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Abstract
The purpose of this study was to further characterize cell growth-inhibitory effects of a recently
identified androgen receptor (AR) signaling inhibitor 6-amino-2-[2-(4-tert-butyl-pnenoxy)-
ethylsulfanyl]-1H-pyrimidin-4-one (DL3)5 and antiandrogen bicalutamide (Bic). DL3 was more
potent than Bic in induction of G1 arrest and reduction of G1-related cell cycle protein expression
in AR-positive LNCaP cells. DL3, but not Bic, moderately inhibited growth of AR-negative PC-3
cells independent of G1 arrest. The data indicated that DL3 inhibit cell growth in both AR-
dependent and -independent manners and is potentially a potent therapeutic agent for the
management of advanced human prostate cancer.
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1. Introduction
Prostate cancer is the most common cancer and the second most common cause of cancer
death among men in the United States [1]. As detection techniques improve, more patients
are diagnosed with localized disease and can be cured by either surgery or radiation therapy.
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Metastasis in many patients, however, still occurs prior to the initial diagnosis. Wildtype or
mutant AR is expressed or often overexpressed in the majority of advanced prostate cancer.
Hormonal therapies are the mainstay treatment for advanced diseases, which, however, are
only palliative: delaying tumor progression by an average of less than 18 months [2].
Moreover, in many patients with hormone-refractory disease, discontinuation of an
antiandrogen treatment often results in clinical improvement and a fall in serum PSA, i.e.
antiandrogen withdrawal syndrome, which is partially caused by the intrinsic androgenic
activity of the antiandrogens [3]. Therefore, much effort has been focused on development
of novel and more potent AR signaling inhibitors and led to discovery of some AR signaling
inhibitors [4–9] and identification of second-generation antiandrogens [10] and
noncompetitive AR inhibitors [11].

Our previous study identified DL3, a novel synthetic small molecule compound with potent
anti-AR signaling activities [12]. Specifically, DL3 reduces AR expression and inhibit
androgen-stimulated PSA expression and growth of androgen-responsive human prostate
cancer cells. Importantly, DL3 also blocks the androgenic activity of antiandrogens
flutamide and nilutamide in LNCaP cells [12]. Thus DL3 is unique among antiandrogens in
that it is a potent AR antagonist yet has no intrinsic androgenic activity in contrast to some
currently approved antiandrogens. These data strongly suggested that DL3 may be a superior
therapeutic agent for advanced prostate cancer. The purpose of this study was to determine
mechanisms responsible for inhibition of cell growth by DL3. The data show that DL3- and
Bic-mediated inhibition of growth correlates with G1 cell cycle arrest. In contrast to Bic,
DL3 moderately inhibited growth of PC-3 cells, which, however, was mediated by
mechanisms independent of G1 arrest.

2. Materials and Methods
2.1. Reagents

RPMI 1640 medium, Ca2+, Mg2+-free Hanks' balanced salt solution (HBSS), and fetal
bovine serum (FBS) were purchased from M. A. Bioproducts (Walkersville, MD).
Antibodies against cyclin D1, cyclin D3, CDK2, CDK4, CDK6, p21, p27, Rb, phospho-Rb
(ser807/811), and phospho-(ser) CDKs substrate were purchased from Cell Signaling
(Danvers, MA). An antibody to β-actin, propidium Iodide (PI), 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT), 5α-dihydrotestosterone (DHT) were purchased
from Sigma Chemical Co. (St. Louis, MO). Antibodies to AR and PSA were obtained from
Eptomics, Inc (Burlingame, CA) and Dako North America, Inc. (Carpinteria, CA),
respectively. The plasmid pARR2PB-EGFP was constructed by substitution of the CMV
promoter in the pEGF-N1 (Clontech Laboratories, Inc., Mountain View, CA) with a
composite rat probasin promoter (ARR2PB) that contains androgen response element [13]
generously provided by Dr. Robert Matusik (Dept of Urologic Surgery, Vanderbilt
University Medical Center).

2.2 Tumor Cells and Culture
The well characterized LNCaP (androgen-responsive) [14;15] and AR-negative PC-3 cells
[16] were obtained from ATCC (Manassas, VA). The cells were cultured in RPMI1640
medium supplemented with 10% FBS. LNCaP cells were stably transfected with pARR2PB-
GFP to derive LNCaP-ARR2PB-GFP, in which GFP expression is driven by androgen
stimulation. Cells in exponential growth phase were harvested by a 1–3 min treatment with a
0.25% trypsin - 0.02% EDTA solution. The flasks were tapped to detach the cells, RPMI
1640-10% FBS was added, and the cell suspension was gently agitated to produce a single-
cell suspension. The cells were washed in Hanks’ balanced salt solution (HBSS) and
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resuspended growth medium. Only suspensions of single cells with viability exceeding 95%
(ascertained by trypan blue exclusion) were used.

2.3. Cell Growth Assay
Cells were plated into 96-well plates at 2,000 cells/well. After an overnight incubation, the
cells were treated as detailed in Results for 4 days and viable cells in the wells were stained
using the MTT assay as described previously [17;18]. During the final 2 hr, 0.4 mg/ml of
MTT was added. After removing the medium, dark-blue formazan was dissolved in DMSO
and the absorbance at 570 nm was measured with a FLUOstar Optima microplate reader
(BMG LABTECH Inc., Durham, NC). Inhibition of cell growth was calculated by the
formula: growth inhibition (%) = (1 − A570 of treated/A570 of control) × 100.

2.4. Cell Cycle Analysis
LNCaP and PC-3 cells were plated into 6-well plates at 2.5 × 105 and 1 × 105/well,
respectively, and allowed to attach overnight. After desired treatments, cells were rinsed
with HBSS, detached by trypsinization, suspended in RPMI1640-10% FBS, pelleted by
centrifugation, and resuspended in PBS. The cell suspension was added into absolute
ethanol to achieve a final concentration of 70% of ethanol. After an incubation on ice for 15
min (or over night at −20°C), the cells were pelleted, resuspended in PI staining solution
(PBS containing 50 µg/ml PI, 100 ug/ml RNase A, and 0.05% Triton X-100), and incubated
for 45 min at 37°C. After washing with PBS, the cells were resuspended in PBS for flow
cytometry analysis in an Epics-MCL system (Beckman Coulter, Fullerton, CA). Twenty
thousand cells at each time point were analyzed to determine their DNA content and to
obtain two dimensional (X-axis fluorescence, Y-axis cell number) flow cytometric dot plot
results. The 3 fractions (G0/G1, G2/M and S) were quantified by using the Beckton-
Dickinson Lysis II and Cell Fit software with a computer equipped with the Epics-MCL
system.

2.5. Western blot analysis
Cells (2 × 106/60-mm dish) were washed and scraped into a lysis buffer and analyzed by
western blotting as described in our previous study [19] using desired antibodies. The
immunoreactivity was revealed by using the ECL western blotting detection system
(Michigan Diagnostic LLC, Troy, MI) and visualized in a KODAK Image Station
IS4000MM Digital Imaging System (Eastman Kodak Co., Rochester, NY). Expression of
target protein and β-actin were quantified in the linear range of exposure.

2.6. Immunoprecipitation
LNCaP or PC-3 cells (2 × 106/100 mm dish) were washed and scrapped into lysis buffer as
described above. The lysates (200 ug protein in 200 ul lysis buffer) precleared with protein
A/G plus agarose conjugate (25% slurry, v/v; Santa Cruz Biotechnology, Inc., Santa Cruz,
CA) and then incubated with the antibody against Rb (2 ul/reaction) overnight at 4°C under
constant agitation on a rocker platform. Twenty ul of protein A/G plus-agarose conjugate
was added into each reaction and incubated for 2 hr at 4°C under constant agitation. The
immunoprecipitates were collected by centrifugation at 1,000 × g for 30 seconds, washed 3
times in 1 ml of lysis buffer, resuspended in 20 ul 2× SDS-PAGE sample buffer, and
analyzed by western blotting as described above.

2.7. Statistical analysis
All experiments were performed at least twice. Data shown are the mean ± S.E. Differences
between means were compared using the two-tailed Student’s t test and were considered
significantly different at the level of p < 0.05.
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3. Results
3.1. Cell growth inhibitory effects of DL3 and Bic

In the first set of experiments, effects of DL3 and Bic on cell growth were examined. As
shown in Fig. 1A, both DL3 and Bic inhibited growth of AR+-androgen responsive LNCaP
cells in a dose dependent manner. Consistent with our previous observation in LNCaP as
well as 22Rv1 and LAPC-4 cells [12], the inhibitory effects of DL3 on LNCaP cell growth
appeared much more potent than did Bic at all concentrations (2.5–40 uM) examined. Bic
did not inhibit growth of AR-negative PC-3 cells at concentrations below 20 uM and had
only marginal effect at 40 uM, indicating that Bic is indeed an AR specific inhibitor (Fig.
1B). In contrast, DL3 inhibited growth of PC-3 cells in a dose-dependent manner. It was
noteworthy, however, the inhibitory effects of DL3 on PC-3 cells were much more moderate
compared with those on LNCaP cells at any and all concentrations tested (Fig. 1B).

Next, effects of DL3 and Bic on growth of LNCaP cells were directly examined under a
microscopy. LNCaP-ARR2PB-GFP cells, in which GFP expression is driven by androgen
stimulation, were starved for 72 hr in phenol-free medium supplemented with 5% SFBS,
treated with 20 uM of DL3 or Bic in the absence or presence of 1 nM DHT, and observed
under a fluorescent microscope every 24 hr for up to 96 hr. In the absence of DHT, minimal
cell growth and fluorescent signals were observed. DHT induced a significant cell growth
and AR-dependent GFP expression. The treatment with DL3 and Bic reduced the basal GFP
expression and attenuated DHT-induced cell growth and GFP expression (Fig. 2A). It was
noteworthy that regardless of the absence or presence of DHT, neither DL3 nor Bic led to
cytolysis or cell death through out the duration of the experiment (96 hr, Fig. 2A). To
validate the morphological observation that DL3 did not induce apoptosis, we analyzed
whether the treatment with DL3 altered activation of the proapoptotic enzyme caspases in
LNCaP cells. Data in Fig. 2B showed that DL3 at concentrations up to 40 uM, regardless of
the presence or absence of DHT did not induce cleavage/activation of caspase-3, a critical
executioner of apoptosis that is either partially or totally responsible for the proteolytic
cleavage of many key proteins in apoptosis. Similarly, the treatment with DL3 did not
activate caspase-7, -8, and -9 in LNCaP cells (Data not shown). Taken together, these data
suggested that DL3, as well as Bic, may inhibit cell growth by suppressing cell cycle
progression.

3.2. DL3 and Bic induced a G1 arrest in LNCaP cells
Flow cytometry analysis was performed to determine effects of DL3 and Bic on cell cycle
distribution in LNCaP and PC-3 cells. Cells were starved in serum-free medium for 24 hr,
followed by incubation with fresh medium supplemented with 10% FBS and 1 nM DHT in
the absence or presence of 10 or 20 uM of DL3 or Bic for up to 72 hr. The cells were
sampled every 24 hr for cell cycle distribution analysis (Fig. 3). In both LNCaP and PC-3
cells, the incubation with medium supplemented with FBS stimulated cell cycle progression,
reflected in a reduction of the number of cells in G1 phase and an elevation of the number of
cells in S and G2/M phases of the cell cycle (Fig. 3 and Table 1). Treatment with 10 or 20
uM of DL3 attenuated effects of FBS on cell cycle distribution in LNCaP cells and
completely blocked effects of FBS at 20 uM at all times examined (Table 1). The treatment
of LNCaP cells with Bic, although to a less extent, also reduced serum-stimulated cell cycle
progression (Fig. 3 and Table 1). Although DL3 (20 uM) moderately inhibited growth of
PC-3 cells (Fig. 1), it did not cause the accumulation of the cells in the G1 phase of the cell
cycle (Fig. 3 and Table 1). In consistent with its effects on cell growth, Bic did not alter the
cell cycle distribution in PC-3 cells (Fig. 3 and Table 1). In both cell lines, very few dead
cells were detected in either control or DL3- or Bic-treated cells (Fig. 3). These data indicate
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that DL3 induces G1 phase arrest preferentially in AR-positive and androgen-responsive
LNCaP cells and this effect of DL3 is more potent and more persistent than that of Bic.

3.3. Effects of DL3 on expression of proteins regulating G1 phase progression
Expression of the cyclin D and cyclin-dependent protein kinase (CDK) 4/6 and
phosphorylation of the retinoblastoma tumor suppressor protein (Rb) are required for cell
progression through G1 phase of the cell cycle [20]. The progression of a cell through G1
phase of the cell cycle is also regulated by CDK inhibitors [20]. AR signaling regulates cell
cycle protein expression. It has been shown that deprivation of androgen causes the
reduction of cyclin D1/cyclin D3 expression and CDK4/6 activity, and an arrest of prostate
cancer cells at the early G1 phase [21–23]. Moreover, it was shown that the D-type cyclin
expression in prostate cancer cells is induced by androgens [21]. We therefore determined
effects of DL3 and Bic on G1 phase-related cell cycle protein expression. Western blotting
analysis showed that the LNCaP cells exposed to 20 uM of DL3 or Bic contained a lower
level of cyclin D1, cyclin D3, and CDK6 proteins (Fig. 4A). The densitometry analysis
revealed that the treatment with DL3 and Bic reduced the expression of these proteins by
40–50% and 10–20%, respectively (data not shown), which positively correlated with
inhibitory effects of DL3 and Bic on cell growth (Fig. 1) and cell distribution (Fig. 3). In
contrast, the expression levels of these G1 phase-regulating proteins in PC-3 cells were not
significantly affected by DL3 or Bic (Fig. 4A). Moreover, data in Fig. 4B show that serum-
induced expression of CDK2 and, to a lesser extent, CDK4 in LNCaP cells was also
significantly reduced by DL3 and Bic. On the contrary, both DL3 and Bic had only modest
effects on CDK2 and CDK4 expression in PC-3 cells (Fig. 4B). Furthermore, the treatment
with DL3, and to a lesser extent with Bic, significantly reduced serum-induced
phosphorylation of CDK substrates, particularly a species of 110 kD protein in LNCaP but
not PC-3 cells (Fig. 4C), suggesting that DL3 and Bic selectively reduced CDK activity in
LNCaP cells. Inactivation/phosphorylation of Rb, a 110 kD protein, is induced by androgen
stimulation in androgen-responsive cells [23–25]. To determine whether the phosphorylated
110 kD protein differentially regulated by DL3 and Bic in LNCaP cells was Rb, serum-
starved LNCaP and PC-3 cells were treated for 24 hr with serum in the absence or presence
of 20 uM of DL3 or Bic. The lysates of treated cells were immunoprecipitated with an
antibody to Rb and analyzed by western blotting using antibodies against the CDK substrate
and phospho-Rb. As shown in Fig. 4D, serum induced a phosphorylation of Rb in both
LNCaP and PC-3 cells and pRb was indeed among the proteins detected by the CDK
substrate antibody in Fig. 4C. The treatment with DL3, to a less extent with Bic, selectively
reduced serum-induced phosphorylation of Rb in LNCaP cells (Fig. 4D). The treatment of
DL3 or Bic did not significantly alter expression of the CDK inhibitors p21 and p27 in
LNCaP cells (Fig. 4A). Expression of AR and PSA was used as positive controls for AR
signaling in LNCaP cells. Indeed, Fig. 4A show that DL3 was more potent than was Bic in
downregulating both AR and PSA expression, which is consistent with their inhibitory
effects on LNCaP cell growth (Figs 1 and 3) and data reported in our previous study [12].

4. Discussion
DL3 is a newly identified synthetic compound that downregulates AR, inhibits DHT-
induced PSA expression, and suppresses growth of both parental LNCaP cells and their
antiandrogen refractory variants [12]. Moreover, these effects of DL3 are more potent in
comparison with those of the three antiandrogens, i.e. Bic, flutamide, and nilutamide [12].
The present study further investigated the growth inhibitory effects of DL3 in androgen
responsive/AR expressing LNCaP cells and AR-negative PC-3 cells. As expected, we found
that DL3 and Bic inhibit growth of LNCaP cells in a dose-dependent manner and the
inhibitory effects of DL3 are more potent than those of Bic. The treatment with neither DL3
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nor Bic induces cell death in LNCaP cells. Consistent with the finding reported by others
[26], we observed that Bic, possibly by blocking the mitogenic effects of androgen, induces
an accumulation of cells in G1 and a reduction of cells in S-phase. This G1 arrest effect is
also observed in LNCaP cells treated with DL3. In correlation with their inhibition on cell
growth, the G1 arrest induced by DL3 is more profound and persistent. Moreover, LNCaP
cells exposed to DL3 or Bic contain lower levels of cyclin D1, cyclin D3, and CDK6.
Serum-induced expression of CDK2 and, to a lesser extent, CDK4, and serum-induced
phosphorylation of CDK substrate proteins, such as Rb, in LNCaP cells were also reduced.
These effects are possibly due to a blockade of the mitogenic signaling by DL3 and Bic, and
are very likely responsible for the G1 arrest and cell growth inhibition [21–23]. Together
with the findings that DL3 inhibits PSA and AR expression, reduces DHT-stimulated cell
growth and AR-driven GFP expression, and competes with DHT for binding to AR in
LNCaP cells (data not shown), the data on cell growth and cell cycle distribution strongly
suggest that DL3 is a novel antiandrogen that binds to AR and attenuates the mitogenic
effects of androgen in AR expressing cells. We are currently carrying out further studies,
including the binding of DL3 to purified AR, to test the hypothesis.

In contrast to Bic, which selectively inhibits growth and affects the cell cycle distribution of
LNCaP cells, DL3, particularly at higher concentrations, also displays moderate growth
inhibitory effects on AR-negative PC-3 cells. The growth inhibition of AR-negative PC-3
cells by DL3 is, however, independent of the G1 arrest observed in LNCaP cells, suggesting
that DL3 does not affect the mitogenic effects of growth factors in the serum that stimulate
the cell cycle progression through G1 phase. Consistent with the differential effects of DL3
on cell cycle distribution in PC-3 and LNCaP cells, DL3 does not significantly alter
expression levels of G1-regulating proteins in PC-3 cells. The mechanisms by which DL3
inhibits growth of PC-3 cells are, however, unclear and remain to be elucidated.

The lack of effective therapy for advanced prostate cancer, androgen-independent disease in
particular, has led to much research effort to identify novel compounds that can interrupt AR
signaling, either directly through downregulation of AR or indirectly through inhibition of
Akt signaling or expression and function of molecular chaperones. This effort has led to the
discovery of some compounds potentially useful for therapy against advanced PCa. For
instance, resveratrol [4;27] and indole-3-carbinol or its derivative 3,3-diindolylmethane [28–
31] that inhibit AR expression and PI3K activity; quercetin [5;32;33] that downregulates
AR; emodin that induces AR degradation [6]; selenium compounds that downregulate AR
expression [7;8]; and geldanamycin or 17AAG that inhibits ATPase activity and the
chaperone function of hsp90 [34;35]. Moreover, more recent studies have led the discoveries
of the second-generation antiandrogens [10] and noncompetitive AR inhibitors [11]. Our
research has identified DL3, a compound that can inhibit growth of prostate cancer cells by
attenuating the mitogenic effects of AR signaling and by mechanisms independent of AR.
These unique properties confer DL3 great potentials in management of advanced prostate
cancer.
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Fig. 1. Effects of DL3 and Bic on growth of LNCaP and PC-3 cells
LNCaP (A) and PC-3 (B) cells (2000/well) were incubated for 4 days with various
concentrations DL3 or Bic. Viable cells were stained with MTT and effects of treatments on
cell growth were calculated. Data shown are mean ± SD of one representative experiment of
three to five. *, **, and *** are p<0.05, p<0.01, and p<0.001, respectively, in comparison
with the cultures in the absence of the drugs.
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Fig. 2. DL3 and Bic did not induce apoptosis in LNCaP cells
A. LNCaP-ARR2PB-GFP cells were incubated for 72 hr in phenol-free medium
supplemented with 5% charcoal-dextran stripped FBS, followed by treatment with 20 uM of
DL3 or Bic in the absence or presence of 1 nM of DHT for 96 hr. The cultures were
observed under a fluorescent microscope and recorded. B. LNCaP cells were incubated for
72 hr in phenol-free medium supplemented with 5% FBS, followed by treatment with
various concentrations of DL3 in the absence or presence of 1 nM of DHT for 48 hr.
Cellular caspase 3 level was revealed by immunoblotting with β-actin as loading control.
Data shown were one representative experiment of 3.
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Fig. 3. DL3 and Bic induced G1 phase arrest in LNCaP cells
LNCaP and PC-3 cells in 6-well plates (5 × 105 and 2.5 × 105/well, respectively) were
starved in serum-free medium for 24 hr, followed by stimulation with 10% FBS plus 1 nM
DHT in the absence or presence of 10 or 20 uM of DL3 or Bic. The cells were sampled
every 24 hr up to 72 hr for cell cycle analysis by FACS as detailed in Materials and
Methods. Data shown were the cell cycle distribution pattern of cells treated for 48 hr. This
is one representative experiment of 5.
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Fig. 4. Effects of DL3 and Bic on the expression of G1 phase-related cell cycle-regulating
proteins
A. LNCaP and PC-3 cells were treated for 48 hr with 20 uM of DL3 or Bic. Cell lysates
were prepared and analyzed by immunoblotting with β-actin as loading control. B and C.
LNCaP and PC-3 cells were starved in serum-free medium for 24 hr and then treated for 24
hr with 10% FBS in the absence or presence of 20 uM of DL3 or Bic. Cell lystates were
analyzed by western blotting with β-actin as loading control. D. LNCaP and PC-3 cells were
starved in serum-free medium for 24 hr and then treated for 24 hr with 10% FBS in the
absence or presence of 20 uM of DL3 or Bic. Cell lystates were immunoprecipitated with an
antibody to Rb and analyzed by western blotting with antibodies against CDK substrates and
pRb (ser807/811). Data shown is from one representative experiment of 3.
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