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Discovery of novel antagonists targeting the DNA binding
domain of androgen receptor by integrated docking-based
virtual screening and bioassays
Jin-ping Pang1, Chao Shen1, Wen-fang Zhou1, Yun-xia Wang1, Lu-hu Shan2, Xin Chai1, Ying Shao1, Xue-ping Hu1, Feng Zhu1,
Dan-yan Zhu1, Li Xiao3, Lei Xu4, Xiao-hong Xu2, Dan Li1 and Ting-jun Hou1,5

Androgen receptor (AR), a ligand-activated transcription factor, is a master regulator in the development and progress of prostate
cancer (PCa). A major challenge for the clinically used AR antagonists is the rapid emergence of resistance induced by the
mutations at AR ligand binding domain (LBD), and therefore the discovery of novel anti-AR therapeutics that can combat mutation-
induced resistance is quite demanding. Therein, blocking the interaction between AR and DNA represents an innovative strategy.
However, the hits confirmed targeting on it so far are all structurally based on a sole chemical scaffold. In this study, an
integrated docking-based virtual screening (VS) strategy based on the crystal structure of the DNA binding domain (DBD) of AR was
conducted to search for novel AR antagonists with new scaffolds and 2-(2-butyl-1,3-dioxoisoindoline-5-carboxamido)−4,5-
dimethoxybenzoicacid (Cpd39) was identified as a potential hit, which was competent to block the binding of AR DBD to DNA and
showed decent potency against AR transcriptional activity. Furthermore, Cpd39 was safe and capable of effectively inhibiting the
proliferation of PCa cell lines (i.e., LNCaP, PC3, DU145, and 22RV1) and reducing the expression of the genes regulated by not only
the full-length AR but also the splice variant AR-V7. The novel AR DBD-ARE blocker Cpd39 could serve as a starting point for the
development of new therapeutics for castration-resistant PCa.
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INTRODUCTION
Prostate cancer (PCa) is one of the major fatal cancers for males
worldwide. Androgen deprivation therapy along with the use of
potent anti-androgens has been the cornerstone of treatment for
PCa [1]. However, it is inevitable that PCa would eventually
develop into castration resistant PCa (CRPC) due to the restoration
of androgen receptor (AR) signaling [2–4]. Considering that AR
signaling is crucial for PCa at all stages, AR antagonists are
recognized as one of the most effective ways to treat PCa [5, 6].
Like other nuclear receptors, such as glucocorticoid receptor (GR),
estrogen receptor (ER), progesterone receptor (PR), and miner-
alocorticoid receptor (MR), AR consists of four functional domains,
including the N-terminal transcriptional activation domain (NTD),
the conserved DNA binding domain (DBD), the hinge region, and
the C-terminal ligand binding domain (LBD) [6, 7]. To date, all of
the approved AR antagonists target the ligand binding pocket
(LBP) of the LBD. Among them, flutamide (PubChem CID: 3397),
bicalutamide (PubChem CID: 2375) and enzalutamide (PubChem
CID: 15951529) have been widely used for the treatment of
androgen-dependent PCa [8, 9]. Recently, another two AR

antagonists apalutamide (ARN-509, an enzalutamide derivative)
(PubChem CID: 24872560) and darolutamide (ODM-201) (Pub-
Chem CID: 67171867) were approved for the treatment of non-
metastatic CRPC [9, 10]. However, a broad spectrum of studies
demonstrated that the potency of conventional AR antagonists
would be suffered from the rapid emergence of drug resistance
[11]. A number of mutations at the AR LBP would induce
resistance to first-generation antiandrogens, such as bicalutamide
and hydroxyflutamide (PubChem CID: 91649) [11, 12]. A phase III
study showed that the F876L mutation in the LBP of AR could
induce resistance to enzalutamide and apalutamide [13]. In
addition, the overexpression of AR splices variants (ARVs) without
a part of or even the entire LBD in PCa specimens was observed
[11, 14]. The predominant ARVs detected in CPRC patients include
AR-V3, AR-V7 and AR-V9, and their expression levels are
significantly high in 22RV1 and CWR-R1 CRPC cell lines [15],
suggesting that ARVs would most likely play a critical role in the
development of CRPC. Some ARVs are also implicated in the
development of drug resistance by engaging the AR chromatin-
binding sites and driving the AR transcriptional program in a
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constitutive and ligand-independent manner [3, 11]. Therefore,
the discovery of novel AR antagonists is still quite urgent.
In recent years, several other targeting sites on AR, such as the

action function 2 (AF2) site and the binding function 3 (BF3) site
on the LBD, and the DNA binding site on the DBD, have attracted
increasing attentions [16–18]. Targeting these sites may help
overcome mutation-induced resistance to traditional AR antago-
nists targeting the LBP. The AR DBD contains two zinc finger
regions, which contributes to DNA binding and homodimerization
(Fig. 1a). The P-box at the N terminus of the α-helix in the first zinc
finger can insert directly into the DNA major groove of androgen
response element (ARE). The second zinc finger with the D-box
interacts with another DBD monomer with a head-to-head
arrangement [19, 20]. It is deduced that targeting the DBD can
disrupt either the formation of the AR dimer or the interaction
between the DBD and ARE, or both, and then suppress AR
transcriptional activity. Recently, Jones et al. found that VPC-14337
(pyrvinium) (PubChem CID: 54680693) could strongly inhibit the
full-length AR and splice variants, and computational modeling
was performed and predicted that VPC-14337 functioned through
the DBD [21]. Li et al. conducted structure-based virtual screening
(SBVS) and discovered several AR antagonists targeting the P-box
of the DBD in micromole concentration range [22]. Then, through
the structural optimization of the most active hit, they identified a
better candidate, Vpc-14228 (PubChem CID: 727584), with eGFP
IC50 and PSA IC50 of 0.33 µM and 0.28 µM, respectively (Fig. 1b).
Further structure-activity relationship (SAR) analysis of the
candidate led to the discovery of VPC-14449 (PubChem CID:
91754488) (eGFP IC50= 0.12 ± 0.01 µM and PSA IC50= 0.17 µM)
[22]. The project resulted in the largest academic licensing deal in
Canadian history, totaling $142 M [23]. Recently, they discovered a
series of AR DBD dimer blockers that possibly target the D-box of
the DBD, and the best hit compound VPC-17005 showed
submicromolar AR antagonistic activity (eGFP IC50= 0.734 µM
and PSA IC50= 0.691 µM) [24]. To develop a novel drug, the
discovery of a new chemical scaffold is normally the initial and
vital step, and then structural modification plays an important part
to push it forwards. Although the efforts have been dedicated to
the discovery of AR antagonists toward the AR DBD, the potential
hits confirmed disrupting the binding of AR DBD to ARE are all
structurally based on a sole scaffold and no candidate has been
pushed into the clinical trials, therefore the discovery of AR DBD
antagonist with novel scaffolds is required.
In this study, to discover new-scaffold antagonists targeting the

AR DBD, an integrated docking-based virtual screening (VS)
toward the DBD was conducted, and 61 compounds were
selected for bioassays. Among the identified hits, 2-(2-butyl-1,3-
dioxoisoindoline-5-carboxamido)−4,5-dimethoxybenzoic acid
(Cpd39) exhibited the best potency, providing a new scaffold for
the development of new therapeutics against CRPC.

MATERIALS AND METHODS
Protein preparation and binding site detection
The crystal structure of the AR DBD dimer bound to two
hexameric half-site responds elements (PDB entry: 1R4I) [20] was
used the template structure for VS. As the sequences of rat and
human AR DBD are identical, the rat crystal structure was directly
used as the human one just after the residues were renumbered
and the mutated CYS552 was remutated. The Protein Preparation
Wizard in Schrödinger 2017 was utilized to prepare the protein
[25], including assigning bond orders, adding hydrogen atoms,
filling in missing side chains, and minimizing the system with the
OPLS2005 [26, 27] force field until the root-mean-square deviation
(RMSD) of heavy atoms converged to 0.30 Å. The protonation
states of residues at pH = 7.0 were determined by PROPKA [28],
and only the single protomer was remained for the final VS. If the

used docking program had its own protein preparation function, it
would be employed to handle the protein further.
The potential binding site in the DBD was determined by the

Site Finder module in Molecular Operating Environment (MOE) just
as Li et al. did in their study [22]. The identified binding site
located at the AR DBD-ARE binding interface was embraced by the
residues Ser579, Val582, Phe583, Arg586, Arg609, Lys610, Pro613,
and Arg616.

Docking-based virtual screening
Three molecular docking programs, namely Glide [29], GOLD [30],
and AutoDock Vina [31], were used in docking-based VS. All the
parameters were set to the default values, unless otherwise noted
as followed.

Glide. The Receptor Grid Generation utility of Glide was used to
generate the receptor grid, which is located in a binding box with
the size of 10 Å × 10 Å × 10 Å centered on the centroid of the
residues that form the pocket. The standard precision (SP) scoring
mode was used in molecular docking.

GOLD. The protein was prepared by the built-in protein
preparation function, and the binding site was defined by all
the atoms within 10 Å of the pocket. The genetic algorithm (GA)
method with the “automatic” settings and the default Piecewise
Linear Potential (CHEMPLP) scoring function were utilized for
sampling and scoring, respectively.

Autodock vina. The structures of the protein and ligands were
converted into the pdbqt formats by AutoDockTools, along with
the addition of hydrogen atoms, assignment of Gasteiger charges
and cleanup of unwanted elements. The binding site was
determined by the center of the specified residues in the pocket,
and the searching space was set to 18.75 Å × 18.75 Å × 18.75 Å.
The overall VS workflow is depicted in Fig. 1c. The Specs library

with around 210,000 small molecules was firstly pretreated by the
Pan-Assay Interference Compounds (PAINS) rule [32] and Rapid
Elimination Of Swill (REOS) rule [33] in Canvas to remove the noisy
molecules with undesirable functional groups. Then, the Lipinski’s
rule-of-five (Ro5) [34] and Opera rules [35] were used to eliminate
non-drug-like molecules with the number of chiral centers ≥3, the
violation count of the Oprea rule ≥3 and the violation count of Ro5
≥2. Next, each molecule was prepared by the LigPrep module in
Schrödinger to assign its ionized states, tautomers, stereoisomers
and low-energy conformation. The ionized states and tautomers at
pH = 7.0 ± 2.0 were generated by using the Epik method [36], and
the maximum number of the stereoisomers for each molecule was
set to 4. The other parameters for Ligprep were set to the default
settings.
Because the binding site on the DBD is relatively flat, it is quite

possible that the binding poses of molecules cannot be reliably
predicted by a single docking program. In order to improve the
prediction accuracy of binding poses, three docking programs (i.e.,
Glide SP, GOLD and AutoDock Vina) were used to conduct three
individual docking calculations. Then, the pairwise root-mean-
square-deviations (RMSDs) of the binding poses predicted by the
three different programs for each molecule were calculated by the
obrms utility in OpenBabel [37]. If two of the three RMSD values for
a molecule were less than 2.0 Å, this molecule would be
considered in further analysis, and otherwise abandoned. The
above operations might lead to the loss of some potential binders,
but to some extent they could enhance the reliability of VS. Next,
the remaining molecules were ranked by integrating the three
docking scores, and the 171 compounds with the docking scores
higher than the predefined cutoffs (−3.5, 55 and −6 for Glide SP,
Gold CHEMPLP and Autodock Vina, respectively) were clustered
based on the Tanimoto coefficients using the MACCS fingerprints.
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Finally, 61 molecules were selected through visual inspection for
bioassays.

Materials
Compounds. VPC-14228 (4-(4-phenylthiazol-2-yl) morpholine)
and the tested compounds were purchased from Specs (Maryland,
USA), and enzalutamide was purchased from MedChemExpress
(New Jersey, USA).

Cells and plasmids. All the cells were purchased from the Cell
Bank of the Chinese Academy of Sciences (Shanghai, China).
Human PCa cells LNCaP, 22RV1, DU145 and PC3 were cultured in
RPMI-1640 and F-12K medium with 10% FBS, 100 IU/mL penicillin,
and 100 μg/mL streptomycin, respectively. A549, 3T3, MCF-7 and
HeLa cells were cultured in DMEM medium with 10% FBS, 100 IU/
mL penicillin, and 100 μg/mL streptomycin. All the cells were
cultured with 5% CO2 and 95% atmosphere in cell culture
incubator at 37 °C.
pCMV-GR11 (Addgene, #89105), pcDNA3-PRB (Addgene,

#89130) and pCMV-hERalpha (Addgene, #101141) were gifts from
Elizabeth Wilson. 3×ERRE/ERE-luciferase (Addgene, #37852) was a
gift from Rebecca Riggins. GRE promoter was cloned into the BmtI
and BglII sites of pNF-κB-luc (Beyotime Biotechnology, Cat #D2206,
China). ARR3tk promoter was cloned into the HindIII and XhoI sites
of PGL4.18 vector (Promega, USA).

Protein expression and purification
The AR DBD (residues: 561-679) was cloned into the NdeI and XhoI
sites of pET28ɑ vector. The sequence of the AR DBD is HMCLICG
DEASGCHYGALTCGSCKVFFKRAAEGKQKYLCASRNDCTIDKFRRKNCP
SCRLRKCYEAGMTLGARKLKKLGNLKLQEEGEASSTTSPTEETTQKLTVSH
IEGYECQPIFLNVLE. The plasmid with the mutated residue
(Tyr594Asp) in the predicted binding site was constructed with
the PCR technology. The forward cloning primer was 5ʹ-CAGAAG
GACCTGTGCGCCAGCAGAAATGATTGC-3ʹ, and the reverse cloning
primer was 5ʹ-GCACAGGTCCTTCTGTTTCCCTTCAGCGGCTCT-3ʹ (the
mutated residues are bold). The plasmids were transformed into E.
coli BL21 (DE3).
Cultures were grown to an OD600 of 0.8 in two liters of LB media

supplemented with 50 μg/mL Kanamycin before induced with 0.1
mM IPTG for 3 h at 37 °C. The cells were collected by centrifuga-
tion at 4000 r/min for 15 min and then resuspended in 20mL
buffer A (50 mM Tris-HCl, pH=8.0, 300mM NaCl, 5% glycerol)
supplemented with 10 mM imidazole and 0.1% PMSF. Cell lysis
was achieved by sonication, followed by centrifugation at 14500 ×
g for 30min at 4°C. The protein was purified with HisPur™ Ni-NTA
Resin (Thermo Scientific™; USA) and dialyzed with buffer A.

Cell culture, transfection, and luciferase reporter assays
In luciferase reporter assays, cells were cultured in 5% CSS RPMI-
1640 (PC3) or DMEM media (A549 or HeLa) with 1 × 104 cells/well
in 96-well plates for 24 h respectively. PC3 cells were transfected
with 50 ng of hPR, 50 ng of ARR3tk-luciferase and 5 ng Rencilla by
lip3000 transfection reagent (Thermo Scientific™, Cat #L3000075)
for 24 h. The transfection procedure was also applied for the GR
and ER assays, meanwhile HeLa and MCF-7 cells were transfected
with 71 ng of GRɑ, 24 ng of MMTV-luciferase or 71 ng of ERɑ, 24 ng
of ERRE/ERE-luciferase respectively. The bioactivity of GR, PR or ER
was then stimulated with 1 nM dexamethasone, 10 nM progester-
one and 1 nM estradiol, respectively. Cells were harvested by
addition of 1× Passive Lysis Buffer (Promega, Cat # E1910), and
luciferase activity was assayed by the Dual-Glo Luciferase system
(Promega, Cat # E1910). Data were plotted as firefly luciferase
activity normalized to Renilla luciferase activity in Relative
Luciferase Units. Control wells with DMSO or steroid were
included on each plate to define the 0% and 100% effect,
respectively. Raw data values were transformed to % activation

using the following equation:

compound %activation ¼ 100 ´ ½ X �minð Þ=ðmax �minÞ�

AR transcriptional activity assay
A cell line of LNCaP that stably expresses eGFP under the
regulation of an androgen response element was generated to
investigate the agonist/antagonist activity of the selected
compounds as previously described [38, 39]. The LNCaP-ARR2PB-
eGFP cells were grown in phenol-red-free RPMI-1640 supplemen-
ted with 5% charcoal stripped serum (CSS) for 5 days. Then cells
were seeded into a 96-well plate (3.5 × 104 cells per well) for 24 h,
and then treated by a single concentration or increasing
concentrations (0–50 μM) of compounds with 10 nM DHT for
screening. The fluorescence was measured after incubating for
72 h (Synergy H1, BioTek. Excitation, 485 nm; Emission, 535 nm).

Prostate specific antigen (PSA) assay
The PSA secreted into the media was evaluated in parallel with the
AR transcriptional activity assay using the same samples. After
incubation of 3 days, 400 μL of the media was collected and sent
to Cancer Hospital of University of Chinese Academy of Sciences,
Zhejiang Cancer Hospital (Hangzhou, Zhejiang). The PSA level was
evaluated with the IMMULITE®2000 XPi immunoassay system
(Siemens Ltd, Erlangen, Germany).

Cell proliferation assay
Cell proliferation was measured using the 3-(4,5-dimethythiazol-2-
yl)−2,5-diphenyl-2-H-tetrazolium bromide (MTT) colorimetric
assay. A total of four types of PCa cell lines were involved,
including LNCaP, 22RV1, PC3 and DU145. These cells were
cultured in RPMI-1640 media (5% CSS) with 2×103-5 × 103 cells/
well in 96-well plates (5 × 103 for LNCaP, 3 × 103 for 22RV1, and
2 × 103 for PC3 and DU145). After incubation at 37 °C for 24 h, cells
were treated with serial dilutions of the tested compounds (10 nM
DHT in extra for LNCaP culture) and incubated for another 3 days.
Afterward, 10 μL of 5 mg/mL MTT solution was added into each
well and incubated for another 4 h. Then, 100 μL of triplex 10%
SDS-5% isobutyl alcohol-0.012 mol/L HCl (w/v/v) solution was
added to dissolve the formazan crystals. The absorbance at
570 nm was measured with the reference wavelength at 650 nm
using a spectrophotometer (Bioteck Eon, Winooski, VT).

Cell cytotoxicity assay
To rule out the inherent toxicity of the tested compounds, A549
and 3T3 cell lines were seeded in DMEM media at a density of
2× 103 cells per well and treated with the concentration gradient
of the tested compounds for 24 h. Cell viability was then
measured as described above.

Androgen displacement assay
Androgen displacement was assessed with the PolarScreenTM

Androgen Receptor Competitor Green Assay Kit following the
instructions of the manufacturer (Invitrogen Life Technologies, Inc.).

BLI assay
BLI experiments were conducted on a FortéBio Octet Red system.
The biotinylated ARE was formed by annealing the following
complementary oligonucleotides in H2O: upper strand, 5ʹ-Biotin-
TACAAATAGGTTCTTGGAGTACTTTACTAGGCATGGACAATG-3ʹ, and
lower strand, 5ʹ-CATTGTCCATGCCTAGTAAAGTACTCCAAGAACCTA
TTTGTA-3ʹ (AREs are bold). All experiments were conducted with the
biotinylated ARE and purified AR DBD protein in PBST with 2.5%
DMSO. The ARE (50 nM) was loaded onto streptavidin sensors in
200 μL PBS for 300 s, and then the ARE-loaded sensors were pre-
equilibrated in PBS. The kinetics of ARE-protein association were
monitored by soaking sensors into wells containing 1 μM AR DBD
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and 50 μM compound for 300 s, followed by dissociation in the
same buffer deprived of protein for additional 180 s. All the
experiments were carried out independently at least two times.

Confocal microscopy
LNCaP cells were seeded at a concentration of 5 × 104 per well on
sterile coverslips placed within 12-well plates. After incubation at
37 °C for 24 h, cells were treated with 10 μM compounds for 12 h
and then treated with 5 nM DHT for 1.5 h. After aspiration of the
media, cells were fixed in 4% paraformaldehyde at 25°C for 20 min
and incubated with AR antibodies (Cell Signaling Technology, Cat#
5153, Lot:1) overnight after washed with PBS three times. An
Alexa-488 conjugated goat-anti rabbit lgG (Cell Signaling Technol-
ogy, Cat# 4412, Lot: 20) diluted at 1:1000 was used as the
secondary antibody. The counterstain DAPI was employed to
visualize cell nucleus. Images were taken at 60 magnification using
the Nikon A1R confocal spinning disk microscope and followed by
the analysis with the NIS-Elements Viewer (Northern Eclipse,
Empix Imaging, Inc.).

Western blotting
LNCaP cells were cultured in phenol-red-free RPMI-1640 (5% CSS)
for 2 days and then seeded in 6-well plates (3 × 105 cells per well).
After overnight incubation, the cells were treated with 10 μM of
compounds under the presence of 10 nM DHT. After 48 h
incubation, the cells were lysed with RIPA and subjected to 10%
SDS-polyacrylamide for Western blotting. Protein was transferred
to the methanol charged PVDF membrane and probed with rabbit
anti-AR (Cell Signaling Technology, Cat# 5153, Lot:1) and mouse
anti-TMPRSS2 (Santa Cruz Biotechnology, Cat# sc-101847, Lot:
J1619J), along with monoclonal anti-GAPDH (Beyotime, Cat#
AF1186, Lot: D525AA0002) utilized to show equal loading. Proteins
were visualized using anti-mouse (Sangon Biotech, Cat# D110087,
Lot: F910AA0025) or anti-rabbit HRP-conjugated secondary anti-
bodies (Sangon Biotech, Cat# D110058-0100, Lot: F902AA0024).
The protein bands were detected using the Automatic Gel
Imaging Analysis System developer (Peiqing Science and Technol-
ogy, Guangzhou, China).

Quantitative real-time reverse transcription polymerase chain
reaction (Q-PCR)
Total RNA was isolated from cells using the EZ-10 DNAaway RNA
Mini-Preps Kit (Sangon Biotech, Shanghai, China) according to the
instructions of manufacturer. cDNA was generated using the
Hifair® III 1st Strand cDNA Synthesis SuperMix (YEASEN, Shanghai,
China). Diluted cDNA was mixed with the forward primer, reverse
primer, SYBR Green PCR Master Mix (YEASEN, Shanghai, China),
and RNase-free water in a 96-well plate. Analysis of mRNA
expression was carried out using the Applied Biosystems
QuantStudio 3. All samples were normalized to the level of
GAPDH. The threshold cycles (Ct) for the control (GAPDH) and
gene of interest were determined, and the relative mRNA levels
were calculated by the 2−△△Ct method. The details of the primer
sequences used in the study are shown in the supporting
information.

RNA-seq
DU145 cells were cultured in RPMI-1640 media and then exposed
to DMSO and 10 μM Cpd39, respectively, for 48 h. Total RNA was
extracted with Trizol Reagent and sequenced using the Hiseq-
PE150 high-throughput sequencing platform (Novogene, Beijing,
China). The raw expression data were processed and normalized
as followed.
First, the human reference genome GRCh37 (version 19) was

downloaded from the Ensembl website (https://www.ensembl.org),
a database project providing access to human genome annotation
[40]. Four FASTQ files containing the paired-end sequence reads
were aligned to the human reference genome using HISAT2

(Hierarchical Indexing for Spliced Alignment of Transcripts) (version
2.1.0) [41]. The output SAM (sequencing alignment/map) files were
converted to the BAM (binary alignment/map) files and sorted using
SAMtools (version 1.9) [42]. Next, StringTie [43] (version 2.0) was
used to assemble the genes for the data set in each BAM file
separately, calculate the expression levels of each gene and each
isoform, and then merge all the gene structures found in any of the
samples together using the full set of assemblies. The merged
transcripts were passed to StringTie again so that it can re-calculate
the transcript abundances. Finally, the Ballgown package [44]
grouped all the transcripts and abundances from StringTie by
experimental condition, and determined the expressed genes
(DEGs) between conditions using a linear model for a log
transformation of the FPKM values attached to transcripts. DEGs
were defined as those with the false discovery rate (FDR) adjusted P-
value less than 0.05 and the fold change between conditions more
than 2. To identify the biological processes and pathways that were
significantly enriched by DEGs, the gene list was analyzed using the
Database for Annotation, Visualization and Integrated Discovery
(DAVID) (version 6.8) [45] and KOBAS 2.0 [46].

Data and statistical analysis
Statistical analyses were performed with the GraphPad Prism
software v 6.0 (San Diego, CA, USA). The differences of two groups
were analyzed using a two-tailed Student’s t test, and the
differences between more than two groups were analyzed using
one-way analysis of variance (ANOVA), followed by Dunnett’s post
hoc test. Some results were normalized to the control to avoid
unwanted sources of variation. All data were presented as means
± SEM. *P < 0.05 was considered to be significant. The capacitive
transients of some traces in the figures were trimmed for clarity.

RESULTS AND DISCUSSION
Evaluation of candidate compounds
The binding pocket formed by Ser579, Val582, Phe583, Arg586,
Arg609, Lys610, Pro613 and Arg616 on the DBD-ARE binding
interface was detected as the potential binding site, and then the
Specs chemical library was virtually screened (Fig. 1c). The 61
compounds identified from the VS were tested for their
antagonistic activities using a nondestructive enhanced green
fluorescent protein (eGFP) assay [38]. Vpc-14228, a reported
compound targeting the AR DBD, and enzalutamide were used as
positive controls [22]. At first, the 61 compounds were tested at
the concentration of 5 µg/mL, and compound Cpd31, Cpd34,
Cpd55 and Cpd39, showed over 50% antagonistic activity of
enzalutamide. Further testing under a concentration gradient (0.1-
100 µM) illustrated that Cpd31 (IC50= 39.46 µM) and Cpd39 (IC50
= 10.94 µM) exhibited a dose-dependent inhibition (Fig. 1d). Since
Cpd39 showed better activity than Cpd31 (Fig. S1), it was selected
as a potential antagonist hit for further studies. To avoid false-
positive detection by the eGFP assay, a complementary PSA assay
was employed [22]. PSA, an AR downstream target gene of AR, is a
clinically important serum biomarker for PCa and has been widely
used as an indicator to evaluate AR transcriptional activity. And
Cpd39 inhibited the expression of PSA in a dose-dependent
manner with IC50= 20.16 µM and those for Vpc-14228 and
enzalutamide were 1.26 µM and 0.329 µM, respectively (Fig. 1d
and e).

Structure activity relationship (SAR) analysis for the analogs of
Cpd39
To search for more potent analogs and explore their initial SAR of
the new scaffold of Cpd39, similarity- and substructure-based
analog searching was performed using Cpd39 as the query. A total
27 analogs of Cpd39 were then identified in the ChemDiv library
for activity assessment. The chemical structures of these molecules
and their bioactivities are summarized in Table S1. In general, no
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significant activity improvement was observed, and only Cpd39-12
showed comparable bioactivity to Cpd39. However, valuable
information can be captured from the preliminary SAR analysis,
which would provide helpful guidance for further structural
optimization of Cpd39. According to the predicted binding mode
of Cpd39 within the binding pocket on the DBD (Fig. 1f and g), the
carboxyl group on the phenyl ring could form two H-bonds with
Arg586 and a H-bond with Ser579, and the amide group on the
linker could form a H-bond with Arg616. These H-bond interac-
tions are most likely the primary driving force for the binding of

Cpd39. Apart from the H-bond interactions, the hydrophobic
interactions between Cpd39 and some surrounding residues
should also contribute a lot. For example, the phenyl ring linked to
the carboxyl group is located exactly in the center of Phe583,
Tyr594, and Pro613, and thereby can form favorable van der Waals
interactions with the hydrophobic side chains of these residues. In
addition, the alkyl group in another phenyl ring may also play an
important role in the binding by forming favorable hydrophobic
interactions with Lys606 and Phe607. Another important factor
may lie on the existing of Arg586 and Lys610, which can construct

Fig. 1 Virtual screening, preliminary biological evaluation, and binding mode analysis of the hit compound against AR DBD. a The
structure of the AR DBD. b The structures of the two bioactive compounds targeting the AR DBD and the structure of Cpd39. c Workflow of
the integrated docking-based VS. d The AR transcriptional inhibition of Cpd39 in LNCaP-ARR2PB-eGFP (n= 4). e The PSA suppression by these
compounds was evaluated by measuring the PSA secreted into the media using the same LNCaP-ARR2PB-eGFP cells (n= 4). f The 3D
presentation of the interactions between Cpd39 and the AR DBD. Cpd39 is colored green, and the surrounding residues are colored purple.
g The electrostatic potential of the binding site. The residues with the positive electrostatic potential are colored blue, and those with the
negative electrostatic potential are colored red. h The 2D presentation of the interactions between Cpd39 and the AR DBD.
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a natural groove on the surface to fit the binding of Cpd39. The
bioactivities of the analogs are well consistent with the binding
mode analysis. The ortho substituents of H-bond acceptors on
Ring A, such as the carboxylic group, ester group and amide
group, were favorable for ligand binding as the validation of the
binding mode. For the analogs without any ortho substituent on
Ring A, including Cpd39-1, Cpd39-2, Cpd39-3, Cpd39-10, Cpd39-
11, Cpd39-20, and Cpd39-23, were almost inactive due to the
absence of the crucial H-bond interactions with Arg586 or Ser579.
The size and flexibility of the substituents on Ring C are also
critical to ligand binding. Larger substituents, such as tert-pentyl
(Cpd39) and tert-butyl (Cpd39-9 and Cpd39-12), led to enhanced
binding affinity, while smaller substituents, such as isopropyl
(Cpd39-4 and Cpd39-5), methyl (Cpd39-6) and halogen atoms
(Cpd39-17 and Cpd39-25), did not show favorable effect. As for
the compounds Cpd39-8, Cpd39-16 and Cpd39-24, their poor
activities most likely stemmed from the rigidness of their Ring C.
The 2D presentation (Fig. 1h) showed that only the substituent
groups with appropriate size and flexibility can stretch into the
groove formed by Arg586 and Lys610. Regarding the other
analogs, the reason of their low activities needs to be further
explored.

Cpd39 effectively inhibits AR-mediated PCa cell proliferation
To figure out the antitumor effect of Cpd39 on AR-expressing PCa
cells, LNCaP, an androgen-dependent cell line, and 22RV1, an
androgen-insensitive cell line, were utilized for testing [47]. 22RV1
cell line is derived from the CWR22 xenograft, which expresses
high level of AR-V7 and is resistant to enzalutamide. As a result,
Cpd39 exerted a dose-dependent manner to inhibit the growth of
LNCaP and 22RV1 cells (Fig. 2a and b). At a lower concentration of
1 µM, the potency of Cpd39 was worse than those of the controls,
but at higher concentrations, Cpd39 outperformed both Vpc-
14228 and enzalutamide. Cpd39 could suppress the cell viability of
LNCaP to 75% at 10 μM and even less than 20% at 50 μM. In
addition, Cpd39 was more effective than Vpc-14228 and
enzalutamide in suppressing 22RV1 growth. Upon the treatment
of 20 μM and 50 μM Cpd39 for 72 h, the growth of 22RV1 cells was
significantly suppressed to 85% and 50%, respectively. In contrast,
Vpc-14228 exhibited a minor effect on the growth of 22RV1.

Cpd39 inhibits the proliferation of AR-independent PCa cell with
no toxicity
To determine whether the anti-proliferative activity of Cpd39 is
caused by AR down-regulation, the compound was further
evaluated on two androgen-independent cell lines, DU145 and
PC3 (Fig. 2c and d). The cell viability curves of PC3 for Cpd39, Vpc-
14228 and enzalutamide at different concentrations ranging from
0 to 50 µM have a similar shape. The IC50 values of enzalutamide
and Vpc-14228 were higher than 100 µM for both PC3 and
DU145, suggesting that the cytotoxicity of the compounds was
specifically mediated through AR. However, Cpd39 could
reduce cell viability to 50%–60% for PC3 cell line at 50 µM and
the corresponding IC50 value was 47.98 µM. Cpd39 exhibited an
even stronger inhibitory effect on the proliferation of DU145 (IC50
= 13.28 µM) than on PC3 cells. To assess whether the compound
is inherently toxic, 3T3 mouse fibroblasts and A549 human lung
adenocarcinoma cell lines were selected for in vitro cytotoxicity
assessment. To our surprise, 50 μM of Cpd39 showed a negligible
effect on both 3T3 and A549 cell lines. The IC50 values of Cpd39
for 3T3 and A549 cell lines were larger than 80 µM and 100 µM,
respectively, suggesting that the toxicity of Cpd39 to PCa cells is
specific (Fig. 2e and f). In addition, it is obvious that the
antiproliferative effect of Cpd39 on AR negative cells PC3 and
DU145 was not mediated through AR, which might be linked with
some unknown mechanisms.

To explore the inhibition mechanism of Cpd39 toward DU145
cell line, HiSeq-PE150 was used to conduct sequencing analysis.
The gene expression differences were analyzed by comparing the
transcriptomes before and after the treatment of 10 μM Cpd39. At
first, those up-regulated or down-regulated genes were examined
to confirm whether Cpd39 could yield any potential genotoxic
effect. Generally, the genes with genotoxicity including a number
of p53 target genes and those involved in apoptosis, DNA repair,
DNA damage response or stress response were checked. None of
them showed significant response, indicating that Cpd39 is
inherently nontoxic [48].
Enrichment analysis of Kyoto encyclopedia of genes and

genomes (KEGG) pathways was also conducted to identify the
essential pathways potentially involved. The results revealed that
the “metabolic pathways”, “pathways in cancer”, “proteoglycans in
cancer” and “ribosome” (Fig. 2g) were mainly affected by the
treatment of Cpd39, suggesting that the changes in these
pathways/processes might account for its anticancer efficacy. After
an in-depth analysis, it was noticed that the mTOR and PI3K-AKT
signaling pathways showed the most prominent differences, which
might be the main reason why Cpd39 could induce the apoptosis
of DU145 (Figs. S2 and S3). The genes encoding RHOA (Ras
homolog family member A, fold change = 27.4, P= 0.013), PI3KCB
(phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit
beta, fold change = 470.1, P= 0.044) and ERBB2 (erb-b2 receptor
tyrosine kinase 2, fold change = 44.8, P= 0.012) were synergisti-
cally trans-repressed. All of them are involved in the PI3K and AKT
signaling networks, which were known to contribute significantly
to the CRPC development [49]. In fact, combing AR antagonists
with numerous inhibitors of the PI3K-AKT-mTOR pathway has
shown activity in preclinical models, and related clinical trials are
under study in CRPC [50–53]. RhoA, a member of the Rho family of
GTP-binding proteins, is over-expressed in many forms of
malignant cancers and plays an important role in focal adhesion
regulation, actin stress fiber formation, and cell migration of
castration-resistance transformation of PCa [54]. PI3KCB is the gene
that encodes the p110β lipid kinase catalytic subunit of PI3Kβ.
PI3Kβ is a critically important factor in the PI3K signaling pathway
and can drive tumorigenic cell growth and migration in several
tumor types. To demonstrate the efficacy of Cpd39, Q-PCR was
performed to validate whether these three key genes were truly
trans-repressed. The results revealed Cpd39 could significantly
down-regulate the expression of these three genes and could exert
a deep effect on the growth and metastasis of malignant cells, with
no cytotoxicity induced (Fig. 2h). Taken together, we deduced that
the antigrowth effect of Cpd39 on DU145 probably owes to its
influence on the PI3K and AKT signaling pathways.

Cpd39 is a novel AR antagonist targeting AR DBD
To validate whether the antitumor potency of Cpd39 is attributed
to the disruption of the binding of the AR DBD to ARE, BLI, a label-
free technology was utilized. BLI has been widely employed in
drug discovery and life science studies in vitro to measure
biomolecular interactions. In this study, we initially attempted to
confirm whether the compound could affect the binding of the AR
DBD to dsDNA bearing the ARE2 sequence at a concentration of
50 µM, with enzalutamide and Vpc-14228 as the references. In this
task, the biotinylated dsDNA (ARE) was attached to the streptavidin
BLI sensors, and then exposed to the solution containing both of
the AR DBD and tested compound, which is capable of resulting in
a large shift for the signal of wavelength compared to the solution
containing only the AR DBD if the compound does interrupt the
interaction between the AR DBD and ARE. And the behaviors of
Cpd39 and Vpc-14228 were similar and the signal decreased
~12%–15% in comparison with the AR DBD alone (Fig. 3a–c). In
contrast, the wavelength change generated by enzalutamide was
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little, which supported the fact that enzalutamide had no ability to
impede the binding between the AR DBD and ARE. To further
understand the inhibition behavior of Cpd39, this experiment was
carried out by testing a set of concentrations of the compound.
The inhibitory activity of Cpd39 steadily increased with the
increase of concentrations, and Cpd39 could even impede the
interaction between the AR DBD and ARE at a concentration of
500 µM (Fig. 3d). The behavior of Cpd39 was dissimilar to that of
Vpc-14228 (Fig. 3e), as Vpc-14228 functioned back at 500 µM.
Furthermore, to confirm the location of the binding site, we
performed the same BLI experiments with the mutated AR DBD
protein. Previous studies showed that the Tyr594Asp mutation at
the DBD-ARE binding interface could maintain the AR transcrip-
tional activity [22], so this Tyr594Asp mutated AR DBD was used in
this study. In our experiments, both of Cpd39 and Vpc-14228 lost
their ability to block the binding of the mutated AR DBD to ARE.
The association kinetic result of dsDNA with the mutated AR DBD
was significantly different from that of dsDNA with the wild type
AR DBD (Fig. 3f and g). That is to say, similar to Vpc-14228, Cpd39
was unable to affect either the association or dissociation of dsDNA
with the mutated protein, indicating that Cpd39 did target on the
site of Tyr594 at the DBD-ARE binding interface. Together, Cpd39
could inhibit the protein-DNA interactions in vitro and bind to the
proposed site at the AR DBD.
In addition, we also ruled out the possibility of the binding of

these compounds to the AR DBD or ARE individually (Fig. S4). The

Kd value between the AR DBD and Cpd39 was 6.3 × 10-3 M, which
was usually regarded as a weak interaction (Fig. S4a and S4b). And
Cpd39 did not show a direct interaction with ARE (Fig. S4c).

The effects of Cpd39 on other steroid hormone receptors
AR together with GR, ER, and PR belongs to the steroid hormone
receptor subfamily of the nuclear receptor super family. They
recognize a similar DNA response element to play the role of
transcriptional factors. To determine whether Cpd39 cross-reacts
with the DBDs of the related nuclear receptors, we performed
luciferase assays with full-length GRɑ, ERɑ, and PR. Luciferase
constructs contained the corresponding response regions of
glucocorticoid-response element for GR, a hybrid ERRE/ERE
element for ER, and ARR3tk for PR. Cpd39 exhibited inhibitory
activity on GR, no significant effects on ERɑ, and agonist activity
on PR, while Vpc-14228 stimulated GR, ER, and PR in varying
degrees (Fig. 4a and b). In contrast, enzalutamide showed almost
no effect on GR, weak inhibition on ER at high concentration, and
somewhat inhibitory activity on PR (Fig. 4c). In our laboratory, the
selectivity of enzalutamide demonstrated a same tendency as
previous report, while Vpc-14228 showed somehow differently
[55]. Such discrepancy may be explained by several factors. This
includes the dissimilarities of the cell lines, the reporter plasmids
and the experimental schemes. Indeed, selectivity is a challenge
for the drugs targeting the steroid hormone receptors. Even
marketed drugs such as enzalutamide cannot exclude cross

Fig. 2 Cpd39 inhibits the proliferation of PCa cells with no toxicity. a, b The antiproliferative effect of Cpd39 on LNCaP and 22RV1 cells
using MTT assay (n= 4). c–f The antiproliferative effects of Cpd39 on four cell lines, including PC3, DU145, 3T3, and A549 cells (n= 3).
g Distribution of the DU145 transcriptome sequences among KEGG pathways (n= 2). h The mRNA expression levels of RHOA, PI3KCB, ERBB2,
METTL3, and EIF4B in DU145 cells (n= 3). *P < 0.05 versus DMSO group (n= 5 in each group).
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activity with the other unexpected steroid hormone receptors.
Nevertheless, considering the diversified expression levels of the
steroid hormone receptor during PCa progression, for example, an
antagonist targeting both AR and GR may treat PCa at late stage
[4], clarifying the specificity of a certain compound is more
important than searching for a highly specific one at the initial
stage of a drug development. Here, in our selectivity assays, simply
compare specificity, enzalutamide performed the best, and Cpd39
displayed relatively better than Vpc-14228.

Cpd39 does not target LBD or block AR nuclear localization
We then attempted to exclude the possibility that Cpd39 binds to
the traditional LBP site. Accordingly, a PolarScreenTM AR compe-
titor assay was carried out. This assay was conducted for Cpd31
and Cpd39 at a concentration of 10 μM with DMSO and DHT as
the controls. The behavior of Cpd39 was similar to that of the
vehicle control (DMSO) but significantly different from that of the
positive control (DHT), supporting that Cpd39 does not interact
with the LBP (Fig. S4d). In addition, the translocation of AR into
nucleus is a key step in AR signaling. It has been proven that some
of the drugs targeting the AR LBD are able to exert their functions
by blocking the nuclear translocation of AR, thus preventing the

acceptor from the initiation of transcription [55–57]. However, the
compounds targeting the DBD should theoretically function in the
nucleus to block the recognition of AR to ARE. Therefore, we
utilized the confocal assay to evaluate whether Cpd39 could affect
the DHT-induced translocation of AR from the cytoplasm to the
nucleus. The group without the treatment of DHT or enzalutamide
showed low levels of AR in the nucleus compared with the group
only treated with DMSO (Fig. 4d). Conversely, VPC-14228 and
Cpd39 could not prevent the DHT-stimulated nuclear localization
of AR with considerable fluorescence signal observed in the
nucleus. The results indicated that Cpd39 could not impede the
DHT-induced AR nuclear translocation, supporting for the direct
action of Cpd39 on the DBD.

Cpd39 down regulates not only the AR but also ARVs responsive
genes in PCa Cells
To assess the ability of blocking the transcription of AR regulated
genes, Cpd39 was tested on LNCaP cells. The mRNA levels of three
AR target-genes [58, 59] KLK3 (PSA), TMPRSS2 and FKBP5 were
evaluated by Q-PCR. In our study, KLK3, TMPRSS2 and FKBP5 are
androgen-upregulated genes and their mRNA levels substantially
decreased compared to that of the DHT control (Fig. 4e).

Fig. 3 Cpd39 is a novel antagonist targeting at AR DBD. a–c Biotinylated ARE was loaded onto streptavidin sensors for bilayer
interferometry analysis. t= 0 s. BLI sensors preloaded with ARE (50 nM) are baselined in buffer with the indicated compound (50 μM); at the
first inflection point (arrow), Sensors are moved to a solution of the AR DBD (1 μM) alone (2.5% DMSO), or the AR DBD mixed with tested
compounds for 300 s, and then moved back to buffer for dissociation. The y axis represents the nanometer shift in wavelength resulting from
ligand (dsDNA) binding/dissociation (n= 2). d, e Same as (b, c), but with different concentrations of tested compounds (0–500 μM). The BLI
results reflected the direct binding of the compounds to the AR DBD protein (n= 2). f–g Same as (b, c), but with the Y594D mutated AR DBD
(n= 2). Non-specific interactions between the protein or compounds and sensors were subtracted from the BLI signal.
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Somehow, the gene of ACPP previously reported as an androgen-
downregulated gene did not show expected higher transcrip-
tional level when treated with Cpd39. To further confirm the
antiandrogenic activity of Cpd39, the Western blot analysis was
carried out to check its effect on the expression of TMPRSS2
protein and AR (Fig. 4f). Consistent with the result of Q-PCR, the

expression of TMPRSS2 protein was down-regulated at the
presence of Cpd39, while AR seems unaffected.
Furthermore, to investigate whether Cpd39 has an impact on

AR-V7 dependent genes, ARVs over-expressed cell line of 22RV1
was selected for testing. The cells were treated with 10 μM and
50 μM Cpd39 in charcoal-stripped serum (5% CSS)-containing

Fig. 4 Cross-reactivity analysis of Cpd39 and the inhibitory effect of Cpd39 on AR or AR-V7 regulated genes in PCa cells. a–c Cross-
reactivity analysis of Cpd39 inhibition. d Effect of compounds on AR nuclear localization. Microscopic images of LNCaP cells treated with
10 μM compounds and 5 nM DHT or DMSO only (magnification ×600; scale bar = 20 μm) (n= 3). e The mRNA expression levels of AR target
genes including KLK3 (PSA), TMPRSS2, ACPP, and FKBP5 analyzed by quantitative analysis after LNCaP cells treated with 10 µM compounds
and 10 nM DHT. *P < 0.05 versus DHT group (n= 3 in each group). f Protein expression of AR and TMPRSS2 in LNCaP analyzed by Western blot
analysis (n= 2). g Expression of AKT1 analyzed by quantitative analysis after 22RV1 cells were treated with indicated compounds. *P < 0.05
versus DMSO group (n= 5 in each group).
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medium which represented an androgen-independent state.
AKT1, reported preferentially as a subset of genes uniquely
upregulated by ARVs rather than the prototype AR [60], was
analyzed by Q-PCR. Remarkably, in our test AKT1 was down-
regulated by Cpd39 at both the concentrations of 10 μM and 50
μM compared to the control group (Fig. 4g), though the effect is
significant only under 10 μM. And DHT has no effect. Based on the
results above, we infer that Cpd39 is a novel AR antagonist
capable of fighting ARVs.

CONCLUSION
In order to overcome the acquired resistances of approved AR
antagonists, new treatments with non-conventional mechanisms
are required. The binding of AR DBD to ARE is essential for the
activation of both AR and ARVs. Targeting the interaction site, the
P-box of AR DBD, between AR DBD with ARE is a promising
strategy to overcome the drug resistances derived from gained
mutations at the AR LBD. So far, only a chemical scaffold has been
discovered to target the P-box of AR DBD and play the role of AR
antagonist. Our study discovered a novel AR DBD-ARE blocker
Cpd39 with new scaffold, providing a promising hit for the
treatment of PCa. However, Cpd39 still needs extensive structural
optimization to improve activity, and our studies on Cpd39
analogs have provided some referential information.
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