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Abstract: Androgen receptor (AR) plays important roles in the development of 

prostate cancer (PCa), and therefore it has been regarded as the most important 

therapeutic target for both hormone-sensitive prostate cancer (HSPC) and 

advanced PCa. In this study, a novel hit (C18) with IC50 of 2.4 µM against AR 

transcriptional activity in LNCaP cell was identified through structure-based virtual 

screening based on molecular docking and free energy calculations. The 

structure-activity relationship analysis and structural optimization of C18 resulted in 

the discovery of a structural analogue (AT2), a more potent AR antagonist with 

16-fold improved anti-AR potency. Further assays indicated that AT2 was capable of 

effectively inhibiting the transcriptional function of AR and blocking the nuclear 

translocation of AR like the second generation of AR antagonists. The antagonists 

discovered in this study may be served as the promising lead compounds for the 

development of AR-driven PCa therapeutics. 

 

Keywords: Prostate cancer; androgen receptor; structure-based virtual screening; 

antagonist; molecular docking 
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1. Introduction 

Prostate cancer (PCa) is the most diagnosed cancer among men worldwide [1]. The 

androgen receptor (AR) is a member of the nuclear receptor superfamily of 

ligand-activated transcription factor. Abnormal activation of the AR signaling 

pathway plays a pivotal role in the development and progression of PCa [2, 3]. 

Currently, a vital approach to prevent the excessive activation of androgens is the 

treatment with AR antagonists to block the androgens binding to AR [2, 3]. Androgen 

deprivation therapy (ADT), the most important treatment for advanced PCa, reduces 

the levels of androgen production by surgical or pharmacological castration. 

Unfortunately, most patients usually develop into castration-resistant prostate cancer 

(CRPC) after 2 years of ADT treatment. The possible mechanisms of CRPC include 

AR mutations, AR amplifications, and active AR splice variants [4]. In general, 

existing studies show both PCa and CRPC are closely related to AR. 

Current clinically used first-generation or second-generation AR antagonists, such 

as R-bicalutamide and Enzalutamide (Enz), have achieved great success against 

androgen-dependent PCa and improved the survival rate of PCa patients [2, 8]. 

However, after the initially effective response, efficacy of these AR antagonists is 

suffered from the rapid emergence of drug resistance [9-12]. One of the main reasons 

for drug resistance is the acquired point mutations at the AR LBP. An explanation for 

this reason is that some point mutations in the AR LBP, such as W741L, W741C, and 

T877 A, would create a more spacious LBP, thus converting these antagonists to 

agonists and inducing drug resistance [13-15]. To deal with this situation, a widely 

used approach in drug design is to modify the original antagonists into larger 

chemical structures [16-19]. Nevertheless, in general, larger molecules often confront 

several problems associated with unfavorable permeability and physiological 

distribution [20]. Therefore, it is still urgent to discover new AR antagonists with 

novel scaffolds to improve clinical outcomes.  
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A common approach to design antagonists with novel scaffolds is to use virtual 

screening (VS), which has also been used to identify novel hits of AR. For instance, 

the AR antagonist 

6-(3,4-dihydro-1H-isoquinolin-2-yl)-N-(6-methylpyridin-2-yl)nicotinamide (DIMN) 

was screened out by structure-based VS (SBVS) based on the crystal structure of the 

AR-metribolone complex. Another AR antagonist 

5,5a,6,10b-tetrahydroindeno[2,1-b]indole (VPC‐12060) was discovered by SBVS 

and ligand-based virtual screening (LBVS). Wang et al. identified 

pyrazolopyramidine analogs as novel potent AR antagonists also by combining SBVS 

and LBVS [23]. Recently, we reported the identification of a series of novel AR 

ligands, including AR agonist and AR antagonist, through an integrated strategy by 

combining SBVS based on the crystal AR structures in complex with its agonists [24]. 

It has been proved that SBVS is potent to discover novel AR antagonists.  

Molecular docking has been recognized as the most popular method for 

structure-based drug design [25-27]. It can predict the binding conformations of 

ligands to the target, and rank the ligands by scoring functions [28-30]. Compared 

with most scoring functions in molecular docking, the Molecular 

Mechanics/Generalized Born Surface Area (MM/GBSA) method can achieve a better 

balance between identifying the binding poses and predicting the binding free 

energies, and therefore it has been widely used in SBVS and lead optimization 

[31-33]. In recent years, variable dielectric MM/GBSA (VD-MM/GBSA), a novel 

modified MM/GBSA algorithm, has attracted increasing attention [34-37]. 

In this study, a multi-step SBVS strategy based on molecular docking and 

VD-MM/GBSA rescoring was employed to screen the Specs database, and 32 

compounds were finally purchased for bioassay verification. Three of them exhibited 

strong bioactivities, and competitive ligand binding assay showed that 1 compound 

(C18) was targeting the LBP of AR. Structural optimization based on molecular 

dynamics (MD) simulation and structure-activity relationship (SAR) analysis was 

then applied to the hit of C18, which resulted in the discovery of AT2, a more 
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promising AR antagonist with 16 folds improved anti-AR potency relative to C18. 

Moreover, AT2 displayed much better anti-proliferative effects than Enz in three 

androgen independent cell lines, including PC3, C4-2, and DU145. The qPCR and 

immunofluorescence assays illustrated that AT2 can inhibit AR transcriptional 

activity and block nuclear translocation of AR. Our study provided valuable clues for 

the development of a novel class of AR therapeutic antagonists to combat PCa. 

 

2. Results and discussion 

2.1. Evaluation of candidate compounds and discovery of hit C18 

The schematic workflow of the SBVS protocol used in this study is presented in 

Figure 1. By applying molecular docking, VD-MM/GBSA rescoring and structural 

clustering, a number of potential AR antagonists were identified. As a result, a total of 

32 potential active candidates were purchased and submitted to bioassays. At first, 

LNCaP-ARR2PB-eGFP-based transcriptional activity assay was performed to 

determine the antagonistic activities of the screened compounds at the concentration 

of 10 µM [24]. Compounds C10, C12, and C18 have achieved over 50% of 

androgenic activity of Enz (Figure 2A and Table S1). Then, the 3 active compounds 

were subjected to the competitive ligand binding assay to assess their binding 

affinities to the LBP of the AR LBD. C18 exhibited satisfactory binding affinity at 10 

µM (Figure 2B). Thereafter, the binding affinity of C18 at gradient concentrations 

was evaluated. As shown in Figure 2C, C18 binds to the AR LBP in a dose-dependent 

fashion (IC50 = 4.02 µM), indicating that C18 could directly target the LBP. Then the 

AR antagonistic activity of C18 was evaluated. It showed that C18 inhibited AR 

transcriptional activity with IC50 = 2.4 µM, while that for Enz was 0.08 µM (Figure 

2D). To avoid potential false positive, the effect of C18 on prostate-specific antigen 

(PSA), the most common used biomarker for PCa, was detected. It’s observed that 

C18 decreased the PSA level also in a dose-dependent manner and the IC50 value was 

1.40 µM, while the value for Enz was 0.13 µM (Figure 2E). The structure of C18 was 

then compared with the known AR antagonists deposited in the BindingDB database 
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using the Similarity/Distance Screen module in Canvas software [38]. As indicated by 

relatively low Tanimoto coefficient (Tanimoto coefficient < 0.3), C18 did not share 

high structural similarity with any previously reported AR antagonists. Taken together, 

C18 is a novel and potent AR antagonist, and can be served as a starting point for 

further structural optimization to improve its activity.  

 

2.2. Structural analysis of C18  

To guide further structural optimization for C18, molecular dynamics (MD) 

simulations were performed to predict the dynamic binding behavior between C18 

and the AR LBD. The root-mean square deviations (RMSD) of the backbone atoms of 

the AR LBD and the heavy atoms of C18 were calculated to monitor the stability of 

the complex during the MD simulations. As shown in Figure 3A, the RMSD 

evolutions for both the backbone atoms of the AR LBD and the heavy atoms of C18 

tended to converge after ~0.2 µs with the fluctuations within 1 Å (Figure 3A), 

suggesting the complex reached stability via 1 µs MD simulation. In search of the 

essential residues responsible for the binding of C18 to the AR LBD, the per-residue 

decomposition based on VD-MM/GBSA was carried out as shown in Figure 3B. It 

can be found that the major contributors were Met745, Leu704, Thr877, Phe764, 

Leu873, Met895, Leu707, Met742, Met749, and Asn705. Most of them were 

hydrophobic residues around C18 (Figure 3C). In particular, the residue Leu704 

formed a hydrogen bond with the nitrogen atom of C18. That is to say, the 

antagonistic effect of C18 was predominantly dependent on hydrophobic interactions 

and an important hydrogen bond with Leu704, which was highly consistent with the 

extremely hydrophobic feature of C18. According to these observations, we 

concluded that the alteration of different substituted groups on the phenyl ring of the 

R1 moiety might lead to a rotation of the phenyl moiety or increase the probability of 

the formation of hydrogen bonds with Asn705 and Thr877, so as to change the 

antagonistic activity of the compound. The hydrophobic interactions between the AR 

LBD and C18 were quite critical, and thus modification of the naphthalene ring to 
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alter hydrophobicity and introduce more hydrogen bond donors/acceptors may 

reinforce hydrogen bonding interaction and improve binding affinity. The 

3a,4,5,11c-tetrahydro-3H-benzo[f]cyclopenta[c]quinoline ring that offers a hydrogen 

bond with Leu704 should be retained to maintain the anti-AR potency. Replacing the 

A-ring may alter the hydrophobicity, which may be favorable to improve binding 

affinity. Accordingly, we designed three series of C18 analogues (AT-CT series, Table 

1) to verify the above hypotheses. 

 The general strategy that may be used to improve the AT, BT and CT series is to 

alter different substituted groups R1 moiety, alter naphthalene ring to change 

hydrophobicity and introduce hydrogen bond donors/acceptors, and replace A ring to 

alter hydrophobicity. The AT and BT series were purchased from the commercial 

chemical compound vendor and the CT series were synthesized by our lab (Table S2).  

 

2.3. Biological evaluation of the C18 analogues 

As shown in Table 1, the effect of the substituents on the phenyl ring of the R1 moiety 

was firstly examined (AT1-AT8) by AR transcriptional activity assay. It was observed 

that the monosubstituted compounds with smaller substituents had better activity, and 

the activity of the chlorine substituted compound AT2 was the best. Subsequently, the 

importance of the naphthalene ring was examined. The antagonistic activity was 

totally lost when the naphthalene ring was replaced by different R2 groups (BT1-BT7). 

In addition, the contribution of the A ring was also investigated (CT1-CT6). It was 

found that the antagonistic activity decreased obviously when the ring A was replaced, 

suggesting that the cyclopentene ring is an essential component for the maintenance 

of bioactivity. The binding of three representative compounds (AT2, BT5, and CT5) 

were analyzed by molecular docking to understand why the BT series completely lost 

the antagonistic activity compared with the AT and CT series. As shown in Figure S1, 

the binding modes of AT2, BT5, and CT5 were quite similar. The docking scores for 

AT2, BT5 and CT5 were -11.05, -11.97, and 11.78 kcal/mol, respectively. Though the 

docking scores of BT5 and CT5 were comparable to that of AT2, their anti-AR 
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activities were significantly different. A possible explanation is that the cell membrane 

penetrating ability of the BT series is quite low because the AR transcriptional 

activities were determined at the cellular level. Another possible reason is that BT5 

cannot correctly target to the AR LBD. Overall, these results suggested that alteration 

of the naphthalene ring with hydrogen bond donors/receptors would lead to a 

complete loss of the antagonistic activity, and appropriate steric hindrance and 

hydrophobicity are also necessary for optimal antagonistic activity.  

 

2.4. AT2 is a promising AR antagonist  

The AT series (AT1, AT2, AT4, AT5, AT6, AT7, and AT8) were validated for their 

targeting ability. As shown in Figure 4A, all of the tested compounds showed 

relatively lower polarization values than the control of DMSO, demonstrating these 

compounds bound to the AR LBP effectively. Considering that AT2 possesses optimal 

anti-AR transcriptional activity, the production of endogenous PSA in AT2 treated 

LNCaP cells was examined. It was observed that AT2 caused a dose-response 

decrease of the PSA production with IC50 of 0.43 µM, which was consistent with its 

anti-AR transcriptional activity (Figure 4B). Then, the transcriptional level of PSA 

was evaluated by qPCR (Figure 4C), further confirming the effect of AT2 on PSA. In 

addition, another AR downstream gene transmembrane protease serine 2 (TMPRSS2) 

was likewise assessed. AT2 could also dose-dependently reduce the mRNA level of 

TMPRSS2 (Figure 4D). Taken together, the above bioassays suggested that AT2 

could efficiently target the AR LBP and antagonize AR transcription activity. To 

confirm that the antagonistic effect was not induced by cytotoxicity, the viability of 

murine embryonic fibroblast cells (NIH‐3T3 cells) exposed to AT2 was investigated 

using MTT assay. Similar to Enz and C18, AT2 showed no cytotoxicity against NIH‐

3T3 cells even at a high dose of 50 µM (Figure 4E). Thus, it could be concluded that 

AT2 was nontoxic at its effective dose against AR, which confirmed the possibility of 

AT2 as a candidate of AR antagonist. 
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2.5. Inhibition of nuclear translocation of AR by AT2 

Different from the first generation of AR antagonist, Enz is capable of blocking the 

translocation of AR into nucleus, which is also an important feature for the second 

generation of AR antagonists including the recently proved apalutamide and 

darolutamide [39]. To investigate the effect of AT2 on the subcellular localization of 

AR, immunofluorescence was performed in LNCaP cells. As shown in Figure 5, AR 

was primarily cytoplasmic in the absence of DHT (DMSO), and exposure to androgen 

(DHT) markedly increased the nuclear-cytoplasmic ratio of AR immunofluorescence 

intensity, demonstrating the translocation of AR from the cytoplasm to the nucleus, 

while AT2 blocked the DHT-induced AR nuclear translocation, and the corresponding 

results were also observed in the presence of Enz. This finding indicated that AT2 

possessed similar feature to Enz and could antagonize AR with a second-generation 

antagonist like mechanism. 

 

2.6. In vitro anti-proliferative activity study 

The antiproliferative potential of AT2 was evaluated in representative androgen 

dependent and independent cells lines, including LNCaP, C4-2, PC3, and DU145 

(Figure 6). The cell lines of LNCaP and C4-2 are known to express varying degree of 

AR. PC3 and Du145 are AR independent cell lines isolated from bone and brain 

metastatic models of human PCa, respectively. These cells were exposed to varying 

concentrations of Enz, C18 and AT2 in serum-fed condition. As shown in Figure 6A, 

the effect of AT2 was comparable with that of Enz on AR-dependent cell lines of 

LNCaP. However, in androgen-independent C4-2 and AR-independent PC3 and 

DU145, AT2 exhibited better antagonistic activity than Enz. Interestingly, the lead hit 

C18 showed similar performance in C4-2 while totally different performances in 

AR-independent cell lines. The lead hit C18 performed better than AT2 in PC3, but 

much worse than AT2 in DU145, suggesting that C18 and AT2 might exert their 

antiproliferative activities against PCa cell lines through a combination of 

AR-dependent and -independent pathways. 
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3. Conclusion 

In this study, the SBVS strategy based on molecular docking and VD-MM/GBSA 

rescoring was employed to discover novel AR antagonists against PCa. A novel hit 

(C18) with promising anti-AR activities in a group of bioassays was identified. The 

subsequent structural optimization focusing on the change of the spatial 

conformations and hydrophobicity leads to a more potent AR antagonist (AT2) 

without toxicity at its effective concentration against AR. Besides, AT2 could 

efficiently antagonize AR transcriptional activity, suppress downstream target gene of 

AR, and block the DHT-induced AR nuclear translocation as the second generation of 

AR antagonists. Moreover, the cytotoxicity results of AT2 towards the cells of LNCaP, 

C4-2, PC3, and DU145 illustrated that C18 and AT2 might exert their 

antiproliferative activities via a combination of interfering AR-dependent and 

-independent pathways. Collectively, further studies on structural optimization and 

action mechanism of AT2 are hopefully fruitful and will benefit the development of 

novel AR antagonists. 

 

4. Methods and materials 

4.1 Chemistry 

4.1.1 General synthetic procedure for compounds CT1~CT6 

A mixture of 2-naphthylamine (1, 0.02 mol) and appropriate benzaldehyde (2a-c, 

0.022 mol) in dry dichloromethane was stirred under reflux overnight. After 

completion of the reaction, the mixture was concentrated to give appropriate Schiff 

base 3a-c, which were used directly without further purification. Then a mixture of 

3a-c (0.02 mol), 3,4-dihydro-2H-pyran or 2-norbornylene (0.022 mol) and indium 

trichloride (0.002 mol) in dichloromethane/acetonitrile (1:1, 20 mL) was stirred at 

room temperature overnight. After completion of the reaction, water (20 mL) was 

added, and the aqueous layer was extracted with dichloromethane (20 mL×3). The 
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combined organic layers were dried over Na2SO4, concentrated and purified by silica 

gel chromatography to give CT1-3 or CT4-6 (Scheme 1). 

 

Scheme 1. Synthesis of CT1~CT6 

 

4.1.2 5-Phenyl-3,4,4a,5,6,12c-hexahydro-2H-benzo[f]pyrano[3,2-c]quinolone (CT1) 

White solid, yield 65%. 1H NMR (500 MHz, DMSO-d6): δ 7.76 (d, J = 8.5 Hz, 1H), 

7.62 (d, J = 8.0 Hz, 1H), 7.55 (d, J = 9.0 Hz, 1H), 7.50 (d, J = 7.5 Hz, 2H), 7.42 (t, J = 

7.5 Hz, 2H), 7.38-7.34 (m, 2H), 7.12 (t, J = 7.5 Hz, 1H), 6.94 (d, J = 9 Hz, 1H), 6.48 

(s, 1H), 4.88 (d, J = 2.5 Hz, 1H), 4.68 (d, J = 11.5 Hz, 1H), 3.98 (dd, J1 = 11 Hz, J2 = 

3.5 Hz, 1H), 3.78 (t, J = 11 Hz, 1H), 1.99-1.97 (m, 1H), 1.87-1.78 (m, 1H), 1.74-1.67 

(m, 1H), 1.33-1.27 (m, 2H). 13C NMR (125 MHz, DMSO-d6): δ143.8, 142.8, 134.0, 

129.5, 128.9, 128.6, 128.5, 128.1, 127.1, 126.8, 121.8, 121.3, 118.5, 109.9, 71.0, 68.3, 

54.0, 38.5, 24.0, 21.9. HRMS (ESI): Calcd for (M+H)+ (C22H21NO) 316.1701, found 

316.1658. 

 

4.1.3 

5-(4-Chlorophenyl)-3,4,4a,5,6,12c-hexahydro-2H-benzo[f]pyrano[3,2c]-quinolone 

(CT2) 

White solid, yield 62%. 1H NMR (500 MHz, DMSO-d6): δ 7.77 (d, J = 8.5 Hz, 1H), 

7.64 (d, J = 7.5 Hz, 1H), 7.56 (d, J = 9.0 Hz, 1H), 7.53 (d, J = 8.5 Hz, 2H), 7.47 (t, J = 

8 Hz, 2H), 7.39-7.36 (m, 1H), 7.13 (t, J = 7 Hz, 1H), 6.92 (d, J = 9 Hz, 1H), 6.47 (s, 

1H), 4.88 (d, J = 2.5 Hz, 1H), 4.69 (d, J = 11.5 Hz, 1H), 3.98 (dd, J1 = 9 Hz, J2 = 3.5 

Hz, 1H), 3.79 (t, J = 11 Hz, 1H), 1.98-1.95 (m, 1H), 1.86-1.70 (m, 2H), 1.30-1.28 (m, 

2H). 13C NMR (125 MHz, DMSO-d6): δ143.6, 141.8, 134.0, 132.5, 130.4, 129.6, 
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128.9, 128.5, 127.1, 126.8, 121.9, 121.4, 118.4, 110.1, 70.8, 68.3, 53.3, 38.4, 24.0, 

21.8. HRMS (ESI): Calcd for (M+H)+ (C22H20ClNO) 350.1312, found 350.1316. 

 

4.1.4 

5-(2,4-Dichlorophenyl)-3,4,4a,5,6,12c-hexahydro-2H-benzo[f]pyrano[3,2-c]quinolone 

(CT3) 

White solid, yield 68%. 1H NMR (500 MHz, DMSO-d6): δ 7.77 (d, J = 8.5 Hz, 1H), 

7.69-7.64 (m, 3H), 7.55 (d, J = 8.5 Hz, 1H), 7.51 (dd, J1 = 8.5 Hz, J2 = 2 Hz, 1H), 

7.40-7.37 (m, 1H), 7.14 (t, J = 7 Hz, 1H), 6.88 (d, J = 9 Hz, 1H), 6.51 (s, 1H), 5.17 (d, 

J = 11.5 Hz, 1H), 4.91 (d, J = 2.5 Hz, 1H), 3.97-3.95 (m, 1H), 3.78 (t, J = 9.5 Hz, 1H), 

2.11-2.09 (m, 1H), 1.87-1.75 (m, 2H), 1.38-1.27 (m, 2H). 13C NMR (125 MHz, 

DMSO-d6): δ143.5, 139.4, 134.9, 133.9, 133.2, 131.8, 129.6, 128.9, 128.5, 127.2, 

126.9, 121.9, 121.5, 118.3, 110.0, 70.8, 68.1, 49.1, 38.3, 24.0, 22.6. HRMS (ESI): 

Calcd for (M+H)+ (C22H19Cl2NO) 384.0922, found 384.0932. 

 

4.1.5 5-Phenyl-1,2,3,4,4a,5,6,12c-octahydro-1,4-methanobenzo[a]phenanthridine 

(CT4) 

White solid, yield 75%. 1H NMR (500 MHz, DMSO-d6): δ 7.69 (d, J = 8.5 Hz, 1H), 

7.65 (d, J = 7.5 Hz, 1H), 7.48 (d, J = 8.5 Hz, 1H), 7.41-7.37 (m, 1H), 7.29 (d, J = 7.5 

Hz, 2H), 7.23 (t, J = 7.5 Hz, 2H), 7.15 (t, J = 9 Hz, 2H), 6.96 (d, J = 8.5 Hz, 1H), 6.11 

(s, 1H), 4.24 (d, J = 4 Hz, 1H), 3.14 (d, J = 8.5 Hz, 1H), 2.40 (s, 1H), 2.27 (dd, J1 = 

8.5 Hz, J2 = 4 Hz, 1H), 2.24 (s, 1H), 1.73 (d, J = 9.5 Hz, 1H), 1.62-1.54 (m, 3H) , 

1.39-1.34 (m, 1H), 0.97 (d, J = 9.5 Hz, 1H). 13C NMR (125 MHz, DMSO-d6): δ146.7, 

143.6, 133.1, 128.9, 128.6, 128.2, 127.6, 127.3, 127.0, 126.3, 122.4, 121.4, 119.0, 

115.7, 57.9, 50.1, 45.1, 43.1, 40.7, 34.7, 30.2, 29.4. HRMS (ESI): Calcd for (M+H)+ 

(C24H23N) 326.1909, found 326.1861. 

 

4.1.6 

5-(4-Chlorophenyl)-1,2,3,4,4a,5,6,12c-octahydro-1,4-methanobenzo[a]-phenanthridi
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ne (CT5) 

White solid, yield 72%. 1H NMR (500 MHz, DMSO-d6): δ 7.69 (d, J = 8.5 Hz, 1H), 

7.66 (d, J = 7.5 Hz, 1H), 7.48 (d, J = 9 Hz, 1H), 7.40-7.38 (m, 1H), 7.31-7.27 (m, 4H), 

7.18-7.15 (m, 1H), 6.95 (d, J = 9 Hz, 1H), 6.14 (s, 1H), 4.28 (dd, J1 = 3.5 Hz, J2 = 2 

Hz, 1H), 3.16 (d, J = 9 Hz, 1H), 2.38 (s, 1H), 2.26-2.24 (m, 2H), 1.71 (d, J = 10 Hz, 

1H), 1.63-1.51 (m, 3H) , 1.40-1.36 (m, 1H), 0.96 (d, J = 10 Hz, 1H). 13C NMR (125 

MHz, DMSO-d6): δ145.6, 143.3, 133.0, 131.5, 129.4, 128.9, 128.5, 128.3, 127.4, 

126.4, 122.4, 121.5, 118.9, 115.9, 57.1, 49.9, 45.3, 43.2, 40.6, 34.7, 30.3, 29.3. HRMS 

(ESI): Calcd for (M+H)+ (C24H22ClN) 360.1519, found 360.1523. 

 

4.1.7 

5-(2,4-dichlorophenyl)-1,2,3,4,4a,5,6,12c-octahydro-1,4-methanobenzo[a]-phenanthr

idine (CT6) 

White solid, yield 70%. 1H NMR (500 MHz, DMSO-d6): δ 7.69 (d, J = 2.5 Hz, 1H), 

7.67 (d, J = 3 Hz, 1H), 7.58 (d, J = 2 Hz, 1H), 7.54 (d, J = 9 Hz, 1H), 7.40 (t, J = 7.5 

Hz, 1H), 7.22-7.16 (m, 2H), 7.12 (d, J = 8.5 Hz, 1H), 7.00 (d, J = 8.5 Hz, 1H), 6.22 (s, 

1H), 4.63 (s, 1H), 3.14 (d, J = 8.5 Hz, 1H), 2.35 (s, 1H), 2.29 (s, 1H), 2.21 (d, J = 8.5 

Hz, 1H), 1.67 (d, J = 9.5 Hz, 1H), 1.60-1.54 (m, 3H) , 1.42-1.37 (m, 1H), 0.98 (d, J = 

9.5 Hz, 1H). 13C NMR (125 MHz, DMSO-d6): δ143.1, 143.0, 133.6, 132.9, 132.1, 

129.3, 129.2, 129.0, 128.3, 127.8, 127.7, 126.5, 122.3, 121.7, 118.5, 115.3, 54.1, 49.4, 

45.9, 44.2, 40.6, 34.7, 30.5, 28.9. HRMS (ESI): Calcd for (M+H)+ (C24H22ClN) 

394.1129, found 394.1123. 

 

4.2 Virtual screening workflow 

The crystal structure of the AR LBD domain (PDB entry: 2PNU) was assessed in our 

previous study and also used as the initial structure for the virtual screening in this 

study [24]. The grid box of the protein for SBVS was generated and centered on the 

co-crystallized ligand (EM-5744) in the LBP. The scaling factors for van der Waals 

interaction and the maximum partial atomic charges were set to 1.0 and 0.25, 
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respectively. Subsequently, the compounds (~200,000) in the Specs database were 

docked into the crystal structure of 2PNU, and the binding energies were scored and 

ranked by the Glide SP scoring mode [40]. After that, the top ranked 50,000 

compounds were submitted to the Glide XP scoring, and the top ranked 10,000 

compounds were rescored by the VD-MM/GBSA method [37]. The AM1-BCC 

charges were calculated for the ligands using the sqm module in Amber 18 simulation 

package [41]. The protein-ligand systems were constructed using the antechamber and 

tleap modules in Amber18 [41]. FF14SB force field and General Amber force field 

(GAFF) were assigned to the proteins and ligands, respectively [42, 43]. Each 

protein-ligand complex was immersed into a water box with a distance of 12 Å 

extended from any solute atom. Three phases of minimizations were performed to 

optimize each prepared system. At first, the whole protein and ligand were restrained 

by 5 kcal⋅mol-1⋅Å-2 elastic constant for 10,000 cycles (5,000 steps of steepest descent 

and 5,000 steps of conjugate gradient minimizations). Thereafter, the backbone atoms 

of the protein were restrained by 5 kcal⋅mol-1⋅Å-2 elastic constant for 10,000 cycles 

(5,000 steps of steepest descent and 5,000 steps of conjugate gradient minimizations). 

At last, the whole system was relaxed without any restraint for 10,000 cycles (5,000 

steps of steepest descent and 5,000 steps of conjugate gradient minimizations). 

Subsequently, the optimized structures were submitted for the binding free energy 

calculations based on the VD-MM/GBSA method [37]. The top ranked 2,000 

compounds were clustered based on the structural similarity using the Canvas module 

in Schrödinger [38]. Then, the binding poses of the clustered compounds were 

carefully checked and filtered. Finally, the compounds were carefully checked and 

filtered, and 32 compounds were purchased for subsequent bioassays. 

 

4.3 MD simulation and VD-MM/GBSA of C18 

The system preparation of the AR LBD and AT2 were processed by the protocol 

reported in our previous studies, including calculation of the partial charges for AT2, 

assignment of appropriate force field, addition of water molecules and ions, system 
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minimization, and MD heating and equilibrium [24, 44, 45]. Then the system was 

submitted to 1 µs MD simulation in the isothermal isobaric (NPT) ensemble. The 

CPPTRAJ module in AmberTools package for data analysis [46]. The last 0.2 µs MD 

simulation trajectory with 1000 snapshots was submitted to VD-MM/GBSA for free 

energy decomposition [37]. The VD-MM/GBSA calculations were performed by the 

MMPBSA.py module in AmberTools package by modifying the sander module to 

identify a new block of atomic dielectric constants in the revised AMBER system 

topology [37, 47]. The entropies were not considered because of the low prediction 

accuracy and expensive computational demand. The polar component of desolvation 

was estimated by the modified GB model (GBOBC1) reported by Onufriev et al [48]. 

The exterior dielectric constant for solvent was set as default. The non-polar 

component of desolvation was computed using the LCPO algorithm [49].  

 

4.4 AR transcriptional activity assay 

LNCaP-ARR2PB-eGFP was cultured in RPMI-1640 media, and the cells of LNCap 

were starved with 5% charcoal-stripped serum (CSS) for 5 days. Thereafter, the cells 

were plated into a 96-well plate with 3.5×104 cells/well, and continued to incubate at 

37 ‐ in a 5% CO2 atmosphere for 24 h. Then, 5 nM DHT and intended concentrations 

(10 µM for 32 compounds, 0-50 µM for C18 and its analogues) of compounds were 

added to the prepared cells. Finally, the fluorescence intensities were determined after 

treatment for 3 days (Synergy H1, BioTek. Excitation, 485 nm; Emission, 535 nm). 

 

4.5 Measurement of prostate-specific antigen (PSA)  

After the AR transcriptional activity assay was finished, the media supernatant (300 µl) 

for each sample was sent to Cancer Hospital of University of Chinese Academy of 

Sciences, Zhejiang Cancer Hospital (Hangzhou, Zhejiang) to measure the secreted 

PSA using IMMULITE® 2000 XPi Immunoassay System (Siemens Ltd., Erlangen, 

Germany). 
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4.6 Competitive ligand binding assay 

The PolarScreen™ Androgen Receptor Competitor Assay Kit (Invitrogen Life 

Technologies, Inc.) was utilized to determine the AR LBD binding affinity. Briefly, 10 

µl 2× intended compounds (or DMSO, DHT, Enz) were dispersed in a low-volume 

384-well plate. Then, 4× AR-LBD (GST) and 4× Fluormone AL (Flu-AL) Green 

dissolved in complete AR Green Assay Buffer were added. Afterwards, aluminized 

paper was used to protect the reagents from light, and after incubation for 4 h at room 

temperature, a multi-function plate reader (Synergy H1, BioTek, Winooski, VT) was 

used to measure the fluorescence polarization value (mP) for each well. 

 

4.7 Cell proliferation assay 

The cell proliferation for the cell lines of LNCAP, PC3, C4-2, and DU145 were 

evaluated by 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide 

(MTT) colorimetric assay. These cells were seeded in  RPMI-1640 media (5% 

charcoal-stripped serum) with 1-5×103 cells/well in 96-well plates (3×103, 1.5×103, 

1.5×103, and 1.5×103 cells/well for LNCaP, PC3, C4-2 and DU145, respectively). 

After incubation at 37 ‐ for 24 h, cells were then treated with 5nM DHT and serial 

dilutions of Enz and AT2, followed by incubation of 72 h. Then, each well was added 

with MTT (10 µl of 5 mg/ml) solutions and incubated for 4 h. After that, 100 µl of 

triplex 10% SDS-0.1% HCl-PBS solutions were added to dissolve the formazan 

crystals, and the plates were incubated overnight at 37 ‐. Finally, the absorbance at 

570 nm was measured with the reference wavelength at 650 nm using a 

spectrophotometer (Eon, Bioteck, Winooski, VT). 

 

4.8 Q-PCR 

LNCaP cells were cultured in medium containing 5% charcoal-stripped serum (CSS) 

in six-well plates and treated with Enz, AT2 (0.1, 1 or 10 µM), 5 nM DHT, or DMSO 

for 24 h. After 48 h of the treatment, mRNA were extracted using EZ-10 DNA away 

RNA Mini-Preps Kit (Sangon Biotech, Shanghai, China) and reversely transcribed 
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into cDNA using Hifair® ‐ 1st Strand cDNA Synthesis SuperMix for qPCR 

(YEASEN, Shanghai, China), and finally detected by qPCR with qPCR SYBR Green 

Master Mix (YEASEN, Shanghai, China). All the procedures followed the operation 

manuals (QuantStudio 3, Applied Biosystems, Graphpad Prism 7.0). 

 

4.9 Immunofluorescence 

LNCaP cells were cultured in 12-well plates containing coverslips and incubated at 

37 ‐ for 24 h. 10 µM of AT2 and Enz were individually added and then further 

incubated for 12 h, and then 5 nM DHT was added and incubated for 90 mins. 

Afterwards, the cells were fixed with 4 ‐ precooling 4% (vol/vol) paraformaldehyde, 

and permeabilized with Triton X-100. Then the cells were incubated with AR 

antibodies (#5153, Cell Signaling Technology) overnight after washing with PBS 

three times. An Alexa-488 conjugated goat-anti rabbit lgG (#4412, Cell Signaling 

Technology) diluted at 1:1000 was used as the secondary antibody. The counterstain 

4',6-diamidino-2-phenylindole (DAPI) was utilized to visualize cell nucleus. The 

images were taken at 60 magnification using Nikon AR fluorescence microscope, 

followed by analysis with NIS-Elements Viewer (Northern Eclipse, Empix Imaging, 

Inc.). 

 

4.10 3T3 cytotoxicity assay 

3T3 cells were seeded with RPMI-1640 medium at a density of 3000/well. After the 

cells were attached, Enz, C18 and AT2 were seeded with various concentrations of 

less than 10 µM. After incubation at 37 ‐ for 24 h, the medium was sucked out, 100 

µl DMSO was added into each well, and the absorbance was measured after shaking 

evenly for 5-10 minutes. 

 

4.11 Statistical analysis 

Data were analyzed statistically using the one-way analysis of variance test or 

Student’s t-test via software of Graphpad prism 7.0 (GraphPad, San Diego, CA, USA). 
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Results were expressed as mean ± SEM with at least 3 replicates, and P < 0.05 was 

considered as significant. 
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Figure Legends 

Figure 1. The schematic workflow of SBVS. 

Figure 2. Biological evaluation of the compounds identified by VS. (A) 

LNCaP-ARR2PB-eGFP-based transcriptional activity assay to determine the 

antagonistic activities for the 32 tested compounds (10 µM); (B) PolarScreenTM AR 

competitor assay to assess the AR binding affinities of the 3 identified active 

compounds (10 µM); (C) The AR binding affinity of the hit C18; (D) Transcriptional 

activity assay of C18; (E) C18 reduces the PSA expression in LNCap cells. 

Figure 3. Rational design of the C18 analogues. (A) RMSDs of the backbone atoms 
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of the AR LBD and the heavy atoms of C18 as a function of MD simulation time; (B) 

The 10 key residues for the binding of C18 predicted by VD-MM/GBSA. (C) 

Structural analysis of the 10 key residues for the interactions between the AR LBD 

and C18. 

Figure 4. AT2 can target the AR-LBD and reduce the PSA expression. (A) 

PolarScreenTM AR Competitor Assay to assess the C18 analogues (10 µM); (B) AT2  

reduces the PSA expression in LNCap cells with a dose-dependent fashion; (C) The 

relative mRNA expression of PSA; (D) The relative mRNA expression of TMPSS2; 

(E) Cytotoxicity assay effects of Enz, C18 and AT2 against NIH-3T3 cells. 

Figure 5. AT2 inhibits the AR nuclear translocation induced by DHT (scale bar = 50 

µm).  

Figure 6. Antiproliferative effects of Enz, C18, and AT2 against the cells of (A) 

LNCap, (B) PC3, (C) C4-2, and (D) DU145 were determined by MTT assay. The 

cells were treated by different concentrations of the tested compounds for 72 h.  
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Table 1. IC50 (µM) of the 21 analogues of C18 determined by transcriptional activity assay. 

                                                      
Comp. R1 IC50 (µM) Comp. R1 R2 IC50 (µM) Comp. R1 A  IC50 (µM) 

AT1 
 

0.22 BT1 
  

N/A CT1 
  

N/A 

AT2 
 

0.15 BT2 
  

N/A CT2 
  

N/A 

AT3 
 

N/A BT3 

  

N/A CT3 

  
20.35 

AT4 

 

0.82 BT4 

 
 

N/A CT4 
  

5.60 

AT5 

 

1.92 BT5 

 
 

N/A CT5 
  

7.45 

AT6 
 

0.15 BT6 

  

N/A CT6 

  
N/A 
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AT7 
 

0.26 BT7 

 
 

N/A     

AT8 

 

0.69 C18   2.40 Enz   0.036 

Note: N/A means not applicable 
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Figure 6 

 



Highlights 

1. A novel hit (C18) with IC50 of 2.4 µM against AR transcriptional activity in 

LNCaP cell was identified through structure-based virtual screening. 

2. The SAR analysis and structural optimization of C18 resulted in the discovery of 

a more potent AR antagonist (AT2) with 16-fold improved anti-AR potency. 

3. Further assays indicated that AT2 could effectively inhibit the transcriptional 

function of AR and block the nuclear translocation of AR. 
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