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ABSTRACT: The clinically used androgen receptor (AR) antagonists
for the treatment of prostate cancer (PCa) are all targeting the AR ligand
binding pocket (LBP), resulting in various drug-resistant problems.
Therefore, a new strategy to combat PCa is urgently needed. Enlightened
by the gain-of-function mutations of androgen insensitivity syndrome, we
discovered for the first time small-molecule antagonists toward a
prospective pocket on the AR dimer interface named the dimer interface
pocket (DIP) via molecular dynamics (MD) simulation, structure-based
virtual screening, structure—activity relationship exploration, and bio-
assays. The first-in-class antagonist M17-B15 targeting the DIP is capable
of effectively disrupting AR self-association, thereby suppressing AR
signaling. Furthermore, M17-B1S exhibits extraordinary anti-PCa efficacy
in vitro and also in mouse xenograft tumor models, demonstrating that
AR dimerization disruption by small molecules targeting the DIP is a
novel and valid strategy against PCa.

AR dimerization disruption
Against prostate cancer

B INTRODUCTION head” and form a large dimer interface by centering the helix S
(HS). Nearly 40 different AlS-related mutations have been
reported on the AR dimer interface.'”'* However, so far, how
the mutations on the AR dimer interface affect the biological
functions of AR remains poorly understood.

In this study, we report the discovery process of a series of
novel thiadiazole-amide-based small molecules that block the
AR LBD dimerization as our granted patent
“CN113444081B”."* At the beginning, we explored the
structural ensembles of the wild type AR LBD and two AIS-
associated mutants with the mutations (W751R and F754V)
located at the dimer interface by molecular dynamics (MD)
simulations and small-angle X-ray scattering (SAXS). The
simulation and experimental results illustrate that the AR LBD
homodimer can be easily disrupted by either W7SIR or
F754V. Therefore, we speculated that blocking the AR
dimerization by small molecule antagonists targeting the
interface is probably favorable to combat PCa. Interestingly,
an AR LBD dimer interface pocket (DIP) was discovered by

Androgens are responsible for normal physiology, develop-
ment, and metabolism of reproductive and nonreproductive
systems.”” Testosterone and its metabolite 54-dihydrotestos-
terone (DHT) are the two most active androgens, which can
form direct interactions with androgen receptor (AR). AR is a
member of the nuclear receptor (NR) family of ligand-
dependent transcription factors, and it contains four functional
modules, including a large N-terminal domain (NTD), a DNA-
binding domain (DBD), a short hinge region, and a C-terminal
ligand-binding domain (LBD).? The binding of testosterone or
DHT to the ligand binding pocket (LBP) of the AR LBD
triggers a conformational change of AR that in turn promotes
the dissociation of AR from heat shock proteins, and AR
dimerization, and transport of AR from the cytosol into the cell
nucleus. Subsequently, the AR dimer binds to a specific region
of DNA known as the androgen response element (ARE) to
activate or repress specific gene transcription.3_5 Abnormal AR
activity is associated with various diseases, such as prostate
cancer (PCa), androgen insensitivity syndrome (AIS) and
spinal bulbar muscular atrophy (SBMA

AIS is the most common cause of the 46,XY disorder in sex
development.”™"" Point mutations within the AR LBD are
frequently described in this disease.'” The AR LBD possesses a
three-layer sandwich fold architecture (Figure S1A). The two
AR LBD monomers in the homodimer are arranged “head-to-
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Figure 1. Novel dimer interface pocket (DIP) at the dimer interface of the AR LBD and the discovery of M17. The alignments of the initial
(magenta) and last snapshot (blue) from the MD trajectories of AR"™ (A), AR"7*'® (B), and AR***V (C). (D) Pair-distance distribution function
versus interatomic vector length of ARYY, ARV>'R, and ARF**" analyzed by SAXS. (E) Newly discovered DIP at the dimer interface of the AR
LBD. (F) Workflow of the structure-based virtual screening (SBVS) protocol to screen novel hits toward the AR DIP. (G) Assessment of the AR

antagonistic activities of the 476 compounds from SBVS.

our theoretical predictions. To prove the druggability of the
DIP, an integrative structure-based virtual screening was
performed and a novel hit compound M17 was identified.
Then through a four-step structure optimization, M17-B1S
with >31-fold improved inhibitory activity on AR transcrip-
tional function was discovered. M17-B15 exhibited potent anti-
PCa efficacy without detectable toxicity, and it can specifically
target to AR rather than its phylogenetically related nuclear
receptors. Collectively, our findings demonstrate that AR
dimerization disruption by small molecules targeting the DIP is
a novel and valid strategy to develop new classes of AR
antagonists against PCa.

B RESULTS AND DISCUSSION

AIS Mutations Disrupt the AR LBD Dimerization. We
explored the structural ensembles of the wild type AR LBD
(AR"T) and two AlS-associated mutants with mutations
located in HS (Figure S1B), ie, W7SIR (ARY?*™® with
changed hydrophobicity) and F754V (AR¥**V with reduced
hydrophobicity and bulkiness), by molecular dynamics (MD)
simulations.''® Analysis of the time evolution of the root-
mean square deviations (RMSDs) of the protein backbone
atoms of the AR"" dimer confirmed that the simulated system
is equilibrated after ~260 ns (Figure S2A) and the two
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monomers (mono A and mono B) are stable (Figure S2B—C).
However, the RMSDs for the ARY7>'® and ARF**V dimers are
both dramatically fluctuant, though those for each monomer
are stable (Figure S2D—I). The alignment of the initial
structure (magenta) and the last snapshot (blue) extracted
from the MD trajectory for the AR"" dimer shows a high
structural similarity with a RMSD of 2.24 A (Figure 1A and
Movie S1), while those for the ARV>'® and ARF**Y dimers
exhibit significant structural differences with RMSDs of 11.94
and 14.86 A, respectively (Figure 1B—C and Movies S2—3).
Based on the theoretical predictions, the mutations disrupt the
AR LBD dimerization and lead to self-dissociation.

The predictions were then confirmed by the small-angle X-
ray scattering (SAXS) technique, which gives the overall
dimension and shape silhouette of the biomacromolecule. As
shown in Figure 1D, the maximum end-to-end distance (D)
of the ARW™R or ARF**V mutant bound with DHT is much
smaller than that of ARV, suggesting a compaction of the
protein system. As each AR monomer is rigid, the compaction
can only be explained by the emergence of the AR LBD
monomer. In addition, D,,,. of ARY7*™® is almost identical to
that of AR"**, suggesting that neither AR"*'* nor AR">*"
stably exists in the form of a homodimer. Considering that the
AR dimerization is essential for AR transcriptional activity,
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Figure 2. MD simulations of M17 bound to the AR LBD monomer and the structural optimization of M17. (A) RMSDs of the backbone C, atoms
of the AR LBD monomer. (B) RMSDs of the heavy atoms of M17. (C) Overview the predicted binding mode of M17 bound to the DIP of the AR
LBD. (D) Predicted key residues in the DIP to the binding of M17. (E) Detailed view of the key residues to the binding of M17. (F) M17 in the
DIP is represented as the surface. (G) Four-step structure—activity relationship (SAR) explorations of M17 lead to the discovery of >31-fold more

potent AR antagonist M17-B1S.

blocking the AR dimerization by small-molecule antagonists
targeting the dimer interface can be a powerful way to combat
PCa.

Identification of the DIP and a Novel Hit M17. We
then analyzed the dimer interface and successfully discovered a
potential small-molecule binding pocket located at each LBD
monomer as illustrated in Figure 1E. The position of the dimer
interface pocket (DIP) differs from the other three known
binding pockets in the AR LBD, including the LBP, activation
function-2 (AF2) site, and binding function-3 (BF3) site. To
the best of our knowledge, the site is uncovered for the first
time and has never been reported before.'” Novel AR
antagonists toward the DIP are expected to offer a new
approach to treat PCa.

Next, the structure-based virtual screening (SBVS) proce-
dure was employed toward the DIP (Figure 1F). Through
compound library filtering using Lipinski’s rule-of-five, cascade
molecular docking, and structural clustering, a total of 476
structurally diverse compounds were screened out from the
ChemDiv database (~1.6 million compounds) and submitted
for AR transcriptional activity assay. As shown in Figure 1G,
the optimal compound M17 inhibits 92.71% AR activity at 10
UM. M17 further shows a dose-dependent manner in the
inhibition on AR activity (Figure S3A) and androgen-
dependent cell line LNCaP viability (Figure S3B). The
serum level of prostate-specific antigen (PSA) is usually used
for detecting and momtormg the PCa progression and
treatment response.'® Herein, the secreted PSA from LNCaP
cells was evaluated, and the result shows that M17 dose-
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dependently inhibits the secretion of PSA (Figure S3C).
Furthermore, the binding of M17 to the conventional LBP was
excluded by a competitive ligand-binding assay (Figure S3D).
These results prompted us to investigate the cell viabilities of
androgen-independent cell lines (i.e, 22RV1, PC-3, Dul4$
and C4-2) upon the treatment of M17. As shown in Figures
S3E—H, M17 exhibits comparable effects with the marketed
second-generation AR antagonist enzalutamide (Enz) on the
proliferation of the four cell lines. In addition, the cytotoxicity
of M17 to a normal cell line murine embryonic fibroblast
(NIH-3T3) was determined and both M17 and Enz show
negligible cytotoxicity against NIH-3T3 (Figure S3I). These
data support that M17 targets AR but not the LBP with high
safety profile, and it is worth chemical optimization.
Structural Optimization of M17 Generated M17-B15.
To guide structural optimization of M17, the binding mode of
M17 in the DIP was further assessed by MD simulations. The
RMSD evolutions of the protein backbone atoms of the AR
LBD and the heavy atoms of M17 illustrate relatively small
fluctuations during the MD simulations (Figures 2A—B). The
key residues for the binding of M17 to the AR LBD were
highlighted by the MM/GBSA free energy decomposition, and
the top-ranked 10 residues are Val684, Pro682, Val68S,
His714, Val715, Pro766, Ala748, Arg752, GIn711, and
Tyr763 (Figures 2C—D). It is suggested that the 5-(3,4-
dichlorophenyl)-2-methylfuran moiety of M17 locates in the
deep DIP and forms favorable hydrophobic interactions with
most of the key residues. The 3-(2-oxopropyl)-1,2,4-thiadiazol
moiety is exposed to the solvent and connected to the 5-(3,4-
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dichlorophenyl)-2-methylfuran moiety by an acylamide linker
(Figures 2E—F). Considering that $-(3,4-dichlorophenyl)-2-
methylfuran is close to most of the key residues, a four-step
structure—activity relationship (SAR) exploration on this
moiety was conducted as illustrated in Figure 2G, Table I,

Table 1. AR Transcriptional Activities of 25 Analogues of
M17

Compound Substituents 1Cso (MM) Compound  Substituents 1Cso (UM)
M17-A1 /M 18.29+0.30  M17-B12 -F 0.70+0.12
O
M17-A2 Vi 1) >50 M17-B13 -Br 0.23+0.15
Vs
N
M17-B1 $ : 4.10+1.01 M17-B14 -NO, 0.79+0.24
M17-B2 Yj >50 M17-B15 -CF3 0.03+0.01
|
SN
M17-B3 16.39+2.01 M17-B16 -C(CH3)s 0.50+0.12
M17-B4 &“ 9.59+1.04 M17-B17 -CN 0.14+0.09
M17-B5 ;t@m 2.07+0.48 M17-B18 -OCH;3 0.08+0.03
Cl
M17-B6 J,AQ/CH 1.10£0.32 M17-B19 -CONH: >50
Cl
M17-B7 ;@\ 5.75+1.58 M17-B20 -NH. 3.52+0.53
cl Cl
M17-B8 cl 3.76+1.02 M17-B21 -NHCOCH; >50
Cl
M17-B9 JD 0.86+0.11 M17-B22 -OH 14.75+1.37
Cl
M17-B10 cl 0.29+0.06 M17-B23 -OCOCH; 10.32+0.56
M17-B11 s : 1.02+0.26 Enz \ 0.03+0.01
Cl

and Table S1. The AR antagonistic activities were decreased or
totally lost when methylfuran (A ring) was replaced by
different groups (M17-A2 and M17-A2). We also examined
the role of the benzene ring (B ring) in 3,4-dichlorophenyl.
The compound with phenyl (M17-B1) exhibits optimal AR
antagonistic activity compared with the rest of the compounds
(M17-B2 ~ M17-B4). Subsequently, we designed compounds
with various substituents at different positions of phenyl (M17-
BS ~ MI17-B11) and found that the meta-substituted
compound M17-B10 is more potent. We thus designed
compounds with different substituents at the meta-position
of the phenyl (M17-B12 ~ M17-B23), which led to the
discovery of the potent compound M17-B1S (ICs, = 0.03
uM). This compound achieved >31-fold improvement in AR
transcriptional inhibition compared with the original hit M17
(Figure 2G, Table 1).

M17-B15 Inhibits the AR Dimerization. Biolayer
interferometry (BLI) experiments were performed to deter-
mine the binding affinity of M17-B1S to the purified AR LBD.
As shown in Figure 3A, M17-B1S forms direct interactions
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with the AR LBD in a dose-dependent manner with an
equilibrium dissociation constant (Kp) of 1.32 X 107> M.
Similar to M17, M17-B15 does not target the LBP as indicated
by the competitive ligand-binding assay (Figure 3B). We thus
determined whether M17-B1S inhibits AR dimerization. The
SAXS results demonstrate that M17-B15 inhibits the purified
AR LBD dimerization with the D, value of the AR LBD,
corresponding to the overall size of the protein, markedly
reduced upon the addition of M17-B1S (Figure 3C).
Furthermore, we used chemical cross-linking coupled with
mass spectrometry (CXMS) to assess the distance relation-
ships within and between AR LBDs and to characterize the
structural dynamics (Tables $2—53)."” The ensemble refine-
ment against the CXMS restraints indicates that 7 conformers
in the ensemble can satisfy all the cross-linking pairs (Figure
3D). By traversing the ratio of these dimer to monomer
dynamic conformers, we found that the proportion of the
dimer is reduced from 20% to 15% upon the addition of M17-
B1S, which is also consistent with the SAXS data (Figure 3E).
Furthermore, the dimeric structure in the AR LBD selected
from the CXMS conformers is more heterogeneous in the
presence of M17-B15. Together, the data indicate that the
addition of M17-B15 reduces the AR LBD dimerization while
making the protein more dynamic.

To explore whether M17-B15 can inhibit the AR
dimerization at the cellular level, the N-terminal yellow
fluorescent protein (YFP)-labeled and C-terminal cyan
fluorescent protein (CFP)-labeled AR-LBD plasmids were
constructed for the acceptor-bleaching fluorescence resonance
energy transfer microscopy (FRET) assay. After treating with
10 nM DHT, the AR LBD dimerization occurred, which
induced the YFP- and CFP-labeled AR LBDs to move closer to
each other, thereby exhibiting high FRET efficiency. However,
lower FRET efliciency was observed in the presence of 10 uM
M17-B1S (Figure 3F), indicating that M17-B1S also inhibits
the AR-LBD dimerization at the cellular level.

Potent Anti-PCa Efficacy of M17-B15. Like Enz, M17-
B1S5 shows negligible cytotoxicity against NIH-3T3, human
liver cells (Chang), and human gastric epithelial cell (GES-1,
Figures S4A—C), and M17-B15 does not show obvious
inhibition on the cell viability of 22RV1, PC3, and Dul45
(Figures S4D—F). The dose—response curves for M17-B1S
and Enz on LNCaP cells are quite similar, which is consistent
with their anti-AR transcriptional activities (Figure S4G and
Table 1). To estimate the long-term growth inhibition effects
of M17-B1S, the colony forming assays were performed on
LNCaP and 22RV1 cells. Both Enz and M17-B15 show
significant inhibitory activities toward the colony formation of
LNCaP cells but not 22RV1 (Figure S4H), consistent with the
data from the cell viability assays.

A previous study indicated the AR LBP point mutation
F876L and F876L/T877A convert Enz from an antagonist to a
partial agonist, thus contributing to Enz resistance.”’ The
impact of the full—length ARF876L (FL-ARF876L) and
ARFS76L/TSTIA (R ARFS76L/TST7AY o M17-B1S was evaluated
using the dual-luciferase reporter assay. As a comparison, a
recently approved AR antagonist darolutamide, which targets
the AR LBP and could significantly inhibit the transcriptional
activity of the AR F876L and F876L/T877A mutants, was also
applied.”" As shown in Figures 4A—B, Enz lost its antagonistic
activity in both cases, while M17-B1S and darolutamide still
exhibited good antagonistic activities with ICy, values of 0.16
uM and 0.10 uM for FL-AR™®L, and 0.15 uM and 0.34 uM
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Figure 3. M17-B1S inhibits AR dimerization. (A) Relative binding affinities of M17-B1S to the AR LBP analyzed by the PolarScreen AR
competitor assay. (B) Direct interactions between M17-B1S and the purified AR LBD protein assessed by biolayer interferometry (BLI). (C) Pair
distance distribution function versus particle radius analyzed by SAXS. (D) Ensemble of the AR LBD dimer conformation with (red) or without
(green) M17-B1S. Both conformational ensembles contain 7 structures. (E) Ratio (dimer:monomer) of the AR LBD protein with/without M17-
B1S calculated from SAXS. (F) Characterization of the AR LBD dimer interactions by FRET. Representative confocal images of HEK293T cells
transiently expressing indicate protein with or without M17-B1S in the presence of 10 nM DHT (left). The apparent FRET efficiencies of DHT
and M17-B1S were calculated after background subtraction (right panel).

for FL- ARF7CV/TST7AT respectively. In addition, M17-B15
significantly inhibits the DHT-induced transcriptional and
translational levels of PSA (Figures 4C—E). The qPCR results
show that the mRNA expression of PSA in LNCaP cells was
inhibited by both Enz and M17-B1S (Figure 4C). The
Western blot results exhibit that both Enz and M17-B1S
remarkably inhibited the endogenous PSA but not AR
production (Figure 4D). The curve of M17-B1S for the
secreted PSA inhibition is dose-dependent and similar to that
of Enz (Figure 4E). An important difference between the first-
and second-generation AR antagonists is that the latter not
only inhibits AR signaling like the former, but also inhibits the
AR nuclear translocation. To evaluate the effect of M17-B15
on the DHT-induced translocation of AR from the cytoplasm
to the nucleus, the nuclear and cytoplasmic fractions were
extracted and analyzed. As shown in Figure 4F, both M17-B15
and Enz inhibit the DHT-induced AR nuclear translocation
compared with the DHT-treated group.
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The eflicacy of M17-B15 in vivo was further evaluated using
a mouse xenograft model. Due to the poor solubility, oral
administration and intravenous injection were not suitable for
M17-B15. As a result, direct intratumor injections of vehicle
(saline), Enz (2.5 mg/kg/week), and M17-B1S (2.5 mg/kg/
week) were administered to the established subcutaneous
xenografts of LNCaP cells. As shown in Figures 4G—I, both
Enz and M17-B1S significantly inhibited tumor volume and
weight. The tumor growth inhibition (TGI, %) for M17-B15
achieves 83.59% and is much superior to that for Enz
(51.35%). In addition, no mortality or significant loss of
body weight was observed in any of the treatment groups
(Figure 4]). The TGI levels are not well consistent with the
experimental data from the cell viability and colony forming
assays, which can be explained by the hematoxylin-eosin
(H&E) staining results that the abilities of M17-B1S to
decrease cell density and number and increase necrotic areas
are much better than those of Enz (Figure 4K).

https://doi.org/10.1021/acscentsci.2c01548
ACS Cent. Sci. 2023, 9, 675-684


https://pubs.acs.org/doi/10.1021/acscentsci.2c01548?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.2c01548?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.2c01548?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.2c01548?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acscii?ref=pdf
https://doi.org/10.1021/acscentsci.2c01548?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Central Science

http://pubs.acs.org/journal/acscii

Research Article

A » Enz (ICso > 50 UM ) B Enz (ICso > 50 uM ) C 9
150 M17-B15 (ICs, = 0.16 uM ) 150 M17-B15 (ICso = 0.15 uM ) 15
o= Darolutamide (IC5, = 0.10 uM ) 7S Darolutamide (IC5, = 0.34 uM ) %
<100 £ 100 s
S 5 £1.0
= = )
2 50 S 50 <
= £ o5 o **
L T T S 1 T B s € - "
F876L F876L/T877A 2 m o ﬂ m ﬂ
: s ||
50 A——————————— 50 4————————— R e o e
2 -1 0 1 2 2 -1 0 1 2 & H L 101 1 o4
Log, concentration (M) Log;, concentration (uM) Q‘} N "Enz  M17-B15
D 5 Enz  mi7-815 E
& K ==DMSO == 10uM == 10pM ¥ 420
§ & __Enzw M17-B15 (uM) 47 == DHT :olﬁm go]ﬁm = Enz ICqs = 0.18 pM
10 1 01 10 1 041 2 o ) = M17-B15 IC5,= 0.35 uM
DHT(5nM) - + + + + + + + 33 s 2400
g =
ARI_——.——_.— %, } z
F e nsns"S"P I 15 % 50
PSA‘ - - ‘ T 1 > o)
[
(%3
0+ .
GAPDH | u v, wi. I £HD @I N &S| 0 ]
‘ ‘ AR/GAPDH  PSA/GAPDH 2 . o 1 2
Log,, concentration (uM)
F G _— LNCaP
Cytoplasmic Nuclear 5 ==DHT == Enz (10 uM) z -+ Vehicle
5 4] =DMSO=M17B15(10pM)  E 1200 Enz (2.5 mg/kg)
AR‘— - A S ‘ = ® M17-B15 (2.5 mgl/kg)
S 3 E 900
° 3
LaminB ‘ B SN s—" — ‘ é) 5 g 600
T ns ns 15}
° ns ml . &
GAPDH|—-’ _— — | &1 ‘ D ‘ ‘ ‘ : [7 5 300
|
L 0 & & & O & o 0 . T e ——
S o\g’ <& AR X o\&e’ <& \«9’ AR/GAPDH AR/LaminB 0 5 10 15 20 25 30
N N (Cytoplasmic) (Nuclear) Days
H | J CB17 SCID
25 .- ; T L1y TP P TR GO y 25
3 ) . =
z 20 A Vehicle @ . a . R ) . 320 H_;_i__i_‘I_H_I
=] =
215 515
= Enz o S ® & E
5 1.0 L %4 o 210
E 3 -+ Vehicle
F 05 ol M17-B15 e ¢ O o m 5 Enz (2.5mg/kg)
o ¢ i M17-B15 (2.5mg/kg)
Vehicle  Enz  M17-B15 0 5 10 15 20 25 30
Days
K .
- Vehicle M17-B15

Figure 4. M17-B15S suppresses AR signaling to inhibit PSA expression and is efficacious in mouse xenograft tumor. M17-B1S and darolutamide
antagonize FL-AR™®" (A) and FL-AR™76/T877A (B) with Enz as the control. (C) Relative mRNA expression of PSA in LNCaP cells determined
by qPCR. (D) M17-B1S reduces the endogenous PSA levels but does not affect the AR levels in LNCaP cells. The densities of the dimethyl
sulfoxide (DMSO) groups were normalized to 1 for each ratio. (E) M17-B1S reduces the PSA levels of LNCaP cells secreted in the cellular media.
(F) Nuclear and cytoplasmic extracts were collected from LNCaP cells. GAPDH and LaminB were used as the controls for the cytoplasmic fraction
and nuclear fraction, respectively. The densities of the DMSO groups were normalized to 1 for each ratio. M17-B15 (2.5 mg/kg/week, n = 6 per
group) significantly inhibited tumor volume (G) and tumor weight (H), versus vehicle control (n = 6 per group) and positive drug Enz (2.5 mg/
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ns, not significant.

DIP Can be a Selective Binding Pocket. Considering
that AR is indeed a transcriptional factor, RNA-seq was
performed on LNCaP cells for M17-B1S with Enz as the
control. The results show that DHT is associated with 268 up-
regulated and 222 down-regulated genes, Enz is associated
with 56 up-regulated and 97 down-regulated genes, and M17-
BI1S is associated with 6 up-regulated and 32 down-regulated
genes (Figures SSA—C). The Venn diagram displays that there
are 14 shared differentially expressed genes (DEGs, Figure SA,
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Table S4), which are down-regulated in the antagonist-treated
groups of Enz and M17-B15 while up-regulated in the DHT-
treated group. The corresponding heatmap shows their relative
expressions (Figure SSD). Among these DEGs, 4 of them have
been reported and their up-regulations are linked to recurrent
PCa, including KLK3 (encoding PSA), CDC20, CENPF, and
MKI67.”* Therefore, we validated the vital genes of CDC20,
CENPF, and MKI67 by qPCR. It is shown that the treatment
by Enz or M17-B1S significantly reduces the expressions of all
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Figure S. DIP is a selective binding pocket for M17-B15. (A) Venn diagram of DEGs in treated groups of DHT, Enz, and M17-B1S. (B) The
relative mRNA expression of CDC20, CENPF and MKI67 in LNCaP cells determined by qPCR. (C) Phylogenetic tree of the LBDs of 48 human
NRs. (D) Sequence identities of the AR LBP and DIP to other 47 NR LBDs. The antagonistic activities (top) and agonistic activities (bottom) of
M17-B1S toward PR (E), GR (F), and MR (G). *P < 0.05, **P < 0.01 vs DHT group; ns, not significant.

these genes compared with those by DHT (Figure SB),
suggesting that the results shown in the Venn diagram are
reliable. Notably, the up-regulated and down-regulated genes
for M17-B15 are less than those for Enz, indicating a more
specific and probably safer profile. Thus, it begs an interesting
question: whether the DIP can truly be a selective binding
pocket for small molecules? Since the NR family is large and
the members are highly conserved, the answer is crucial and
probably determines the druggability of the pocket.

We analyzed the LBDs of 48 human nuclear receptors
(NRs), and their phylogenetic tree was constructed. The LBDs
of progesterone receptor (PR), glucocorticoid receptor (GR),
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and mineralocorticoid receptor (MR) show the highest
evolutionary conservation (Figure SC). That is why PR, GR,
and MR have been commonly tested when developing AR
antagonists and agonists.”>>* Then the sequence identities of
the LBPs and DIPs were analyzed, respectively (Figure SD). It
is observed that the conventional LBPs of PR, GR, and MR
share high sequence identities to that of AR. However,
marketed drugs like Enz can still exhibit high selectivity on the
AR LBP, which encourages us to further explore the selectivity
of M17-B1S because the DIPs also show high sequence
identities among PR, GR, and MR. Luciferase reporter assays
toward PR, GR, and MR were performed. The antagonistic
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activities of mifepristone for PR and GR are potent (>90%)
even at the concentration of 0.4 yM, while those for Enz and
M17-B15 are moderate for PR and largely ineftective for GR
even at the relatively high concentration of 10 yM. These
compounds are largely ineffective on the PR and GR agonistic
activities (Figures SE—F). Similarly, the MR antagonistic
activity (ICs,) for abbolactone is potent at the concentration of
0.4—10 uM, while those for Enz and M17-B1S are not
observed even at a relatively high concentration of 10 M.
These compounds do not show an obvious effect on the MR
agonistic activities (Figure SG). These results demonstrated
that M17-B15 can well distinguish AR from its homologies of
PR, GR, and MR. Structural alignment of the DIPs of AR, PR,
GR, and MR further indicated that the unique residues of
His714, Thr755, and Pro801 in the AR DIP are vital for the
high selectivity of M17-B15 toward the AR DIP rather than its
homologies (Figure S6).

In addition, the cell viability inhibition of various of human
cancer cell lines for Enz and M17-B15 was evaluated, including
osteosarcoma (U20S), breast cancer (MCF-7), hepatocellular
carcinoma (HepG2), leukemia (HL60), non-small cell lung
cancer (H1299 and A549), colorectal cancer (SW480), glioma
(U87), and cervical adenocarcinoma (Hela) cell lines. As
shown in Figure S7, with the concentration only as high as 50
#M, mild to moderate inhibitory effects were observed for
either Enz (except for U20S) or M17-B15 (except for A549).
Furthermore, both M17-B15 and Enz do not show an obvious
impact on the cell cycle and apoptosis of the LNCaP cell line
(Figure S8). The above results highlight the potential high AR
specificity of M17-B1S and good druggability of the DIP.

B CONCLUSIONS

Investigation of the dynamic behavior of AIS mutations at the
AR homodimer interface illuminated the strategy of small
molecules targeting the protein interface to disrupt AR
homodimerization to treat PCa and AR-related diseases.
Herein, we identified a potential pocket named the DIP
located at the dimer interface near HS, and the druggability of
the previously unexploited pocket was validated by a novel
small molecule M17-B1S. TM17-B15 exhibits potent anti-PCa
efficacy in vitro and in vivo, and it specifically targets AR
toward its homologues PR, GR, and MR. However, structural
optimization is still urgently required for M17-B1S, especially
to the chemical modification of the solvent-exposed moiety of
3-(2-oxopropyl)-1,2,4-thiadiazol to improve its pharmacoki-
netic properties. In addition, we believe that the AR DIP will
inspire interesting studies on the discovery of new classes of
therapeutics including novel proteolysis-targeting chimeras
(PROTACs) and molecular glues for treating PCa and AR-
related diseases. Moreover, the DIP is as excellent as the
conventional target of the LBP in our study, providing a new
option for the other NRs to develop variant NR modulators.
Overall, this study provided a successful paradigm from gain-
of-function mutations to a potential druggable pocket and new
therapeutic strategies.
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