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Significance

Prostate cancer (PCa) affects over 
250,000 men in the US. Androgen 
receptor (AR) signaling inhibitors 
are the mainstay therapeutics for 
PCa. Advanced PCa that 
expresses AR splice variants 
(AR-SVs) does not respond to 
current therapeutic strategies. In 
this manuscript, we uncovered 
the physicochemical properties 
of the intrinsically disordered 
transactivation domain of AR and 
AR-SV and developed 
AR-irreversible covalent 
antagonists (SARICA) to the 
transactivation domain for the 
treatment of advanced PCa. 
SARICAs were also used 
to identify a potential binding 
region in the AR and AR-SV 
transactivation domain.
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Androgen receptor (AR) and its splice variants (AR-SVs) promote prostate cancer (PCa) 
growth by orchestrating transcriptional reprogramming. Mechanisms by which the 
low complexity and intrinsically disordered primary transactivation domain (AF-1) of 
AR and AR-SVs regulate transcriptional programming in PCa remains poorly defined. 
Using omics, live and fixed fluorescent microscopy of cells, and purified AF-1 and 
AR-V7 recombinant proteins we show here that AF-1 and the AR-V7 splice variant 
form molecular condensates by liquid–liquid phase separation (LLPS) that exhibit dis-
order characteristics such as rapid intracellular mobility, coactivator interaction, and 
euchromatin induction. The LLPS and other disorder characteristics were reversed by a 
class of small-molecule-selective AR-irreversible covalent antagonists (SARICA) repre-
sented herein by UT-143 that covalently and selectively bind to C406 and C327 in the 
AF-1 region. Interfering with LLPS formation with UT-143 or mutagenesis resulted 
in chromatin condensation and dissociation of AR-V7 interactome, all culminating 
in a transcriptionally incompetent complex. Biochemical studies suggest that C327 
and C406 in the AF-1 region are critical for condensate formation, AR-V7 function, 
and UT-143’s irreversible AR inhibition. Therapeutically, UT-143 possesses drug-like 
pharmacokinetics and metabolism properties and inhibits PCa cell proliferation and 
tumor growth. Our work provides critical information suggesting that clinically impor-
tant AR-V7 forms transcriptionally competent molecular condensates and covalently 
engaging C327 and C406 in AF-1, dissolves the condensates, and inhibits its function. 
The work also identifies a library of AF-1-binding AR and AR-SV-selective covalent 
inhibitors for the treatment of PCa.

Androgen receptor (AR) | AR splice variants (AR-SVs) | castration-resistant prostate cancer (CRPC) |  
Selective AR irreversible covalent antagonists (SARICA) | liquid–liquid phase separation (LLPS)

The human proteome consists of ~20,000 unmodified proteins, of which only 10 to 15% 
are pharmacologically targetable (1, 2). Some of the limitations that preclude discovering 
drugs to pharmacologically intractable proteins include absence of a binding pocket, 
intrinsically disordered structure, and lack of structural information (2). Transcription 
factors typically contain a well-defined DNA-binding domain (DBD) and a low com-
plexity unstructured activation domain that impairs structural elucidation (3). Such regions 
and proteins are called intrinsically disordered regions (IDRs) and intrinsically disordered 
proteins (IDPs), respectively. The activation domain of many transcription factors is the 
primary coactivator-interacting region, and the activity depends on their disordered struc-
ture (4, 5).

Recent research suggests that transcription factors and their disordered transactivation 
domains form liquid–liquid phase separation (LLPS) membrane-less molecular conden-
sates (6, 7). These LLPS molecular condensates have been correlated with forming tran-
scriptionally active complex at superenhancers, interacting with cofactors such as mediator 
complex, and modulating oncogenic transcription. The condensates have been shown to 
play important roles in various diseases such as cancer (8, 9).

Castration-resistant prostate cancer (CRPC) is a significant clinical challenge (10). 
Current therapeutic strategies for advanced CRPC include androgen receptor (AR) antag-
onists and a CYP17A1 inhibitor that prevents the synthesis of androgens (11–13). About 
30% of patients do not benefit from these drugs due to inherent resistance (10). Although 
AR ligand-binding domain (LBD) is the domain to which ligands bind, the activation 
function-1 (AF-1) region in the N-terminal domain (NTD) is the primary coactivator-in-
teracting surface that retains over 70% of AR’s transactivation function (Fig. 1A) (14), 
making it an important drug discovery target. AR splice variants (AR-SVs) have a deletion 
of LBD, which results in a constitutively active AR. AR-V7, v567es, and other clinically 
identified AR-SVs appear as resistance mechanisms to existing treatments (10, 15–18). 
With their intrinsically disordered structure and undetectable binding pockets (using 
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conventional methods), AR-SVs and AF-1 are important disease 
modifiers with little available structural information. Molecules 
discovered without the aid of structural information (19–24) fail 
to provide details about binding pockets.

Although AR is important for the development and mainte-
nance of the prostate, transcriptional reprogramming and differ-
ential cistrome binding makes AR oncogenic in the development 
of prostate carcinogenesis (25, 26). The mechanisms by which the 
AR, AR-SV, and their critical transactivation domain promote 
these changes is unknown. In addition, considering that the NTD 
of AR and AR-SV is intrinsically disordered and contains a pow-
erful transactivation domain, there is a high possibility that it 
drives the formation of transcriptionally active molecular conden-
sates. Previous evidence found that AR DBD and AR AF-1 in the 
presence of heavy water form molecular condensates (27, 28). It 
is intriguing that the ordered DBD region forms condensates. We 
utilized chemical and biological tools to unravel the mechanisms 
by which AR forms transcriptionally active complex, including 
molecular condensate by LLPS. We describe herein molecules that 
covalently bind to specific cysteines in AF-1 and show efficacy in 

models of prostate cancer (PCa). These molecules will also aid in 
critically advancing our knowledge of the physicochemical char-
acteristics of AF-1 and AR-SVs.

Results

AR-AF-1 and AR-V7 Exhibit Properties of IDP and IDR. IDPs 
or IDRs have several physicochemical characteristics such as 
temperature-dependent instability, LLPS, molecular condensate 
formation, and intracellular mobility, which are critical for 
their activity (4, 6, 29–32). We evaluated the disorder score of 
the AF-1 region, AR, and AR-V7 using the Pondr algorithm 
(www. ondr.com) (33). The Pondr algorithm uses neural networks 
and computational methods to predict the disordered nature of 
a protein sequence. While AF-1 and AR-V7 have high disorder 
scores of 92.8% and 81.9%, respectively, the full-length AR’s 
disorder score is 46.7%, suggesting that the DBD and LBD have 
a more ordered structure than the AF-1 region that lowers the 
AF-1 Pondr score (Fig. 1B). This sequence-based computational 
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Fig. 1. AR AF-1 and AR-V7 exhibit disordered protein characteristics. (A) AR structure (created using biorender.com; for illustration purpose only). (B) Pondr 
score. Pondr (www.pondr.com) disorder score for AR AF-1, AR full-length, and AR-V7. (C) Time-course for stability of recombinant-purified AR AF-1 (141 to 486). 
Purified recombinant AR AF-1 protein (5 ng) was incubated for the indicated time points at room temperature. Proteins were fractionated on SDS-PAGE and AR 
western blot was performed with an antibody that binds to the AF-1 region (AR-441, against AR fragment 302 to 318). (D) Recombinant-purified AF-1 (141 to 486) 
forms LLPS. Purified recombinant AR AF-1 (1 mg/ml) was seeded in a buffer (1:1 silver bullet E4 (1% w/v protamine sulfate, 0.02M HEPES pH 6.8) (HR2-096) + 30% 
PEG-3350 + 0.05 M HEPES pH 6.8) at 14 °C for 6 h and imaged using a phase contrast microscope. (E) AR-V7 forms molecular condensate in cells. COS7 cells were 
transfected with 1 µg turbo-red AR-V7 or GFP-AR or both. Twenty-four hours after transfection, the cells in DME + 5%csFBS without phenol red were treated with 
0.1 nM R1881. Cells were imaged using a fluorescent confocal microscope 24 h after treatment. (F) FRAP. COS7 cells were transfected with 0.25 µg RFP-AR-V7. 
Twenty-four hours after transfection, the cells were fed with DME + 10% FBS. Forty-eight hours after transfection, selected regions were photobleached, and the 
recovery was monitored. Intensity of selected regions is provided as line graph (half-life (t1/2) is derived from an average of four independent measurements; 
represented as average ± SE). (G) 1,6 hexanediol dissolves the condensates. COS7 cells were transfected with RFP-AR-V7. Live cells in DME + 10% FBS were imaged 
before and 10 min after 10% 1,6 hexanediol addition. FRAP-fluorescence recovery after photobleaching; LLPS, liquid–liquid phase separation; NTD, N-terminal 
domain; DBD, DNA-binding domain; LBD, ligand-binding domain; RFP, red fluorescent protein; GFP, green fluorescent protein.
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analysis is consistent with previous empirical studies suggesting an 
ordered DBD and LBD, and disordered NTD (34, 35).

We next evaluated the stability of purified recombinant AF-1 
protein. While at 4 °C AF-1 protein was stable even after 24 h, 
AF-1 was unstable at room temperature with most of the protein 
disappearing by 3 h (Fig. 1C). Considering that the AF-1 and 
AR-V7 are constitutively active and disordered, they have the 
potential to form phase-separated molecular condensates in the 
presence or absence of coactivators. The catGRANULE algorithm 
computationally calculates the probability of a protein sequence 
to form LLPS condensates (36, 37). Any score greater than 0 is 
indicative of the protein’s propensity to form LLPS. The propen-
sity score for AR AF-1 is 1.74, and for AR-V7 is 1.35, while for 
AR LBD is (−)0.836, indicating that the AF-1 domain and AR-V7 
could potentially form LLPS because they are structurally disor-
dered (SI Appendix, Fig. S1A).

Recombinant AR AF-1 protein purified by FPLC Superdex 
size-exclusion column (99% pure by mass spectrometry analysis 
and folded and unaggregated (SI Appendix, Fig. S1 B and C)) 
formed LLPS condensates in the absence of cofactors such as 
MED1 (Fig. 1D). Condensates were formed in 6 h after plating 
at 14 °C.

To test if AR-V7 also forms molecular condensates, turbo-red-
tagged AR-V7 plasmid was transfected into COS7 cells and the 
fluorescent protein in live and fixed cells was visualized by confocal 
microscopy (Fig. 1E). AR-V7 molecular condensates were 
observed both predominantly in the nucleus with fluorescence 
also present in the cytoplasm (Fig. 1E and SI Appendix, Fig. S1E). 
This is consistent with previous observation that 90% of AR-V7 
is found in the nucleus and around 10% in the cytoplasm (38). 
While RFP-tagged AR-V7 formed condensates in cells, GFP-
tagged AR in the presence of androgen R1881 had a punctate 
nuclear distribution (Fig. 1E and SI Appendix, Fig. S1D). RFP 
vector (fixed cells) and RFP-tagged AR (live cells) transfected into 
COS7 cells (SI Appendix, Fig. S1D) failed to form molecular con-
densates, suggesting that the condensates formed are characteris-
tics of AR-V7. We also found that condensates formed at relatively 
low plasmid concentration of RFP-AR-V7 (SI Appendix, Fig. S1E). 
Since AR-V7 forms homodimers and heterodimers with other 
AR-SVs and AR (38, 39), we determined if AR-V7 changes the 
cellular distribution of AR. AR bound to androgen R1881 did 
not form condensates in the absence of AR-V7, but colocalized 
with AR-V7 as molecular condensates (Fig. 1E). Cells that express 
only GFP-AR showed nuclear punctate distribution, while cells 
that express both AR and AR-V7 together exhibited a different 
distribution. This suggests that AR-V7 is capable of promoting 
AR’s molecular condensate formation, although AR alone is inca-
pable of forming condensates. RFP-AR-V7 mobility was deter-
mined by fluorescence-recovery after photobleaching (FRAP) in 
cells transfected with RFP-AR-V7 (Fig. 1F). RFP-AR-V7 that was 
laser photobleached recovered quickly, and this recovery was 
observed in the absence and presence of GFP-AR, indicating that 
AR-V7-AR heterodimer does not alter AR-V7 mobility.

Exposure of molecular condensates to 1,6 hexanediol results in 
their disruption (40). Treatment of cells expressing RFP-AR-V7 
with 10% 1,6 hexanediol disrupted the condensates (Fig. 1G). 
Collectively, these data suggest that AR-AF-1 and AR-V7 exhibit 
IDP properties.

Discovery and Characterization of Selective AR-Irreversible 
Covalent Antagonists (SARICAs). Chemical biology is a powerful 
approach that provides deeper understanding of structural and 
biological properties of proteins. Since many pharmacologically 
untargetable IDPs, including AR-SV are disease modifiers, 

alternate methods to target these proteins are necessary. One 
successful approach employed to target such proteins is to develop 
selective covalent binders or alkylating agents (41). About 30% 
of the drugs used clinically are covalent-binders that utilize 
electrophile–nucleophile interaction (42). Although covalent-
binding molecules offer an attractive option, they also exhibit 
significant challenges due to cross-reactivity of the electrophile 
with proteins other than the intended target, resulting in off-
target toxicity (42, 43).

Several of the 400 molecules synthesized in our SARD program 
degrade AR by binding to AF-1 (19–23). We hypothesized that 
covalent molecules belonging to the SARD structural series not 
only will potentially become next-generation therapeutics but will 
also increase our understanding of the AR AF-1 domain confor-
mation, which is indispensable for AR and AR-SV function. To 
create the covalent molecules, we used two SARD molecules, 
UT-34 (20) and 21c (22) that exhibit excellent properties both in 
vitro and in vivo. The SARD molecules possess properties such as 
AR-NTD binding, degradation, long half-life, low clearance in 
metabolism assays, and optimum pharmacokinetic (PK) and phar-
macodynamic (PD) properties. These molecules also inhibit pros-
tate tumor xenografts in both castrated and intact animals.

Structure–activity relationship (SAR) to obtain covalent mol-
ecules with our first-generation SARDs (19, 21) failed to produce 
any active molecule, while SAR with our second-generation pyra-
zole SARDs such as UT-34 and 21c (20, 22) provided molecules 
that bind to AF-1 covalently. Utilizing UT-34 and 21c as starting 
point, we created a library of covalent molecules including UT-143 
and UT-215, which were used in the following studies (Fig. 2A). 
We chose a carbon–carbon double bond, Michael addition, as an 
electrophile to form a covalent bond with nucleophilic amino 
acids (44, 45). The position of the carbon–carbon double bond 
on the molecule also required optimization and eventually found 
that the region that links the A-ring and B-ring is the optimum 
position to place the Michael addition. We synthesized ~25 mol-
ecules to obtain UT-143 and UT-215. Considering that the A and 
the B rings were optimized for our SARD program, the optimi-
zation was more focused on the position of the Michael addition. 
Since the SAR chemistry is beyond the scope of the present study, 
we will focus on the characterization of the two promising covalent 
molecules. To determine selectivity, the Michael addition electro-
phile was also added to an LBD-binding selective AR modulator 
(SARM), enobosarm (Enob; NB-enob, where NB=nonbinder), 
and to an intermediate chemical of SARD and SARM synthetic 
scheme, 153 (NB-153) (Fig. 2A) (22, 46). As exposed electro-
philes are reactive, NB-153 does not contain a pyrazole ring and 
NB-enob where the pyrazole B ring was replaced with a 6-mem-
bered ring to serve as controls for the specificity of the Michael 
addition.

UT-215 and UT-143 inhibited AR transactivation with IC50 
of 700 and 150 nM, respectively, while LBD-binding antagonist 
enzalutamide inhibited the AR transactivation at around 150 nM 
(Fig. 2 B, Left). NB-enob and NB-153 failed to inhibit the AR 
activity, suggesting that the carbon–carbon double bond electro-
phile in UT-215 and UT-143 is selective to the pyrazole B-ring 
in our scaffold. As enob functions as an agonist, NB-enob was 
also tested for agonist activity and found to be inactive as an 
agonist. The AR antagonistic activity of UT-215 and UT-143 was 
elicited without an effect on AR protein levels (Fig. 2 B, Right).

UT-215 and UT-143 were also tested in glucocorticoid receptor 
(GR) and progesterone receptor (PR) transactivation assays. While 
UT-215 affected agonist-induced PR and GR transactivation, 
UT-143 had no such effect (SI Appendix, Fig. S2A). These data 
suggest that the exposed electrophile in UT-215 is reactive with 
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other receptors, while that in UT-143 is selective for AR. We 
evaluated the binding of UT-215 and UT-143 to AR-LBD using 
a competitive ligand-binding assay (Fig. 2C). Neither molecule 
bound to AR-LBD, while DHT exhibited a robust binding.

Since LBD mutations can potentially result in resistance to 
antagonists (47), UT-143 was tested in W741L (bicalutamide-re-
sistant mutant), T877A (hydroxyflutamide-resistant mutant and 
the mutant expressed in LNCaP PCa cells), and F876L (enzalu-
tamide- and apalutamide-resistant mutant) AR transactivation 
assays (34, 48). UT-143 inhibited the wildtype and mutant ARs 
at comparable IC50s (Fig. 2D).

UT-215 and UT-143 Covalently Bind to AR-AF-1. Covalent 
molecules predominantly bind to cysteines and lysines (49). While 
the structures of agonist-bound AR LBD and DNA-bound DBD 
have been resolved (34, 35, 50, 51), the structure of AR AF-1 has 
not been resolved. Since the precursor or parent SARDs interact 
with AF-1 (19, 20), the SARICAs were screened for AF-1 binding. 
AF-1 contains 8 cysteines and 11 lysines, while the LBD contains 
4 cysteines and 13 lysines (Fig. 2E). Purified recombinant AF-1 
protein (10 µg) was incubated at 4 °C with UT-215 or UT-143 
overnight, trypsinized and analyzed by HPLC-mass spectrometer 
(LC-MS/MS). UT-215 and UT-143 bound strongly to amino 
acids C406 and C327, but at best weakly to amino acid C267 in 
the AF-1 (Fig. 2F (shows representative profile of a peptide) and 
Table ST1). Despite the presence of 8 cysteines and 11 lysines, the 
SARICAs selectively bound to C406 and C327. While UT-215 
and UT-143 bound to AF-1 covalently, NB-enob and NB-153 
failed to bind to AF-1 (Fig. 2G). Despite over 75% homology 
in the structure between UT-215, UT-143, and NB-enob, the 
striking difference in binding to AF-1 emphasizes the importance 
of the pyrazole B-ring for this scaffold’s binding to AF-1.

We then grew the AF-1 plasmid in the presence of UT-143 in 
bacterial cultures to determine if the molecule binds to AF-1 in vivo. 
AF-1 protein synthesized in the presence of UT-143 was trypsinized 
and LC-MS/MS was performed. UT-143 clearly bound to amino 
acids C406 and C327 (SI Appendix, Fig. S2B). Subsequently, we 
synthesized and characterized over 20 related molecules with the 
same electrophile. The molecules that bound to AF-1 consistently 
interacted with C406 and C327. EPI-001 and EPI-002, two mol-
ecules that were reported to bind covalently to AF-1 domain (52, 
53), failed to bind to AF-1 (Fig. 2G), which could reflect weak 
binding that was unable to withstand the LC-MS/MS conditions 
or the requirement for higher concentrations for this scaffold to 
bind to AF-1. Quantification of modified residues indicated that 
UT-215 and UT-143 modified 60 to 80% of C406 and C327 
coding peptides (and a small percent of C267) (Fig. 2G). 

Cross-reactivity of UT-143 with other purified recombinant proteins 
was also evaluated. UT-143 (100 µM) only modified 2 to 5% of 
purified recombinant AR-LBD and GST (SI Appendix, Fig. S2C), 
confirming the selectivity of UT-143 to AF-1, especially to C327 
and C406.

We also found that covalent molecules could be used in devel-
oping competitive binding assays to AF-1. Recombinant AF-1 
protein was preincubated with UT-34 or enzalutamide for 2 h at 
4 °C and then with UT-143 overnight at 4 °C. The trypsin-
digested peptides were analyzed by LC–MS/MS. UT-143-dependent 
C406 and C327 modifications were significantly reduced by 
UT-34, but not by enzalutamide (SI Appendix, Fig. S2D). This 
suggests that UT-34 and UT-143 create a conformation that 
involves C406 and C327 or a region that engages these two 
cysteines.

A dose response of UT-143 was performed with the purified 
recombinant AF-1 protein. UT-143 bound both at 30 and 
100 µM to C406 and C327 and modestly at 10 µM (Fig. 2H). 
At concentrations lower than 100 µM, no modification of proteins 
(PR-LBD, GST, or AR-LBD) other than AF-1 was observed with 
UT-143. The binding of UT-143 to AF-1 in cells was evaluated 
by transfecting AF-1 into COS7 cells, treating the cells with 
UT-143, and immunoprecipitating AF-1. UT-143 exhibited bind-
ing to C406 (Fig. 2I). Although the C406-encoding peptide was 
detected, the number of peptides detected by the mass spectrom-
eter was a limiting factor. Mutation of C406, C327, and C267 to 
alanine (3C-A) resulted in a complete loss of UT-143 binding to 
recombinant AF-1, suggesting that UT-143 does not bind to other 
cysteines or lysines in the absence of these three amino acids 
(SI Appendix, Fig. S2E).

UT-215 and UT-143 Irreversibly Inhibit AR. Covalent antagonists 
can be reversible or irreversible inhibitors, which can be evaluated 
using a Schild plot (54). In this assay, doses of an antagonist 
are evaluated in the presence of increasing doses of a competing 
agonist. If EC50 of the agonist increases with no effect on Emax, 
then the antagonist is competitive. If Emax of the agonist is 
reduced by the antagonist, then the molecule is irreversible. AR 
transactivation was performed with the indicated doses of UT-215, 
UT-143, or enzalutamide in the presence of a dose–response of an 
androgen. While increasing doses of enzalutamide resulted in an 
increase in R1881’s EC50, UT-215 and UT-143 reduced R1881’s 
Emax (Fig. 2J), showing that they are SARICA.

UT-215 and UT-143 Inhibit AR-V7 Transactivation. Since UT-215  
and UT-143 bind to AF-1, we evaluated the effect of these mole-
cules in an AR-V7 transactivation assay. UT-215 and UT-143  

above with wild-type AR in the presence of 0.1 nM R1881 or mutant ARs in the presence of 0.3 nM R1881. The data are average and SE of three biological 
replicates each performed in quadruplicates. (E) Structure of AR NTD and LBD (for illustration purpose only) and the location of cysteines and lysines in the 
AF-1 and LBD (uniprot: P10275). (F) Mass Spectrometry profile and an example binding peptide sequence. Purified recombinant AR AF-1 protein (10 µg) was 
incubated in the presence or absence of 100 µM SARICAs for 12 to 16 h at 4 °C. Protein was digested with trypsin overnight at 4 °C, and the peptides were 
identified by mass spectrometry. An example peptide, its modification, and molecular weight shift by a SARICA are shown. The three modified amino acids 
C406 > C326 > C267 are shown below the Mass spectrometry profile. X-axis is m/z. (G) Quantification of modified AF-1. Mass spectrometry experiments were 
performed as indicated above with 100 µM indicated compounds. Percentage of the peptides covalently modified relative to unmodified peptides by various 
compounds was calculated and represented as bar graph (representative of n = 3 to 5). (H) Mass spectrometry experiment with dose–response of UT-143. Mass 
Spectrometry experiments were performed as indicated above with a dose–response of the compounds. Percentage of C406 and C327 modified is represented 
(n = 3 to 5). (I) Covalent modification in cells. COS7 cells were transfected with gal-4-AF-1. Cells were treated with 30 µM UT-143 in DME + 10%FBS for 2 h. AF-1 
was immunoprecipitated with Gal-4 antibody, trypsinized, and mass spectrometry was performed. Percent-modified C406 AF-1 peptide is shown. (J) Schild 
plot for AR transactivation. COS7 cells were transfected in quadruplicates as indicated above. Cells in DME + 5% csFBS without phenol red were treated with a 
dose–response (1 pM to 10 µM) of R1881 in the presence or absence of the indicated doses of various compounds. Dual luciferase assay was performed 24 h 
after treatment. (K) SARICAs inhibit AR-V7 transactivation. COS7 cells in triplicates were transfected with 0.25 µg GRE-LUC, 0.025 µg pCDNA3.1 AR-V7 or vector, 
and 0.01 µg CMV-renilla LUC. Cells in DME + 10% FBS were treated 24 h after transfection, and luciferase assay was performed 48 h after transfection (n = 
3). A representative of three independent experiments is shown. (L) The experiment was conducted as shown for AR-V7 with p65 and NFkB-LUC transfected 
instead of AR-V7 and GRE-LUC (n = 3). Numbers shown in graphs are IC50 values. RLU – relative light units; SARICA – selective AR irreversible covalent antagonist. 
AF-1 – activation function-1 domain; AR – androgen receptor; LBD- ligand-binding domain; GST – glutathione S transferase; C – cysteine; K – lysine; A – alanine. 
Values represented in bar graphs are average ± SE.
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dose-dependently inhibited the constitutively active AR-V7 transac-
tivation, while enzalutamide, as expected, had no effect (Fig. 2K). To 
determine the selectivity of these molecules, a NF-kB transactivation 
assay with p65-induced NF-kB-LUC, was performed with UT-215. 
UT-215 had no effect on p65-induced NF-kB transactivation, con-
firming its selectivity for AR and AR-V7 (Fig. 2L).

SARICAs Change AF-1 Conformation, Resulting in AF-1 
Stabilization, Phase-Separated Molecular Condensate 
Disruption, and Reduced Intracellular Mobility. We evaluated 
the effect of SARICAs on the various IDP properties shown in 
Fig. 1. Purified recombinant AF-1 protein was incubated with 
UT-215, UT-143, enzalutamide, and EPI-002 for 4 h at room 
temperature. The samples were fractionated by SDS-PAGE and 
immunoblotted for AF-1. UT-215 or UT-143 stabilized the AF-1 
protein, while enzalutamide (LBD-binding antagonist) and EPI-
002 failed to alter AF-1 stability (Fig. 3 A, Left and SI Appendix, 
Fig.  S2F). Interestingly, UT-143 caused a pronounced shift 
in AF-1 molecular weight, more than its molecular weight, 
suggesting a stoichiometry of more than one molecule of UT-143 
bound per molecule of AF-1. These results suggest that UT-215 
and UT-143 bind to AF-1 covalently and change conformation, 
resulting in AF-1 stabilization. Subsequently, equal amounts of 
AF-1 protein (5 ng) synthesized in the absence or presence of 
UT-215 or UT-143 were incubated at room temperature for 
4 h and Western blot was performed. AF-1 grown in bacteria 
in the presence of UT-215 or UT-143 was stable (Fig.  3  A, 
Right), while AF-1 grown in the absence of SARICA was not 
detectable, confirming that UT-215 and UT-143 covalently 
bound AF-1 in vitro and in vivo. Similarly, incubation of AR-
V7 recombinant protein (5 ng) with UT-215 or UT-143 for 4 
h at room temperature stabilized the protein, while the LBD-
binding antagonist enzalutamide failed to stabilize the AR-V7 
protein (Fig. 3B). An interesting observation from these studies 
is that while UT-143 caused a molecular weight shift of AF-1 
when incubated in vitro, UT-143 for unknown reasons failed to 
cause this shift of AR-V7 or minimally caused the shift when 
AF-1 was synthesized with UT-143.

In light of these data, we hypothesized that SARICAs could 
change the conformation and alter the formation of LLPS conden-
sates. LLPS molecular condensates were formed by the AF-1 protein 
purified in the absence of UT-143, while AF-1 synthesized and 
folded in the presence of UT-143 failed to form LLPS (Fig. 3C).

To test if AR-V7 condensate formation is also altered by 
SARICAs, COS7 cells transfected with RFP-tagged AR-V7 were 
treated with vehicle or UT-143. While AR-V7 formed molecular 
condensates in the presence of vehicle, AR-V7 was diffusely 
stained in the presence of UT-143 (Fig. 3D). FRAP was performed 
in COS7 cells transfected with RFP-AR-V7 and treated with 
UT-143 (Fig. 3E). UT-143 impaired the fluorescence recovery of 
AR-V7 after photobleaching.

UT-143-Induced AF-1 Conformation Results in Near Complete 
Dissociation of AR-V7-Interactome. As IDR AF-1 is the main 
coactivator interacting surface of AR (6, 32), we hypothesized 
that a SARICA-induced conformation change and a change in 
its physicochemical properties will reprogram the AR and AR-
V7 interactome. Purified recombinant AF-1 was incubated 
with recombinant GST-SRC-3 (steroid receptor coactivator 
3) in the presence or absence of UT-143, and SRC-3 was 
immunoprecipitated and western blotted for AF-1. While the 
interaction was robust in vehicle-treated samples, the interaction 
was abrogated by UT-143 (Fig.  3  F, Left). To determine the 
selectivity of UT-143 to AF-1, the recombinant AR-LBD-purified 

protein that expresses AF-2 was incubated with GST-SRC-3 in the 
presence or absence of UT-143 under the same condition as in AF-
1-SRC-3, SRC-3 was immunoprecipitated and western blotted 
for LBD. UT-143 failed to alter the LBD–SRC-3 interaction, 
which is further evidence for UT-143’s selectivity (Fig. 3 F, Right).

To determine the effect of UT-143 on AR-V7 interactome (55), 
22RV1 PCa cells that express AR and AR-V7 were treated with 
vehicle or UT-143 and a rapid immunoprecipitation mass spec-
trometry of endogenous protein (RIME) assay was performed on 
AR-V7 and IgG- immunoprecipitates. AR-V7 complex (q < 0.05; 
≥ 1.5-fold) with 1121 proteins was detected exclusively in the 
vehicle-treated samples, and 367 proteins were detected in both 
vehicle- and UT-143-treated samples. In contrast, AR-V7 inter-
acted with only 38 proteins identified exclusively in UT-143-
treated cells. Of the 367 proteins identified in both groups, the 
levels of 364 proteins were statistically significantly lower in the 
AR-V7 complex in UT-143-treated cells (Fig. 3 G–I). The shift 
in AR-V7 interactome occurred with no change in AR-V7 protein 
levels (Fig. 3J). Despite the dissociation of majority of the proteins 
from the AR-V7 complex, the gain in interaction of the 38 pro-
teins in UT-143-treated cells is interesting. We mapped these 
proteins to eight subcellular localizations based on citations pro-
vided (genecards.com). The top pathways of the proteins that were 
dissociated from the AR-V7 complex by UT-143 include proteins 
that either function as AR-coactivators or that regulate 
AR-function, proteins belonging to the ubiquitin-proteasome 
pathway, and proteins involved in alternate splicing (Fig. 3I and 
SI Appendix, Fig. S3). U2AF1, PRPF6, SF-1, SRSF5, SF3B2, and 
other proteins that play a role in alternate splicing of AR were 
dissociated by UT-143 from the AR-V7 complex (56–59). 
The long-term consequence of reducing the interaction of several 
splicing-related proteins with AR needs further evaluation. The 
importance of these interacting proteins for AR and AR-V7 func-
tion will need to be evaluated in future studies. Although full-length 
AR was detected in both vehicle and UT-143-treated interactomes, 
its interaction with AR-V7 was significantly reduced by UT-143.

UT-143 Reprograms AR-V7 Chromatin Accessibility and Alters 
22RV1 Transcriptome. Considering the remarkable effect of UT-
143 on AR-V7 interactome, we evaluated the effect of UT-143 on 
genome-wide chromatin accessibility by ATAC-seq in 22RV1 cells 
under the same conditions used for RIME (Fig. 3 G–I). UT-143 
significantly reduced chromatin accessibility, indicating a marked 
chromatin remodeling (Fig. 4A). Vehicle-treated cells exhibited 
36,141 accessible regions, while chromatin from UT-143-treated 
cells expressed only 10,302 accessible regions (Fig.  4B). One-
thousand eighty-one (1081) regions were accessible in both 
conditions, with majority of them down-regulated by UT-143 
(Fig. 4B). Annotating the peaks showed a dramatic reduction in 
the number of genes in UT-143-treated cells (Fig. 4B). No major 
shift in the regions the peaks were detected was observed due 
to UT-143 (SI Appendix, Fig. S4A). The accessible chromatin in 
vehicle-treated cells was enriched for SP2, ELF4, and E2F, while 
that in UT-143-treated cells was enriched for CCAAT enhancer-
binding transcription factors, SP2, and ELK1 (SI  Appendix, 
Fig. S4B). While SP2, ELK4, and E2F are implicated in tumor 
growth and metastasis, CCAAT-binding transcription factors have 
been found to be good prognostic indicators in cancer (60–63). 
The genome browser tracks are shown in SI Appendix, Fig. S4C. 
Gene ontology classifications are shown in SI Appendix, Fig. S4D.

Overlaying the RIME data with ATAC-Seq produced a 50% 
overlap between the annotated genes and proteins that were lost 
due to UT-143 treatment (SI Appendix, Fig. S5B; Only 911 pro-
teins were converted into gene IDs). Of the over 400 genes shared 
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between ATAC and RIME, 389 genes associated with 2425 
high-confidence interactions. These nodes are represented in the 
Euclidian heatmap (SI Appendix, Fig. S5C). The group of 389 
genes was ranked along X and Y axes. Each spot (X, Y) in the 
matrix represents the confidence score for the PPI connecting 
genes X and Y, and only PPIs with confidence score>0.7 were 

recorded. Hierarchical clustering using the Euclidean distance was 
carried out along both rows and columns of the matrix, clustering 
highly connected genes into small groups. Two groups are high-
lighted. Group 1 was highlighted by a sky blue box in the heatmap, 
consisting of 48 genes with 644 PPIs and enriched with RNA 
handling genes, while Group 2 is represented by a dark green box 
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Fig. 3. SARICA disrupts the disordered properties of AF-1 and AR-V7. (A) SARICAs stabilize AF-1 protein. (Left) Recombinant-purified AF-1 protein (5 ng) was 
incubated at room temperature for 4 h with DMSO or 50 µM of UT-143 and UT-215. Proteins were fractionated on an SDS-PAGE and western blot was performed 
with AR antibody (AR-441) that binds to the AF-1 region. The blots were quantified and expressed as fold change from vehicle controls. (Right) Bacterial cells 
expressing the AF-1 plasmid in the absence or presence of 30 µM UT-215 or UT-143 (added at the time of protein synthesis induction with 1 mM IPTG). Protein 
was purified and the purified protein (5 ng) was incubated at room temperature for 4 h. The proteins were fractionated on an SDS-PAGE and western blotted 
with AR-441 antibody. The blots were quantified and expressed as fold change from vehicle controls. (B) SARICAs stabilize AR-V7. Recombinant-purified AR-V7 
protein (5 ng) was incubated at room temperature for 4 h in the absence or presence of 50 µM of the indicated compounds. Proteins were fractionated on an 
SDS-PAGE and western blot for AR-V7 was performed. The blots were quantified and expressed as fold change from vehicle controls. (C) UT-143 inhibits LLPS 
formation. AR AF-1 protein grown in the absence or presence of 30 µM UT-143 was incubated in the buffer shown in Fig. 1D. The LLPS formed was imaged 
using a microscope. (D) UT-143 dissolves AR-V7 condensates. COS7 cells were transfected with 1 µg turbo red RFP-AR-V7 and treated in DME + 10% FBS 24 h 
after transfection with vehicle or 10 µM UT-143 for 24 h. Cells were imaged using confocal microscope 24 h after treatment. (E) UT-143 blocks mobility of AR-
V7. Photobleaching was performed in live cells that were treated with vehicle or 10 µM UT-143 and the recovery was monitored and graphed as described in 
Fig. 1F. Average and SE of n = 4 regions are presented. (F) UT-143 disrupts AF-1-coactivator interaction, but not AF-2-coactivator interaction. An equal amount of 
recombinant-purified AF-1 protein (Left) or AR LBD (Right) was incubated at 4 °C with DMSO or 100 µM UT-143 for 2 h and then incubated overnight at 4 °C with 
GST-tagged SRC-3-purified protein. The complex was immunoprecipitated with GST antibody and western blotted with AR-441 (for AF-1) or AR-C19 antibody 
(for LBD). Input controls show no change in the level of any protein. Representative experiment is presented here. (G–I) RIME assay. 22RV1 cells plated in DME 
+ 10%FBS were treated with DMSO or 10 µM UT-143 for 16 h (n = 4/IP). Cells were fixed and the RIME assay was performed with AR-V7 of IgG antibody, and the 
protein complex (AR-V7 complex subtracted from IgG) detected by mass spectrometry. The data are represented as Venn diagram (G), volcano plot (G), and 
interacting proteins mapping (H). (I) Heatmap of selected pathways. (J) UT-143 does not change AR and AR-V7 protein expression. 22RV1 cells plated in DME + 
10% FBS were treated as indicated under the RIME assay, and western blot for AR and AR-SV with an NTD-recognizing antibody was performed.
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8 of 13   https://doi.org/10.1073/pnas.2211832120� pnas.org

in the heatmap, including 21 genes with 117 PPIs and enriched 
with pathways like TCA cycle (SI Appendix, Fig. S5A).

To determine if the change in the chromatin accessibility trans-
lates into a change in the expression of genes, an RNA-sequencing 
was performed under the same condition as in ATAC-seq 
(Fig. 4C). UT-143 up-regulated 193 unique genes and down-reg-
ulated 529 unique genes (q < 0.05; fold >=1.5). Genes belonging 
to DNA replication and repair, and spliceosomes were highly 
significantly altered by UT-143 (SI Appendix, Fig. S6 A–C). 
AR-target genes, including FKBP5 and NKX3.1 are some of the 
top down-regulated genes by UT-143. GSEA analysis showed that 
hallmark apoptosis and p53 pathways were the top two pathways 
(SI Appendix, Fig. S6B). All significantly altered genes in the hall-
mark apoptosis pathways were up-regulated by UT-143 (Fig. 4D). 
Interestingly the ATAC-seq annotated genes and RNA-seq genes 
showed that more than 50% of the lost/down-regulated and dif-
ferentially regulated genes and one-third of the up-regulated genes 
overlapped, indicating a good concordance between the chromatin 
accessibility and gene expression (Fig. 4E).

To determine the effect of UT-143 on chromatin accessibility 
in a cell line that expresses AR, but not AR-SV, LNCaP cells were 
treated with vehicle or UT-143 under the same condition as in 
22RV1 cells and an ATAC-seq was performed (SI Appendix, 
Fig. S7 A–E). UT-143-treated cells lost 52,272 peaks and gained 
25,020 peaks. UT-143 caused a downregulation of 20,166 chro-
matin regions and an upregulation of 6,097 chromatin regions. 
Unlike 22RV1 chromatin accessibility where 70% of the peaks 
were located to promoter region, in LNCaP cells only 10 to 15% 
of the peaks were mapped to the promoter region. Also, one of 

the top down-regulated and lost motifs in LNCaP cells is GRE/
PRE, demonstrating an effect on AR consensus sequence sites. 
IGV tracks for AR-regulated FKBP5 shows the loss of chromatin 
accessibility in UT-143-treated cells. Overlaying the 22RV1 and 
LNCaP ATAC-seq annotated genes, shows a significant overlap 
of over 30 to 50% of genes between the two cell lines, demon-
strating a consistency in UT-143’s action.

C406, C327, and C267 Are Important for AR-V7 Stability, 
Molecular Condensate Formation, and Function. Selective 
binding of UT-143 to C406, C327, and C267 and the 
resulting conformation change, and inhibition of AR and AR-
V7 function suggest the importance of these amino acids and 
this region for AR and AR-V7 function. The three amino acids 
were mutated to alanine (3C-A), and the effect of mutation 
on AR-V7 conformation, function, and molecular condensate 
formation was evaluated. Mutation of the three cysteines in AR-
V7 exhibited a 50 to 60% decrease in AR-V7 activity (Fig. 5A). 
Consistent with this result and the lack of binding to 3C-A AF-1 
(SI Appendix, Fig. S2E), UT-143 antagonized AR-V7, but did 
not affect AR-V7 3C-A transactivation (Fig.  5B). This result 
suggests that binding to these amino acids is critical for AR-V7 
inhibitory activity of SARICAs.

Since the triple C-A mutation decreased AR-V7 transactivation, 
we created single-point mutations of C406 and C327 and per-
formed AR-V7 transactivation assays. Both C406A and C327A 
mutations reduced AR-V7 transactivation by ~40 to 50% 
(Fig. 5C). However, UT-143 retained its antagonistic effects, sug-
gesting that the molecule can function if one of the binding 
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https://www.pnas.org/lookup/doi/10.1073/pnas.2211832120#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2211832120#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2211832120#supplementary-materials
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cysteines is available. AR or 3C-A AR Schild plot showed that 
UT-143 inhibited R1881 Emax in AR, but not in 3C-A AR 
(SI Appendix, Fig. S8), confirming the importance of the three 
cysteines for SARICA’s effect.

We reasoned that if these three cysteines are important for AF-1 
conformation, then they should be critical for AF-1 interaction with 
cofactors. Purified recombinant AF-1 or AF-1 3C-A was incubated 
with purified recombinant GST-SRC-3 overnight at 4 °C (AF-1 
and AF-1 3C-A are stable at 4 °C), SRC-3 was immunoprecipitated 
with GST antibody, and western blot for AF-1 was performed 
(Fig. 5D). As expected, AF-1 interacted robustly with SRC-3, but 
mutating the three cysteines to alanine resulted in lack of interaction 
with SRC-3. AR-V7 3C-A mutant failed to form molecular con-
densates (Fig. 5E), suggesting the importance of these three amino 
acids for molecular condensate LLPS formation.

UT-143 Inhibits AR-Target Gene Expression and Proliferation of 
PCa. Due to covalent binding of AF-1 and robust inhibition of 
AR and AR-V7 function, these molecules will be appropriate to be 
tested in PCa models. UT-143 and enzalutamide dose-dependently 
inhibited the R1881-induced expression of PSA (KLK3) and 
FKBP5 in LNCaP PCa cell line (Fig.  6  A, Left). Long-term 
culture of LNCaP cells sequentially with 10 µM enzalutamide, 
bicalutamide, and darolutamide created a multidrug-resistant 
LNCaP cells. Incubation of these cells with various compounds 
showed that only UT-143 inhibited the expression of AR-target 
genes, while LBD-binding antagonists failed to inhibit the 
expression of these genes (Fig. 6 A, Right). PCa cell proliferation 
results are consistent with the gene expression results with UT-
143 inhibiting the proliferation of AR-positive LNCaP-AR and 

AR- and AR-SV-positive 22RV1 cells, but not AR-negative PCa 
PC-3 cells and non-PCa COS7 cells (Fig. 6B).

PK and PD Effects of UT-143. Male Sprague–Dawley rats orally 
received a single dose of 20 mg/kg UT-143, and blood was 
collected at different time points to determine the PK properties. 
Serum was separated, and concentration of UT-143 was quantified 
using the LC-MS/MS method. UT-143 was orally bioavailable 
with a half-life of greater than 12 h (Fig. 6C). We also performed 
a Hershberger PD assay in which the effect of AR-targeting 
molecules on androgen-dependent tissues such as prostate and 
seminal vesicles are evaluated. Male Sprague–Dawley rats (n = 5/
group) were treated with vehicle or 20 mg/kg UT-143. Body weight 
and composition to determine lean and fat mass were recorded 
on day 1 and at killing on day 14. Animals were killed after 13 d 
of treatment, and weights of androgen-target tissues prostate and 
seminal vesicles were recorded. To determine potential off-target 
toxicity, the weights of the heart, kidney, spleen, and thymus were 
determined. UT-143 had no effect on body weight or composition 
or weights of the kidney, heart, spleen, and thymus, while it 
significantly inhibited the weights of the androgen-target prostate 
and seminal vesicles (Fig. 6D). The experiment was repeated to 
compare UT-143 with one of the precursor SARDs, UT-34, in 
the Hershberger assay. The effect of UT-143 was comparable to 
the effect observed with UT-34 (SI Appendix, Fig. S9A).

In Vivo Effects of UT-143. Tumor xenograft studies were 
performed in immunocompromised mice. LNCaP-AR cells 
were implanted subcutaneously in male NSG mice. Once the 
tumors grew to 100 to 300 mm3, the animals were randomized 
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Fig. 6. UT-143 inhibits AR function, PCa cell proliferation and tumor growth. (A) UT-143 inhibits AR-target gene expression in PCa cells. LNCaP cells (Left) 
maintained in RPMI + 1% csFBS without phenol red or LNCaP cells that are resistant to AR antagonists (LNCaP pan-res; Right) maintained in RPMI + 10% FBS for 
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expression of KLK3 and FKBP5 was measured by real-time PCR and normalized to GAPDH expression (n = 4). (B) UT-143 selectively inhibits PCa cell proliferation. 
AR-positive (LNCaP and 22RV1), AR-negative (PC-3) PCa cells, and non-cancerous (COS7) cells were treated in various media (LNCaP in 1% csFBS-containing 
medium; 22RV1, PC-3, and COS7 cells in 10% FBS-containing medium) for 6 d with medium change and re-treated after 3 d. Cells were fixed and SRB assay was 
performed (n = 4). (C) PK properties of UT-143. Male Sprague–Dawley rats (n = 6) were treated once orally with 20 mg/kg UT-143 (20% DMSO + 80% PEG-300). 
Blood was collected at the indicated time points and serum concentration of UT-143 was measured using LC–MS/MS (n = 3/time point). (D) Hershberger PD 
assay with UT-143. Male Sprague–Dawley rats (n = 5/group) were treated orally with vehicle (20% DMSO + 80% PEG-300) or 20 mg/kg UT-143 for 13 d. Body 
weight, lean mass, and fat mass (EchoMRI) were recorded at study initiation and at killing. Animals were killed on day 14, and prostate, seminal vesicles, and 
indicated organs were weighed. (E) UT-143 inhibits LNCaP-AR xenograft in intact mice. LNCaP-AR cells were implanted subcutaneously in male NSG mice (n = 8 
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day enzalutamide or UT-143. Tumor volume was measured twice weekly and represented as % change from day 0 of treatment initiation. Values are expressed 
as average ± SE. Enza-enzalutamide; pan-res-pan antagonist resistant; MRI-magnetic resonance imaging.
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and treated orally with vehicle, 60 mg/kg/day UT-143 or 
enzalutamide for 18 d. Since this study was performed in intact 
noncastrated animals, enzalutamide was ineffective potentially 
due to its inability to compete with circulating androgen excess. 
UT-143 effectively inhibited the tumor growth with greater 
than 95% tumor growth inhibition (Fig.  6E). UT-143 at 60 
mg/kg/day was also tested in the AR-negative PC-3 cell line 
tumor xenograft model (SI Appendix, Fig.  S9B). UT-143 did 
not affect the tumor growth, suggesting that the inhibition of 
tumor growth is selective to AR-positive tumors.

Discussion

The results herein advance our understanding of the AF-1 IDR 
in AR-SVs and AR, which are important drug targets. First, 
SARICAs clearly demonstrate the importance of the pyrazole 
ring in our scaffold for AF-1 binding, while other molecules with 
a six-membered ring or no B-ring were unable to bind to this 
region. The direct evidence provided by mass spectrometry 
demonstrate small molecule AR AF-1-binding SARICAs are a 
class of targeted molecules for AR. The compounds bound to 
already synthesized protein as well as protein actively being syn-
thesized, in part through amino acids C406 and C327 of AF-1. 
We found that small molecule covalent binders of IDPs can 
change physicochemical properties such as LLPS and molecular 
condensate formation. The approach shown in the manuscript 
could be applied to other IDPs to elucidate structural 
information.

Covalent-binding molecules offer several advantages over com-
petitive antagonists or inhibitors (64). The efficacy of competitive 
antagonists can be reduced by increasing substrate or agonist 
levels, thereby displacing the antagonists by breaking the weak 
noncovalent hydrophobic and hydrogen bonds (42, 64). This 
competition between antagonists and agonists will result in a 
dynamic equilibrium, which could provide diseases, especially 

proliferative diseases such as cancer, an opportunity to develop 
alternate pathways to displace the antagonists. In contrast, cova-
lent irreversible antagonists permanently bind to a protein with 
tenfold higher energy than hydrogen bonds, which can be dis-
placed only by recycling the protein (42, 64).

Binding of all the active covalent compounds in our library to 
the same amino acids provides proof for a binding region in AF-1. 
For a covalent molecule to be effective and selective, it first has to 
bind noncovalently to a binding region and then form a covalent 
bond with an appropriate nucleophile (65). To achieve selectivity, 
the noncovalent binding of a molecule to the region should be 
strong to promote selective covalent binding to the nearby nucleo-
phile. The results observed with UT-143 clearly suggest that the 
SARD backbone of the molecule binds to a binding region non-
covalently with high affinity, before engaging the nucleophiles 
C327 and C406 for covalent binding. Results with NB-enob and 
NB-153 indicate that the pyrazole B-ring of the SARDs is critical 
for burying the SARICAs to a binding region in the AF-1 domain, 
resulting in the carbon–carbon double bond Michael addition 
with C406 and C327.

The results herein: 1) provide first-hand evidence for the exist-
ence of a binding region in the AR NTD that has only been 
speculated using indirect biophysical analysis; 2) indicate that the 
apo conformation of AR-NTD and AR-V7 has an exposed bind-
ing region that facilitates binding of SARICAs to C327 and C406 
for Michael addition; 3) show that the pyrazole B-ring in our 
scaffold is important for AF-1 binding and covalent bond forma-
tion, since NB-enob and NB-153 failed to demonstrate any bind-
ing; and D) show that C327 and C406 are important for the 
function of AR-SV.

Cysteine is a rare amino acid, constituting only 2 to 3% of the 
human proteome (66, 67), while lysine is one of the most abun-
dant amino acids, constituting 6 to 7% of the human proteome 
(67, 68). Since disulfide bonds are critical for the integrity of 
proteins, cysteines are usually buried in folded proteins, making 

Fig. 7. Model. AR AF-1 or AR-V7 is maintained in a disordered conformation in molecular condensates in complex with coactivators with a binding region 
exposed and the C327 and C406 (shown in red dots) buried inside. SARICA binding to the binding region leads to conformation change and dissolution of the 
condensates. This leads to dissociation of coactivators, exposure of C327 and C406, reorganization of DNA-binding, and change in DNA from euchromatin 
to heterochromatin. These sequence of events results in inhibition of PCa cell proliferation and tumor growth. SARICA binds to the two cysteines by Michael 
addition, resulting in inactivation of the region. CoA – coactivator, LLPS – liquid–liquid phase separation.

https://www.pnas.org/lookup/doi/10.1073/pnas.2211832120#supplementary-materials
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it difficult for covalent molecules to gain access. SARICAs failed 
to interact with any of the 11 lysines in AF-1 and interacted with 
only two specific cysteines, C327 and C406. Also, of the 8 
cysteines in AF-1, the molecules interacted selectively with C327 
and C406. The binding to these two cysteines was not unique to 
UT-215 and UT-143, as over 10 molecules belonging to this scaf-
fold bound precisely to them. These results suggest that binding 
to the AF-1 region only exposes C327 and C406, facilitating their 
interaction with the molecules.

Using methods such as LLPS and protein stability helped us to 
demonstrate the potential change in AF-1 conformation by SARICAs. 
Previous studies have not demonstrated ligand-dependent disruption 
of LLPS. LLPS condensates form at superenhancer sites and are typ-
ically formed by IDPs in complex with coactivators such as MED1 (6). 
Many of the deregulated processes in cancer occur in LLPS conden-
sates (7). Disruption of LLPS condensates by SARICAs is an indica-
tion of change in conformation, resulting in dissociation of coactivators 
and inactivation of the protein. Interestingly, recombinant AR AF-1 
formed LLPS condensates in the absence of any coactivator or DNA, 
suggesting that the highly disordered AF-1 region (>90% disorder 
score) forms the LLPS condensates without requiring any other inter-
acting protein. Most importantly, the SARICAs serve as an excellent 
molecular probe to confirm the biophysical data and solidify our 
pyrazole scaffold as AF-1-binding small molecules.

The conformation change of the AF-1 region in AR-V7 forced 
by UT-143 resulted in a dramatic dissociation of AR-V7 interac-
tome, transcriptome, and chromatin accessibility in 22RV1 and 
chromatin accessibility in LNCaP cells. The downstream effect of 
conformational change and condensate disruption has far-reaching 
consequences on AR-V7 function.

Based on these observations, we propose a model that rationalizes 
the binding of covalent molecules selectively to AR AF-1 or AR-V7. 
AF-1 exists in biomolecular condensates with the binding region 
exposed for SARICAs to bind (Fig. 7). Binding of SARICAs to AF-1 
changes conformation and the physicochemical properties, dissociates 
interactome, and changes chromatin landscape. Subsequently, the 
electrophile binds to exposed nucleophiles C327 and C406 by 
Michael addition, leading to the inhibition of AF-1 function.

Binding of the SARICAs to both C327 and C406 might pro-
vide a fail-safe therapeutic opportunity as mutating two sites in a 
protein region in advanced cancer to overcome inhibition is rare. 
Our data suggest that SARICA still retains its AR-V7 antagonism, 
when one site is mutated.

The studies presented in this manuscript demonstrate the 
development of AF-1-binding AR-selective covalent binders and 
provide evidence for the existence of a binding region in the 
AF-1 domain that could be utilized to inhibit AR-SVs and other 
aggressive cancers that express AR-SVs. Considering that IDPs 
have no stable structure, this potential binding region could be 
unique to the SARICA scaffold and not universal. This hypoth-
esis must be tested with other molecules belonging to other 
scaffolds that bind to this region, and the data need to be vali-
dated in clinical setting to determine if C406 and C327 are 
exposed in PCa patients.

Materials and Methods

All animal studies were performed under protocols approved by the institutional 
animal care and use committee (IACUC) of the University of Tennessee Health 
Science Center (UTHSC). Animals were quarantined for 3 to 5 d before initiation 
of any procedure. Animals were provided food and water ad libitum and were 
maintained in 12-h light–dark cycle.

Materials. Details of the materials are provided in SI Appendix, Table ST2. Data 
from RNA-seq and ATAC-seq are deposited in GEO database. The GEO accession 
number is GSE215335.

Cell Culture. LNCaP, COS7, and 22RV1 cells were procured from American Type 
Tissue Culture (ATCC, Manassas, VA). Cells were cultured as recommended by 
ATCC. Cells were authenticated by short terminal DNA repeat assay and were 
frequently checked for mycoplasma contamination. LNCaP-AR cells were pro-
vided by Dr. Charles Sawyers (Memorial Sloan Kettering Cancer Center, New York, 
NY) (11). LNCaP cells resistant to enzalutamide, bicalutamide, and darolutamide 
were obtained by culturing the cells with the three AR antagonists sequentially 
until the cells become resistant to all three antagonists.

Plasmids. Several of the plasmids (GRE-LUC, CMV-renilla LUC, AR, W741L AR, 
F876L AR, T877A, PR, GR, AR AF-1, and AR NTD) used in this manuscript were 
described previously (19, 20). pCDNA3.1 AR-V7, turbo-red AR-V7, and His AR-V7 
were kindly provided by Dr. Yan Dong (Tulane University, New Orleans) (38). 
PGEX 6p (AR AF-1, SRC-3, AR-V7, AR-LBD, AR-NTD, RFP-AR) and various mutant 
plasmids were created in-house.

Transactivation Assay, Protein Purification, Cell Proliferation, Western 
Blot, RNA Extraction, and Real-Time PCR. were all described previously 
(19, 20). Mass spectrometry conditions are provided in the SI  Appendix, 
Supplemental Methods section.

Fluorescent Microscopy and FRAP. Microscopy was performed in live cells or 
in cells that were fixed and counter-stained with DAPI using Zeiss 710 confocal 
microscope. For FRAP, selected regions were photobleached until 70 to 90% of 
the signal was bleached, and the recovery was monitored.

LLPS.  AR AF-1 protein (1 mg/ml) purified in the presence or absence of 100 µM 
UT-143 was incubated in the respective buffer for 6 h. LLPS formation was 
photographed.

PK Assay. Male Sprague–Dawley rats (n = 6) were weighed and dosed orally 
with 20 mg/kg of compound. Blood was collected at various time points (n = 3/
time point), and serum separated. Sample preparation and LC–MS/MS condition 
are provided in the SI Appendix, Supplement Methods.

Hershberger Assay. Male Sprague–Dawley rats were dosed orally with vehi-
cle or the indicated compounds. Animals were weighed and body composition 
(EchoMRI) recorded at the start of the experiment and on day 14 before killing. 
The prostate, seminal vesicles, and other organs were isolated and weighed.

Xenograft. Cells (1:1 mixture in growth medium and Matrigel) were implanted 
subcutaneously in male NSG mice. Once the tumors grow to 100 to 300 mm3, 
animals were randomized and treated orally with vehicle (40% DMSO + PEG-
300) or the indicated doses of the compounds. Tumor volume was recorded 
twice weekly. Body weights were recorded at the beginning and at the end 
of the study. Animals were killed, tumors isolated, and were stored for future 
analysis.

RIME assay, ATAC and RNA-seq, and competitive ligand-binding assay methods 
are provided in supplement material. All experiments were repeated at least three 
independent times. Animal experiments were conducted with n = 5 to 10 ani-
mals/group, depending on the type of experiment. Data are represented as mean 
± SE. Experiments with two groups were analyzed by t test, while experiments 
with more than two groups were analyzed using a one-way ANOVA, followed by 
TUKEY post hoc test. *P < 0.05; **P < 0.01; ***P < 0.001.

Data, Materials, and Software Availability. ATAC-Seq, RNA-seq data have 
been deposited in Geo (GSE215335). All study data are included in the article 
and/or SI Appendix.
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