical structure, and other parameters affecting the successful
outcome of lead optimization (supplemental Fig. S1). There-
fore, we selected DIMN for further study, which has a com-
pletely novel scaffold compared with the previously known ago-
nists and antagonists (Fig. 14) of the AR, and prepared the
compound in three steps starting from 6-chloro-nicotinic acid
(1) (Fig. 1B). The chemical 6-chloro-nicotinic acid (1) and
1,2,3,4-tetrahydroisoquinoline (4) showed no agonistic or
antagonistic effect on AR transactivation (data not shown).
Identification of DIMN as a New AR Antagonist—We first
investigated whether the inhibitory effect of DIMN was AR-
specific by testing its effect on the transactivation of the steroid
receptor GR and ER. COS-7 cells were co-transfected with plas-
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FIGURE 2. Effect of DIMN on androgen binding to AR and on androgen-induced AR activation steps. A, effect of DIMN on 5a-[*HIDHT binding to the AR.
The binding inhibition was determined in COS-7 cells transiently transfected with pcDNA3.AR. The results are presented as percent binding relative to
5a-[*HIDHT alone and are shown for unlabeled DHT, BIC, OHF, and DIMN. B, inhibitory effects of DIMN on the AR N/C interaction. A mammalian two-hybrid
assay was performed in PPC-1 cells transfected with 5XGAL4-Luc3, VP-AR1-660, and GAL-AR624-919. The interaction between the AR N and C termini was
assessed after the addition of 10 um of the indicated compound in the presence of 10 nm DHT. Error bars indicate the standard deviation. ***, p < 0.001.
C, inhibitory effect of DIMN on the nuclear translocation of GFP-AR. HeLa cells transfected with the GFP-AR expression plasmid were grown on gelatin-coated
coverslips. The subcellular localization of the GFP-AR in living cells was observed and recorded by fluorescence microscopy after a 1-h treatment with 10 um BIC
or DIMN in the presence of 10 nm DHT. D, inhibition of SRC-1- and SRC-2-mediated enhancement of AR transactivation by DIMN. 293T cells were co-transfected
with pcDNA3.AR, pARE,-TATA-Luc, and increasing amounts of pCR3.1 SRC-1 or pSG5-HA-SRC-2 (+, 300 ng; ++, 600 ng). After a 24-h transfection, cells were
treated with 10 um BIC or DIMN in the presence of 10 nm DHT. Each value represents the mean = S.E. of at least three independent experiments. BIC and OHF

were used as positive controls.

mids expressing the GR and ER along with MMTV-Luc and
ERE-Luc, respectively. DIMN specifically inhibited the transac-
tivation of the AR, but not of the GR and ER (Fig. 1C). DIMN
was further analyzed for AR antagonistic activity by transient
transfection assays using several reporter systems for the AR.
The PSA-Luc and MMTV-Luc plasmids contain the prostate
specific antigen (PSA) and mouse mammary tumor virus
(MMTYV) long terminal repeat promoters, respectively, which
are natural AR target promoters (35, 49). DIMN inhibited
androgen-induced AR transactivation at 1 uM concentration in
all of the tested reporter systems (Fig. 1D); this inhibitory
potency was similar to that of hydroxyflutamide (OHF). In
addition, DIMN inhibited AR transactivation in a dose-depen-
dent manner with the IC, value at 3 um (Fig. 1E), which is
comparable to the IC., value of BIC (1.6 um). However, even at
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10 uM concentration, DIMN showed little agonistic effect in
contrast to BIC, which showed some agonistic effect (Fig. 1F) as
previously reported (50). These results suggest that DIMN has a
strong AR-specific antagonistic effect with little agonistic
effect.

Binding of DIMN to AR—To characterize the binding of the
compound DIMN to the AR, we performed competitive andro-
gen binding assay using 5a-[>*H]DHT (a labeled androgen) and
AR expressed in COS-7 cells. We used several known compet-
itors (unlabeled DHT, BIC, and OHF) of DHT as positive con-
trols (38, 51). The IC,, (the concentration of ligand that were
able to inhibit AR-DHT binding by 50%) of DIMN was 1-2 um,
while the IC,, values of unlabeled DHT, OHF, and BIC were
1-2 nM, 0.4—-0.5 uM, and 0.9 uM, respectively (Fig. 24). DIMN
showed 2—4-fold lower AR binding activity than OHF and 1-2-
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FIGURE 3. Effects of DIMIN on AR and AR target gene expression in prostate cancer cells. A, suppression of AR target gene expression by DIMN in LNCaP and
C4-2 cells. Human prostate cancer LNCaP and C4-2 cells maintained in media containing 5% CSS were treated with 10 um DIMN or BIC in the absence or
presence of 10 nm DHT for 48 h prior to harvest. Total RNA was analyzed by Northern blot analysis using cDNA probes for androgen receptor target genes (PSA
and NKX3.1). GAPDH expression was used as an internal control. B, suppression of AR and PSA protein expression by DIMN in LNCaP and C4 -2 cells. The protein
expression levels of AR and PSA were determined by Western blot analysis. The cells maintained as in A were treated with the indicated concentrations of OHF,
BIC, or DIMN in the presence of DHT (LNCaP, 10 nm; C4-2, 1 nm) for 48 h prior to harvest. Specific antibodies against the AR and PSA were used for Western blot

analysis. Tubulin or GAPDH expression was used as an internal control.

fold lower binding activity than BIC. The compound DIMN
could not bind to the AR more tightly than the conventional AR
antagonists BIC and OHF, but could bind nearly as well as those
antagonists, suggesting that it competes with androgen for AR
binding in a similar fashion.

Molecular Basis for the Anti-androgenic Effect of DIMN—
Upon ligand binding, AR dissociates from heat shock proteins
and translocates into the nucleus, binding to its target gene
promoters as a homodimer formed by the intermolecular N/C
interaction of two AR molecules. To explore the anti-andro-
genic effects of DIMN induced through mechanisms other than
the inhibition of androgen binding to the AR, we investigated
the ability of DIMN to inhibit any of the AR activation steps,
such as the N/C interaction, nuclear translocation, and co-ac-
tivator recruitment.

The effect of DIMN on the AR N/C interaction was tested
using a mammalian two-hybrid system. PPC-1 cells were trans-
fected with plasmids encoding the VP-AR1-660 (containing
AR residues 1-660) and GAL-AR624 -919 (containing AR res-
idues 624 —919) fusion proteins in conjunction with a luciferase
reporter gene regulated by tandem Gal4-responsive elements
(5XGAL4-Luc3) (42). The DHT-induced N/C interaction was
inhibited strongly by DIMN. However, its inhibitory effect on
the N/C interaction was weaker than that of BIC, which almost
completely abolished this interaction (Fig. 2B). The compound
induced no N/C interaction of AR in the absence of DHT (Fig.
2B) as OHF and BIC (52, 53). These results suggest that DIMN
inhibits the dimerization of the AR.

The effect of DIMN on the dynamics of the subcellular dis-
tribution of the AR was tested using a GFP-AR fusion protein.
When GFP-AR was overexpressed in HeLa cells in the absence
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of androgen, the fusion protein was mostly distributed in the
cytoplasmic compartment, but, in the presence of 10 nm DHT,
GFP-AR was predominantly localized in the nucleus, as previ-
ously described for the native AR (54) (Fig. 2C). The inhibitory
effect of DIMN on the nuclear import of the AR was assessed by
adding 10 uMm DIMN in addition to 10 nm DHT. The distribu-
tion of GFP-AR protein in cells treated with both DHT and
DIMN was dispersed between the nuclear and the cytoplasmic
compartments, similar to cells challenged with 10 um BIC (55,
56). These results suggest that DIMN interferes with the
nuclear translocation of the AR.

The elevated expression of SRC-1 and SRC-2 has been
reported to enhance AR activity in the development of more
aggressive prostate cancers (reviewed in Ref. 57). Therefore, we
tested the effects of DIMN on the action of the AR co-activators
SRC-1 and SRC-2 via transient transfection assays using a
reporter system with pARE,-TATA-Luc. As shown in Fig. 2D,
overexpression of SRC-1 and SRC-2 enhanced the transcrip-
tional activity of the AR induced by 10 nm DHT. A 10 um dose
of DIMN could inhibit the SRC-1- and SRC-2-mediated
enhancement of AR transactivation. BIC exhibited a similar
effect on AR transcriptional activity enhanced by the co-activa-
tors SRC-1 and SRC-2, consistent with previous reports (53).

Suppression of Androgen-induced AR Target Gene Expression
by DIMN in Prostate Cancer Cells—Because DIMN has anti-
androgenic activity, we assessed its effect on the expression of
the AR target genes PSA and NKX3.1 (58, 59) in androgen-de-
pendent LNCaP and androgen-independent C4 -2 prostate
cancer cells (Fig. 3), both of which express functional endoge-
nous AR (60). The mRNA levels of PSA, which is a prostate-
specific tumor marker (61), were reduced by treatment with
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FIGURE 4. Inhibition of the proliferation of prostate cancer cells by DIMN. 4, inhibition of androgen-dependent LNCaP cell growth by DIMN. The inhibitory
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4 days, and the negative effect of DIMN on cell proliferation was evaluated by the MTS colorimetric assay.

DIMN in the absence or presence of DHT in both LNCaP and
C4.-2 cells, and this reduction of PSA mRNA levels by DIMN
was comparable to or greater than that induced by BIC (Fig.
3A). Interestingly, BIC activated the expression of PSA in the
absence of DHT in C4—2 cells, as previously reported in LNCaP
(62). The mRNA levels of NKX3.1 showed similar patterns to
those of PSA upon DIMN treatment in both LNCaP and C4-2
cells (Fig. 34).

The change in PSA protein levels was also assessed by West-
ern blot analysis. The expression levels of endogenous PSA
induced in the presence of DHT were reduced by treatment
with DIMN in a dose-dependent manner in both LNCaP and
C4.-2 cells (Fig. 3B). DIMN reduced PSA protein levels more
effectively than the AR antagonists BIC and OHF at the same
concentration (10 uMm). Interestingly, DIMN also reduced the
protein level of the AR, as previously reported with BIC and
OHEF (53, 63, 64). Taken together, these results suggest that the
compound DIMN inhibits AR function in prostate cancer cells
and inhibit the expression of endogenous AR target genes in a
similar fashion to the conventional AR antagonists, BIC and
OHE.

Inhibition of the Growth of Prostate Cancer Cells by DIMN—
To assess the effect of DIMN on the androgen-induced prolif-
eration of prostate cancer cells, we measured the proliferation
rate of LNCaP cells by the MTS assay. The growth of LNCaP
cells induced by 1 nm DHT was highly inhibited by treatment
with 10 um DIMN as well as with BIC and OHF treatment (Fig.
4A, left panel). To confirm this effect of DIMN on the prolifer-
ation rate of LNCaP cells, we also performed thymidine incor-
poration assay (Fig. 4A, right panel). DNA synthesis, which
increased in the presence of DHT, was inhibited ~20 and 60%
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by 1 um and 10 um DIMN, respectively. However, DNA synthe-
sis was inhibited only 10 and 20% by 1 um and 10 um BIC,
respectively, and up to 15% by OHF. These results indicated
that DIMN effectively inhibit the proliferation of LNCaP cells,
which represent the early stage androgen-dependent state, and
that it is much more potent than BIC or OHF.

To investigate the utility of DIMN as a new generation of AR
antagonists for the treatment of CRPC, the more aggressive
form of prostate cancer, we next determined the inhibitory
effect of DIMN on the proliferation of later stage androgen-
independent C4 -2 and CWR22rv cells, which grow independ-
ently of androgens while expressing AR protein (47, 65). The
effect of DIMN on the proliferation rate of C4-2 cells was
measured by the MTS assay. The growth of C4-2 cells was
effectively inhibited to ~40% by DIMN, which is more potent
than the inhibition by BIC at the same dose, 10 um (Fig. 4B). We
also analyzed cell viability by trypan blue staining in CWR22rv
cells, because MTS-based assay resulted in an underestimation
of the anti-proliferative effect of DIMN in CWR22rv cells due
to the limitation of the method as previously described (66).
The viability of CWR22rv cells was completely inhibited by
DIMN, whereas there was no significant inhibitory effect on
cell viability induced by BIC (Fig. 4B). However, the DIMN
showed no inhibitory effect on the cell growth of the AR-nega-
tive and androgen-independent prostate cancer cell lines
PPC-1,DU145,and R3327-AT3.1 (Fig. 4C). Because DIMN also
had an inhibitory effect on the growth of androgen-indepen-
dent prostate cancer cells that express the AR, we investigated
the cytotoxicity of DIMN using mouse embryonic fibroblast
(MEF) cells as normal cells. The result showed that DIMN
exhibited no cytotoxic effect, similar to BIC (Fig. 4D).
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Taken together, these results suggest that the synthetic com-
pound DIMN has an effective inhibitory effect on the growth of
AR-positive prostate cancer cells, both androgen-dependent
(LNCaP) and androgen-independent (C4-2 and CWR22rv),
unlike the conventional AR antagonists BIC and OHF.

Modeling Basis for the Pure Antagonistic Character of DIMN
in WT and Mutant ARs—To investigate the basis for the find-
ing that DIMN acts as a pure AR antagonist in the wild type
(WT) and mutated ARs, we predicted the binding mode of
DIMN through modeling. A series of AR mutations, including
T877A and W741C, has been identified from tissue specimens
of CRPC patients. In particular, the T877A mutation has been
found in patients who were treated with flutamide and eventu-
ally became refractory to the treatment (67). The functional
significance of the W741C mutation was demonstrated by the
bicalutamide-stimulated tumor growth of a prostate xenograft
model derived from bicalutamide-treated patients (68).

The modeling suggested that DIMN fit well into the narrow
cavity and formed four possible hydrogen bonds with the back-
bones of GIn-711 and Arg-752 (Fig. 5A, supplemental Fig. S2).
These interactions are identical to agonist R1881 with high AR
binding affinity (Fig. 5B), although R1881 forms another hydro-
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gen bond with Thr-877 (69). Despite of the obvious resem-
blance of DIMN with agonist, the activity exhibited is solely
antagonism which is in turn the ability of a compound to dis-
place H12 from AR LBD. BIC in antagonistic mode, as pre-
dicted from in silico simulations and docking model (30, 70),
attains an extended conformation with the sulfonyl-linked phe-
nyl ring orienting away from the indole ring of Trp-741 and
facing H12. At this structural orientation, the sulfonyl group of
BIC overlaps with Met-895 of H12 and possibly displaces the
helix due to a steric clash (72, 73). The steric overlap of other
antagonists such as OHF with Thr-877 is believed to cause the
conformational change for their antagonism in WT AR (74, 75).

However, unexpectedly, BIC has a completely folded confor-
mation with two phenyl rings stacked in the same site that ago-
nist R1881 binds in a docking model (Fig. 5C), which is consist-
ent with the recently illustrated conformation (70). As
suggested in the lowest energy state, BIC may act as an agonist
even in WT AR, to some extent. The two distinct BIC-AR com-
plexes of either the former extended conformation or the latter
folded conformation seem to be accessible due to their compa-
rable binding energy in WT AR (70), presenting a preference of
a designed antagonist to have a unfolded scaffold for its full
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antagonism. Moreover, when W741L/W741C mutation
occurs, BIC acts as an agonist since the phenyl moiety of BIC
shifts up to occupy the cavity created by the absence of the Trp
indole and thus allows H12 to fold, and this fashion is similar to
the occurrence of point mutation T877A with the switch to
agonist from the antagonists (14, 68, 70).

On the other hand, importantly, DIMN has conserved
ligand-receptor hydrogen bonds for high AR affinity and an
extended linear structure to extrude H12 because of a steric
conflict with the bulky isoquinoline ring. It also locates at a
distance unaffected by the change in the size of the active site
due to point mutation Trp-741 and Thr-877 (Fig. 5D), support-
ing the assumption that DIMN works as a pure antagonist
regardless of WT or mutated AR.

DISCUSSION

AR antagonists have proven to be useful targets for chemo-
therapeutic agents in the treatment of prostate cancer. Non-
steroidal AR antagonists, such as bicalutamide, have been
widely used because of their selective blockade of androgen
action and fewer side effects. However, these antagonists cause
some side effects due to an increased serum testosterone level
by interrupting the negative feedback regulation in the brain
(78) and hormone resistance in advanced prostate tumors (67).
Therefore, novel potent AR antagonists with fewer negative
effects and working on both hormone-dependent and -inde-
pendent tumors are highly desirable. In an effort to search for
such compounds, we performed AR structure-based virtual
screening as a tool to discover a new compound, DIMN. DIMN
showed strong AR antagonistic effect and little AR agonistic
effect. Considering that the agonistic properties of BIC are
thought to cause hormone resistance in advanced prostate
tumors (79), our data showing that DIMN has little agonistic
effect may suggest that this compound could be developed into
more effective AR antagonists for the treatment of advanced
prostate cancer.

The AR signaling pathway is essential for the growth and
progression of both androgen-dependent and androgen-inde-
pendent prostate cancers. Because of this, AR-mediated signal-
ing and gene expression have been key targets of advanced
prostate cancer therapy through the utilization of anti-andro-
gens that prevent AR activation and/or the disruption of endog-
enous androgen production (80, 81). However, in most cases,
these therapies ultimately fail as a result of AR reactivation by
various factors, including non-physiological ligands, AR
mutants, certain growth factors, and signaling pathways such as
PI3K/PTEN/AKT and MAPK (82— 89). For example, the PI3K/
AKT signaling pathway is well-known to regulate the AR with
respect to both expression (90) and transactivation (91-93) and
to mediate the proliferation of both androgen-dependent
LNCaP and androgen-independent C4 -2 and CWR22rv cells
(94). CRPCs exhibit a high level of activation of PI3K/AKT sig-
naling, resulting in increased proliferation (95-97). Interest-
ingly, DIMN was able to inhibit the growth of androgen-inde-
pendent prostate cancer cells as well as androgen-dependent
cells (Fig. 4), but only those that expressed the AR. One expla-
nation for this AR-dependent inhibition could be a DIMN-in-
duced decrease in the levels of AR protein (Fig. 3B), although
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this decrease did not seem to fully explain the strong inhibition
of cell growth.

Recent studies have shown that resveratrol, EPI-001, RD162,
and MDV3100 also have the ability to inhibit both androgen-
independent and androgen-dependent proliferation in prostate
cancer cells (71, 76, 87). Resveratrol and EPI-001 have been
shown to inhibit the growth of androgen-independent prostate
cancer cells by negatively regulating PI3K/AKT pathway-acti-
vated AR activity. Similarly, it will be worthwhile to investigate
whether and how DIMN disrupts AR signaling, which is known
to be activated by various factors in CRPCs, to access the actual
pathway of AR inhibition. Further studies are indeed required
to characterize the mechanisms of AR antagonist action of
DIMN, and such a characterization will help to develop DIMN
as favorable treatments for AR-related diseases, including pros-
tate cancer.

DIMN is a potent anti-androgen that inhibits the prolifera-
tion of AR-positive human prostate cancer cells, both andro-
gen-dependent and androgen-independent. Furthermore,
DIMN is better than BIC at inhibiting the SRC-1- and SRC-2-
mediated enhancement of AR transactivation, although it has a
little lower AR binding activity and weaker inhibitory effect on
the N/C interaction (Fig. 2). Such AR antagonistic activity of
DIMN identifies this class of compounds as potential replace-
ments for the current therapeutic prostate cancer drug, BIC.
However, further in vivo study is necessary to confirm that suf-
ficient levels of the compound DIMN is attained in target tis-
sues for a sufficient time to alter AR-regulated processes, which
is critical in the final assessment of chemicals as therapeutic
drugs. In addition, DIMN also would be expected to increase
serum testosterone level due to the loss of negative feedback
regulation at the hypothalamus and pituitary in common with
conventional AR antagonists (78). Therefore, the in vivo study
is also necessary to evaluate whether DIMN acts as selective
androgen receptor modulators (SARMs), a class of AR antago-
nists with peripheral tissue selectivity (77). We are currently
conducting in vivo experiments.

In summary, we successfully identified a novel chemical
entity, the nicotinamide compound DIMN, as a non-steroidal
AR antagonist through receptor-based virtual screening. The
potent AR antagonism of this compound has been confirmed
by AR-ligand binding competition, the blocking of AR activa-
tion steps, the reduced expression of AR target genes, and the
considerably inhibited proliferation of AR-expressing prostate
cancer cells, either androgen-dependent or androgen-indepen-
dent. The remarkable potency of the action of the compound
DIMN on both prostate cancer cell types as well as their strong
anti-androgenic activity suggests that this compound could be
potent drug candidate for the treatment of early stage to
advanced prostate cancers, potentially replacing currently
established anticancer medicines such as BIC.
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