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1. INTRODUCTION: Androgen receptor (AR), a member of the nuclear hormone receptor 
(NHRs) is a ligand-dependent transcription factor (1) with significant therapeutic relevance in 
prostate cancer (PCa) (2). Conventional AR-based therapeutics have mainly focused on 
targeting the traditional hormone binding pocket of the receptor (3;4). However, over a period 
of time, therapeutic efficacy of these drugs suffered from the problem of drug resistance (5) 
due to 1) mutations at the ligand binding pocket causing structural and functional changes of 
the receptor and 2) conversion of antagonist into an agonist in a physiological context. 
Antiandrogen-based therapy including second generation androgen receptor (AR) inhibitors, 
Enzalutamide represents a typical case, where drug resistance is inevitable and its onset is 
associated with poor prognosis and high mortality (6). This highlights the urgency to develop 
entirely new types of anti-AR therapeutics with novel mode of action i.e. rather than blocking 
ligand interaction with AR the novel class of drugs should ideally bind to alternative sites on the 
receptor thereby effectively disrupting the association of coactivators that bind to these sites.  
Recently, a co- regulatory surface site called the Binding Function 3 (BF3) has been identified 
by Fletterick et al (7). The specific function of this pocket has not yet been fully characterized, 
although recent reports provide some evidence of its possible involvement in the AR 
association with FKBP52 - an important positive regulator of this receptor (8) and possible 
cross-talk with the AF2 site (9). In addition, BF3 is conserved among other members of NHR 
family, thereby offering a better opportunity to understand the molecular mechanism of co-
factor recruitment and subsequently its inhibition. Since AF2 and BF3 surface pockets play 
pivotal role in mediating AR function, therapeutic targeting of these sites offers a rich vein for 
the discovery of novel drugs for PCa with alternative mechanism of action and thereby 
circumvents treatment resistance seen with conventional anti-androgens. These drugs would 
provide an additional line of therapy for patients combating castration-resistant PCa thereby 
considerably expanding their life span. 

2. KEYWORDS: Prostate cancer, small molecule drugs, androgen receptor, chemical genomics, 
drug resistance, hormone resistance, computer-aided drug design 

3. OVERALL PROJECT SUMMARY:  

a. What were the major goals of the project?  

Specific Aim 1: to use the generated structure-activity data and the resolved crystal structure to 
design and synthesize AR AF2 and AR BF3 binders with enhanced target-affinity and ‘drug-
like’ properties.  
Specific Aim 2: to experimentally evaluate the developed synthetic derivatives. 
Specific Aim 3: to select several lead compounds for pharmacological development. 

 

ACCOMPLISHMENTS: 

 
Key outcome 1: Molecular modeling and synthesis of derivatives of our lead BF3 
binders VPC-0098 and a closely related VPC-4035. 
 
During the first year of the project we identified 2 derivatives of VPC-0098 with excellent 
activity in the low nanomolar range (VPC-13562 and 13566). In the following two years, we 
made multiple attempts to enhance the activity profile of these new BF3 leads via structure 
based lead optimization and importantly to improve their stability and their formulation so that 
ultimately these lead derivatives will be compatible for oral dosing in future phase I clinical 
studies. Each subsequent chemical series was identified based on the scaffold of active 
compounds VPC-13566 from the previous series. Based on these findings, a total of 250 small 
molecule compounds were synthesized in year 2 and 3 either at Enamine 
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(http://www.enamine.net/) or at our collaborator Robert Young's laboratory and send to the 
VPC for further biological testing and characterization.  
 
Key outcome 2: Identification of a new lead compound that combine excellent activity 
against the AR while being stable metabolically. 
 
eGFP Cellular AR Transcription Assay.  
All the 250 compounds were screened for their ability to inhibit AR transcriptional activity using 
a nondestructive, cell-based enhanced green fluorescent protein (eGFP) AR transcriptional 
assay (10). To ensure these values are true positive hits in the AR transcriptional eGFP assay, 
we validated their activity by a second transcription assay, based on light detection instead of 
fluorescence, by quantifying their effect on the production of the prostate specific antigen 
(PSA) in prostate cancer cell lines (11). PSA is AR-regulated serine protease and is widely 
used as a biomarker for PCa. As expected, hit compounds induced an equivalent decrease in 
PSA levels in LNCaP (12) cells as with the IC50 values found with the eGFP assay. Table 1 
below summarize compounds that were found to have an IC50 below 100 nM. For comparison 
purposes, in this assay, gold standards Enzalutamide and Bicalutamide shows  IC50 of 100 nM 
and 600 nM respectively. Importantly, eleven compounds exhibited exceptional activity under 
50 nM.  

 

 

Table 1: Compounds that exhibited an IC50 under 0.1 µM in transcription assays (eGFP 
and PSA) 
 

Internal number eGFP (µM) PSA (µM) Half-Life (min.) 

13591 0.012 0.027 23 

13786 0.013 0.021 n/a 

13621 0.020 0.008 13 

13697 0.029 0.029 n/a 

13642 0.032 0.050 11 

13610 0.033 0.013 27 

13785 0.036 0.045 n/a 

13713 0.037 0.091 36 

13698 0.041 0.041 n/a 

13696 0.042 0.042 n/a 

13766 0.045 0.020 32 

13582 0.051 0.058 32 

13676 0.053 0.034 13 

13585 0.057 0.028 37 

13566 0.060 0.090 29 

13760 0.062 0.052 35 

13793 0.065 0.139 n/a 

13807 0.065 0.135 n/a 

13716 0.067 0.058 14 

13688 0.069 0.068 30 

13695 0.069 0.087 41 

13694 0.070 0.067 46 

13699 0.073 0.073 n/a 

13674 0.075 0.051 43 

13737 0.080 0.037 12 

13738 0.083 0.062 37 

13703 0.087 0.097 16 

http://www.enamine.net/
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13584 0.088 0.050 47 

13770 0.093 0.017 14 

13754 0.094 0.051 n/a 

13579 0.100 0.042 41 

13622 0.100 0.075 17 

13692 0.100 0.082 58 

13764 0.100 0.082 19 

 
Determination of metabolic stability 
 
Metabolic stability refers to the susceptibility of compounds to biotransformation in the context 
of selecting and/or designing drugs with favorable pharmacokinetic properties. Metabolic 
stability results are usually reported as measures of intrinsic clearance, from which secondary 
pharmacokinetic parameters such as bioavailability and half-life can be calculated when other 
data on volume of distribution and fraction absorbed are available. These parameters are very 
important in defining the pharmacological and toxicological profile of drugs as well as patient 
compliance. Preliminary data using microsomes studies have shown that many of our best 
compounds (under 0.1 µM) did not show a great half-life in metabolic stability (Table 1) with 
numbers under 40 minutes. However, based on this information we have been capable of 
identifying weak points in the structure of the compounds and improve this aspect in year 3. 
Based on these information we managed to create a compound 13789 that retained excellent 
activity while being stable for more than 200 minutes in microsomes experiments (Table 2). 
 
Table 2: Half life of the most stable compounds in microsomes studies 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Cell growth assay. 
 
To determine the translational potential of the most potent BF3 inhibitors listed in Table 1, we 
evaluated their ability to reduce growth of PCa models stimulated by the androgen R1881 i.e. 
LNCaP, and androgen-independent PC3 cell line. The cell viability was assessed after 3 days 
of incubation with the test compound in a concentration dependent manner. Figure 1 shows a 
typical experiment with our lead compound VPC-13789 where this compound is very effective 
to inhibit the growth of LNCaP cells (Figure 1A). This compound was also very effective in 

Internal 
number 

eGFP (µm) PSA (µm) Half-Life 
(min.) 

13789 0.190 0.087 230 

13732 0.420 0.350  199 

13665 0.270 0.210 186 

13730 0.149 0.198 158 

13627 1.517 1.160 154 

13677 0.156 0.110 144 

13717 0.370 0.330 120 

13762 0.470 0.420 119 

13773 0.327 0.303 116 

13731 0.304 0.255 114 
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inhibiting the growth of MR49F cells resistant to Enzalutamide (Figure 1B). Moreover, 
compound 13688 did not show any effect on AR independent PC3 cell lines (figure 1C), 
confirming its AR-specific activity. Cell growth experiments were performed on all our 
compounds that are under 1 µM in eGFP activity.  

A) 

 
 

B) 

 
 

C) 

 
Figure 1: Cell growth assay using PrestoBlue reagent with A) LNCaP cells B) Enzalutamide-resistant MR49F cells and C) AR-

independent PC3 cells. 

 

 

Determination of binding to the BF3 site 
 
Biolayer interferometry (BLI) studies demonstrate a direct reversible interaction between these 
compounds and a purified AR ligand binding domain in a dose dependent manner. When a 
compound binds to the AR, there is a shift in wavelength that is detectable and measurable 
using the instrument. However BLI data for the compound VPC-13789 was not that great. So 
we also developed an assay that test the ability of a BF3 compound to displace a peptide that 



7 

 

bind to the BF3 site and it was positive for 13566 and 13789, confirming the mode of binding of 
these compounds. 

 
 

Key outcome 3: Compound 13566 can effectively inhibit the growth of prostate cancer 
cell lines in mice xenograft tumour model 

 

Efficacy studies in human xenograft tumour bearing mice. 

In year 2 we proceeded to test compound VPC-13566 identified in Year 1 for its ability to 
reduce the growth of tumor cell lines in xenograft models. We completed these studies in year 
3.  
 
The in vivo effect of VPC-13566 was evaluated with a xenograft model of castration-resistant 
prostate cancer. The pharmacokinetic analysis of VPC-13566 and its metabolites following 
intravenous (IV) or intraperitoneal (IP) administration demonstrated moderate metabolic 
stability of VPC-13566, with three glucuronides established as primary biotransformation 
products. The hydroxylation products were observed in lesser amounts. The IV and IP serum 
profiles of VPC-13566 suggest that it could be administered IP with substantial retention up to 
24h. For IV and IP, Cmax was established at approximately 14 and 1 µM and half-lives were 
estimated as 2.6 and 2.8 hours respectively.  Based on the initial in vitro data (AR eGFP IC50 = 
0.05 μM) it was to be expected that the plasma concentration of the drug should remain within 
the predicted therapeutic window for at least 24 hours when delivered IP. Initial toxicity 
experiments demonstrated doses of 100 mg/kg twice a day (single dose of 200 mg/kg once 
per day for 2 days per week) for 4 weeks could be tolerated by the mice with no visible signs of 
toxicity, decrease in body weight, or histological abnormalities in major organs (data not 
shown).  A dose of 100 mg/kg administered IP twice a day (single dose of 200 mg/kg once per 
day for 2 days per week) was chosen based on these preliminary studies.  
 
The in vivo screening for tumor growth was performed using the castration-resistant LNCaP 
xenograft model. Mice were implanted with LNCaP tumor cells and castrated upon serum PSA 
reaching 25 ng/ml. When tumor regrowth was observed and serum PSA returned to pre-
castration levels, the mice were treated with VPC-13566, vehicle control, or the AR inhibitor 
enzalutamide. Tumor growth was effectively suppressed by VPC-13566 (p < 0.05) and 
enzalutamide (P < 0.01) (Figure 2A). Moreover, VPC-13566 significantly decreased serum 
PSA to a comparable degree as enzalutamide (p < 0.01, Figure 2B). Together, these results 
indicate that this class of AR inhibitor has the potential to yield an AR targeting drug that could 
have clinical utility in the treatment of patients with castration-resistant tumors. 
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Figure 2: In vivo effect of VPC-13566 in LNCaP castration resistant xenograft model. A- The in vivo 

effect of VPC-13566 on the tumor volume of LNCaP mice xenografts. Data are presented as mean ± 

SEM of % tumor volume at time of treatment initiation (each group, n=5). A p value < 0.05 was 

considered significant (*) and < 0.01 very significant (**) compared to vehicle control (two-tailed T-

Test). B- The in vivo effect of VPC-13566 on PSA level of LNCaP xenograft bearing mice. Data are 

presented as mean ± SEM of % PSA level at time of treatment initiation (each group, n=5). A p value < 

0.05 was considered significant (*), and < 0.01 very significant (**) compared to vehicle control. 

 

What opportunities for training and professional development has the project provided? 

Nothing to report 

How were the results disseminated to communities of interest? 

Nothing to report 

What do you plan to do during the next reporting period to accomplish the goals?  

Nothing to report 
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4. KEY RESEARCH ACCOMPLISHMENTS:  

 Using our in-silico model we identified and characterized 33 small molecule compounds 
inhibitor of the AR with an IC50 under 100 nM in transcription assay  

 Eleven of these compounds exhibit exceptional activity under 50 nM which is twice 
more potent than gold standard Enzalutamide  

 These compounds are effective to reduce the growth of Enzalutamide-resistant cell 
lines in vitro. 

 Parental compound VPC-13566 identified in year 1 of the project is very effective in 
reducing tumor growth of LNCaP cell lines. 

 The half-life of new compounds from year 3 in metabolic conditions have been much 
improved, and we have identified a new lead compound #13789 that is very active (150-
200 nM IC50) and with a half-life in microsome studies over 200 minutes. 
 

 
 
 

5. CONCLUSION:  

 
Over the last 3 years, there has been considerable progress in our project to develop small 
molecules inhibitors that target the BF3 site of the AR for the treatment of prostate cancer. 
Based on the chemical scaffold VPC13566 previously reported in year 1 of the project, we 
conducted a systematic in silico screen and identified approximately 250 indole based 
compounds for biological testing. These compounds were evaluated successfully using a 
series of in vitro assays confirming their potency via AR guided mechanism of action in various 
prostate cancer cell lines. Several compounds demonstrated inhibition of AR in low nanomolar 
range. It should be noted that these derivatives show two to five fold increase in their potency 
when compared to gold standard Enzalutamide. This class of inhibitors is promising and is 
currently under further investigation. Importantly, VPC-13566 exhibited a strong anti-
proliferative effect on LNCaP cell line in xenograft mouse models, confirming that these 
compounds can be truly effective anti-tumor agents.  
 
Very importantly, the results from year 3 of the project have identified a lead compound that is 
almost drug-like in its properties (compound 13789), with an IC50 around 150-200 nM while 
having an excellent half-life of over 200 minutes in microsome experiments. It is our hope that 
this compound will attract further interest and eventually be developed as a drug to act as 
complementary therapeutics to treat castration-resistant prostate cancer. 
 
 

6. PUBLICATIONS, ABSTRACTS, AND PRESENTATIONS:  

 
1) Discovery of 1H-indole-2-carboxamides as novel inhibitors of the androgen receptor binding 
function 3 (BF3). Ban F, Leblanc E, Li H, Munuganti RS, Frewin K, Rennie PS, Cherkasov A. J Med 
Chem. 2014 Aug 14;57(15):6867-72. doi: 10.1021/jm500684r. Epub 2014 Jul 25. PMID:25025737 
 
2) Identification of a Potent Antiandrogen that Targets the BF3 Site of the Androgen Receptor and 
Inhibits Enzalutamide-Resistant Prostate Cancer Ravi S.N. Munuganti, Mohamed D.H. Hassona, Eric 
Leblanc, Kate Frewin, Kriti Singh, Dennis Ma, Fuqiang Ban,Michael Hsing, Hans Adomat, Nada 
Lallous, Christophe Andre, Jon Paul Selvam Jonadass, Amina Zoubeidi, Robert N. Young, Emma 
Tomlinson Guns, Paul S. Rennie, and Artem Cherkasov, Chemistry and Biology, 2014 Nov 
20;21(11):1476-85 
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3) The development of anti-androgens with a new mechanism of action for treatment of castration 
resistant prostate cancer.  Ravi SN Munuganti, Mohamed H Hassona, Eric Leblanc, Fuqiang Ban, 
Emma T. Guns, Paul S. Rennie, Artem Cherkasov. Poster presented at the AACR meeting, April 05-
09, 2014 in San Diego, USA: 
 
4) Targeting binding function-3 site on the androgen receptor to treat Enzalutamide-resistant prostate 
cancer. Ravi Shashi Nayana Munuganti, Mohamed DH Hassona, Eric Leblanc, Emma T. Guns, Paul 
S. Rennie, Artem Cherkasov. Poster presented at the AACR meeting, April 21, 2015 in Philadelphia, 
USA. 
 
5) Functional analysis of androgen receptor mutations that confer anti-androgen resistance identified 
in circulating cell-free DNA from prostate cancer patients. Nada Lallous, pH.D; Stanislav V. Volik, 
Ph.D.; Shannon Awrey; Eric Leblanc, Ph.D.; Ronnie Tse; Josef Murillo; Kriti Singh; Arun A. Azad; 
Alexander W. Wyatt, Ph.D.; Stephane LeBihan; Kim N. Chi, M.D.; Martin E. Gleave, M.D.; Paul S. 
Rennie, Ph.D.; Colin C. Collins, Ph.D.; Artem Cherkasov, Ph.D. Accepted for publication in Genome 
Biology. 
 
6) Targeting Binding Function-3 of the Androgen Receptor Blocks its Co-Chaperone Interactions, 
Nuclear Translocation, and Activation. Nada Lallous, Eric Leblanc, Ravi S.N. Munuganti, Mohamed 
D.H. Hassona, Shannon Awrey, Nader Al Nakouzi, Helene Morin, Mani Roshan-Moniri, Kriti Singh, 
Sam Lawn, Takeshi Yamazaki, Hans Adomat, Christophe Andre, Mads Daugaard, Robert N. Young, 
Emma Tomlinson Guns, Paul S. Rennie, Artem Cherkasov. Submitted to PNAS. 
 

7. INVENTIONS, PATENTS AND LICENSES:  

Nothing to report. 

8. REPORTABLE OUTCOMES:  

a) We have employed these AR BF3-directed small molecules to demonstrate that inhibition of 
AR activity through the BF3 functionality can block translocation of the receptor into the 
nucleus. Furthermore, using this AR BF3 binder as a chemical probe, we have identified a co-
chaperone, small glutamine-rich tetratricopeptide repeat (TPR)-containing alpha (SGTA), as an 
important AR-BF3 interacting partner. This is to our knowledge the first time such a role was 
found for SGTA. This data has been submitted for publication to PNAS. 

b) We have tested 13566 against a panel of clinically relevant AR mutations that confer 
resistance to the usual anti-androgens. 13566 has effectively inhibited all AR variants, 
including those that confer resistance to enzalutamide, and to emerging drug candidates such 
as ARN509. Thus, VPC-13566 could represent a viable treatment option for CRPC patients. 

 

9. OTHER ACHIEVEMENTS: 

Nothing to report. 
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