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Abstract

Androgen receptor (AR)– and glucocorticoid receptor (GR)–
mediated signaling play opposite roles in prostate tumori-
genesis: AR promotes prostate carcinoma (PC) development,
whereas GR acts as a tumor suppressor. Compound A (CpdA)
is a stable analogue of an aziridine precursor from the African
shrub Salsola tuberculatiformis Botschantzev. It was shown
recently that, in model cells, CpdA inhibits AR function and
strongly enhances anti-inflammatory function of GR. We
determined the effects of CpdA in prostate cells with different
AR/GR status: (a) RWPE-1 cells (ARlow/GRlow), (b) PC3 and
DU145 cells (GR+/AR�), (c) LNCaP cells (GR�/AR+), and (d)
LNCaP-GR cells expressing both receptors. Similar to steroid
hormones, CpdA induces nuclear translocation of both
receptors in prostate cells. Despite this, CpdA inhibits DNA-
binding and transactivation potential of AR. In addition, CpdA
inhibits GR-mediated transactivation but induces GR trans-
repression via inhibition of several transcription factors,
including nuclear factor-KB, AP-1, Ets-1, Elk-1, SRF, CRE/
ATF, and NFATc. CpdA strongly decreases growth and induces
caspase-dependent apoptosis in highly malignant PC3 and
DU145 cells and in other AR/GR-expressing PC cells. The
cytostatic effect of CpdA is receptor dependent: down-
regulation of GR or AR expression drastically attenuates
CpdA-induced PC cell growth inhibition. Finally, virtual
docking analysis indicates that CpdA shares binding cavities
in AR and GR ligand-binding domains with corresponding
hormones and forms hydrogen bonds (H-bond) with the same
amino acids that are involved in H-bond formation during
steroid binding. Overall, our data suggest that CpdA is a
unique dual-target steroid receptor modulator that has a high
potential for PC therapy. [Cancer Res 2008;68(12):4763–73]

Introduction

Signaling mediated through the steroid hormone receptors plays
a pivotal role in the development of prostate cancer (PC).
Androgens and androgen receptor (AR) promote the development
and progression of PC at the stage of hormone-dependent cancer
(1–4). Thus, androgen ablation or blockade of AR function has been
the cornerstone of treatment of advanced PC (1–4). In contrast, we

and others showed that signaling mediated by the glucocorticoid
receptor (GR) plays a tumor suppressor role in prostate (5–9). PC
cells expressing GR are sensitive to the growth-inhibitory effect of
glucocorticoids in vitro and in vivo when grown as xenografts in
athymic mice (6–9). The activation of GR signaling results in
differentiation of PC cells and ‘‘normalization’’ of expression
pattern of PC markers, such as hepsin, AMACR, and maspin (7).
Glucocorticoids also inhibit angiogenesis and lymphogenesis in PC
cell–derived tumors (8, 9).
AR and GR are closely related transcription factors (TF) that

belong to a superfamily of nuclear hormone receptors (10, 11). After
binding to corresponding steroid hormones, AR and GR dissociate
from chaperone proteins in cytoplasm, form homodimers, and
translocate to the nucleus where they bind DNA through hormone-
responsive elements (HRE) to activate gene expression (trans-
activation; refs. 10–12). In addition to the genomic, DNA-binding
dependent transactivation, there are DNA-binding independent,
nongenomic mechanisms of gene regulation by steroid receptors
that are chiefly mediated via cross-talk with other TFs. The indirect
regulation of gene expression by GR is better studied. It was
shown that GR interacts with numerous TFs, including AP-1,
nuclear factor-nB (NF-nB), signal transducer and activator of
transcription-5 (STAT5), and SMAD3 (7, 10, 13–15). Most of such
GR-TF interactions repress the activity of partner TFs and their
target genes (transrepression). One more mechanism of indirect
negative gene regulation by GR involves inhibition of mitogen-
activated protein kinases. This mechanism is used in different cells,
including PC cells (5, 7, 13, 15, 16). Indirect, DNA-independent
mechanisms of GR gene regulation seem to be critical for the anti-
inflammatory effects of glucocorticoids (13). Our work indicates
that tumor suppressor effects of GR/glucocorticoids also involve
gene transrepression (7, 16). The interaction between AR and other
TFs is much less studied. However, there is growing evidence that
AR interacts with other TFs, including AP-1, NF-nB, and Ets family
members, and this interaction can modulate activity of those TFs
and consequently the transcription of their target genes (3, 10, 17, 18).
Taking into consideration the opposite roles of AR- and GR-

mediated signaling in prostate tumorigenesis, the multitarget
steroid receptor modulators that act as antiandrogens but at the
same time induce GR-mediated transrepression hold a great
potential for PC treatment. Our work presented here is centered on
a novel AR/GR ligand, 2-(4-acetoxyphenyl)-2-chloro-N-methyl-
ethylammonium chloride, also called compound A (CpdA). CpdA
is a synthetic analogue of a hydroxyphenyl aziridine precursor
found in the African shrub Salsola tuberculatiformis Botschantzev
(19–22). It was shown that CpdA, like the active plant extracts,
interacts with steroidogenic enzymes and steroid-binding globulins
in plasma displacing the endogenous steroids and affects the
bioavailability of these hormones in different target tissues (19, 20,
22). It was discovered recently that CpdA directly interacts with
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steroid receptors AR and GR in model cells (19, 23). Remarkably,
CpdA inhibited AR activity via mechanisms similar to ones used by
clinically used antiandrogens flutamide and cyproterone acetate
(19, 24–27). CpdA was also reported to act as a GR ligand with
‘‘dissociated’’ properties: CpdA did not affect GR transactivation
but induced GR-mediated transrepression evaluated by inhibition
of NF-nB and NF-nB–dependent genes (23). Interestingly, in animal
experiments, CpdA acted as a strong anti-inflammatory compound
with reduced side effects such as hyperglycemia (23).
Overall, the literature data suggested that CpdA is a unique

modulator of steroid hormone receptors that inhibits AR function
and acts as a dissociated GR ligand. Our work was designed to
analyze CpdA docking into ligand-binding domains (LBD) of AR
and GR in comparison with steroids, to evaluate the effect of CpdA
on AR and GR function in prostate cells, and to assess its effect on
growth and apoptosis in a panel of prostate cells with different AR/
GR status. Our experiments suggest that CpdA can compete with
corresponding steroids for LBD binding. We also revealed strong
cytostatic and apoptotic effect of CpdA specifically in highly
malignant PC cells PC3 and DU145.

Materials and Methods

Cell cultures and treatments. LNCaP, PC3, and DU145 PC cells
[American Type Culture Collection (ATCC)] were cultured as described (7)

in RPMI 1640 (Life Technologies) with 10% fetal bovine serum (referred

thereafter as complete medium; HyClone). LNCaP-GR cells and empty

virus–expressing (LNCaP-V) control cells were generated by lentivirus
infection as described (7). RWPE-1 normal prostate cells (ATCC) were

cultured in serum-free, low Ca2+ medium supplemented with pituitary

extract (Invitrogen Corp.). Cells were treated with CpdA (see below),
fluocinolone acetonide (FA; Sigma-Aldrich), dihydrotestosterone (DHT;

Sigma-Aldrich), antiandrogen Casodex (provided by AstraZeneca), anti-

glucocorticoid RU486 (Sigma-Aldrich), tumor necrosis factor-a (TNF-a;
10 ng/mL; BioSource, Inc.), and interleukin-1 (IL-1; 1 Ag/AL; BioSource).
Synthesis of CpdA. The 2-(4-acetoxyphenyl)-2-chloro-N-methyl-ethyl-

ammonium chloride (CpdA) was synthesized from (F)-Synephrine and

acetyl chloride in glacial acetic acid by a modification of the original

method of Bretschneider (28).
Western blot analysis. Whole-cell protein extracts were prepared using

radioimmunoprecipitation assay buffer; cytoplasmic and nuclear protein

fractions were prepared using nuclear isolation kit (Panomics, Inc.) as
described (7). Proteins were resolved by SDS-PAGE on 10% gels and

transferred to nitrocellulose membranes (Bio-Rad). The following anti-

bodies were used: anti-GR, anti-AR, anti-p65, and anti-c-Jun (all from Santa

Cruz Biotechnology) and anti–poly(ADP-ribose) polymerase (PARP; BD
PharMingen). Membranes were blocked with 5% Blotto in TBS and

incubated with primary antibodies overnight at 4jC followed by

peroxidase-conjugated anti-rabbit or anti-mouse IgG secondary antibodies

(Cell Signaling Technology). Enhanced chemiluminescence reagent (Amer-
sham Pharmacia Biotech) was used for the band visualization. To verify

equal loading and adequate transfer, the membranes were probed with anti-

actin and/or anti-h-tubulin antibodies and, if necessary, histone deacety-

lase-1 (HDAC-1) as nuclear protein marker (all from Santa Cruz
Biotechnology). To quantify the signals, images were scanned and digitized

using ImageJ software (NIH, Bethesda, MD).

Transient transfections and luciferase assay. The Firefly luciferase
reporters TAT-Luc, MMTV.Luc, and x3 nB-Luc were described in previous
publication (7). AP-1, CRE/ATF, NFATc, SRF, Ets-1, and Elk-1 reporters were

obtained from Panomics. The transfection efficacy was normalized using

cotransfections with Renilla luciferase under minimal promoter (Promega
Corp.; ref. 29).

Prostate cells at 70% confluence were transfected in 48-well plates with

the indicated plasmids using Effectene reagent (Qiagen, Inc.) according to

the manufacturer’s protocol. Each well contained 0.2 Ag of the plasmid

DNA. All experimental groups contained at least three wells. The cells were
harvested 32 h after transfection and luciferase activity was measured using

Dual Luciferase kit (Promega). Cells were treated with AR and GR ligands or

corresponding vehicle (0.01% DMSO as a control for CpdA; 0.01% ethanol as

a control for other treatments) for 32 h. Treatments with TNF-a or IL-1
were performed for 32 h.

Proliferation assay. The proliferation was measured by direct cell

counting using Reichert hemacytometer. Cells were plated at 104 per well

onto 12-well plates and cultured in complete medium in the presence of
CpdA, FA, or vehicle (0.1% ethanol and/or DMSO) for 1 to 12 d. LNCaP-GR

and LNCaP-V cells were cultured in the presence of 6 Ag/AL blasticidin to

maintain the selection pressure. Each experimental and control group

consisted of three wells.
Apoptosis detection. To evaluate apoptosis, we used Western blot

analysis of PARP cleavage and ApoAlert Caspase Assay (BD Biosciences

Clontech). PC cells were plated on 10-cm dishes and treated with FA, CpdA,
and vehicle (0.1% ethanol and 0.1% DMSO) for 2 to 10 d, and adherent and

detached floating cells were collected. Apoptosis was induced by TNF-a
treatment for 24 h. PARP cleavage was estimated by Western blot analysis

with anti-PARP antibody using whole-cell protein extracts. ApoAlert Caspase
Assay was performed according to the manufacturer’s protocol using

whole-cell lysates, and caspase activity was measured by a Victor plate

reader (Perkin-Elmer) with 380-nm excitation and 460-nm emission filters.

Colony formation in soft agar. The colony-forming assay was
performed as described previously (7). Forty-eight hours after plating, cells

were treated with FA, CpdA, or vehicle (0.1% ethanol and/or DMSO) for

2 wk. Complete medium was changed and new reagents were added twice
weekly. Stably infected LNCaP-GR and LNCaP-V cells were cultured in the

presence of 6 Ag/AL blasticidin to maintain the selection. Images of entire
wells were taken and colonies with diameter of >50 Am were counted using

AxioVision LE Rel. 4.5 software (Carl Zeiss MicroImaging, Inc.). Each
experimental group consisted of six wells.

Immunostaining. Cells plated on sterile coverslips in 24-well plates

(2.0 � 104 per well) were treated for 16 to 48 h with FA, DHT, CpdA, and

vehicle (0.1% ethanol and/or DMSO). To induce NF-nB and AP-1 nuclear
translocation, TNF-a or IL-1 was added to cell cultures for 30 min after

48-h pretreatment with FA and CpdA. The cells were fixed for 15 min in 2%

formaldehyde, permeabilized for 4 h with 50% acetone/50% methanol at
�20jC, washed in PBS, and blocked for 1 h in 20% donkey serum. Primary

antibodies were applied overnight at 4jC. Anti-rabbit donkey FITC-

conjugated and/or anti-mouse donkey Cy3-conjugated secondary anti-

bodies (both from Jackson ImmunoResearch) were applied and the staining
was analyzed using Zeiss Axioplan2 microscope with AxioCaM HRC

camera. 4¶,6-Diamidino-2-phenylindole (Vector Laboratories, Inc.) was used
to identify the nuclei. Images of stained cells were analyzed with AxioVision

LE Rel. 4.5 software.
Electrophoretic mobility shift assay. Cells plated on 10-cm dishes were

treated with FA, DHT, CpdA, and vehicle (0.1% ethanol and/or DMSO) for

16 h. Nuclear proteins were isolated by commercial Nuclear Protein

Isolation kit (Panomics). The binding reaction for electrophoretic mobility

shift assay (EMSA) contained 10 mmol/L HEPES (pH 7.5), 80 mmol/L KCl,

1 mmol/L EDTA, 1 mmol/L EGTA, 6% glycerol, 0.5 Ag of poly(deoxyinosinic-
deoxycytidylic acid), 0.5 Ag of sonicated salmon sperm DNA, 2 pmol double-

stranded oligonucleotide of AR/GR HRE conjugated with IR fluorophore

IRDye 700 (LI-COR), and 10 Ag of the nuclear extract. To verify specificity of
AR (GR) protein-DNA complexes, binding reaction was performed at

increasing concentration of nonconjugated HRE (cold probe) and,

alternatively, with mutated HRE conjugated with IRDye 700. DNA-binding

reaction was performed at 16jC for 30 min in a final volume of 20 AL. DNA-
protein complexes were analyzed by Tris-borate EDTA electrophoresis on

6% polyacrylamide gels containing 0.5% glycerol. DNA-protein complexes

were visualized by an Odyssey IR scanner (LI-COR) with a 680-nm scanner

channel and linear graphical manipulations were made by the LI-COR

Odyssey software for quantitative image analysis (LI-COR).
Short interfering RNA technology. Validated short interfering RNA

(siRNA) against GR (siRNA Ambion ID 3909) and validated negative control

inactive siRNA (scrambled siRNA; Silencer Cy3-labeled Negative Control
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siRNA) labeled with Cy3 were obtained from Ambion. GR-specific and
negative Cy3-labeled siRNAs were transfected into LNCaP-GR and PC3 cells

using HiperFect siRNA transfection reagent (Qiagen) at a final concentra-

tion of 40 nmol/L according to the manufacturer’s protocol. The siRNA

transfection efficiency was f90% to 95% in both PC3 and LNCaP-GR cell
cultures. To ensure long-term siRNA presence in the cells, cells were

retransfected with additional 20 nmol/L of GR-specific and scrambled

siRNAs every 5 d.

Radioligand-binding assay. Freshly harvested PC cells expressing
endogenous receptors were homogenized by sonication on ice in the

binding buffer [10 mmol/L HEPES (pH 7.5), 1 mmol/L EDTA, 5 mmol/L DTT,

20 mmol/L sodium molybdate] as described previously (30). The

homogenate was centrifuged at 4jC, 100,000 � g for 1 h, and the
supernatant (cytosol fraction) was used for the binding reaction. The

binding assay was performed as described (30). Briefly, 200 AL of cytosol

(200 Ag protein per reaction) were incubated with 10 nmol/L [3H]dexa-
methasone ([3H]Dex) or [3H]DHT (both from Amersham Pharmacia

Biotech) for 24 h at 4jC. Bound and free hormones were separated by the
incubation with dextran-coated charcoal (Sigma-Aldrich), and the binding

was assessed by liquid scintillation spectroscopy. For competition-binding
assays, cytosol was incubated with 10 nmol/L [3H]Dex or [3H]DHT and 100-

fold molar excess of corresponding radioinert ligands, such as Dex, DHT,

or CpdA, for 24 h at 4jC. All binding reactions were performed in triplicate.
The competition between steroid hormones and CpdA for AR/GR binding
is presented as percentage to the inhibition of [3H]Dex or [3H]DHT binding

by the corresponding cold steroid hormones.

Virtual docking. For virtual docking, we used PDB files of recently
published crystal structures of AR (PDB identifier 1T7T; ref. 31) and GR

(PDB identifier 1P93; ref. 32) LBDs available from the Protein Bank

Database Web site4 and virtual docking software package Molegro (Molegro

ApS; ref. 33). As an additional control, we compared our data and published
results for AR/DHT and GR/Dex docking. Our data on steroid docking into

GR and AR LBDs, including identification of binding cavities, positions for

ligand binding, and points of hydrogen bond (H-bond) formation, were

identical to previously published results obtained with other docking
software (Fig. 1; refs. 34–36).

Statistical analysis. All experiments were repeated at least thrice. Mean
and SE values were calculated using Microsoft Excel software and compared
using paired Student’s t test. A P value of <0.05 was considered statistically

significant.

Results

Evaluation of ligand properties of CpdA. CpdA has been
shown to interact with AR and GR in model cells (21, 23). To further
characterize CpdA ligand properties and to compare binding of
CpdA and natural steroid ligands to LBDs of AR and GR in terms of
potential binding cavities and amino acids involved in binding to
LBDs, we performed virtual docking. For analysis, we used recently
published crystal structures of AR and GR LBDs available from the
Protein Bank Database Web site (AR: 1T7T and GR: 1P93; refs. 31,
32) and virtual docking software (Molegro; ref. 33). As shown in
Fig. 1, CpdA shares binding cavities within LBDs of GR and AR with
corresponding steroid hormones Dex and DHT. Furthermore,
structural modeling predicts that CpdA will form H-bonds with
several amino acids lining these binding cavities of receptors, and
indicates that some of those amino acids (Asn564 and Arg611 in GR;
Asn705 and Arg752 in AR) are also involved in H-bond formation
with steroidal ligands of AR (DHT) and GR (Dex). Overall, our
virtual docking data clearly indicate that CpdA could act as a
ligand for both GR and AR, and suggest that CpdA would compete
with steroids for LBDs in steroid hormone receptors.

It was reported previously that CpdA indeed strongly competes
with glucocorticoid Dex for GR binding (23). However, the
competition between CpdA and androgen mibolerone for AR
binding seemed to be weak (21). Thus, we repeated the competitive
binding assay using cytosol fractions isolated from PC cells
expressing endogenous AR (LNCaP cells) and GR (DU145 cells).
Unlabeled hormones when added at the 100-fold molar excess
inhibited binding of corresponding [3H]hormones essentially by
100%. As shown in Fig. 1D , CpdA at the same 100-fold molar excess
inhibited [3H]Dex binding to GR by 85% and [3H]DHT binding to
AR by 30% compared with corresponding radioinert hormones.
Effect of CpdA on function of steroid hormone receptors. In

the next experiments, we assessed CpdA effect on the function of
endogenous receptors in a set of prostate cell lines with different
AR/GR status: androgen-dependent LNCaP PC cells (AR+/GR�),
two highly malignant androgen-independent cell lines DU145 and
PC3 (both are AR�/GR+), and nontransformed prostate cell line
RWPE-1 with low AR expression (37). We also used in our work
stably transfected LNCaP-GR cells expressing both receptors that
we recently characterized in detail (7). Although the AR/GR status
for RWPE-1, LNCaP, DU145, and PC3 cells was previously
published, we performed Western blot analysis of whole-cell
protein extracts to directly compare the AR and GR protein levels
in different cells under study. As shown in Supplementary Data 1,
parental LNCaP and LNCaP-GR cells expressed significant amount
of AR, and DU145, PC3, and LNCaP-GR cells expressed significant
amount of GR; the level of both receptors was low in RWPE-1 cells.
As only LNCaP-GR cells expressed significant amount of both
receptors, we extensively used those cells to compare the effect of
CpdA on AR and GR function.
Immunostaining and Western blot analysis revealed that, similar

to androgen DHT, CpdA induced AR nuclear translocation in
LNCaP-GR cells with endogenous AR (Fig. 2A). However, in
contrast to DHT, CpdA inhibited both constitutive and DHT-
induced AR DNA binding and AR transcription activity in luciferase
test (Fig. 2B). In this respect, the effect of CpdA on AR activity
closely resembles the effect of known antiandrogen Casodex
(Fig. 2B ; refs. 38, 39). The effect of CpdA on AR transcriptional
activity depended on concentration and plateaued at 10�5 to 10�7

mol/L. This correlates well with the biologically effective CpdA
concentration range used in previous work (21–23).
The same strategy was used to study the effects of CpdA on GR

localization and function in PC cells expressing endogenous (DU145
and PC3) and exogenous (LNCaP-GR) GR. According toWestern blot
analysis and immunostaining, in LNCaP-GR cells, CpdA induced GR
nuclear import, although at a significantly less extent than
glucocorticoid FA (Fig. 2C). CpdA inhibited constitutive and FA-
induced GR-DNA binding and GR transcription activity in LNCaP-
GR cells (Fig. 2D) as well as in PC3 and DU145 cells (Supplementary
Data 2). Moreover, the inhibitory effects of CpdA and known
glucocorticoid antagonist RU486 (23, 28) on hormone-induced GR
transcriptional activity were alike in luciferase test (Fig. 2D).
In addition to the DNA-binding dependent gene activation, there

are DNA-binding independent mechanisms of gene regulation by
GR mostly mediated via negative interaction between GR and other
TFs, including NF-nB, AP-1, and p53 (10, 13, 14). Thus, in the next
set of experiments, we assessed how CpdA affected GR trans-
repression. For this, we used transient transfections of LNCaP-GR
cells with a panel of luciferase reporters that we used previously (7).
Remarkably, the activity of numerous TFs, including NF-nB, AP-1,
Ets-1, Elk-1, SRF, CRE, and NFATc, was reduced in LNCaP-GR cells4 http://www.PDB.org
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Figure 1. Analysis of CpdA binding to AR and GR. A and B, virtual docking was performed using PDB files of GR and AR LBDs obtained from the Protein Bank
Database Web site and Molegro virtual docking software. Virtual docking of CpdA (pink ) as an active ligand and Dex (green ) or DHT (yellow ) as reference ligands at
GR (A ) or AR (B ) LBDs. Red dotted lines, H-bonds formed by CpdA; black dotted lines, H-bonds formed by Dex or DHT. Left, lists of amino acids potentially involved in
H-bond formation with steroids and CpdA in GR (A) and AR (B ). Predicted binding cavities for CpdA and steroid hormones in GR and AR LBDs are marked as
cavity. Note: CpdA shares binding cavities (cavity ) within LBDs of GR and AR with corresponding steroid hormones. C, chemical formulas of DHT, Dex, and CpdA.
D, competition between CpdA and steroid hormones for binding to receptors. Two hundred microliters of cytosol (200 Ag protein per reaction) were incubated
with 10 nmol/L [3H]Dex or [3H]DHT for 24 h at 4jC in the presence of 100-fold molar excess of corresponding radioinert ligands: Dex, DHT, and CpdA. The
competition between steroid hormones and CpdA for AR/GR binding is presented as % to the inhibition of [3H]Dex binding to GR by cold Dex and [3H]DHT binding to
AR by cold DHT.
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Figure 2. CpdA inhibits transcription activity of AR and GR. AR and GR function was analyzed in LNCaP-GR cells. A and C, immunofluorescent staining and
Western blot analysis of nuclear translocation of AR (A) and GR (C ) in cells treated for 16 h with DHT (10-6 mol/L), FA (10-6 mol/L), and CpdA (10�5 mol/L). B and D,
effect of CpdA on AR (B) and GR (D ) activity. For luciferase reporter assay, cells were transfected with MMTV-Firefly luciferase (B ) or TAT-Firefly luciferase (D )
reporters and Renilla luciferase reference reporter. Firefly luciferase activity was normalized against Renilla luciferase activity to equalize for transfection efficacy.
Cells were treated with CpdA (0.1–10 Amol/L), DHT (10-6 mol/L), FA (10-6 mol/L), AR antagonist Casodex (Cdx ; 10�5 mol/L), and GR antagonist RU486 (10�5 mol/L)
for 32 h. Columns, mean results of one representative experiment (three wells per experimental group); bars, SD. DNA binding of AR (B ) and GR (D) measured
by EMSA. Cells were treated as in A and C for 16 h. HRE (oligonucleotide with HRE) labeled with IR dye was used to detect GR or AR DNA binding.
Cold probe, unlabeled HRE; HRE mut, mutated HRE.
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treated with CpdA for 32 h in comparison with control cells treated
only with the vehicle (Fig. 3A). Moreover, the comparison of
glucocorticoid FA and CpdA in luciferase assay revealed a
noteworthy similarity in the overall negative effect of those GR
ligands on TF activity: activity of most studied TFs ( five of seven)
was inhibited by both FA and CpdA in LNCaP-GR cells. The only
exceptions were AP-1 and NFATc factors, whose function was not
significantly affected by FA in LNCaP-GR cells at 32-h time point
when we measured luciferase activity. We further characterized
CpdA effects on NF-nB and AP-1 in other PC cells, as negative
interaction between GR and NF-nB and AP-1 is central for anti-
inflammatory and possibly for tumor suppressor effects of
glucocorticoids. In all GR-expressing prostate cells, CpdA inhibited
both basal and inducible NF-nB activity in luciferase test (Fig. 3A).
For NF-nB induction, we used transfection of PC cells with InB
kinase h (IKKh), an upstream activating kinase (40). In a similar
way, CpdA inhibited basal and IL-1–induced (Fig. 3) or TNF-a–
induced (data not shown) AP-1 activity in LNCaP-GR and PC3 cells.
The detailed analysis of nuclear translocation of major NF-nB

protein p65 in LNCaP-GR cells activated by TNF-a revealed that
p65 nuclear import was inhibited by CpdA (Fig. 3B). The similar
results were obtained for AP-1 subunit c-Jun in LNCaP-GR cells
activated by IL-1 (Fig. 3B ; data not shown). These data suggest that
cytoplasm retention of NF-nB and AP-1 could be the leading
mechanism underlying CpdA-mediated inhibition of those factors
in prostate cells. Interestingly, the cytoplasm retention of NF-nB

and AP-1 was specific only to CpdA, as in cells treated with
glucocorticoid FA the nuclear import of those TFs was not altered
(Fig. 3B).
Altogether, these results indicate that CpdA combines properties

of antiandrogen and selective GR modulator that shifts GR activity
toward transrepression.
CpdA inhibits cell growth and induces apoptosis in PC cells.

We and others showed that AR blockage (by androgen ablation in
androgen-free medium) as well as activation of GR signaling,
especially GR-mediated transrepression, result in the inhibition of
PC cell growth (1–3, 6–9). This suggested that CpdA may also
possess a cytostatic potential in PC cells.
We indeed found that, in PC3, DU145, and parental LNCaP cells,

CpdA acted as a potent growth suppressor. The CpdA effective
concentrations were in the range of 10�5 to 10-6 mol/L
(Supplementary Data 3) that correlated well with the range of
concentrations that affected AR and GR function (see Fig. 2).
Remarkably, highly malignant androgen-independent DU145 and
PC3 cells seemed to be especially sensitive to CpdA: at the log
phase, their growth was inhibited by f70% to 90% compared with
the vehicle-treated control cells (Fig. 4A). Interestingly, the
cytostatic effect of CpdA in GR-expressing PC3 and DU145 cells
was much stronger than the effects of GR agonist glucocorticoid FA
and GR antagonist RU486 (data not shown).
In addition to experiments with monolayer cultures, we also

assessed the effect of CpdA on growth of LNCaP cells (LNCaP-V

Figure 3. CpdA induces GR transrepression. A, effects of CpdA on TF activity in LNCaP-GR cells. Cells were cotransfected with indicated Firefly luciferase
reporters and Renilla luciferase reference plasmid and treated with DMSO (control), CpdA (10�5 mol/L), or FA (10-6 mol/L) for 32 h. Firefly luciferase activity was
normalized against Renilla luciferase activity. Columns, mean results of one representative experiment (three wells per experimental group); bars, SD. NF-nB activity
was induced by transfection with IKKh; AP-1 activity was induced by IL-1 (1 Ag/AL). B, effect of CpdA on nuclear translocation of p65 (NF-nB) and c-Jun (AP-1).
LNCaP-GR cells were pretreated with CpdA (10�5 mol/L) and FA (10-6 mol/L) for 48 h and stimulated with TNF-a (10 ng/mL � 30 min). p65 and c-Jun nuclear
translocation was assessed by immunofluorescence or Western blot analysis of nuclear extracts. HDAC-1 was used as a nuclear protein loading control.
Note: CpdA decreases NF-nB and AP-1 nuclear translocation induced by TNF-a.
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cells infected with empty virus) in colony-forming assay. As shown
in Fig. 5B , CpdA significantly reduced anchorage-independent
growth of these PC cells.
To further evaluate cytotoxic potential of CpdA, we studied its

effect on survival of DU145 and PC3 cells that are resistant to
multiple proapoptotic stimuli (40). The analysis of the PARP
cleavage revealed that long-term exposure of cells to CpdA
(4–8 days) induced significant apoptosis (Fig. 4B). The treatment
of these cells with CpdA for 2 to 3 days did not induce apoptosis
per se but significantly sensitized DU145 and PC3 cells to TNF-a–
induced apoptosis (Fig. 4B ; data not shown). Interestingly, the
apoptotic effect of CpdA was much more pronounced than the
effect of glucocorticoid FA (Fig. 4B). The apoptosis induced in
DU145 and PC3 cells by CpdA was caspase dependent: similar to
TNF-a, CpdA induced activity of several caspases, especially
caspase-2 and caspase-3 (Fig. 4C).

Cytostatic effect of CpdA depends on steroid receptor
expression. PC cells sensitive to CpdA have markedly different
phenotype in terms of the expression of steroid hormone receptors.
The most sensitive DU145 and PC3 express only GR, whereas
LNCaP cells with moderate sensitivity to CpdA express only AR. To
prove that GR plays an important role as a mediator of CpdA
toxicity, we performed two types of experiments. First, we
compared effect of CpdA in LNCaP cells stably infected with GR-
expressing lentivirus and LNCaP cells infected with empty virus
(LNCaP-V). Importantly, LNCaP-GR cells appeared to be signifi-
cantly more sensitive to growth inhibition by CpdA than LNCaP-V
cells both in monolayer and in colony-forming assay (Fig. 5).
Second, we inhibited GR expression by 70% to 80% in PC3 and
LNCaP-GR cells using siRNA approach (Fig. 6A and B). As shown
in Fig. 6, GR blockage has resulted in a drastic loss of sensitivity
to CpdA in both PC cell types.

Figure 4. CpdA inhibits growth and survival of PC cells. A, effect of CpdA on proliferation of prostate cells in monolayer. Nontransformed prostate cells RWPE-1
and PC cells PC3, DU145, and LNCaP were treated with 0.01% DMSO (control) or CpdA (10�5 mol/L) for 1 to 12 d. Points, average number of cells per well for
one representative experiment; bars, SD. B, effect of CpdA on basal and TNF-a–induced apoptosis in PC cells. PC3 and DU145 cells were treated with FA (10-6 mol/L)
or CpdA (10�5 mol/L) for 2 to 8 d. The apoptosis was induced by TNF-a (10 ng/mL � 24 h) in DU145 cells pretreated with 0.01% DMSO (control), CpdA (10�5 mol/L),
or FA (10-6 mol/L) for 2 d. Nuclear extracts were used for Western blot analysis of PARP cleavage. C, evaluation of caspase activity after CpdA treatment by
ApoAlert Caspase Assay. DU145 cells were pretreated with 0.01% DMSO (control) and CpdA (10�5 mol/L) for 3 and 6 d. TNF-a (10 ng/mL) was applied for 24 h.
Columns, average caspase activity per experimental group in one representative experiment; bars, SD.
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To delineate AR role in CpdA effects, we have generated a clone
of androgen-independent LNCaP cells with low AR expression
(LNCaP-ARlow), which was derived from parental LNCaP cells
during selection in androgen-deprived medium. These cells are
analogous to previously reported androgen-independent LNCaP
clones (41). LNCaP-ARlow cells that express only residual amounts
of AR and no GR (data not shown) seemed almost completely
resistant to CpdA (Fig. 5A).
Finally, we used RWPE-1 prostate cells expressing very low levels

of AR and GR proteins (Supplementary Data 1). As shown in
Fig. 4A , these cells were the most resistant to the growth-inhibitory
effect of CpdA at all tested concentrations.
Overall, our results suggest an important role for both AR- and

GR-mediated signaling in the cytostatic effect of CpdA in PC
cells.

Discussion

A large body of work published by different groups, including our
laboratory, suggests that signaling mediated via two closely related
steroid hormone receptors, AR and GR, plays opposite role in PC
formation. AR promotes PC development and growth at the stage
of hormone-dependent cancer, whereas GR acts as a tumor
suppressor in prostate (1–9, 16). Therefore, our study explores a
novel strategy for PC treatment through simultaneous inhibition of
protumorigenic and activation of antitumorigenic signaling
mediated by steroid hormone receptors using dual specificity
ligands that modulate activity of both AR and GR. One of the
potential candidates for such approach to PC treatment is CpdA, a
novel phyto-modulator of steroid hormone receptors (21, 23).
The chemical structure of CpdA significantly differs from most

known AR/GR antagonists and GR-dissociated ligands (11, 19,
27, 41, 42): CpdA is small molecule with only one benzene ring
(Fig. 1C). Using receptor ligand virtual docking analysis, we predict
that CpdA could bind to LBDs of both AR and GR at the binding
pockets of natural steroid ligands. Moreover, CpdA can form
H-bonds with the same amino acids that are involved in H-bond
formation during steroid binding (Fig. 1). These data suggest that
CpdA would compete with corresponding steroids for receptor
binding. Indeed, whole-cell binding assays revealed a strong
competition between CpdA and glucocorticoid Dex for endogenous
GR (Fig. 1D and ref. 23). The competition between androgens
and CpdA has not been found previously (21). However, our data
suggest that CpdA competes for AR binding with androgens,
although at a lesser extent than it competes with glucocorticoids
for GR (Fig. 1D). The difference in our results and previous data
in respect to CpdA binding to AR may reflect the significant
variations in experimental conditions, as Tanner and colleagues
performed whole-cell binding assay and incubated cell cultures
with a different radiolabeled androgen mibolerone for a short
period of time.
Using prostate cell lines with different status of receptor

expression, we found that CpdA induces nuclear translocation of
both receptors in PC cells. Nevertheless, it inhibits basal and
hormone-induced AR and GR DNA binding and gene trans-
activation. Remarkably, CpdA inhibits activity of numerous pro-
proliferative and antiapoptotic TFs in a way similar to glucocorti-
coids. CpdA strongly inhibits growth of PC cells and induces
caspase-dependent apoptosis of highly malignant PC3 and DU145
cells that are resistant to many anticancer drugs. Cytostatic effects
of CpdA seemed to be AR and GR dependent.

Figure 5. AR and GR are important for CpdA inhibition of LNCaP cell growth.
A, effect of CpdA on LNCaP cell growth in monolayer. LNCaP-ARlow,
LNCaP-GR, and LNCaP-V monolayer cell cultures were treated with CpdA
(10�5 mol/L) for 1 to 10 d. Number of cells was counted as in Fig. 4A . B, effect of
CpdA on anchorage-independent cell growth. LNCaP-GR and LNCaP-V cells
were plated in 1% soft agar and treated with 0.01% DMSO or CpdA (10�5 mol/L)
for 2 wk. Representative images of colonies formed by LNCaP cells with GR
and without GR expression. Bar graph represents quantitative analysis of colony
formation. Images of entire wells were taken as described in Materials and
Methods, and colonies with diameter of >50 Am were counted using AxioVision
LE Rel. 4.5 software. Columns, average number of colonies per well for one
representative experiment; bars, SD.
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Inhibitory effect of CpdA on hormone-induced AR trans-
activation reported here agrees with the results of previous studies
(21). In addition, in prostate cells, CpdA negatively affected AR in
the absence of hormone treatment (Fig. 2). Previously, Tanner and
colleagues (21) described mechanisms of AR down-regulation by
CpdA that included (a) altered interaction between AR and steroid
receptor coactivator SRC-1 and (b) inhibition of ligand-induced
interaction between NH2-terminal transactivation domain (AF1)
and COOH-terminal transactivation domain (AF2) essential for

normal AR function. These and our observations indicate that
mechanisms of action of CpdA and widely used antiandrogens
flutamide, Casodex, and cyproterone acetate are similar (Fig. 2B ;
refs. 27, 31, 36, 39).
CpdA differentially affects transactivation and transrepression

functions of GR. Depending on the cell type, GR transactivation
was not changed or was decreased to a different degree by CpdA
(refs. 21, 23 and our work). Despite similarities in ligand properties
between CpdA and glucocorticoids revealed by virtual docking,

Figure 6. Down-regulation of GR
expression by siRNA decreases CpdA
effect on PC cell growth. LNCaP-GR (A )
and PC3 (B ) cells were transfected with
siRNA against GR (GR-siRNA ) or
scrambled siRNA (sc-RNA) as a negative
control. Cells were treated with 0.01%
DMSO (control) or CpdA (10�5 mol/L) for
8 d. Bar graphs represent quantification of
CpdA effect on LNCaP (A) and PC3 (B )
treated with GR-siRNA and sc-RNA.
Number of cells per well was counted as in
Fig. 4A . Columns, average number of
cells per well for one representative
experiment; bars, SD. Western blot
analysis of GR expression in the cells
transfected with GR-siRNA and control
scrambled sc-RNA was used to assess
efficiency of GR-siRNA. Actin was used as
protein loading control.
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CpdA failed to induce effective GR nuclear translocation and
transactivation of GR (Fig. 2). This could possibly relate to inability
of CpdA to induce GR phosphorylation at Ser211, which is an
important step for GR nuclear translocation and transactivation by
agonists (23).
In contrast to its antagonism to glucocorticoids in terms of

inducing GR transactivation, CpdA was able to up-regulate GR
transrepression, mimicking this important mode of glucocorticoid
effects on transcription. We found that in all studied PC cells
expressing GR, both CpdA and glucocorticoid FA inhibited function
of several TFs, including NF-nB, AP-1, Ets-1, Elk-1, SRF, ATF/CRE,
and NFATc (Fig. 3). These results correlate well with the previous
observations that CpdA inhibited NF-nB–dependent gene expres-
sion in HEK293T and L929sA cells with endogenous and exogenous
GR (23). The expression of functional GR in cells was a prerequisite
for inhibition of NF-nB and other TFs by CpdA (ref. 23 and our not
shown data). Moreover, the analysis of specific GR domains that are
necessary for inhibition of NF-nB activity by CpdA has revealed the
importance of LBD as well as second zinc finger in DNA-binding
domain of GR (23). The same domains are critical for GR
transrepression induced by glucocorticoids (43, 44). Overall, these
findings strongly suggest that CpdA acts as a dissociated
glucocorticoid modifying GR properties and shifting its activity
toward transrepression.
Intriguingly, in prostate cells treated with cytokine TNF-a (Fig. 3)

or IL-1 (data not shown), CpdA prevented translocation of p65 and
c-Jun proteins into the nucleus. This indicates the important role of
NF-nB and AP-1 cytoplasm retention in the inhibition of activity of
these TFs specifically by CpdA, as nuclear translocation of these
proteins was not inhibited by glucocorticoid FA (Fig. 3). It is
possible that notably weaker nuclear import of GR induced by
CpdA compared with glucocorticoids (Fig. 2C) is responsible for
this NF-nB and AP-1 cytoplasm sequestration. The process of
hormone-induced nuclear translocation of GR is complex and
involves GR phosphorylation, substitution of protein partners in
GR-chaperone complex, and recruitment of transport protein
dynein (13, 44). As mentioned above, CpdA fails to induce GR
phosphorylation. Other effects of CpdA on these early steps of GR
activation remain to be investigated. However, our data suggest
that CpdA induces only partial changes in GR conformation that
are not fully sufficient for receptor nuclear translocation and its
DNA binding but at the same time are permissive for GR/p65 and
GR/c-Jun interaction in the cytoplasm. It is noteworthy that there
is experimental evidence that GR indeed interacts with p65/p50
NF-nB dimer in cytoplasm and affects NF-nB cytoplasm/nuclear
shuttling (reviewed in ref. 45).
One of the most important findings of this work is receptor-

dependent strong cytostatic and apoptotic effects of CpdA in PC
cells especially in highly malignant DU145 and PC3 cells that are
resistant to many other growth-inhibitory and proapoptotic

compounds (reviewed in ref. 40). We are currently investigating
the molecular mechanisms underlying these cytostatic anticancer
effects of CpdA in PC cells using different approaches, including
gene arrays. Our working hypothesis is that the remarkable
cytostatic potential of CpdA in PC cells is a result of the inhibition
of numerous pro-proliferative and antiapoptotic TFs, such as
factors from the Ets family, NF-nB, and AP-1 combined with the
blocked defense response of cancer cells presumably mediated
via gene activation by steroid hormone receptors. Importantly,
neither glucocorticoids that are as potent as CpdA in inducing
GR transrepression nor GR/AR antagonist mifepristone (RU486;
refs. 7, 36) does not induce significant growth inhibition or apop-
tosis of PC3 and DU145 cells in vitro (Fig. 4 and data not shown).
It is currently well accepted that the anti-inflammatory

therapeutic effects of glucocorticoids are mostly mediated via
gene transrepression, whereas many side effects of glucocorticoids
are mediated via DNA-dependent transactivation (11). Our recent
studies have revealed the leading role of GR-mediated trans-
repression in its tumor suppressor effect in different cells, including
prostate (7, 16, 46). This ties anti-inflammatory and anticancer
effects of the GR signaling. Thus, selective GR modulators that
preferentially induce GR transrepression with improved therapeu-
tic-to-side effect ratio have a great potential both as anti-
inflammatory and anticancer drugs. CpdA obviously represents
one of such compounds and acts as GR-dissociated ligand not only
in vitro but also in vivo . It was shown that CpdA possesses strong
anti-inflammatory activity in mice, but in comparison with
glucocorticoid, Dex does not induce such adverse effect as
hyperglycemia (23).
Overall, our results and literature data clearly indicate that

phyto-modulator of steroid hormone receptors CpdA has unique
combination of properties acting as anti-inflammatory antiandro-
gen with reduced side effects. Thus, CpdA itself or as a prototype of
novel class of multitarget steroid hormone receptor modulators
has a great potential for PC treatment.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

Acknowledgments

Received 11/5/2007; revised 3/20/2008; accepted 4/16/2008.
Grant support: Department of Defense prostate grant DAMD17-03-1-0522 and

Northwestern University Prostate Specialized Program of Research Excellence
Developmental Project (I. Budunova).

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

We thank Drs. K.R. Yamamoto (University of California, San Francisco, CA), W.C.
Greene (Gladstone Institute for Virology and Immunology, University of California),
D.J. Klumpp (Northwestern University, Chicago, IL), and M. Beato (Philipps-
Universitat, Marburg, Germany) for their generous gift of plasmids and Dr.
W. Anderson (Northwestern University) for fruitful discussion of our work.

Cancer Research

Cancer Res 2008; 68: (12). June 15, 2008 4772 www.aacrjournals.org

References
1. Feldman BJ, Feldman D. The development of andro-
gen-independent prostate cancer. Nat Rev Cancer 2001;
1:34–45.
2. Gabril MY, Duan W, Wu G, et al. A novel knock-in
prostate cancer model demonstrates biology similar to
that of human prostate cancer and suitable for
preclinical studies. Mol Ther 2005;11:348–62.

3. Dehm SM, Tindall DJ. Molecular regulation of

androgen action in prostate cancer. J Cell Biochem
2006;99:333–44.
4. Heinlein CA, Chang C. Androgen receptor in prostate
cancer. Endocr Rev 2004;25:276–308.
5. Dondi D, Maggi R, Scaccianoce E, Martini L, Motta M,
Poletti A. Expression and role of functional glucocorti-
coid receptors in the human androgen-independent
prostate cancer cell line, DU145. J Mol Endocrinol 2001;
26:185–91.
6. Smith RG, Syms AJ, Nag A, Lerner S, Norris JS.

Mechanism of the glucocorticoid regulation of
growth of the androgen-sensitive prostate-derived
R3327H-G8-A1 tumor cell line. J Biol Chem 1985;
260:12454–1263.
7. Yemelyanov A, Czwornog J, Chebotaev D, Karseladze
A, Kulevitch E, Yang X, Budunova I. Tumor suppressor
activity of glucocorticoid receptor in the prostate.
Oncogene 2007;26:1885–96.
8. Yano A, Fujii Y, Iwai A, Kawakami S, Kageyama Y, Kihara
K. Glucocorticoids suppress tumor lymphangiogenesis

Research. 
on May 2, 2017. © 2008 American Association for Cancercancerres.aacrjournals.org Downloaded from 

http://cancerres.aacrjournals.org/


of prostate cancer cells. Clin Cancer Res 2006;12:
6012–7.
9. Nishimura K, Nonomura N, Satoh E, et al. Potential
mechanism for the effects of dexamethasone on growth
of androgen-independent prostate cancer. J Natl Cancer
Inst 2001;93:1739–46.
10. McKay LI, Cidlowski JA. Molecular control of
immune/inflammatory responses: interactions between
nuclear factor-nB and steroid receptor-signaling path-
ways. Endocr Rev 1999;20:435–59.
11. Schacke H, Docke WD, Asadullah K. Mechanisms
involved in the side effects of glucocorticoids. Pharma-
col Ther 2002;96:23–43.
12. Wu W, Chaudhuri S, Brickley DR, Pang D, Karrison T,
Conzen SD. Microarray analysis reveals glucocorticoid-
regulated survival genes that are associated with
inhibition of apoptosis in breast epithelial cells. Cancer
Res 2004;64:1757–64.
13. De Bosscher K, Vanden Berghe W, Haegeman G. The
interplay between the glucocorticoid receptor and
nuclear factor-nB or activator protein-1: molecular
mechanisms for gene repression. Endocr Rev 2003;24:
488–522.
14. Garside H, Stevens A, Farrow S, et al. Glucocorticoid
ligands specify different interactions with NF-nB by
allosteric effects on the glucocorticoid receptor DNA
binding domain. J Biol Chem 2004;279:50050–9.
15. Greenstein S, Ghias K, Krett NL, Rosen ST. Mecha-
nisms of glucocorticoid-mediated apoptosis in hemato-
logical malignancies. Clin Cancer Res 2002;8:1681–94.
16. Chebotaev D, Yemelyanov A, Budunova I. The
mechanisms of tumor suppressor effect of glucocorticoid
receptor in skin. Mol Carcinogenesis 2007;46:732–40.
17. Kang Z, Janne OA, Palvimo JJ. Coregulator recruit-
ment and histone modifications in transcriptional
regulation by the androgen receptor. Mol Endocrinol
2004;18:2633–48.
18. Nelius T, Filleur S, Yemeyanov A, et al. Androgen
receptor targets NF-nB and TSP1 to suppress prostate
tumor growth in vivo . Int J Cancer 2007;121:999–1008.
19. Swart P, Swart AC, Louw A, van der Merwe KJ.
Biological activities of the shrub Salsola tuberculatifor-
mis Botsch: contraceptive or stress alleviator? BioEssays
2003;25:612–9.
20. Louw A, Swart P. Salsola tuberculatiformis Botschant-
zev and an aziridine precursor analog mediate the
in vivo increase in free corticosterone and decrease in
corticosteroid-binding globulin in female Wistar rats.
Endocrinology 1999;140:2044–53.
21. Tanner TM, Verrijdt G, Rombauts W, Louw A,
Hapgood JP, Claessens F. Anti-androgenic properties of

compound A, an analog of a non-steroidal plant
compound. Mol Cell Endocrinol 2003;201:155–64.
22. Louw A, Swart P, Allie F. Influence of an aziridine
precursor on the in vitro binding parameters of rat and
ovine corticosteroid-binding globulin (CBG). Biochem
Pharmacol 2000;59:167–75.
23. De Bosscher K, Vanden Berghe W, Beck IM, et al.
Fully dissociated compound of plant origin for inflam-
matory gene repression. Proc Natl Acad Sci U S A 2005;
102:15827–32.
24. Song LN, Coghlan M, Gelmann EP. Antiandrogen
effects of mifepristone on coactivator and corepressor
interactions with the androgen receptor. Mol Endocri-
nol 2004;18:70–85.
25. Singh P, Uzgare A, Litvinov I, Denmeade SR, Isaacs JT.
Combinatorial androgen receptor targeted therapy for
prostate cancer. Endocr Relat Cancer 2006;13:653–66.
26. Hodgson MC, Astapova I, Cheng S, et al. The
androgen receptor recruits nuclear receptor corepressor
(N-CoR) in the presence of mifepristone via its N and C
termini revealing a novel molecular mechanism for
androgen receptor antagonists. J Biol Chem 2005;280:
6511–9.
27. Honer C, Nam K, Fink C, et al. Glucocorticoid
receptor antagonism by cyproterone acetate and RU486.
Mol Pharmacol 2003;63:1012–20.
28. Bretschneider H. Phenylalkanolamines V. h-Chloro-
phenethylamine derivatives and their conversion into
halogen-free compounds [in German]. Monatshefte fuer
Chemie 1948;78:82–116.
29. Mulholland DJ, Cox M, Read J, Rennie P, Nelson C.
Androgen responsiveness of Renilla luciferase reporter
vectors is promoter, transgene, and cell line dependent.
Prostate 2004;59:115–9.
30. Krishnan AV, Zhao XY, Swami S, et al. A glucocor-
ticoid-responsive mutant androgen receptor exhibits
unique ligand specificity: therapeutic implications for
androgen-independent prostate cancer. Endocrinology
2002;143:1889–900.
31. Hur E, Pfaff SJ, Payne ES, Gron H, Buehrer BM,
Fletterick RJ. Recognition and accommodation at the
androgen receptor coactivator binding interface. PLoS
Biol 2004;2:E274.
32. Kauppi B, Jakob C, Farnegardh M, et al. The three-
dimensional structures of antagonistic and agonistic
forms of the glucocorticoid receptor ligand-binding
domain: RU-486 induces a transconformation that leads
to active antagonism. J Biol Chem 2003;278:2748–22754.
33. Thomsen R, Christensen MH. MolDock: a new
technique for high-accuracy molecular docking. J Med
Chem 2006;49:3315–21.

34. Stockner T, Sterk H, Kaptein R, Bonvin A. Molecular
dynamics studies of a molecular switch in the
glucocorticoid receptor. J Mol Biol 2003;328:325–34.
35. Hammer S, Spika I, Sippl W, et al. Glucocorticoid
receptor interactions with glucocorticoids: evaluation
by molecular modeling and functional analysis of
glucocorticoid receptor mutants. Steroids 2003;68:
329–339.
36. Urushibara M, Ishioka J, Hyochi N, et al. Effects
of steroidal and non-steroidal antiandrogens on wild-
type and mutant androgen receptors. Prostate 2007;
67:799–807.
37. Litvinov IV, Vander Griend DJ, Xu Y, Antony L,
Dalrymple SL, Isaacs JT. Low-calcium serum-free
defined medium selects for growth of normal prostatic
epithelial stem cells. Cancer Res 2006;16:8598–607.
38. Hodgson MC, Astapova I, Hollenberg AN, Balk SP.
Activity of androgen receptor antagonist bicalutamide
in prostate cancer cells is independent of NCoR and
SMRT corepressors. Cancer Res 2007;67:8388–95.
39. Masiello D, Cheng S, Bubley GJ, Lu ML, Balk SP.
Bicalutamide functions as an androgen receptor antag-
onist by assembly of a transcriptionally inactive
receptor. J Biol Chem 2002;277:26321–6.
40. Yemelyanov A, Gasparian A, Lindholm P, et al. Effects
of IKK inhibitor PS1145 on NF-nB function, prolifera-
tion, apoptosis and invasion activity in prostate
carcinoma cells. Oncogene 2006;25:387–98.
41. Tso CL, McBride WH, Sun J, et al. Androgen
deprivation induces selective outgrowth of aggressive
hormone-refractory prostate cancer clones expressing
distinct cellular and molecular properties not present in
parental androgen-dependent cancer cells. Cancer J
2000;6:220–33.
42. Schacke H, Berger M, Rehwinkel H, Asadullah K.
Selective glucocorticoid receptor agonists (SEGRAs):
novel ligands with an improved therapeutic index. Mol
Cell Endocrinol 2007;275:109–17.
43. Reichardt HM, Kaestner KH, Tuckermann J, et al.
DNA binding of the glucocorticoid receptor is not
essential for survival. Cell 1998;93:531–41.
44. Freeman BC, Yamamoto KR. Disassembly of tran-
scriptional regulatory complexes by molecular chaper-
ones. Science 2002;296:2232–5.
45. De Bosscher K, Vanden Berghe W, Haegeman G.
Cross-talk between nuclear receptors and nuclear factor
nB. Oncogene 2006;25:6868–86.
46. Chebotaev D, Yemelyanov A, Lavker RM, Budunova I.
Tumor suppressor effect of glucocorticoid receptor in
skin is mediated via a decreased number and clonoge-
nicity of epidermal stem cells. Oncogene 2007;26:3060–8.

Cytostatic and Apoptotic Effects of CpdA in PC Cells

www.aacrjournals.org 4773 Cancer Res 2008; 68: (12). June 15, 2008

Research. 
on May 2, 2017. © 2008 American Association for Cancercancerres.aacrjournals.org Downloaded from 

http://cancerres.aacrjournals.org/


2008;68:4763-4773. Cancer Res 
  
Alexander Yemelyanov, Jennifer Czwornog, Lajos Gera, et al. 
  
Inhibits Growth and Survival of Prostate Cancer Cells
Novel Steroid Receptor Phyto-Modulator Compound A

  
Updated version

  
 http://cancerres.aacrjournals.org/content/68/12/4763

Access the most recent version of this article at:

  
Material

Supplementary

  
 http://cancerres.aacrjournals.org/content/suppl/2008/06/04/68.12.4763.DC1

Access the most recent supplemental material at:

  
  

  
  

  
Cited articles

  
 http://cancerres.aacrjournals.org/content/68/12/4763.full.html#ref-list-1

This article cites 46 articles, 14 of which you can access for free at:

  
Citing articles

  
 /content/68/12/4763.full.html#related-urls

This article has been cited by 6 HighWire-hosted articles. Access the articles at:

  
  

  
E-mail alerts  related to this article or journal.Sign up to receive free email-alerts

  
Subscriptions

Reprints and 

  
.pubs@aacr.orgDepartment at

To order reprints of this article or to subscribe to the journal, contact the AACR Publications

  
Permissions

  
.permissions@aacr.orgDepartment at

To request permission to re-use all or part of this article, contact the AACR Publications

Research. 
on May 2, 2017. © 2008 American Association for Cancercancerres.aacrjournals.org Downloaded from 

http://cancerres.aacrjournals.org/content/68/12/4763
http://cancerres.aacrjournals.org/content/suppl/2008/06/04/68.12.4763.DC1
http://cancerres.aacrjournals.org/content/68/12/4763.full.html#ref-list-1
http://cancerres.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
mailto:permissions@aacr.org
http://cancerres.aacrjournals.org/

