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Small molecules that target the androgen receptor (AR) are the
mainstay of therapy for lethal castration-resistant prostate cancer
(CRPC), yet existing drugs lose their efficacy during continued treat-
ment. This evolution of resistance is due to heterogenous mecha-
nisms which include AR mutations causing the identical drug to
activate instead of inhibit the receptor. Understanding in molecular
detail the paradoxical phenomenon wherein an AR antagonist is
transformed into an agonist by structural mutations in the target
receptor is thus of paramount importance. Herein, we describe a
reciprocal paradox: opposing antagonist and agonist AR regulation
determined uniquely by enantiomeric forms of the same drug struc-
ture. The antiandrogen BMS-641988, which has (R)-chirality at C-5
encompasses a previously uncharacterized (S)-stereoisomer that is,
surprisingly, a potent agonist of AR, as demonstrated by transcrip-
tional assays supported by cell imaging studies. This duality was
reproduced in a series of novel compounds derived from the BMS-
641988 scaffold. Coupled with in silico modeling studies, the results
inform an AR model that explains the switch from potent antagonist
to high-affinity agonist in terms of C-5 substituent steric interactions
with helix 12 of the ligand binding site. They imply strategies to
overcome AR drug resistance and demonstrate that insufficient
enantiopurity in this class of AR antagonist can confound efforts to
correlate structure with function.
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Enzalutamide is the only Food and Drug Administration
(FDA)-approved antiandrogen in metastatic castration-resistant

prostate cancer (CRPC) (1), thus there is an urgent need for
novel agents. Androgen receptor (AR) activation involves a
cascade of events, including binding to the AR-ligand binding
domain (AR-LBD) in the cytoplasm, nuclear translocation, and
transactivation “hyperspeckling,” where interaction with andro-
gen response elements (AREs) regulates gene expression. These
discrete steps can be measured via fluorescence polarization (2),
confocal microscopy (3), and ARE-luciferase assays (4).
Agonist binding induces AR conformational changes that en-

able helix 12 (H12) to close the binding pocket, triggering activation
(5). Establishing a predictive AR model for antagonists is ham-
pered by the lack of structural information about AR bound to
antagonist in open conformation. The AR antagonist BMS-641988
(6–8) has a chiral center at C-5 and an endo substituent [(R)-BMS].
Its unknown (S)-enantiomer [(S)-BMS] was postulated to also be
an antagonist (7). When a new drug substance contains pre-
dominantly one enantiomer, its partner is excluded from the
FDA’s qualification and identification thresholds (9).
In this study of four BMS-641988 derivatives prepared as two

enantiomeric pairs, we discovered that like (R)-BMS itself, the
(R)-enantiomers [(R)-EITM-1702 and (R)-EITM-1707] were all
AR antagonists. Unexpectedly, the corresponding (S)-enantio-
mers and (S)-BMS proved to be potent AR agonists.

Results and Discussion
Antagonist/Agonist Duality of Chiral Molecules. Initial compound
testing was performed with PC3 GFP-AR cells and confocal mi-
croscopy. First, we tested purified BMS enantiomers (Fig. 1A). As
expected (8), (R)-BMS was an antagonist: treatment initiated nu-
clear translocation but inhibited R1881-induced hyperspeckling.
Surprisingly, (S)-BMS alone caused substantial hyperspeckling, com-
parable to that of R1881. To explore the significance of this result,
which appeared to contradict literature inferences (7, 10), we pre-
pared a series “EITM-17##” of cognate derivatives (Fig. 1B). Re-
markably, their increased molecular size did not overcome paradoxical
AR regulation. Nuclear spot quantification in >10,000 cells revealed
all four (R)-enantiomers inhibited R1881-induced hyperspeckling, and
their (S)-enantiomers induced it on their own (Fig. 1C). To test for
corresponding transcriptional activation, we performed assays in cells
expressing ARE-luciferase. (R)-enantiomers inhibited R1881-induced
ARE-luciferase to 24% (95% CI = [18%, 34%]) vs. untreated R1881
control (no treatment control [NTC] + R1881, 100%) (Fig. 1D). In
contrast, the (S)-enantiomers activated ARE-luciferase to 110%
(95% CI = [87%, 130%]) of untreated control (NTC, 11%) (Fig.
1D). Next, we examined gene expression in VCaP cells, a
hormone-responsive but -independent model of CRPC highly
expressing AR. A qPCR array assaying 82 AR target genes in
response to the natural hormone dihydrotestosterone (DHT)
confirmed that (R)-EITM-1707 down-regulated AR-dependent
gene expression, closely resembling androgen starvation. Its (S)-
enantiomer rescued the castration phenotype, mimicking DHT
(Fig. 1E). These experiments demonstrate enantiomer-dependent an-
tagonist/agonist duality across these C-5 stereoisomers.

Model of AR-Enantiomer Duality. To explore the unexpected agonist
properties of the (S)-enantiomers, we performed induced fit dock-
ing with the AR-LBD (PDB ID: 1E3G) (11) and (S)-EITM-1703.
In the resulting model (rmsd = 0.28 Å), substituents do not clash
with H12, but rather promote a closed conformation, which ex-
plains the observed agonism (Fig. 1F, AR in gray, compound
in blue). Next, we sought to model the antagonist action of

Author contributions: K.P., J.S.H.L., B.A.K., D.B.A., C.E.M., and D.R. designed research;
K.P., C.L., G.Z., Y.S., H.S., B.H., C.Y., and B.A.K. performed the research; K.P., G.Z., N.U.,
R.X.S., M.A., and D.R. analyzed data; and K.P., C.E.M., and D.R. wrote the paper.

The authors declare no competing interest.

This open access article is distributed under Creative Commons Attribution-NonCommercial-
NoDerivatives License 4.0 (CC BY-NC-ND).

1K.P. and C.L. contributed equally to this work.
2C.E.M. and D.R. contributed equally to this work.
3To whom correspondence may be addressed. Email: mckenna@usc.edu or druderman@
ellison.usc.edu.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2100918118/-/DCSupplemental.

Published March 19, 2021.

PNAS 2021 Vol. 118 No. 12 e2100918118 https://doi.org/10.1073/pnas.2100918118 | 1 of 3

CE
LL

BI
O
LO

G
Y

BR
IE
F
RE

PO
RT

http://orcid.org/0000-0002-8074-9219
http://orcid.org/0000-0002-7411-7821
http://orcid.org/0000-0003-2036-2992
http://orcid.org/0000-0002-1162-2185
http://orcid.org/0000-0001-9907-5966
http://orcid.org/0000-0001-8425-9930
http://orcid.org/0000-0002-0090-2691
http://orcid.org/0000-0003-1515-0952
http://orcid.org/0000-0001-7175-9960
http://orcid.org/0000-0002-7499-7822
http://orcid.org/0000-0002-3540-6663
http://orcid.org/0000-0001-5787-5009
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2100918118&domain=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:mckenna@usc.edu
mailto:druderman@ellison.usc.edu
mailto:druderman@ellison.usc.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2100918118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2100918118/-/DCSupplemental
https://doi.org/10.1073/pnas.2100918118
https://doi.org/10.1073/pnas.2100918118


(R)-EITM-1703. Due to the absence of crystal structures of antagonist-
bound AR in open conformation, we built a three-dimensional (3D)
homology model based on that of the progesterone receptor
(2OVM) (12) (Fig. 1F, AR in turquoise, compound in gold).
Now, ring D obstructs H12, preventing closure. An overlay of the
two models in Fig. 1F shows the strikingly different compound
orientations within the pocket. In both cases, hydrogen bonds are
formed with R752 and N705,* the same residues that bind DHT
(13) and R1881 (11). We confirmed these critical binding sites in
cells expressing point mutations that significantly reduced ago-
nist functionality of both R1881 and (S)-enantiomers in our ARE-
luciferase assay (Fig. 1G). Our AR model provides a rationale for
the paradoxical agonism of the (S)-enantiomers, highlighting the
importance of a specific, rigid spatial orientation of the ligand within
the AR-LBD to ensure that antagonist function is not subverted to
agonism. Future studies will systematically examine mutations within
H12 that contribute to its steric interactions with the ligands.

Role of Enantiomer Duality in Drug Discovery. This new AR duality
provoked the question whether agonistic enantiomer contamina-
tion could interfere with assays commonly used to identify new
antiandrogens. To measure the impact of impurities after resolu-
tion, we spiked the highly purified (R)-enantiomers with their (S)-
isomers and treated cells with 10 μM of the mixtures. For both

EITM-1702 and EITM-1707, ARE-luciferase signals rapidly in-
creased with increasing levels of contamination (Fig. 2A). For (S)-
EITM-1702, 2.5% contamination (95% CI = [2.1%, 2.9%]) halved
the drug effect, and 9% (95% CI = [6%, 12%]) canceled out its
antagonist effect entirely (Fig. 2A). The contamination effect was
even more detrimental on cell viability measured via CellTiter-Glo.
After 6-d treatment, pure (R)-EITM-1702 and (R)-EITM-1707 vis-
ibly suppressed R1881-induced growth, whereas BMS-641988 did
not (Fig. 2B). Strikingly, as little as 0.3% (S)-enantiomer halved
EITM-1702 drug effect (95% CI = [0.2%, 0.4%]), and 2.2% rescued
the proliferation phenotype (95% CI = [0.7%, 3.7%]) (0.7%, 3.7%)
95% CI (Fig. 2B). Furthermore, agonist EC50 values obtained by
fluorescence polarization and ARE-luciferase were consistently
lower than their respective antagonist counterparts, suggestive of
higher affinity (Fig. 2C) and potency (Fig. 2D). These experiments
reveal the critical importance of enantiopurity in this drug class, even
during early discovery when antagonist “hits” could be otherwise
missed or even misidentified as agonists.

Materials and Methods
Cell Culture and Treatments. PC3 and VCaP cell lines were obtained fromATCC
and cultured as recommended. Generation and culture of PC3 GFP-AR cells
were described previously (14). ARE-luciferase cells were generated using
Cignal Lenti AR Reporter (Qiagen). Cell lines were authenticated using
National Institute of Standards and Technology-approved short tandem re-
peat DNA profiling and tested negative for mycoplasma. Drug treatments
were conducted after overnight culture in phenol red-free media supple-
mented with charcoal:dextran stripped fetal bovine serum.

Fig. 1. Agonist/antagonist duality of enantiomers.
(A) Confocal microscopy of PC3 GFP-AR cells treated
with 10 μM purified enantiomers (180 min) and 1 nM
R1881 (90 min). Representative cells are depicted. (B)
Chemical structures of EITM-17## enantiomers. (C)
Nuclear speckling quantification of EITM drug pairs.
Data (n = 3 encompassing 11,188 cells) are mean ±
SD (wide) and SE (narrow), linear model (two-sided)
significance tests for difference from controls. (D)
ARE-luciferase assays in cells treated with 10 μM
drug + 1 nM R1881. Data (n ≥ 4) are mean ± SD,
linear model (two-sided), (EITM-drugs + R1881) vs.
R1881, and (− R1881) vs. NTC. (E ) Expression of
82 AR-regulated genes in VCaP cells treated with
EITM-1707 enantiomers via qPCR Array. Gene ex-
pressions were projected along the expression
change vector between NTC (0%) and DHT (100%).
Data (n = 3) are mean ± SD, ANOVA with post hoc
correction, vs. NTC (Left) and DHT (Right). (F) Pro-
posed model of AR antagonist/agonist duality.
Overlay of (S)-EITM-1703 (blue) docked onto AR-LBD
in closed conformation (turquoise), and (R)-EITM-1703
(gold) in open AR homology model (gray). (G) ARE-
luciferase assays in cells expressing GFP-AR with point
mutations to predicted binding sites and treated with
10 μM drug + 1 nM R1881. Data (n ≥ 3) are mean ± SD
(wide) and SE (narrow), linear model significance tests
for difference (relative to NTC − R1881) from WT AR
and the corresponding mutation (corrected for mul-
tiple comparisons). NTC = no treatment control, ENZ =
enzalutamide, DHT = dihydrotestosterone, (R)-BMS =
BMS-641988 and its (S)-isomer (S)-BMS. *P < 0.05,
**P < 0.01, ***P < 0.001, n.s., not significant. P values
corrected for multiple comparisons at a familywise
error rate of 0.05.

*Nomenclature of GenBank mRNA sequence M20132.1.

2 of 3 | PNAS Patsch et al.
https://doi.org/10.1073/pnas.2100918118 Paradoxical androgen receptor regulation by small molecule enantiomers

https://doi.org/10.1073/pnas.2100918118


Confocal Microscopy. PC3 GFP-AR cells were seeded and stained over-
night with SiR-DNA (Cytochrome). Cells were treated 180 min with drug
and 90 min with ligand and imaged on an Operetta CLS microscope
(PerkinElmer).

Luminometer Assays. For ARE-luciferase, luciferase substrate was added to
lysed cells after 24-h treatment. For viability, cells were lysed with CellTiter-
Glo 3D Cell Viability Assay (Promega) after 6 d of treatment. Measurements
were performed in 96-well plates (Corning) using a GloMax 96 Microplate
Luminometer (Promega).

AR Binding. Ligand binding was analyzed using the PolarScreen AR Competitor
Assay Kit, Green, according to the manufacturer’s instructions (Thermo Fisher
Scientific). Fluorescence polarization was measured after a 4-h incubation us-
ing an EnVision 2103 Multilabel Plate Reader (PerkinElmer).

RT-qPCR Array. RNA was isolated using the Illustra RNAspin Mini Kit (GE
Healthcare). RNA was transcribed to cDNA using RT2 First Strand Kit (Qiagen).

RT-qPCR was performed using Biorad CFX Connect on a RT2 Profiler PCR Array
Human Androgen Receptor Signaling Targets (Qiagen).

Molecular Docking and Induced Fit. Agonist docking was performed with the
WT-AR-LBD (PDB ID: 1E3G) in complex with R1881 using Schrodinger Suite
2018–3 (Glide, Prime). For antagonists, a homology model of WT-AR-LBD in
open conformation was built with Schrodinger Prime using the progester-
one receptor (PDB ID: 2OVM) as a template.

SI Appendix provides extended methods.

Data Availability. Images, code, and spreadsheet data have been deposited
to Zenodo, https://zenodo.org/record/4148931 (15).
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Fig. 2. Role of enantiomer duality in in vitro drug
testing. (A and B) Assays in cells treated with 10 μM
drug with increasing fractions of (S)-enantiomer +
1 nM R1881. (A) ARE-luciferase was measured after
24 h and (B) VCaP cell viability after 6 d of treatment
using CellTiter-Glo. Data (n = 3) are mean ± SD, one-
sided Wilcoxon test for decrease from R1881 across
both drugs. Dashed lines represent relative EC50 for
EITM-1702. Zero% data points were not used to fit
the curves. (C and D) Pairwise EC50 values computed
from (C) competition binding curves obtained via
fluorescence polarization and (D) ARE-luciferase dose–
response curves run in antagonist mode (1 nM R1881)
with (R)-drugs and in agonist mode (−R1881) with
their respective (S)-isomers. Data (n ≥ 3) are mean± SD,
two-sided Welch t test, **P < 0.01, ***P < 0.001, n.s.,
not significant. NTC = no treatment control, ENZ =
enzalutamide.
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