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Figure 1. Mutagenesis screen for enzalutamide resistance identifies novel AR mutation. (A) A cartoon of the AR mutagenesis screen developed to 
identify enzalutamide resistance mutations. Briefly, cells were cotransduced with a randomly mutagenized AR cDNA library (AR*) and EGFP reporter of 
AR activity (Pb.PSE.EGFP), treated with 1 μM enzalutamide, and EGFP-positive cells were sorted using FACS. AR was PCR amplified and sequenced to 
identify relevant mutations. (B) Representative FACS histograms showing the progressive enrichment of an EGFP-positive subpopulation of LNCaP/AR*/
Pb.PSE.EGFP cells post multiple rounds of enzalutamide treatment and cell sorting. (C) A Sanger sequencing trace of exon 8 within AR on the exoge-
nous AR allele from LNCaP/AR*/Pb.PSE.EGFP cells after the fifth FACS sort. The position of the mutation is highlighted with an arrow. The alignment 
was performed against AR WT. AR: androgen receptor.
DOI: 10.7554/eLife.00499.003
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Figure 1—figure supplement 1. Enrichment of AR W741C mutant expressing LNCaP-Pb.PSE.EGFP cells after 
bicalutamide treatment and EGFP sorting. Genomic DNA was isolated from LNCaP-Pb.PSE.EGFP cells ectopically 
expressing either wild-type (WT) AR or mutant AR W741C, or different ratios of mutant-to-WT, and quantitative PCR 
was performed to test the sensitivity of the W741C-specific primers. With starting ratios of 1:100 and 1:1000 
mutant-to-WT, we treated these cell mixtures with 1 μM bicalutamide for 4 days, and then FACS-sorted those that 
maintained/induced EGFP expression. Sorted cells were expanded and the brief bicalutamide treatment and 
FACS-sorting was repeated (four rounds). Genomic DNA was isolated from the sorted cell populations, and 
quantitative PCR was performed to test for enrichment of the W741C mutant cells. AR: androgen receptor.
DOI: 10.7554/eLife.00499.004

Figure 1—figure supplement 2. Endogenous AR target gene, PSA is induced by enzalutamide in FACS-sorted 
cells. Parental LNCaP-Pb.PSE.EGFP cells, and those overexpressing AR WT, the random AR mutant library (Mut 
Lib), and cells after each sort were treated with 1 μM enzalutamide for 24 hr in media containing full serum. RNA 
was then collected, reverse transcribed, and quantitative PCR performed for AR target gene KLK3 (PSA). AR: 
androgen receptor; WT: wild-type.
DOI: 10.7554/eLife.00499.005
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Figure 1—figure supplement 3. Expression of EGFP and endogenous AR target gene FKBP5 remain 
AR-dependent in FACS-sorted cells. LNCaP-Pb.PSE.EGFP cells overexpressing AR WT and cells from the fifth sort 
of our screen were transfected with 10 nM of either a non-targeting siRNA (siNT) or a siRNA against AR (siAR). They 
were also treated with either vehicle (V) or 1 μM enzalutamide (E). After 4 days of enzalutamide treatment and 
siRNA knockdown, cells were collected for both (A) flow cytometric analysis of EGFP expression and (B) western 
blot analysis of the AR target gene FKBP5, and to ensure we achieved good AR knockdown. AR: androgen 
receptor; WT: wild-type.
DOI: 10.7554/eLife.00499.006
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Figure 1—figure supplement 4. AR F876L mutation accounts for 50% of AR in cells after fourth sort, and further 
enriched after the fifth sort. We PCR amplified AR from our LNCaP/AR*/Pb.PSE.EGFP cells after four rounds of 
enzalutamide treatment and FACS-sorting, and Sanger sequenced the PCR product. AR F876L (T → C) accounts for 
approximately 50% of the AR in these cells. This mutation is further enriched after the fifth sort, and accounts for 
approximately 80% of AR in that population of cells. AR: androgen receptor.
DOI: 10.7554/eLife.00499.007
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Figure 2. AR F876L mutation converts enzalutamide into an agonist and rescues enzalutamide-induced growth inhibition. (A) A representative FACS 
histogram shows the induction of AR-dependent EGFP expression by enzalutamide in LNCaP-Pb.PSE.EGFP cells ectopically expressing AR F876L. The 
magnitude of induction by enzalutamide (10 μM) is comparable to that conferred by the endogenous androgen DHT (1 nM). Enzalutamide treatment of 
LNCaP-Pb.PSE.EGFP cells ectopically expressing AR WT effectively suppressed EGFP expression. Geometric-mean fluorescence intensity for WT treated 
cells: vehicle (348), enzalutamide (66.4), DHT (1554); for F876L cells: vehicle (345), enzalutamide (1051), DHT (1699). (B) Cotransduction of CV1 cells with 
an AR-regulated firefly luciferase construct, a constitutive Renilla luciferase construct, and one of the indicated AR constructs, recapitulates the pharma-
cology observed in the EGFP reporter system. These cells were treated with vehicle (DMSO), antiandrogens (1 μM), or the synthetic androgen R1881  
(1 nM). A dual luciferase assay was conducted on cell lysates, the firefly signal was normalized to the constitutive Renilla activity, and the data are 
reported as relative light units (RLUs). Notably, the bisaryl-thiohydantoin antiandrogens (enzalutamide and ARN-509) effectively induce AR F876L 
transcriptional activity, while structurally discrete antiandrogens (hydroxyflutamide and bicalutamide) do not impact AR F876L activity in this assay. As 
expected, the transcriptional activity of AR W741C or AR T877A was induced by bicalutamide or hydroxyflutamide, respectively. (C) Quantitative reverse 
transcription–polymerase chain reaction analysis of LNCaP/AR F876L cells shows that enzalutamide (1 μM) can induce the expression of canonical 
AR-regulated gene products (i.e., PSA, TMPRSS2, SGK1, and FKBP5). Relative gene expression post therapy for LNCaP/AR WT cells is included as 
Figure 2. Continued on next page

http://dx.doi.org/10.7554/eLife.00499


Human biology and medicine

Balbas et al. eLife 2013;2:e00499. DOI: 10.7554/eLife.00499 7 of 22

 

positive controls. FL = AR F876L, data are normalized to GAPDH and represented as mean ± SD, n = 3. (D) Cell proliferation data shows that overex-
pression of AR F876L in a human prostate cancer cell line sensitive to enzalutamide therapy can rescue cell growth. VCaP cells overexpressing either AR 
WT (solid lines) or AR F876L (dashed lines) were cultured in media containing full serum, treated with either vehicle (DMSO) or 10 μM enzalutamide, and 
the viable cell fraction was determined at the indicated time points (data is represented as mean ± SD, n = 3). (E) Cellular proliferation data shows that 
enzalutamide also rescues the growth of VCaP cells expressing AR F876L in androgen-depleted media. VCaP cells overexpressing either AR WT (solid 
lines) or AR F876L (dashed lines) were treated with vehicle (DMSO), 1 nM DHT, or 10 μM enzalutamide, and the viable cell fraction was determined at the 
indicated time points (mean ± SD, n = 3). (F) A time to progression study for mice bearing subcutaneous LNCaP/AR-WT (solid lines) or LNCaP/AR-F876L 
(dashed lines) xenografts further highlights the genotype-dependent pharmacology of enzalutamide. Inoculated animals were treated once daily 
through oral gavage with either vehicle or enzalutamide (30 mg/kg), and tumor size was monitored weekly (11–16 tumors per treatment group). While 
enzalutamide potently suppressed the growth of LNCaP/AR-WT tumors, LNCaP/AR-F876L tumors exposed to enzalutamide grew with kinetics roughly 
equivalent to either vehicle treatment arm. AR: androgen receptor; WT: wild-type.
DOI: 10.7554/eLife.00499.008

Figure 2. Continued

Figure 2—figure supplement 1. Dose-dependent 
induction of EGFP expression by enzalutamide in 
LNCaP-Pb.PSE.EGFP cells expressing AR F876L. 
LNCaP-Pb.PSE.EGFP cells ectopically expressing AR 
F876L were treated with vehicle, 1 or 10 μM enzaluta-
mide for 4 days. Cells were then collected for 
FACS-analysis of EGFP expression. Geometric-mean 
fluorescence intensity is indicated in the table. AR: 
androgen receptor.
DOI: 10.7554/eLife.00499.009
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Figure 2—figure supplement 2. Enzalutamide induces AR F876L nuclear translocation and DNA binding to AR 
enhancer elements. (A) LNCaP cells were transfected with EYFP-tagged wild-type AR or AR F876L in androgen 
depleted media containing vehicle, 1 μM enzalutamide, or 1 nM DHT. Representative confocal images are shown. 
Average nuclear-to-cytoplasmic ratios for EYFP are displayed (±SD, n = 3). (B) LNCaP cells stably overexpressing 
either AR WT or AR F876L were cultured in androgen-depleted media for 4 days, then treated with vehicle (VEH), 
10 μM enzalutamide (ENZ), or 1 nM DHT for 4 hr. AR chromatin immuoprecipitation was performed, and real-time 
PCR quantification of PSA enhancer and FKBP5 enhancer is shown (percent input mean ± SD, n = 3). AR: androgen 
receptor; WT: wild-type.
DOI: 10.7554/eLife.00499.010
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Figure 2—figure supplement 3. Enzalutamide binds to AR F876L with higher affinity than to AR WT. 
Representative competition binding curves, showing displacement of 18F-FDHT in LNCaP/AR WT and LNCaP/AR 
F876L cells by increasing concentrations of cold DHT or enzalutamide (ENZ). The median inhibitory concentration 
(IC50) values from this experiment are displayed (error bars represent the SD of triplicate measurements). AR: 
androgen receptor; WT: wild-type.
DOI: 10.7554/eLife.00499.011
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Figure 2—figure supplement 4. AR F876L mutation 
converts ARN-509 into an AR agonist. LNCaP-Pb.PSE.
EGFP cells ectopically expressing either AR WT or AR 
F876L were treated with vehicle or 10 μM ARN-509. 
After 4 days of treatment, cells were collected for 
analysis of EGFP expression (FL1-H), geometric-mean 
fluorescence is shown in the table below. AR: 
androgen receptor; WT: wild-type.
DOI: 10.7554/eLife.00499.012

Figure 2—figure supplement 5. Dose-dependent 
agonism in AR F876L expressing cells treated with 
enzalutamide or ARN-509. LNCaP cells ectopically 
expressing AR F876L were cultured in androgen-
depleted media (10% CSS) for 48 hr, then treated with 
the indicated dose of antiandrogen for 24 hr, and 
qRT-PCR was performed to assess the expression of 
the indicated AR target gene. AR: androgen receptor.
DOI: 10.7554/eLife.00499.013
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Figure 2—figure supplement 6. Ectopic expression of AR F876L in CWR22Pc cells confers resistance to enzaluta-
mide and rescues growth in androgen-depleted media. (A) CWR22Pc cells stably expressing either AR WT or AR 
F876L were plated in full serum media containing vehicle, 1 μM enzalutamide, or 10 μM bicalutamide. CellTiterGLO 
assay was performed on days 1, 4, and 7 to measure cell viability (mean relative light units [RLU] ± SD, n = 3).  
(B) CWR22Pc cells stably expressing either AR WT or AR F876L were plated in full serum media containing vehicle, 
1 μM enzalutamide, or 0.1 nM DHT. CellTiterGLO assay was performed on days 1, 4, and 7 to measure cell viability 
(mean relative light units [RLU] ± SD, n = 3). AR: androgen receptor; WT: wild-type.
DOI: 10.7554/eLife.00499.014
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Figure 2—figure supplement 7. Other amino acid substitutions at Phe876 modify the pharmacology of second- 
generation antiandrogens. ARE(4X)-luciferase assay for additional F876 substitutions. CV1 cells were cotransfected 
with an ARE(4X)-firefly luciferase construct, SV40 Renilla luciferase construct, and one of the designated AR 
constructs. The cells were treated with 10 μM of the indicated antiandrogens, and a dual luciferase assay was 
performed on the lysates, and normalized to Renilla luciferase (mean ± SD, n = 3). AR: androgen receptor.
DOI: 10.7554/eLife.00499.015

Figure 2—figure supplement 8. Bicalutamide is a modest inhibitor of AR F876L transcriptional activity. Parental LNCaP-Pb.PSE.EGFP cells and those 
transduced with AR WT or AR F876L were treated with vehicle, 1 or 10 μM bicalutamide (BIC) for 4 days, and then collected for flow cytometric analysis 
of EGFP expression (FL1-H). Geometric-mean fluorescence intensity of EGFP is displayed in the table below each histogram plot.
DOI: 10.7554/eLife.00499.016
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Figure 3. Molecular dynamics simulations predict a novel binding mode for bisaryl-thiohydantoin antiandrogens and the basis for agonism toward AR 
F876L. (A) Structures of the antiandrogens bicalutamide (top), enzalutamide (middle), and ARN-509 (bottom) oriented to highlight the common and 
discrete regions of the molecules. The A-D annotation of the rings is indicated. (B) A magnified view of the cocrystal structure of AR W741L (gray) and 
bicalutamide (gold) shows the antiandrogen's spatial relationship to the H11 and H12 pockets and residue F876 (blue). In this agonist conformation, the 
C-ring of bicalutamide does not interact with F876. (C) A magnified view of the initial-docked models of enzalutamide (gold) and ARN-509 (cyan) 
calculated using coordinates from 2AXA in which residue 741 is a tryptophan. The model suggests that the loss of torsional freedom imposed by the 
thiohydantoin B-ring imposes conformational restrictions on the antagonists that force the C-ring toward F876 and the ‘H11 pocket'. (D) The lowest-
energy 10-ns MD models for enzalutamide with AR WT (red) and AR F876L (cyan) overlaid on 1Z95 (gray—agonist reference structure). The F876L 
mutation allows for cooperative changes in neighboring residues which, when bound to enzalutamide, enable H12 to adopt a more agonist-like 
conformation. (E) An analogous view of the lowest-energy 10-ns MD models for ARN-509 with AR WT (red) and AR F876L (cyan) overlaid on 1Z95 (gray) 
shows a similar effect for F876L on the positioning of H11 and H12. These simulations also point to the comparatively larger dislocation in H12 by 
ARN-509 in AR WT, presumably owing to favorable steric interactions between the spirocyclobutyl ring and H12. AR: androgen receptor; WT: wild-type.
DOI: 10.7554/eLife.00499.019
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Figure 3—figure supplement 1. Overlay of predicted enzalutamide or ARN-509 simulations and solved agonist 
crystal structure. The coordinates for three 10-ns simulations with the indicated receptor (cyan) and drug compound 
(gold) were overlaid on the 1Z95 structure (gray) to highlight structural differences between the agonist conforma-
tion of the AR W741L/bicalutamide complex. Note the evidence of H12 dislocation in AR WT/antiandrogen 
complexes that is less evident for AR F876L. Bicalutamide was deleted for visual clarity. For the simulations 
conducted for the enzalutamide/AR F876L complex, one suspected outlier (red) was detected among the initial 
three MD simulations. Five additional simulations were conducted, and they recapitulated the majority tendency 
observed for the initial MD simulations. AR: androgen receptor; WT: wild-type.
DOI: 10.7554/eLife.00499.020
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Figure 3—figure supplement 2. A zoomed in view of the H11 pocket from the enzalutamide and ARN-509 MD 
simulations. The lowest-energy 10-ns MD models for enzalutamide (A) and ARN-509 (B) with AR WT (red) and AR 
F876L (cyan) overlaid on 1Z95 (gray—agonist reference structure), with an inset showing a zoomed in view of the 
region around residue 876, that includes distances between close hydrophobic atoms on each receptor:ligand pair. 
AR: androgen receptor; WT: wild-type.
DOI: 10.7554/eLife.00499.021
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Figure 4. A focused chemical screen identifies novel antagonists of AR F876L. (A) A tabular summary of the bioactivity of the novel antiandrogens in the 
LNCaP/AR/Pb.PSE.EGFP cell-based assay shows the importance of a carefully designed D-ring for competent inhibition of AR F876L. Antagonism is 
indicated with a ‘−’ symbol, and agonism is indicated with a ‘+’ sign. The asterisk is situated over the shared carbon atom in position 4 that joins the 
bisaryl-thiohydantoin scaffold to the respective ‘substituent’. The source data is outlined in Figure 4—figure supplement 1. (B) A proliferation assay for 
VCaP prostate cancer cells overexpressing either wild-type AR (left) or AR F876L (right) shows that (±)-DR103 effectively inhibits the growth of both 
models, while enzalutamide and the close structural analogue DR101 only inhibit the growth of VCaP/AR WT. Data are reported as mean ± SD, n = 3.  
(C) A view of the lowest-energy conformations of enzalutamide (cyan), ARN-509 (gold), and (S)-DR103 (red) in complex with AR F876L highlights the 
greater dislocation of H12 and the loop between H11 and H12 uniquely conferred by (S)-DR103. The color scheme invoked for AR F876L matches the 
respective antiandrogen. AR: androgen receptor; WT: wild-type.
DOI: 10.7554/eLife.00499.022
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Figure 4—figure supplement 1. EGFP reporter assay for AR activity with DR series compounds. LNCaP-Pb.PSE.
EGFP cells ectopically expressing either AR WT or AR F876L were treated with vehicle (DMSO) or 10 μM of the 
indicated DR-series compound. After 4 days of treatment, cells were collected and FACS analysis for EGFP 
expression was performed. Geometric-mean fluorescence intensity is indicated in the adjacent table.
DOI: 10.7554/eLife.00499.023
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Figure 4—figure supplement 2. (±)-DR103 effectively competes with DHT for AR binding and induction of 
AR-regulated luciferase. CV1 cells were transfected with AR WT or AR F876L, 4XARE-luciferase, and SV40 renilla 
luciferase expression constructs. They were cultured in androgen-depleted media supplemented with the indicated 
androgen/antiandrogen for 36 hr, and a dual-luciferase assay was performed on cell lysates. Luciferase activity is 
represented by relative light units (RLU) ± SD, n = 3. AR: androgen receptor; WT: wild-type.
DOI: 10.7554/eLife.00499.024

Figure 4—figure supplement 3. (±)-DR103 is a more potent antagonist for AR F876L than AR WT. CV1 cells were transfected with AR WT or AR F876L, 
4XARE-luciferase, and SV40 renilla luciferase expression constructs. They were cultured in androgen-depleted media supplemented with the indicated 
androgen/antiandrogens for 36 hr and a dual-luciferase assay was performed on cell lysates. DHT concentration was 1 nM. Luciferase activity is  
represented by relative light units (RLU) ± SD, n = 3. AR: androgen receptor; WT: wild-type.
DOI: 10.7554/eLife.00499.025
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Figure 4—figure supplement 4. Growth inhibition of 
CWR22Pc cells overexpressing AR WT or AR F876L with 
(±)-DR103 treatment. CWR22Pc cells ectopically 
expressing wild-type AR or AR F876L, cultured in 
full-serum-containing media, were treated with vehicle 
(DMSO) or 10 µM of enzalutamide or DR103. 
CellTiterGLO assay was performed on days 1, 4, and 7 
to determine cell viability (relative light units [RLU] ± 
SD, n = 3). AR: androgen receptor.
DOI: 10.7554/eLife.00499.026

Figure 4—figure supplement 5. Novel antiandrogen, (±)-DR103, efficiently inhibits AR signaling and induces  
PARP cleavage in cells expressing both AR WT and AR F876L. VCaP cells ectopically expressing either AR WT or 
AR F876L were treated for 4 days with vehicle or 10 µM of the indicated antiandrogen (VEH = vehicle, DMSO;  
ENZ = enzalutamide) in media containing 10% FBS. Whole-cell lysates were analyzed by western blot. AR: 
androgen receptor; WT: wild-type.
DOI: 10.7554/eLife.00499.027
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Figure 4—figure supplement 6. DU145 cells treated 
with (±)-DR103 and DR104 display no significant 
growth inhibition. DU145 cells were cultured in 
full-serum-containing media with 10 μM of the 
indicated antiandrogens. CellTiterGLO assay was 
performed on days 0, 3, and 6 to determine cell 
viability (relative light units [RLU] ± SD, n = 3).
DOI: 10.7554/eLife.00499.028
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Figure 4—figure supplement 7. Overlay of predicted DR103 simulations and solved agonist crystal structure. An 
overlay of three 10-ns MD simulations for (S)-DR103 docked either in AR WT or AR F876L shows the dislocation of 
H12 in space compared to 1Z95 (gray), consistent with the pharmacological model predicted by previous MD 
simulations for enzalutamide and ARN-509 in AR WT. The predicted conformations of the AR variants are highlighted 
in cyan, and the respective conformations of (S)- and (R)-DR103 are represented in gold. AR: androgen receptor; 
WT: wild-type.
DOI: 10.7554/eLife.00499.029
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Figure 4—figure supplement 8. A zoomed in view of the H11 and H12 pockets of the MD simulations for AR 
F876L. A magnified view of the lowest energy conformations of enzalutamide (cyan), ARN-509 (gold), and (S)-DR103 
(red) in complex with AR F876L, showing the structural framework and interactions in close proximity to the 
antagonist C and D-rings (with distances measured). AR: androgen receptor; WT: wild-type.
DOI: 10.7554/eLife.00499.030
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