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Introduction: During this past year the role of AR splice variants in association with resistance to abiraterone 
and enzalutamide has become increasingly clinically relevant. Several studies including those of a collaborator 
on our DOD –transformative proposal, Dr. Jun Luo at Johns Hopkins University have provided important 
clinical correlative data showing that the appearance of androgen receptor splice variants in association with the 
resistance that is increasingly developing in our patients to these new C-terminal AR agents. In addition as we 
will point out in this report, we now show that generation of AR-splice variants occurs at the level of preMRNA 
splicing and does not require the presence of intragenic rearrangements of the AR gene. We have shown that 
EPI compounds markedly inhibit tumor growth in which the tumors are devoid of androgens and are driven by 
AR splice variants. Importantly, the clinical appearance of these tumors may indicate that a paradigm shift in 
our approach to castration resistant disease may be needed. Finally, in this proposal we originally began using 
EPI-001. This compound is a mixture of four stereoisomers. We determined that the activity of the compound 
was associated with the specific isomer, EPI-002 (1).  Thus we are now using this compound in the studies and 
herein is referred to as EPI-002. 
 
Body: 
Aim 1 will determine the impact of EPI-001 on castration sensitive tumor regression and re-growth in LuCap 
xenografts and on growth of their castration resistant forms. 
 
LuCaP 86.2 xenograft and epi – The data on this xenograft was presented in the previous report and as shown 
this human prostate cancer xenograft was resistant to enzalutamide but was very sensitive to EPI-
001.Sunsequent analysis of RNA from these xenografts showed a decrease in ARv567es distinct targets UBE2C 
and UGT2B17 when treated with EPI-001. Importantly it has been shown that LuCaP 86.2 from which ARv567es 
has an intragenic rearrangement of the AR gene and is programmed to produce ARv567es and does not generate 
AR-V7.This is an important finding because we have shown that ARv567es is transported  
 
LuCaP 136 and epi – The data on LuCaP136 were also presented in the last report. Importantly we saw that 
this xenograft was also growth suppressed by enzalutamide. When we first reported this xenograft in 2010 it 
had higher intratumoral levels of DHT than T and our collaborator, Scott Dehm, had found an intragenic 
rearrangement similar to that in LuCaP 86.2. However; when we examined the LuCaP 136 tumors that were 
suppressed by enzalutamide and EPI-001, we say only AR-V7 but predominantly AR-FL and on castration 
higher levels of testosterone than dihydrotestosterone as the intratumoral androgen. Furthermore, the intragenic 
rearrangement of AR had been lost. Thus this is an important finding 
because it shows that in EPI-001 can suppress tumor growth in which 
the dominant receptor is AR-FL. The importance of the switch in 
intratumoral steroid from DHT to T is of interest but the importance in 
the response to various agents has yet to be determined. 
 
LuCaP 49 and EPI -  LuCaP 49 is a neuroendocrine tumor that does 
not contain AR and is thus unresponsive to either N-terminal inhibition 
by EPI-001 or LBD inhibition by enzalutamide (MDV-3100), 
abiraterone or Tok-001. 
Although a negative finding 
this is an important finding 
since it shows no off target 
effects on tumor suppression 
by EPI compounds. 
 
LuCaP 96 and EPI – In figure 
2 we see the results of 
treatment of the LuCaP 96 
xenograft. Although there is an 
initial response to castration, 
the response is muted over time 
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Figure 2. LuCaP 96 shows some response to 
castration alone but a better response to EPI-
001. Although originally thought to be driven 
primarily by AR-FL recent RNA-seq analysis 
demonstrated that over 30% of the LuCaP 96 
AR is a constitutively active AR-variant.  

Fig. 3. LNCaP95 cells express both AR–FL, AR-V7 
and ARv567es as seen in the Western blot (right). They 
grow in the absence of androgen, are not suppressed 
by inhibiting the LBD with bicalutamide or MDV but 
proliferation is inhibited by the N-terminal inhibitor 
EPI-002. 
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Figure 1. LuCaP 49 does not significantly 
decrease growth in response N- or C-terminal 
AR inhibitors. 
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and the response is significantly greater to EPI. We have subsequently performed  RNA-seq on this xenograft 
and found that it 
contains >30% AR-
splice variants that are 
forms of ARv567es 
such that not are 
detected by qtrtPCR 
primers used for 
ARv567es but may 
account for a 
significant amount of 
resistance to 
castration. Of further 
interest, testosterone 
as opposed to DHT , 
is the primary 
intratumoral androgen 
in LuCaP96 post 
castration and as we have seen in LuCaP 136 may provide 
additional information as to the response to EPI 
compounds. 

Aim 2 will examine the impact of EPI-001 on castration 
sensitive and castration resistant growth of 
tumors with differing tumor androgen levels 
and differing ratios of ARv567es to full-
length. 
 
LnCaP 95 and EPI – In figure 3 we show that LNCaP 95 cell express high endogenous levels of AR-V7 as 
well as the AR-V7 transcriptome. Furthermore we have also shown, that as opposed to LNCaP parental cells 
that when grown as xenografts have suppressed growth following castration, the LNCaP 95 cells grow best 
when placed in castrate mice and their growth is suppressed when placed in intact mice or when androgens are 
replaced if they are grown in castrate mice. Thus they are androgen suppressed. Additionally, they are resistant 
to bicalutamide and enzalutamide, figure 3. However, when grown in castrate mice LNCaP 95 growth 
suppressed by the addition of EPI-002, figure 4, and the AR-variant transcriptome genes are suppressed, figure 
5. In contrast, when LNCaP 95 cells are grown in the castrate host there is a marked increase in ARv567es and 
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Figure 5. AR-variant distinct genes in variant drivenLNCaP 
95 cells are suppressed by EPI-002 but not enzalutamide 
(MDV).  
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Figure 4. LNCaP 95 cells grown in castrateSCID 
mice treated with vehicle, enzalutamide (MDV) 
(30uM), or EPI-002 (50 mgm/kg) per gavage daily. 
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Figure 6. RtPCR of AR-FL, AR-V7, ARv567es, and downstream 
AR genes in LnCaP 95 xenografts in intact or castrate mice. 

Figure 7. Intratumoral steroid levels LNCaP 95xenografts treated as indicated. Tumors from 
Intact mice were removed at 10 weeks after implantation, cx mice at 7 weeks, and cx 100 at 4 
weeks after start of treatment.  Note that long-term castrate mice had some intratumoral 
androgen present, presumably due to intracrine androgen synthesis. 
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variant distinct genes. Whereas EPI-002 blocks the rise in variant genes inspite of the marked increase in 
ARv567es, figure 6. 
 
Steroid data.  We have already commented on the steroid measurements in the xenografts. In addition, in 
figure 7 we show the intratumoral steroid levels from the LNCaP 95 xenografts. In the intact mice, in spite of  
the elevated levels of steroid glucuronidating genes, there is still a significant level of T and DHT that decreases 
following castration. However, those tumors that do occur at a later time point (cx mice) do appear to generate 
intra-tumoral steroids as opposed to those castrated at the earlier time point (cx at 100). Importantly, the 
regrowth after initial castration is not dependent on ligand but is dependent on the AR-variant as shown by 
growth suppression with EPI-002. 
 
Aim 3 will elucidate the specific molecular mechanisms by which EPI-001 inhibits the activity of full-length 
AR and truncated ARv567es variants using in vitro models. 
 
Splicing data For V7 and ARv567es- 

 during the past funding period we have also examined how AR variants 
are made when there are no 
intragenic rearrangements of 
the AR-gene. We have 
published the splicing 
mechanisms for AR-V7 (2). In 
figures 8 and 9 we see our 
unpublished data on the 
mechanism for generation of 
the exon skipping variant 
ARv567es from preMRNA. In 
this case the splicing inhibitor, 
polypyrimidine tract-binding 
protein (PTB), blocks splicing 
between exons 4 and 5 of the 
AR. The next strongest splice 
site is to exon 8. However, 
because there is a frame-shift, 
exon 8 has a stop codon after ten amino acids. In addition to the 
generation of ARv567es PTB inhibits formation of the full-length AR, 
figure 8. The schema demonstrating PTB activity in the regulation of 
RNA-splicing is noted in Figure 10. 
 
Potential problems – One problem that has occurred during the last funding period has been some variation in 
solubility of EPI-002 between batches. This has slowed the 
xenograft work; however, we have now solved this problem and-
expect the next year’s mouse work to proceed at a more rapid pace. 
 
Progress towards clinic – Finally, although clinical trial support 
has is not part of this synergy proposal, the work accomplished in 
this proposal has led to discussions and design to move an EPI 
compound forward into phase1 clinical trial. We hope to be at this 
point by the end of this next funding period with work based on 
this proposal.  
 
 
 
 
 

!
 

Figure 8. Plasmids expressing the splicing 
factors noted were added to M12 cells 
transfected with the ARv567es minigene. As 
shown PTB increased ARv567es and decreased 
AR-FL. 
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Figure 9. PTB expressed in VCaP cells induces splicing 
of endogenous AR preMRNA to make ARv567es. Mutated 
PTB (PTB3m) has no effect. 

 

 Schematic PTB-splicing map as revealed by transcriptome wide analysis of PTB-
regulated splicing events and binding targets  

Biochemical Society Transactions (2012) 40, 815-820 - Panagiota Kafasla, Ian Mickleburgh and others. 

www.biochemsoctrans.org  
Figure 10. Schema of PTB splicing activity that leads 
to exon skipping variant.  
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Key Research Accomplishments 
 

• EPI-001 and 002 inhibits human xenograft tumor growth in the absence of androgen and the 
presence of AR-constitutively active splice variants. 

• EPI compounds have no efficacy against neuroendocrine human LuCap xenografts that do not 
express the androgen receptor 

• EPI- compounds are effective in human prostate cancer xenografts in which androgens are 
depleted and are now driven by AR splice variants. 

• Generation of AR constitutively active variants occurs at the level of AR-preMRNA without 
genomic rearrangement of the AR gene. 

 
Reportable outcomes: 
1.  Myung JK, Banuelos CA, Garcia Fernadez J, Mawji N, Wang J, Tien AH, Tavakoli I, Yang YC, Haile 
S, McEwan I, Plymate S, Andersen RJ, Sadar MD 2013 EPI small molecules covalently bind intrinsically 
disordered N-terminal domain of the androgen receptor to inhibit the growth of castration-resistant prostate 
cancer. J Clin Invest. 2013 Jun 3. doi:pii: 66398. 10.1172/JCI66398. [Epub ahead of print] PMID:23722902 
2.  Liu LL, Xie N, Sun S, Plymate S, Mostaghel E, Dong X. Mechanisms of androgen receptor splicing in 
prostate cancer cells.  Oncogene. 2013 Jul 15. doi: 10.1038/onc.2013.284. [Epub ahead of print] 
PMID:23851510 
 
Funding applied for based on this award: 
NIH-‐‑  SPORE-‐‑  Program  –  PNWSPORE  
SPORE  PI-‐‑  P.  Nelson,Plymate  PI    Project  5  (2  months)  
Androgen  Receptor  in  Prostate  Cancer  Progression  
2013-‐‑2018  
$168,000  current  yr-‐‑  
$840,000  total  
  
Conclusion: The results of this past year’s funding confirms the ability of EPI compounds to be relevant 
compounds to develop for the clinic as agents to treat castrate-resistant (lethal) forms of prostate cancer, 
especially when associated with AR- splice variants. Thus the results of these studies lead to our further 
development of the EPI-compounds as important medical products for the treatment of advanced prostate 
cancer. Scientifically, these studies demonstrate that the N-terminus of the androgen receptor is an important 
driver of prostate cancer in the absence of ligand. 
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An androgen receptor N-terminal domain 
antagonist for treating prostate cancer

Jae-Kyung Myung,1 Carmen A. Banuelos,1 Javier Garcia Fernandez,2 Nasrin R. Mawji,1 Jun Wang,1 
Amy H. Tien,1 Yu Chi Yang,1 Iran Tavakoli,1 Simon Haile,1 Kate Watt,3 Iain J. McEwan,3  

Stephen Plymate,4 Raymond J. Andersen,2 and Marianne D. Sadar1

1Genome Sciences Centre, British Columbia Cancer Agency, Vancouver, British Columbia, Canada. 2Chemistry and Earth, Ocean, and Atmospheric Sciences, 
University of British Columbia, Vancouver, British Columbia, Canada. 3School of Medical Sciences, University of Aberdeen, Aberdeen, United Kingdom. 

4Department of Medicine, University of Washington, Harborview Medical Center, Seattle, Washington, USA.

Hormone therapies for advanced prostate cancer target the androgen receptor (AR) ligand-binding domain 
(LBD), but these ultimately fail and the disease progresses to lethal castration-resistant prostate cancer 
(CRPC). The mechanisms that drive CRPC are incompletely understood, but may involve constitutively active 
AR splice variants that lack the LBD. The AR N-terminal domain (NTD) is essential for AR activity, but target-
ing this domain with small-molecule inhibitors is complicated by its intrinsic disorder. Here we investigated 
EPI-001, a small-molecule antagonist of AR NTD that inhibits protein-protein interactions necessary for AR 
transcriptional activity. We found that EPI analogs covalently bound the NTD to block transcriptional activity 
of AR and its splice variants and reduced the growth of CRPC xenografts. These findings suggest that the devel-
opment of small-molecule inhibitors that bind covalently to intrinsically disordered proteins is a promising 
strategy for development of specific and effective anticancer agents.

Introduction
Intrinsically disordered proteins (IDPs) are prevalent in eukary-
otes and are associated with cancer, diabetes, and neurodegenera-
tive and cardiovascular disorders. The lack of structure may be 
throughout the entire protein, or the protein may contain substan-
tial regions of disorder. These proteins are involved in signaling 
and gene regulation, with protein-protein interactions being cen-
tral to their mechanism. IDPs have flexibility, thereby providing 
the plasticity to enable interactions with multiple partners where 
high-specificity and low-affinity interactions are critical for revers-
ible binding (1). IDPs such as c-myc, p53, EWS-Fli1, and andro-
gen receptor (AR) N-terminal domain (NTD) play central roles in 
cancer, thereby making them ideal targets of anticancer therapies. 
To our knowledge, no drug targeting an IDP has reached clinical 
testing, nor has the binding of any small-molecule inhibitor to an 
NTD of a steroid receptor ever been described.

Prostate cancer recurs in 20%–40% of patients with high-grade 
disease after primary treatment. For these patients, androgen 
ablation therapy is employed, using approaches that target the AR 
ligand-binding domain (LBD), including antiandrogens that all 
directly bind LBD, or that reduce levels of circulating and tissue 
androgens with LHRH/GnRH analogs and CYP17 inhibitors (2). 
Although these therapies are initially effective in 90% of patients, 
the disease will inevitably recur as lethal castration-resistant pros-
tate cancer (CRPC). In spite of castrate levels of androgen, devel-
opment of CRPC is considered to be causally related to continued 
transactivation of AR by mechanisms that may include amplifi-

cation or overexpression of AR (3, 4), gain-of-function mutations 
that allow AR to be activated by steroids or antiandrogens (5, 6), 
ligand-independent activation of the AR NTD by interleukin-6 
or kinases (7–10), overexpression of AR coactivators (11–14), 
intracrine signaling by increased intratumoral androgens (15), 
and expression of constitutively active splice variants of AR that 
lack the C-terminal LBD and are correlated with poor prognosis  
(16–19). Patients succumb to metastatic CRPC usually within  
2 years of onset. In vivo proof-of-principle demonstration of thera-
peutic response by targeting the AR NTD in CRPC was first shown 
with decoy proteins (20), and then with EPI-001, a small molecule 
that inhibits transactivation of AR NTD (21).

AR is a member of the steroid receptor family of transcription 
factors that share structurally conserved domains consisting of a 
DNA-binding domain (DBD), LBD, NTD, and a hinge region that 
contains a nuclear localization sequence. Unlike the intrinsically 
disordered NTD, the DBD and LBD of AR are intrinsically ordered 
with resolved crystal structures. Consistent with the properties of 
IDPs, AR interacts with more than 160 proteins (22), and protein-
protein interactions with the activation function-1 (AF1) region in 
the NTD are essential for AR transcriptional activity (23–26). AR 
NTD has less than 15% homology with other steroid receptors that 
also have predominantly intrinsically disordered NTDs (27–31). 
Malleability of intrinsically disordered NTDs of these transcrip-
tion factors is crucial for their function that requires interactions 
with many binding partners. Since AR NTD lacks enzymatic activ-
ity or rigid binding clefts for receptor-ligand interaction, small-
molecule inhibitors would work by disruption of essential pro-
tein-protein interactions from active transcriptional complexes. 
The AR transcriptional complex is composed of many proteins, 
including CBP and RAP74 (26, 32). Our previous investigation 
showed that EPI-001 inhibits these protein-protein interactions 
by attenuation of AR transcriptional activity, increased apoptosis, 
and decreased proliferation, all of which are essential for CRPC 
tumor maintenance (21). Small-molecule inhibitors of the AR 
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NTD may overcome the shortcomings of current therapies target-
ing the AR LBD for CRPC and represent the first in a new class of 
antitumor therapies against IDPs being clinically developed.

Targeting IDPs by small molecules to block protein-protein 
interactions is a rapidly evolving field, as the importance of these 
proteins in disease becomes established. The plasticity of IDPs 
with labile regions that can be shaped by their environment and 
interactions provides potential for small-molecule binding (33). 
However, the general property of reversible, low-affinity binding 
of IDPs to many interacting partners to facilitate the exchange of 
binding partners may forecast a requirement of irreversible bind-
ing for any small-molecule inhibitor to have a sustained thera-
peutic effect. On the basis of these observations, the mechanism 
of targeting the AR NTD by EPI-001 and its analogs may provide 
precedent in drug development against other IDPs. Here, we 
showed that EPI (a) bound covalently to AF1 in the intrinsically 
disordered AR NTD and did not bind to denatured AF1; (b) had 

no stereospecificity for covalent binding to AR in living cells; (c) 
inhibited constitutively active AR splice variants lacking LBD that 
are suspected in resistant mechanisms to current therapies; (d) was 
unique from antiandrogens, in that EPI did not cause AR nuclear 
translocation and its efficacy was not compromised by elevated 
levels of androgen; and (e) had excellent pharmacokinetic proper-
ties. These findings suggest that EPI compounds are promising 
small molecules to develop therapeutics for CRPC.

Results
EPI has a unique mechanism of action. EPI-001 is an effective and 
specific inhibitor of AR transcriptional activity (21). EPI-001 
has 2 chiral centers and is a mixture of 4 stereoisomers, EPI-002 
(2R, 20S), EPI-003 (2S, 20R), EPI-004 (2R, 20R), and EPI-005 (2S, 
20S) (Figure 1A). Consistent with EPI compounds targeting the 
NTD, inhibition of AR activity could not be competed away with 
increasing concentrations of androgen, as shown with endoge-

Figure 1
Unique mechanism of action of 
EPI compared with antiandro-
gens. (A) Structures of EPI-001 
mixture and stereoisomers. (B) 
AR transcriptional activity, mea-
sured in LNCaP cells transiently 
transfected with the PSA(6.1kb)-
luciferase reporter and treated 
with vehicle (DMSO), 10 μM 
bicalutamide (BIC), or 25 μM 
EPI-001 for 1 hour followed by 
increasing concentrations of 
R1881 for 48 hours. (C) Effect 
of bicalutamide (0.1–3.5 μM) 
and EPI-001 (1–35 μM), alone 
or in combination (1:10 ratio), on 
androgen-induced AR transacti-
vation in LNCaP cells transfected 
with the PSA(6.1kb)-luciferase 
reporter. (D) Nuclear transloca-
tion of AR in LNCaP cells trans-
fected with AR-YFP in serum-
free conditions for 24 hours prior 
to treatment with 1 nM R1881, 
10 μM bicalutamide, 10 μM 
MDV3100, 25 μM EPI-001, or 
25 μM EPI-002 for 4 hours. DAPI 
staining shows the location of 
the nucleus. Scale bars: 10 μm. 
Data are mean ± SEM. *P < 0.05;  
**P < 0.01; #P < 0.001.

Downloaded on October 11, 2013.   The Journal of Clinical Investigation.   More information at  www.jci.org/articles/view/66398



research article

2950 The Journal of Clinical Investigation   http://www.jci.org   Volume 123   Number 7   July 2013

Downloaded on October 11, 2013.   The Journal of Clinical Investigation.   More information at  www.jci.org/articles/view/66398



research article

 The Journal of Clinical Investigation   http://www.jci.org   Volume 123   Number 7   July 2013 2951

nous AR in LNCaP human prostate cancer cells transfected with 
the AR-driven PSA(6.1kb)-luciferase reporter, which is induced by 
the synthetic androgen R1881 (Figure 1B). Antiandrogens, such 
as bicalutamide and MDV3100, bound to the AR LBD to act as 
competitive inhibitors of androgen. As expected, when the con-
centrations of R1881 were increased, the ability of bicalutamide 
to inhibit AR activity was significantly reduced. At R1881 con-
centrations of 1–5 nM, bicalutamide (10 μM) completely blocked 
AR activity, measured as PSA-luciferase activity. However, at 50 
nM R1881, this same concentration of bicalutamide was a poor 
inhibitor, at only approximately 30% inhibition. EPI-001 (25 μM) 
inhibited AR activity consistently, regardless of increasing levels 
of androgen, and at 50 nM R1881, EPI-001 still inhibited AR activ-
ity by approximately 80%. Elevated androgen level also reverses  
the inhibitory effects of MDV3100 on androgen-dependent pro-
liferation of VCaP cells (34). This general property of antiandro-
gens competing with androgen for the LBD may forecast their 
potential failure when androgen becomes elevated in CRPC and 
also with resistance to abiraterone (15, 35). These data support 
that EPI does not bind to the AR LBD, consistent with data from 
the fluorescent polarization assay showing no competition with 
the fluoromone for the AR LBD (Supplemental Figure 1A; sup-
plemental material available online with this article; doi:10.1172/
JCI66398DS1), as previously reported (21). Moreover, no bind-
ing to LBD was detected with related steroid hormone receptors, 
as expected, based on previous studies confirming specificity of 
EPI-002 for blocking transcriptional activity of AR at concentra-
tions that had no effect on the transcriptional activities of related 
steroid hormone receptors (21).

Androgen and antiandrogens bind the structured LBD that is 
accessible for binding ligands due to interaction with chaperones. 
The AR NTD, an IDP, interacts with many proteins, which sug-
gests that the binding site of EPI may not be continuously acces-
sible throughout the cell cycle. Since the AR LBD and the AR NTD 
represent completely different drug targets, one being a structured 

binding pocket and the other being an IDP, this would suggest that 
drug combinations may yield additive or synergistic responses.  
Consistent with this theory, a drug combination study using a 
fixed ratio (1:10) of EPI-001 (1–35 μM) with a suboptimal con-
centration of bicalutamide (0.1–3.5 μM) significantly improved 
inhibition of androgen-induced AR activity compared with inhi-
bition by the individual inhibitors (Figure 1C). A suboptimal con-
centration of bicalutamide (0.5 μM) inhibited androgen-induced 
AR activity by approximately 27%, similar to the 22% inhibition 
achieved with 5 μM EPI-001. A cocktail of 0.5 μM bicalutamide 
and 5 μM EPI-001 significantly reduced AR activity by 70%, there-
by supporting combination therapy as a potential strategy for tar-
geting both LBD and NTD.

Another mechanism potentially underlying clinical failure of 
antiandrogens may involve nuclear translocation of AR. In the 
absence of androgen, AR is predominantly cytosolic. Antiandro-
gens, including MDV3100 and ARN-509, induce nuclear translo-
cation of AR (34, 36, 37). As expected, R1881, bicalutamide, and 
MDV3100 all induced AR nuclear translocation, whereas EPI-001 
and EPI-002 did not, with AR remaining in the cytosol (Figure 
1D). These data support that EPI-001 has a different mechanism 
of action compared with antiandrogens and highlight aspects of 
antiandrogens that may contribute to their clinical failure.

Optimal chirality of EPI for inhibition of AR transcriptional activity. 
Drug enantiomers and/or stereoisomers are considered different 
chemical compounds that may vary considerably in potency, phar-
macological activities, off-targets, and pharmacokinetics. In fact, 
with a mixture of 4 stereoisomers, as much as 75% of the mixture 
could be considered contaminants, with potentially only 1 stereo-
isomer possessing the desirable qualities necessary for efficacy. 
Due to the potential differences in biological activity among ste-
reoisomers, the FDA requires that each stereoisomer be evaluated 
when developing chiral drugs. Therefore, dose response curves 
using PSA-luciferase reporter were used to calculate IC50 values 
for EPI-001 and each stereoisomer (Supplemental Figure 1B). EPI-
001 had an IC50 of 12.63 ± 4.33 μM, whereas the value for EPI-002 
was 7.40 ± 1.46 μM (Supplemental Table 1). Significant differences 
between stereoisomers were only observed between EPI-002 and 
EPI-003 and between EPI-002 and EPI-004. Reporter specificity 
was investigated using 3 well-characterized AR-driven reporter 
gene constructs that included PSA-, probasin- (PB-), and ARR3-
luciferase reporters. All stereoisomers inhibited the transcriptional 
activity of AR, as measured using these reporters (Figure 2A). Sig-
nificant differences compared with EPI-001 were shown for EPI-
002 with PB-luciferase, EPI-005 with PB-luciferase, and EPI-005 
with ARR3-luciferase. EPI-002 and EPI-005 decreased AR activity 
to approximately 24% for PSA(6.1kb)-luciferase and 40% for PB-
luciferase; for ARR3-luciferase, EPI-002 inhibited AR activity to 
61%, whereas EPI-005 inhibited AR activity to 38% (Supplemen-
tal Table 1). All stereoisomers inhibited transactivation of the AR 
NTD induced by forskolin (Figure 2B).

EPI analogs decrease proliferation and S-phase. Cell cycle analysis 
was performed on androgen-dependent growth of LNCaP cells in 
response to EPI. In the absence of EPI analogs (i.e., DMSO vehicle), 
approximately 21% of cells were in S-phase in response to andro-
gen (Supplemental Table 2). BrdU uptake in S-phase cells was 
decreased about 2-fold or more after exposure to each stereoisomer, 
with a concomitant increase of cells in G1-phase (Figure 2C and 
Supplemental Table 2). There were no statistical differences among 
the individual stereoisomers, with each inhibiting androgen-depen-

Figure 2
Stereospecificity of EPI-001 on AR transcriptional activity. (A) LNCaP 
cells were transfected with luciferase reporters and treated with  
1 nM R1881 for 48 hours. Data represent percent of control (DMSO). 
**P < 0.01, #P < 0.001 vs. DMSO; §P < 0.05 vs. EPI-001. (B) AR NTD 
transactivation assay in LNCaP cells treated with indicated concen-
trations of EPI-001 stereoisomers prior to treatment with 50 μM for-
skolin or DMSO. (C) Inhibition of androgen-induced DNA synthesis in 
LNCaP cells by stereoisomers of EPI-001 (25 μM) or bicalutamide (10 
μM) treated with 0.1 nM R1881 for 48 hours. Data represent percent 
S-phase cells staining positive for BrdU incorporation (bivariate flow 
cytometric) from a representative experiment. (D) Effects of EPI-002 on 
androgen-dependent proliferation of LNCaP cells treated with R1881 
compared with PC3 cell viability. (E) Decrease of CRPC LNCaP tumor 
volume in castrated mice administered EPI-001 mixture and stereo-
isomers (i.v. 50 mg/kg body weight) every other day for a total of 7 
doses. Bicalutamide (10 mg/kg body weight) was administered daily 
by oral gavage. (F) Comparison of tumor volume from treatment with 
single stereoisomers. (G) Percent change of tumor volume of individual 
animals treated with stereoisomers or bicalutamide. (H) Body weight 
change at day 14 versus day 0. (I) mRNA levels of full-length AR and 
androgen-regulated genes measured from the LNCaP xenografts. 
Intact, noncastrated control group (n = 3). Values were normalized 
to housekeeping gene RPL13A. Data are mean ± SD (A and B) or  
mean ± SEM (D–F, H, and I). *P < 0.05; **P < 0.01; #P < 0.001.
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dent DNA synthesis associated with proliferation. The specificity of 
EPI-001 for blocking AR-dependent growth, while having no effect 
on the proliferation of cells that do not depend on AR for growth 
and survival, was previously reported (21). Here, EPI-002 also had 
no effect on the viability of PC3 human prostate cancer cells that 
do not express functional AR, at concentrations that reduced AR-
dependent proliferation of LNCaP cells (Figure 2D).

Stereoisomers of EPI-001 inhibit CRPC. In vitro, EPI-002 and EPI-
005 were the most potent stereoisomers in their ability to block 
AR transcriptional activity depending upon the reporter. To 
determine whether these in vitro responses could predict superior 
antitumor activity in vivo, the LNCaP CRPC xenograft model was 
used. All EPI analogs significantly inhibited CRPC tumor growth 
compared with DMSO control (Figure 2E). Consistent with in 
vitro responses, EPI-002 as well as EPI-005 had better antitumor 
activity compared with EPI-003 and EPI-004 (Figure 2F). EPI-002 
and EPI-005 both have the S configuration for the chlorohydrin, 
whereas EPI-003 and EPI-004 have the R configuration. Tumor 
regression was attained in 60% of animals treated with EPI-002 
and EPI-005, although EPI-002 caused greater regression and 
was superior to that achieved with bicalutamide (Figure 2G). The 
10-mg/kg daily oral dose of bicalutamide has been previously 
shown to be effective in LNCaP xenografts (37). No significant loss 
of body weight was measured in animals treated with EPI-002, in 
contrast to EPI-005 and the other stereoisomers (Figure 2H). This 
difference in effect on body weight was the criteria for focusing on 
EPI-002 rather than EPI-005 in subsequent studies.

In vitro, EPI-001 blocks transcription of androgen-regulated 
genes in response to R1881 (21). Levels of expression of these 
genes were examined using xenografts from castrated hosts 
treated for 14 days with EPI-001, EPI-002, and bicalutamide. 
Under castrated conditions, no significant changes in levels 
of full-length AR, PSA (also known as KLK3), KLK2, and FKBP5 
transcripts were observed in xenografts treated with EPI-001 and 
EPI-002 compared with DMSO in castrated hosts (Figure 2I and 
Supplemental Figure 2). However, levels of NKX3.1 and TMPRSS2 

transcripts were significantly decreased with EPI-001 and EPI-002 
(Figure 2I). RHOU, SLC41A1, GOLPH3, and PAK1IP1 were all sig-
nificantly decreased with both bicalutamide and EPI-002, but not 
with EPI-001 (Supplemental Figure 2).

EPI chlorohydrin analogs covalently and specifically bind AR in liv-
ing cells. EPI compounds that have a chlorohydrin group are 
active while those analogs that lack the chlorohydrin such as 
BADGE.2H2O are inactive (21). The chlorohydrin group of EPI 
compounds may be required for activity to block AR transcription-
al activity, and its chemical structure suggests a possible mecha-
nism of covalent binding. To elucidate the mechanism of binding 
of EPI compounds to the AR and potentially other cellular pro-
teins, cells were incubated with modified EPI probes containing an 
alkyne group to allow for Click-chemistry to add biotin to the EPI 
probe, followed by SDS-PAGE and Western blot analysis (Figure 
3A). Whereas modified EPI probes containing the chlorohydrin 
group (Figure 3B) were active in cells and inhibited AR activity, 
EPI compounds lacking the chlorohydrin had relatively poor activ-
ity (Supplemental Figure 3 and Supplemental Table 3). LNCaP 
cells were exposed to EPI probes for 24 hours before lysing and 
Click-chemistry. Nonchlorinated EPI-051 and EPI-063 were nega-
tive controls, by analogy with the inactive analog BADGE.2H2O 
(21). SDS-PAGE disrupts noncovalent interactions and is used to 
determine covalent binding. Western blot analysis using an anti-
body against biotin revealed a band corresponding to AR that was 
specific to EPI-046– and EPI-047–treated samples and was not 
present in the whole cell lysates of cells treated with DMSO or the 
inactive analog EPI-051 that lacks the chlorohydrin (Figure 3C, 
left, red outline). Lack of biotin bands detected in DMSO-treated 
and EPI-051–treated cells were not due to nondetectable levels of 
AR, as shown when the membrane was reprobed with an antibody 
against AR (Figure 3C, middle). EPI probes with the chlorohydrin, 
such as EPI-054 — closest to the structure of EPI-002 — did not 
bind an abundance of other cellular proteins (Figure 3D, top). 
Only 3 bands between 200 and 75 kDa were detected using an 
antibody to biotin that were unique to EPI-054 treatment com-
pared with DMSO. Confirmation that the protein band at 110 
kDa corresponded to AR was shown by detection of AR pulled 
down from streptavidin beads only in lanes treated with EPI-054, 
not from DMSO-treated cells (Figure 3D, bottom). Together, these 
data support the notion that the biotinylated band detected at 110 
kDa with EPI-054 treatment corresponded to AR. All EPI probes 
with a chlorohydrin, regardless of chirality, bound covalently to 
full-length AR (FL-AR), while the nonchlorinated analogs did not 
(Figure 3E). Confirmation that chlorinated EPI probes interacted 
with the NTD was obtained using cells transfected with FLAG-
tagged chimera of AR NTD (Figure 3F). Together, these data sup-
port that EPI analogs containing a chlorohydrin covalently bind 
to AR NTD in cells.

Chemical mechanism of EPI binding to AR AF1. As demonstrated 
above, EPI analogs with a chlorohydrin covalently bound to AR 
in cells. To further elucidate the chemical mechanism of binding, 
EPI-054 (chlorohydrin) or inactive EPI-063 (no chlorohydrin) was 
incubated with purified recombinant AF1 protein under cell-free 
conditions prior to Click-chemistry to add fluorescein to the EPI 
probe, followed by SDS-PAGE and detection of the fluorescent 
band corresponding to AF1 protein. The ratio of AR AF1 protein 
to EPI analog was examined as well as binding time. After 1 and 
20 hours of binding reaction, EPI-054 covalently bound to AF1 
in a dose-dependent manner, in contrast to EPI-063 (Figure 4A). 

Figure 3
Covalent binding of EPI-001 probes to AR in cells. (A) Click-chemis-
try experiment. (B) EPI probes used for Click-chemistry. (C) LNCaP 
cells treated with EPI-046, EPI-047, and EPI-051 were lysed prior to 
Click-chemistry. Biotin-labeled probes covalently bound to cellular 
proteins were detected using an antibody against biotin (left), and AR 
protein was detected using an antibody against AR (middle). β-actin 
is a loading control (right). Dotted red outlines denote AR and β-actin 
bands, as indicated. (D) Western blot analysis of biotin-labeled probes 
covalently bound to cellular proteins from LNCaP cells treated with 
EPI-054 before (right) or after Click-chemistry and streptavidin enrich-
ment (left). Gels were probed using anti-biotin or anti-AR antibodies, 
as indicated. Arrows denote bands corresponding to AR (110 kDa). 
(E) LNCaP cells treated with EPI chiral probes were lysed prior to 
Click-chemistry, enriched using streptavidin, and probed using anti-
biotin antibody (top). AR levels prior to Click-chemistry were detected 
using anti-AR441 antibody (input; bottom). (F) Cells transfected with 
FLAG-AR NTD or vector were treated with EPI analogs. Proteins were 
detected using anti-biotin, anti-AR NTD, or anti-FLAG antibodies fol-
lowing Click-chemistry and streptavidin enrichment (top) or cell lysates 
before Click-chemistry (input; middle and bottom). Asterisks denote 
proteins that were also detected with anti-biotin antibody in DMSO 
samples not treated with EPI-probes. Lanes in D–F were run on same 
gel but were noncontiguous (black lines).
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Quantification of the fluorescein/AF1 complex normalized to the 
corresponding coomassie blue band for each lane is also shown 
graphically from 4 separate experiments. After 20 hours, the bind-
ing reaction with EPI-054 was not significantly increased with a 
1:10 AF1/EPI-054 ratio compared with the binding achieved with 
a 1:5 ratio. Even after 20 hours, the amount of covalent binding 
was relatively low compared with the total amount of AF1 protein 
available in each lane.

EPI-054, which has the same absolute configuration as EPI-002, 
contains the chlorohydrin substructure found in EPI-001 and its 
stereoisomers. EPI-063 is a mixture of stereoisomers that are simply 
missing the primary chloride that is present in EPI-001. EPI-096 is 
missing the secondary alcohol component of the chlorohydrin that 
is present in the EPI-001 stereoisomers, and EPI-056 has the chloro-
hydrin converted to an epoxide (Figure 3B). Importantly, although 

EPI-054 bound covalently to the AF1 protein, the reaction was 
slow and never reached completion during the experiment expo-
sure times, whereas the epoxide containing probe EPI-056 reacted 
quickly and gave a much higher yield of covalent adduct (Figure 
4B). Thus, EPI-054 bound covalently, and neither EPI-063 (which 
is simply missing the chloride functionality) nor EPI-096 (which 
is simply missing the secondary alcohol) bound covalently, to the 
AF1 protein (Figure 4B). These results demonstrate that the entire 
chlorohydrin substructure in the EPI-001 series was required for 
covalent binding, while a simple primary chloride, as found in EPI-
096, was not sufficient. EPI analogs with chlorohydrins were not 
random alkylating agents, as shown by the lack of adducts when 
incubated with glutathione or mercaptoethanol (Figure 4C).

AR AF1 is intrinsically disordered, with approximately only 
16% predicted α-helix secondary structure (27). To determine 

Figure 4
Chemical mechanism of EPI binding to AF1. (A) AF1 protein was incubated with EPI-054, EPI-063 (inactive), or DMSO (vehicle) at the indicated 
molar ratios on ice for 1 hour or 20 hours, prior to Click-chemistry for fluorescein labeling, SDS-PAGE, and detection of fluorescein-labeled 
probe covalently bound to AF1. Quantification of fluorescein band intensity, normalized to Coomassie blue bands, is also shown. The value 
from each EPI condition was normalized to the value of DMSO for each individual experiment (n = 4 separate experiments). (B) AF1 protein 
was incubated with DMSO, EPI-054, EPI-063, EPI-056, or EPI-096 (AF1/EPI 1:3 molar ratio) at 25°C for 18 hours, prior to Click-chemistry for 
fluorescein labeling, SDS-PAGE, and detection of fluorescein-labeled probe covalently bound to AF1. (C) EPI analogs do not alkylate glutathione 
or mercaptoethanol. A mixture of glutathione (127 μM) and EPI-001 (25 μM), or a mixture of EPI-001 (55 μM) and 2-mercaptoethanol (155 μM), 
was monitored by proton and carbon NMR over a period of 7 days. There was no evidence for reaction of EPI-001 with either glutathione or 
mercaptoethanol. (D) Steady-state spectra of 1 μM recombinant wild-type AF1 protein in buffer, buffer plus 2.9 μM EPI-001, buffer plus 6 M urea, 
or buffer plus 6 M urea and 2.9 μM EPI-001. (E) Prostate weights from mice treated with DMSO (i.v.), EPI-093 or EPI-002 (50 mg/kg body weight; 
i.v.), or bicalutamide (10 mg/kg body weight; gavage daily) for 14 days. Data are mean ± SEM. There was no significant difference between EPI 
and bicalutamide. #P < 0.001.
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whether EPI can bind to denatured AF1 protein or whether EPI 
requires the limited secondary structure for binding, the puta-
tive helical regions within AF1 were disrupted using urea, and 
changes in conformation of the AF1 protein were measured by 
steady-state fluorescence, which could be altered by both revers-
ible and irreversible interaction with EPI-001. The steady-state 
fluorescence spectrum of AF1 denatured by urea showed a dis-
tinct peak for tyrosine and red shift for tryptophan (i.e., 343 nm 
to 350 nm), indicative of the tryptophan becoming more solvent 
exposed and the polypeptide being unstructured (28). Consis-
tent with a requirement for some structure in the AF1 protein in 
order for EPI to bind, EPI-001 failed to bind to denatured AF1 
protein to alter the steady-state spectrum. Instead, this spectrum 
of EPI with denatured AF1 was similar to the AF1 spectrum in 
urea without EPI-001, with a λmax for tryptophan of 349 nm 
and a distinct peak for the tyrosine emission (Figure 4D). These 
results suggest that some secondary structure of AF1 is neces-
sary for EPI-001 to bind. Finally, to provide an indication of 
whether the chlorohydrin group of EPI analogs may be necessary 
for in vivo activity, loss of weight of androgen-dependent tissue 
in mature male mice was examined, since this is the gold stan-
dard for on-target activity of drugs targeting the AR. Consistent 
with the requirement of a chlorohydrin and covalent binding 

for in vivo activity, only EPI-002 caused a significant reduction 
in prostate weight compared with DMSO control, similar to the 
reduction seen with bicalutamide, whereas EPI-093 had no sig-
nificant effect (Figure 4E).

EPI inhibits constitutively active AR splice variants. Constitutively 
active AR splice variants that lack LBD have been shown in clini-
cal samples of CRPC (16–19, 38). Antiandrogens that bind the AR 
LBD do not inhibit the activity of ARv567es, which lacks LBD and 
is constitutively both nuclear and active (17). Variant ARv567es is 
solely expressed in 20% of metastases and coexpressed with FL-AR 
in approximately 60% of CRPC metastases (17). Expression of 
ARv567es in COS-1 cells, which lack endogenous AR, resulted in 
elevated PB-luciferase activity that was not altered by R1881, as 
previously reported (17). EPI-001 effectively attenuated ARv567es 
activity (Figure 5A). A mixed population of FL-AR with ARv567es 
was next examined in LNCaP cells. In the absence of ARv567es, 
MDV3100 at both 1 and 10 μM inhibited FL-AR induced by 
androgen, as measured with ARR3-luciferase reporter (Figure 
5B, left). However, MDV3100 had no effect in blocking AR activ-
ity, either in the presence or absence of androgen, when ARv567es 
was introduced into LNCaP cells (Figure 5B, right). Consistent 
with the results obtained with MDV3100 using ARR3-luciferase 
reporter in the presence of ARV567es, bicalutamide also had no 

Figure 5
EPI inhibits splice variant ARv567es. (A) COS-1 cells were transfected with PB-luciferase reporter and the ARv567es variant and treated with DMSO 
or 25 μM EPI-001 plus 1 nM R1881 for 24 hours. (B) ARR3-luciferase activity in LNCaP cells with endogenous FL-AR (left) or with both FL-AR 
and ARv567es (right), with or without MDV3100 (1 or 10 μM). (C) PSA(6.1kb)-luciferase activity in LNCaP cells with endogenous FL-AR (left) 
or with both FL-AR and ARv567es (right). Cells were treated with DMSO, 25 μM EPI-001, or 10 μM bicalutamide with or without 1 nM R1881 for  
48 hours. (D) PB-luciferase activity in LNCaP cells with endogenous FL-AR (left) or with both FL-AR and ARv567es (right). Cells were treated with 
25 μM EPI-001, 10 μM bicalutamide, and 5 μM MDV3100 for 1 hour prior to treatment with 1 nM R1881 for 24 hours. (E) Protein levels of FL-AR 
and ARv567es from samples in D, detected using AR-N20 antibody. Data are mean ± SEM (A and B) or mean ± SD (C and D). n = 3 separate 
experiments. *P < 0.05; **P < 0.01; #P < 0.001.
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effect on AR activity in LNCaP cells expressing both FL-AR and 
variant ARv567es, as measured with PSA(6.1kb)-luciferase reporter. 
EPI-001 showed good activity against FL-AR as well as mixed pop-
ulations of FL-AR with variant ARv567es (Figure 5C). Thus, unlike 
the antiandrogens MDV3100 and bicalutamide, EPI inhibited 
FL-AR, ARv567es, and mixtures of FL-AR and ARv567es. Direct com-

parison of EPI, bicalutamide, and MDV3100 on solely endogenous 
FL-AR or endogenous FL-AR combined with ARv567es using the 
PB-luciferase reporter in LNCaP cells in the presence and absence 
of androgen additionally confirmed the efficacy of EPI to signifi-
cantly inhibit AR activity under conditions in which bicalutamide 
and MDV3100 failed to have any significant effect (Figure 5D).  

Figure 6
Oral dosing of EPI-002 blocks AR transcriptional program and inhibits growth of VCaP CRPC xenografts that express AR splice variants. (A) 
VCaP tumor growth in castrated mice administered EPI-002 (200 mg/kg body weight) or bicalutamide (10 mg/kg body weight) daily by gavage 
for a total of 28 doses. Tumors were harvested 2 days after the last treatment. (B) Photographs of tumors harvested at day 28 from animals as in 
A. Scale bars: 10 mm. (C) Body weight change over the duration of the experiment. (D) Transcript levels of FL-AR and AR variants (V7, V567es) 
normalized to RPL13A using total RNA isolated from VCaP xenografts from castrated hosts treated with bicalutamide (n = 8), EPI-002 (n = 8), or 
DMSO control (CMC; n = 7) for 28 days. (E) Protein levels of AR and AR variants from harvested xenografts treated with EPI-002 or bicalutamide 
or vehicle control. Quantification of protein bands (FL-AR and AR variant), normalized to β-actin, is also shown. (F) Transcript levels of UBE2C, 
AKT1, CDC20, CYCLINA2, PSA, and ERG, normalized to levels of RPL13A. (G) Proliferation (Ki67) and apoptosis (caspase-3) index, measured 
in harvested VCaP xenografts. Data are mean ± SEM. *P < 0.05; **P < 0.01; #P < 0.001.
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Discussion
AR NTD is a unique therapeutic target for CRPC and potentially 
other diseases of the androgen axis. Functional NTD is necessary 
for AR transcriptional activity (23–25). The small molecule EPI-001 
is a mixture of 4 stereoisomers that inhibits protein-protein inter-
actions with CBP and RAP74 (21) that are required for AR tran-
scriptional activity (26, 32). Here, our preclinical study of EPI-001 
revealed (a) no stereospecificity in binding of stereoisomers to AR, 
although both in vitro and in vivo, the single stereoisomer EPI-002 
(2R, 20S) had improved properties compared with other stereoiso-
mers; (b) the chlorohydrin was required for covalent binding of EPI 
analogs to AF1 in the AR NTD; (c) EPI covalent binding was spe-
cific for AR; (d) EPI-001 did not bind to denatured AF1; (e) EPI-001 
and EPI-002 inhibited a constitutively active AR splice variant that 
lacks LBD; (f) oral delivery of EPI-002 reduced the growth of CRPC 
xenografts expressing the AR variant; and (g) AR transcriptional 
program was blocked in vivo by EPI-002. The lead compound 
EPI-002 showed that AR NTD could be blocked, with a detrimen-
tal effect on CRPC. These findings revealed that small-molecule 
inhibitors can be developed against IDPs, such as the AR NTD, 
with excellent in vivo pharmacokinetics, efficacy, and specificity.

In vitro, stereoisomers with 20S chlorohydrin (EPI-002 and 
EPI-005) were significantly better in blocking AR transcriptional 
activity, depending on the reporter gene construct, than the 20R 
stereoisomers. Reporter specificity potentially involves recruit-
ment of different binding partners to AR on androgen response 
elements (AREs). Since EPI inhibits protein-protein interactions, 
together, these data indicate that some androgen-regulated genes 
may have more sensitivity to EPI stereoisomer configuration. In 
vivo, stereoisomer EPI-002 had superior antitumor activity com-
pared with the other stereoisomers and the EPI-001 mixture, 
which may reflect potential differences in EPI stereoisomers on 
the transcriptional program. This notion is supported by the 
finding that EPI-002 achieved statistical significance for decreas-
ing RHOU, SLC41A1, GOLPH3, and PAK1IP1, whereas the EPI-001 
mixture did not, although differences in pharmacokinetic proper-
ties may also be involved. AR-regulated gene expression substan-
tially differs between VCaP and LNCaP cells in vitro in response 
to androgen and AR silencing (40). This may be due to the fact 
that VCaP cells have 5 extra copies of the AR gene (41) and 11-fold 
more AR mRNA than LNCaP cells (40); that VCaP cells express AR 
variants that have unique transcriptomes, while parental LNCaP 
cells do not express variant, but have a mutated AR and cell-spe-
cific differences in coregulators and signaling pathways; or that 
VCaP cells express the AR-regulated TMPRSS2-ERG fusion (42); 
or it may be due to differences in cellular/intratumoral levels of 
androgen. Differences observed here between gene expression 

Western blot analysis using an antibody against the AR NTD con-
firmed the approximate 1:1 ratio of FL-AR to ARv567es in whole cell 
lysates of LNCaP cells treated with EPI, MDV3100, and bicalu-
tamide (Figure 5E). Thus, EPI analogs are the first reported inhibi-
tors of constitutively active AR splice variants.

EPI-002 inhibits the growth of CRPC xenografts that express AR splice 
variants. The effect of EPI-002 on CRPC that express AR variants 
and FL-AR was investigated using VCaP xenografts and oral dos-
ing in castrated hosts. VCaP cells exhibited amplified FL-AR and 
expressed AR variant within 14 days after castration. Pharmaco-
kinetic studies indicated that EPI-001 had 86% bioavailability, 
a half-life of approximately 3.3 hours, and a slow clearance rate 
of 1.75 l/h/kg; moreover, blood levels of 10 μg/ml (25 μM) were 
achieved, which was the effective concentration in vitro (Supple-
mental Figure 4 and Supplemental Table 4). VCaP tumor vol-
ume in animals treated with EPI-002 was significantly less than 
the control and bicalutamide-treated groups (Figure 6, A and B). 
Animals treated daily for 28 days showed no changes in behavior 
and only minor body weight loss (Figure 6C). Weight loss with 
EPI-002 may be associated with frequent (twice daily) gavage 
and/or slight toxicity.

Contrary to abiraterone and MDV3100, which increase levels 
of both FL-AR and variant ARs (35, 38), EPI-002 did not increase 
either transcript or protein levels of FL-AR and splice variant 
ARs in harvested tumors (Figure 6, D and E). The transcriptional 
program associated with expression of AR variant was blocked 
in vivo by EPI-002, as supported by significantly decreased levels 
of UBE2C, AKT1, CDC20, and CYCLINA2 transcripts in harvested  
tumors (Figure 6F). AR selectively upregulates expression of 
these M-phase cell cycle genes in CRPC (39), and their expression 
is associated with increased levels of AR variant in CRPC bone 
metastases (19). Bicalutamide inhibited FL-AR and had no effect 
on AR splice variants lacking LBD, and thus had no significant 
effect on the transcript levels of these M-phase genes (Figure 
6F). Expression of genes regulated by FL-AR revealed that after 
castration and 28 days of treatment, neither bicalutamide nor 
EPI-002 had any significant effects on PSA, TMPRSS2-ERG, or 
FKPB5 transcripts compared with DMSO (Figure 6F and data 
not shown). ERG transcript levels were significantly decreased 
with EPI-002, whereas bicalutamide did not achieve statistical 
significance (Figure 6F). Consistent with EPI-002 decreasing 
tumor volume and having an inhibitory effect on expression of 
M-phase genes associated with variant AR and CRPC, EPI-002 
also significantly decreased proliferation and increased apoptosis, 
whereas bicalutamide had no significant effect, as determined by 
immunohistochemistry of sections of xenografts stained for Ki67 
or caspase-3 (Figure 6G and Supplemental Figure 5).

Figure 7
Covalent binding reaction of EPI compounds to AR AF1 region. First, there is a fast reversible interaction between EPI-001 and the AR AF1 
region that places the secondary alcohol of the chlorohydrin functionality next to a basic site in AF1. Then, in a slow rate-determining step, the 
base removes the proton from the secondary alcohol to form an intermediate epoxide. The reactive epoxide reacts rapidly and irreversibly with a 
nucleophilic site on an amino acid side chain to form a covalent bond.
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adjacent to the chlorohydrin secondary alcohol in this reversibly 
bound EPI-001 that can form the reactive epoxide. The slow rate 
of covalent binding of EPI-054 compared with the epoxide EPI-056 
may reflect the slow rate of conversion of the chlorohydrin EPI-
054 to the epoxide EPI-056 on the AF1.

Approximately 40 drugs that are covalent binders have been 
approved by the FDA, including clopidogrel, lansoprazole, esome-
prazole, abiraterone, aspirin, and therapeutics for long-term use 
(44). However, EPI is the first reported covalent binder to an IDP 
and is in clinical development for human studies. EPI analogs 
overcome some of the limitations of current therapies for CRPC, 
including EPI’s low propensity for developing gain-of-function 
mutations because of the intrinsic disorder of the NTD and cova-
lent binding. Importantly, EPI analogs are the only known inhibi-
tors of constitutively active AR splice variants that are correlated 
to CRPC, poor prognosis, and resistance to abiraterone (16–19, 
35, 38). This paradigm for drug development could be applied to 
other IDPs that are associated with cancer and other diseases.

Methods
Cells, plasmids, and reporter assays. LNCaP, PC3, and VCaP cells as well as 
PSA(6.1kb)-luciferase, PB-luciferase, ARR3-luciferase, 5xGAl4UAS-TATA–
luciferase, AR1–558-Gal4DBD, ARv567es plasmids, and transfection of cells 
have been described previously (17, 21).

Fluorescence polarization, microscopy, and spectroscopy. Androgen, proges-
terone, and glucocorticoid receptor PolarScreen Competitor Assay kits 
(Invitrogen) were used according to the manufacturer’s protocol. Serial 
dilution was done for each small molecule, and solvent was compensat-
ed to ensure equal volume of DMSO and ethanol in each sample. Fluo-
rescence polarization at excitation wavelength 470 nm and emission at 
530 nm were measured in Greiner 384 black clear-bottomed plates using 
Infinite M1000 (TECAN).

For microscopy, LNCaP cells were transiently transfected with an expres-
sion vector for AR-YFP using serum-free and phenol red–free RPMI media for 
24 hours prior to treatment of compounds. 4 hours after treatment, cells were 
fixed and stained for DAPI and examined using fluorescence microscopy.

Steady-state fluorescence spectroscopy was measured as described pre-
viously (21, 28), and on-site competition curve best-fit analysis was per-
formed using GraphPad Prism version 6.01 software.

BrdU cell cycle analysis. LNCaP cells were treated with inhibitors for  
1 hour, followed by addition of 0.1 nM R1881 under serum-free and phenol 
red–free conditions for 48 hours. Cells were pulse labeled with 10 μM BrdU 
for 2 hours and fixed in 70% ethanol. BrdU-labeled cells were probed with 
anti-BrdU–FITC antibody, and DNA was counterstained with DAPI. List 
mode files were collected using a dual laser Epics Elite-ESP flow cytometer. 
Bivariate analysis was performed using FlowJo 7 software (Ashland).

Viability and proliferation assays. PC3 and LNCaP cells were plated in 
96-well plates in respective media plus 0.5% FBS. The next day, PC3 cells 
were treated with vehicle and EPI-002 for 2 days, and LNCaP cells were 
pretreated with vehicle and EPI-002 for 1 hour before treating with 0.1 nM 
R1881 for 3 days. Cell viability was measured using alamarBlue Cell Viabil-
ity Assay (Invitrogen) following the manufacturer’s protocol.

Binding assays. LNCaP cells were treated for 24 hours with vehicle or with 
alkyne-containing EPI analogs. To examine binding to the AR NTD, LNCaP 
cells were transiently transfected with Flag-ARN plasmid or empty vector 
using lipofectin (Invitrogen) and treated with vehicle or modified EPI-001 
analogs for 24 hours. Proteins were extracted from treated cells with lysis 
buffer containing 50 mM HEPES (pH 8.0), 150 mM NaCl, 1% (v/v) Triton-
X100, and EDTA-free protease inhibitors and were subjected to Click-
chemistry conditions for 3 hours at 25°C in buffer containing 0.1% SDS, 

profiles in VCaP and LNCaP xenografts from castrated hosts in 
response to bicalutamide and EPI may also involve the different 
times of analysis after castration and drug treatment. LNCaP 
xenografts were harvested from hosts 21 days after castration and 
14 days of drug treatment, while VCaP xenografts were harvested 
35 days after castration and 28 days of treatment. Levels of PSA 
were not further decreased after castration by EPI compounds in 
either xenograft, whereas bicalutamide had an effect in LNCaP, 
but not VCaP, xenografts. PSA mRNA is not a sensitive marker 
of AR action (40), nor have PSA mRNA levels proved reliable as 
a prognostic marker for prostate cancer (43), in spite of serum 
levels of PSA being one of the best biomarkers used in oncology. 
Instead, 2 other well-characterized AR-regulated genes, NKX3.1 
and TMPRSS2, were significantly decreased by EPI in LNCaP 
xenografts from castrated hosts. Importantly, EPI-002 decreased 
transcript expression of the M-phase cell cycle genes UBE2C, 
AKT1, CDC20, and CYCLINA2, which are increased in CRPC and 
regulated by AR variant (39), in VCaP xenografts.

It is important to note that all stereoisomers covalently bound 
to the endogenous AR in cells. To our knowledge, these studies 
are the first to show binding of the different stereoisomers to an 
IDP in living cells; others have relied on functional assays or used 
recombinant proteins. The plasticity of IDPs that permits these 
proteins to bind multiple partners with an induced fit may result 
in less dependence on stereospecific properties, compared with 
structured proteins with rigid clefts and pockets. Thus, the dem-
onstrated lack of stereospecific properties of the EPI analogs for 
binding to AR may reflect a malleable binding surface or large 
region for interaction on the AR NTD; alternatively, such lack 
of stereospecific properties may be a reflection of the potential 
flexible structure of the EPI compounds. The high-specificity and 
low-affinity interactions that are essential for reversible binding 
of multiple proteins to IDPs support that covalent binding of a 
small molecule may be optimal for sustained binding and thera-
peutic response. In support of this hypothesis, the noncovalent 
binding EPI analog EPI-093, which lacks the chlorohydrin, had 
no in vivo effects on the androgen axis, whereas the covalent bind-
er EPI-002 decreased the weight of androgen-dependent tissue. 
The EPI compounds were not general alkylating agents, as indi-
cated by the inability of EPI-001 to form adducts with glutathione 
and mercaptoethanol and from Click-chemistry experiments in 
living cells showing that EPI probes did not bind an abundance 
of cellular proteins.

Based on the evidence in Figures 3 and 4, we propose the follow-
ing model of the chemical mechanism for the selective covalent of 
EPI-001 analogs to the AR NTD. First, the AR AF1 requires some 
secondary structure, since EPI compounds did not bind the dena-
tured protein (Figure 4D). Then, the initial binding step possibly 
involves a fast reversible interaction between EPI-001 and the AR 
AF1 region (Figure 7). This reversible binding potentially situates 
the secondary alcohol of the chlorohydrin functionality adjacent 
to a basic site in AF1. In a slow and essentially irreversible step, the 
base might remove the proton from the secondary alcohol, lead-
ing to formation of an intermediate epoxide. The epoxide could 
then react with an adjacent nucleophilic site on an amino acid 
side chain (e.g., -SH [cysteine], -NH2 [lysine, ornithine], phenoxide 
[tyrosine], or imidazole [histidine]) to form the covalent bond. The 
selectivity of this covalent binding may come from a combination 
of a requirement for a strong reversible binding interaction with 
AR AF1 and the necessity of having a basic functionality located 
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Kit (Invitrogen) according to the manufacturer’s protocols specified for 
On-column PureLink DNase treatment. cDNA was subsequently syn-
thesized using SuperScript III First-Strand Synthesis System for RT-PCR 
(Invitrogen). Diluted cDNA and gene-specific primers were mixed with 
Platinum SYBR Green qPCR SuperMix-UDG with ROX (Invitrogen). The 
transcripts were measured by ABI PRISM 7900 Sequence Detection System 
(Invitrogen). For all qRT-PCR experiments, each tumor sample was tested 
in technical triplicates. Gene expression levels were normalized to the 
housekeeping gene RPL13A. Primers were as previously described (21, 38).

Immunohistochemistry and Western blot analysis. Cells that were positive for 
Ki67 and caspase-3 staining were counted in sections from 3 xenografts per 
treatment. At least 2,000 cells per xenograft were counted. The total num-
ber of cells counted was as follows: 7,647 (DMSO, Ki67), 7,690 (EPI-002, 
Ki67), 7,901 (bicalutamide, Ki67), 8,799 (DMSO, caspase-3), 8,075 (EPI-
002, caspase-3), and 7,843 (bicalutamide, caspase-3). For analysis of AR 
protein, concentrations of lysates of homogenized VCaP xenografts were 
measured by BCA assay after albumin depletion. Proteins (10 μg) were 
resolved on a NuPAGE 8%–12% Bis Tris gradient gel, transferred to nitro-
cellulose membrane, and probed for AR species using antibodies to the 
NTD (AR441; Santa Cruz). Protein levels of FL-AR and AR567 were detected 
using AR-N20 (Santa Cruz).

Statistics. Statistical analysis was performed using GraphPad Prism 
(version 6.01; GraphPad Software). Except where specified, comparisons 
between groups were performed with 2-tailed Student’s t test, and differ-
ences were consider statistically significant at P values less than 0.05.

Study approval. All experiments involving animals conformed to the rele-
vant regulatory and ethical standards, and the University of British Colum-
bia Animal Care Committee approved the experiments.
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5% t-butanol, 100 μM tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine 
(Sigma-Aldrich), 1 mM tris-(2-carboxyethyl) phosphine (TCEP), 100 μM 
biotin-azide reagent, and 1 mM CuSO4. Samples were dialyzed overnight 
in 50 mM HEPES (pH 8.0), 150 mM NaCl, 0.1% SDS, and 1% Triton-X100 
to remove excess biotin-azide reagent. Biotinylated EPI probes covalently 
bound to proteins were enriched using streptavidin-agarose resin (Thermo 
Fisher Scientific). Biotin-EPI-proteins were separated by SDS-PAGE and 
subjected to Western blot analysis using anti-biotin antibody.

The cell-free binding assay was performed with AR AF1 recombinant 
protein that was expressed and purified as previously described (21, 28), 
with additional purification by size exclusion chromatography. Recombi-
nant AR AF1 was mixed with alkyne-containing EPI probes, and binding 
reaction was carried out under the conditions indicated in the figures and 
legends prior to heating (90°C for 5 minutes). EPI probes were labeled with 
fluorescein by Click-chemistry reaction at 25°C for 1 hour in buffer con-
taining fluorescein azide (in amounts exceeding those of the EPI probes), 
0.1 mM ascorbic acid, and 0.1 mM copper(II)-tris[(1-benzyl-1H-1,2,3-tri-
azol-4-yl)methyl]amine complex (Lumiprobe). Samples were resolved on 
12.5% SDS-PAGE, and fluorescein was visualized using Fujifilm FLA-7000 
image analyzer (GE Healthcare). The same gel was stained with Coomassie 
blue R-250. The intensities of bands for fluorescein or Coomassie blue were 
quantified using ImageJ.

Alkylation reaction. Test solutions were prepared by placing 10 μg EPI-001 
into a NMR tube in DMSO/HEPES buffer (4:1, v/v, 0.10 M HEPES, pH 7.4), 
adding thiols (neat liquid or solid form), and diluting the solution with 100 
μl TCEP (0.5 M). The NMR spectra experiments were set to be monitored at 
25°C at 0, 1, 3, 5, 7, and 24 hours as well as 7 days after the addition of thiols.

For glutathione screening, glutathione (39 mg, 0.127 mmol) and TCEP 
(100 μl) were added to a solution of EPI-001 (10 μg, 0.025 mmol) in 
DMSO-d6/HEPES buffer (500 μl). After shaking several times, the reaction 
mixture was monitored by NMR.

For 2-mercaptoethanol screening, 2-mercaptoethanol (11 μl, 0.155 mmol) 
was added to a solution of EPI-001 (22 μg, 0.055 mmol) in DMSO-d6. After 
shaking several times, the reaction mixture was monitored by NMR.

Prostate weight. Mature male mice were treated every 3 days with EPI-093 
(i.v.), EPI-002 (i.v.), DMSO control (i.v.) or daily with bicalutamide (10 
mg/kg body weight by gavage). 2 days after the last dose, prostates were 
dissected and weighed.

Xenografts. Male NOD-SCID mice bearing subcutaneous tumors were cas-
trated when tumor volume was approximately 100 mm3. Animals bearing 
LNCaP xenografts were injected i.v. with 50 mg/kg body weight of EPI-001 
mixture or stereoisomers every other day or were treated by oral gavage with 
bicalutamide (10 mg/kg body weight). Animals bearing VCaP xenografts 
were administered 200 mg/kg body weight of EPI-002 (100-mg/kg dose 
twice daily), 10 mg/kg body weight of bicalutamide, or vehicle daily by oral 
gavage. Tumors were excised 2 days after the last dose and prepared for gene 
expression analysis, Western blot analyses, and immunohistochemistry.

QRT-PCR gene expression analysis. Total RNA was extracted from harvested 
xenografts using TRIzol reagent (Invitrogen) and PureLIink RNA Mini 
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ORIGINAL ARTICLE

Mechanisms of the androgen receptor splicing in prostate cancer
cells
LL Liu1, N Xie1, S Sun2, S Plymate2, E Mostaghel3 and X Dong1,4

Prostate tumors develop resistance to androgen deprivation therapy (ADT) by multiple mechanisms, one of which is to express
constitutively active androgen receptor (AR) splice variants lacking the ligand-binding domain. AR splice variant 7 (AR-V7, also
termed AR3) is the most abundantly expressed variant that drives prostate tumor progression under ADT conditions. However, the
molecular mechanism by which AR-V7 is generated remains unclear. In this manuscript, we demonstrated that RNA splicing of
AR-V7 in response to ADT was closely associated with AR gene transcription initiation and elongation rates. Enhanced AR gene
transcription by ADT provides a prerequisite condition that further increases the interactions between AR pre-mRNA and splicing
factors. Under ADT conditions, recruitment of several RNA splicing factors to the 30 splicing site for AR-V7 was increased. We
identified two RNA splicing enhancers and their binding proteins (U2AF65 and ASF/SF2) that had critical roles in splicing AR
pre-mRNA into AR-V7. These data indicate that ADT-induced AR gene transcription rate and splicing factor recruitment to AR
pre-mRNA contribute to the enhanced AR-V7 levels in prostate cancer cells.
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INTRODUCTION
The primary treatment for metastatic prostate cancer (PCa) is
androgen deprivation therapy (ADT). Although initially effective,
most tumors progress to castration-resistant PCa (CRPC) even
under treatment with the most potent anti-androgens (for
example, MDV3100 (enzalutamide) and abiraterone). No curative
therapy is available.1 It is commonly agreed that reactivation of
the androgen receptor (AR) signaling contributes to CRPC2,3

through several proposed mechanisms, including AR gene
amplification/mutation and AR protein overexpression,4,5

intratumoral androgen synthesis,6,7 aberrant expression of AR
co-regulators8 and alternative AR activation by cytokines and
growth factors in the absence of androgens.9 In addition, recent
findings indicate that the AR is also expressed as C-terminal-
truncated variants, called ARvs, through alternative RNA
splicing.10–15 Lacking the ligand-binding domain of full-length
AR (AR), ARvs are constitutively active in driving AR-regulated
transcription and promoting tumor progression, even under
castrate conditions.11,13,15,16 ARvs regulate a mitotic form of the
AR transcriptome rather than one associated with more
differentiating functions.17,18 Expression of ARvs occurs
frequently in CRPC tumors.19 Although a number of ARvs have
been described in PCa cell lines and xenografts, AR splice variant 7
(AR-V7, also termed AR3) is the most commonly expressed ARv in
human tissues.11,13,20 Its levels are correlated with increased risk of
biochemical relapse11,13 and shorter survival time of CRPC
patients.20 These results suggest a critical role of AR-V7 in
supporting CRPC. However, the molecular mechanism by which
AR-V7 mRNA is spliced remains unclear.

Pre-mRNA splicing involves stepwise assembly of RNA splicing
factors to the regions containing 50 and 30 splicing sites, excision
of the intron sequences and re-ligation of the adjacent exons.21

Alternative RNA splicing is the process whereby exons are
selectively excised from the pre-mRNA, resulting in a different
combination of exons in the final translated mRNA.22 AR-V7 mRNA
is spliced at the alternative 30 splice site (30ss) next to a cryptic
exon, exon 3B, rather than the 30ss next to exon 4, resulting in
translation of a C-terminal-truncated form of the AR protein.11,13

The decision as to which splicing site is excised is determined by
both the regulatory RNA sequences (cis elements) and their
associated RNA splicing proteins (trans elements). Depending
upon the functional significance and location, some regulatory cis
elements are termed exonic splicing enhancers (ESE) or intronic
splicing enhancers (ISE).23,24 In addition, RNA splicing is closely
coupled with gene transcription.25 Both transcription initiation26

and elongation rates27,28 have a significant impact on the
outcome of splicing. This is achieved by the association of RNA
splicing factors to the transcription machinery when transcription
is initiated.29–31 These protein complexes move along the gene
during transcription elongation, when transcribed pre-mRNA is
screened by the RNA spliceosome to define and excise the splice
sites, before transcription is terminated.32–34 Therefore, the
abundance of a specific splice variant is controlled by both gene
transcription rate and splicing factor recruitment to the pre-mRNA
during the alternative splicing process.

The question that remains to be answered is whether ADT
regulates the RNA splicing program that favors RNA synthesis of
ARvs as a survival strategy for PCa in response to ADT. In this
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manuscript, we studied the molecular mechanisms by which AR-
V7 was alternatively spliced in response to ADT.

RESULTS
AR and AR-V7 mRNA levels are increased in response to androgen
deprivation
We first profiled AR and AR-V7 RNA levels in a panel of PCa cell
lines: VCaP, LNCaP, LN(AI) and LN95. Both LN(AI) and LN95 cells
are derived from LNCaP cells, but have been cultured under long-
term ADT conditions, thus possessing an ADT-resistant phenotype.
Using an absolute quantification method, real-time quantitative
PCR (qPCR) showed that VCaP cells expressed AR RNA that was
5–10 fold higher than LNCaP and LNCaP-derived cells (Figure 1
and Supplementary Figure 1A), which was consistent with the
report that VCaP cells have an increased AR gene copy number.35

AR RNA level was B17.9-fold higher than AR-V7 in VCaP cells.
LNCaP cells expressed extremely low levels of AR-V7 RNA. Both
LN(AI) and LN95 cells expressed higher levels of AR-V7 than LNCaP
cells. AR-V7 RNA levels in LN95 cells were 30–40% lower than that
in VCaP cells. Western blotting assays showed consistently that
VCaP cells expressed higher AR protein levels than other cell lines
(Figure 1b and Supplementary Figure 1B), possibly due to the
increase in AR gene copy number in VCaP cells. Both VCaP and
LN95 cells expressed comparable levels of AR-V7 protein. LN(AI)
cells expressed lower levels of AR-V7 protein, whereas parental
LNCaP cells had undetectable levels of AR-V7 protein.

ADT conditions were reported to increase both RNA and protein
levels of AR in PCa cell lines and xenografts.17,36 To determine
whether ADT also regulated AR-V7 expression, we treated PCa
cells with dihydrotestosterone (DHT) and/or MDV3100 (Figure 1c).

DHT reduced AR RNA levels significantly in VCaP and LNCaP cells,
but only to a minor extent in LN(AI) cells. AR-V7 levels in LN(AI)
cells were also repressed by DHT, following the changes of AR
levels. In contrast, neither AR nor AR-V7 RNA levels were altered by
DHT or MDV treatment in LN95 cells.

We found that AR-V7 expression was also reversibly regulated
by DHT and MDV treatments. After VCaP cells were pre-treated
with DHT for 24 h, adding MDV to the culture medium
dramatically upregulated AR-V7 RNA and protein levels
(Figure 2a–c). Vice versa, DHT significantly supressed AR-V7
expression after VCaP cells were pre-treated with MDV. Changes
in AR-V7 RNA levels were correlated with AR levels. Using primary
cultures from MDV-resistant VCaP tumor xenografts grown in mice
(n¼ 10), we further showed that both AR and AR-V7 RNA levels
were maintained in relative high levels under maximum ADT
conditions, but significantly decreased when DHT was added
(Figure 2d). As the doubling time of VCaP cells is 53 h, changes in
AR and AR-V7 RNA levels cannot be accounted by clonal selection.
These results indicated that RNA splicing of AR-V7 was a dynamic
and reversible process, which was regulated by AR signaling.

AR-V7 expression is important for VCaP cell proliferation under
ADT conditions
The functional significance of AR-V7 expression was further tested
in VCaP cells by comparing cell proliferation rates under
conditions of AR versus AR-V7 knockdown by small interfering
RNA (siRNA). siRNA to exon 7 knocked down AR, siRNA to exon 3B
knocked down AR-V7 and siRNA to exon 1 knocked down total AR
(AR-V7þAR). In the presence of androgen depletion and/or MDV
treatments, AR-V7 or total AR, but not AR knockdown, significantly
reduced VCaP cell growth (Figure 3a). However, cell growth relied

Figure 1. AR and AR-V7 RNA levels in PCa cells. (a) Total RNA was extracted from VCaP, LNCaP, LN(AI) and LN95 cells. AR and AR-V7 mRNA copy
numbers within 20 ng RNA were determined by real-time qPCR using absolute quantification as described in Materials and methods. (b) AR
and AR-V7 protein levels were detected by western blotting assays using AR(N-20) and AR-V7 antibodies. (c) VCaP, LNCaP, LN(AI) and LN95
cells were maintained in RPMI1640 medium containing 5% FBS or 5% CSS for 48 h. Cells were treated with vehicle (Veh), 10 nM DHT and/or
5mM MDV3100 for 24 h. Relative RNA levels of AR and AR-V7 were determined by real-time qPCR using relative quantification to GAPDH.
Results were obtained from three independent experiments with samples in triplicates and shown as mean±s.e.m. One-way ANOVA followed
by Student’s t-test was carried out using GraphPad Prism showing significance with Po0.05 as * or Po0.01 as ** or Po0.001 as ***. Primer
sequences and standard curves for measuring RNA levels of AR and AR-V7 were presented in Supplementary Materials and figures.
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on AR when DHT was present. Consistent with cell proliferation
assays, expression levels of prostate specific antigen (PSA) and
transmembrane protease serine2 (TMPSS2) were further dramati-
cally decreased by siRNAs targeting AR-V7 or total AR, when
compared with siRNA targeting AR alone under androgen
depletion and/or MDV treatment conditions (Figure 3b). In the
presence of DHT, siRNA knocking down AR-V7 did not inhibit PSA
and TMPSS2 expression. However, siRNA targeting total AR
presented more potent suppressive effects to these genes when
compared with siRNA targeting AR only. Interestingly, UGT2B17
and UBE2C were previously demonstrated to be AR-V7-regulated
genes in PCa.19 We further confirmed that AR-V7 was required for
UGT2B17 transcription in VCaP cells under ADT conditions. In
contrast, DHT-activated AR suppressed UGT2B17 RNA levels,
which effects were blocked by AR knockdown. Similar
observation was also from UBE2C expression that was inhibited
by AR but enhanced by AR-V7 (Supplementary Figure 2). These
findings indicate that under ADT conditions, AR-V7 can replace AR
to sustain cell growth and regulate a gene set distinct from AR.
Our results support a critical role of AR-V7 that is responsible for
PCa phenotype shift from androgen sensitive to CRPC under
castration stress. The efficiencies of siRNA knockdown of AR and or
AR-V7 were shown by western blotting in Figure 3c. Together, our
results indicate that AR-V7 maintains VCaP PCa cell proliferation by
an AR signaling mechanism under ADT conditions.

AR-V7 RNA splicing is coupled with AR gene transcription
As the RNA splicing process was known to be coupled with gene
transcription, and our data also indicated that AR-V7 RNA levels
were correlated with AR RNA levels, we examined whether active
AR-V7 splicing was controlled by the AR gene transcription rate.
We applied three different approaches to inhibit AR gene
transcription by treating cells with actinomycin D (ActD),
benzimidazole (DRB) or trichostatin A (TSA). Cells were also co-

treated with either 10 nM DHT or 5 mM MDV for 0, 1, 2, 4, 8 and 16 h
(Figure 4). In the presence of vehicle, MDV maintained whereas
DHT dramatically decreased both AR and AR-V7 RNA levels during
16 h of treatment in VCaP cells, while AR and AR-V7 RNA levels in
LN95 cells were maintained at relatively constant levels. However,
in both VCaP and LN95 cells, ActD and DRB eliminated, whereas
TSA significantly reduced AR-V7 RNA levels correlating with
changes of AR RNA levels. ActD forms complexes with double-
stranded DNA to prevent RNA pol II from forming the transcription
initiation complex, whereas DRB is an inhibitor of C-terminal
domain of pol II that inhibits gene transcription at the elongation
step. TSA was confirmed to inhibit AR gene transcription in several
different PCa cell lines.37,38 These results together indicated that
AR-V7 splicing was dependent upon AR gene transcription
initiation and elongation rates.

Recruitment, but not expression of RNA splicing factors,
contributes to AR-V7 splicing
Although RNA splicing is coupled with transcription, generation of
a RNA splice variant requires splicing factors that recognize and
excise the alternative splice sites. We chose a panel of splicing
factors including U1A, U2AF65, AFS/SF2, hnRNP I, PSF and p54nrb
that were demonstrated to have essential roles in RNA splicing,39

and measured their protein levels under DHT or MDV treatment.
No changes in protein levels of these splicing factors were
observed under different treatments and among different cell
lines (Supplementary Figure 3).

We next determined whether recruitment of splicing factors to
the AR gene was altered following ADT conditions. Chromatin
immunoprecipitation (ChIP) assays were performed with primers
amplifying the P1–P3 regions, corresponding to the 50 and 30

splice regions for AR and AR-V7 (Figure 5). The P4 region is located
upstream of the 50UTR (untranslated region) of human GAPDH
gene, a region of the gene where there are no active RNA splicing

Figure 2. Alternative AR-V7 splicing is a reversible process regulated by AR signaling. (a) Schematic diagram of experimental design shows the
treatments to VCaP cells. VCaP cells were maintained in RPMI1640 medium containing 5% CSS for 48 h. Cells were treated with 10 nM DHT
(samples 1 and 2) or 5 mM MDV3100 (samples 3 and 4) for 24 h. Cells were washed and replenished with medium containing 5 mM MDV3100
(sample 2) or 10 nM DHT (sample 4) for another 24 h. RNA and protein samples were collected. (b) AR and AR-V7 mRNA level were measured by
real-time qPCR using relative quantification to GAPDH. Results were obtained from three independent experiments with samples in triplicate
and shown as mean±s.e.m. Student’s t-test showed statistical significances with Po0.001 as ***. (c) AR and AR-V7 protein levels were
detected by western blotting assays. (d) Primary cultured MDV-resistant VCaP cells were described in Material and methods. Cells were treated
with MDV3100, DHT or MDV3100 plus DHT for 24 h. Total RNA was collected and used to measure AR and AR-V7 RNA levels by real-time qPCR
using relative quantitative method.
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events. It therefore serves as a negative control. Consistent with
ADT-induced AR gene transcription, the recruitment of pol II to P1,
P2 and P3 regions were significantly higher in MDV-treated VCaP
cells. These changes were concurrent with increased recruitments
of several RNA splicing factors (U1A, U2AF, ASF/SF2 and p54nrb)
to P1, P2 and P3 regions. Exceptions were PSF (no change) and
hnRNP I (decreased recruitment). These data suggested that MDV
treatment increased spliceosome recruitment to the AR gene to
process both AR and AR-V7 RNA splicing. In contrast, although
MDV also enhanced pol II and U1A, U2AF and p54nrb onto P1 and
P3 regions in LNCaP cells, their recruitments to the P2 region
(containing AR-V7 30ss) were not increased by MDV. These
observations were consistent with low expression of AR-V7 in
LNCaP cells. Together, these results suggested that spliceosome
recruitment to the AR gene, rather than alterations in protein
levels of splicing factors, contributed to AR-V7 splicing.

Construction of AR-V7 minigene to identify RNA splicing
enhancers
In order to identify any cis and trans element responsible for AR-V7
splicing, we constructed the AR-V7 minigene plasmid (Figure 6a),
with exon 3B and its flanking B400-bp nucleotide sequence

inserted in between exon 3 and exon 4 of the human AR gene.
When transiently transfected, the minigene expressed 12–25 fold
of AR and 8–300 fold of AR-V7 higher than the levels of
endogenous AR transcripts in PCa cell lines (Figure 6b). Driven
by the constitutively active CMV promoter, the levels of minigene
transcribed AR-V7 were not affected by DHT or MDV treatment.
These observations indicated that gene transcription rate, but not
ADT condition per se, directly regulated AR-V7 RNA splicing.

To locate potential RNA sequences responsible for AR-V7
splicing, we screened exon 3B and its flanking region using the
Splicing Rainbow40 and ESEfinder 3.041 programs, two
bioinformatic tools to predict potential splicing factor binding
sites. One ISE and one ESE near the 30ss of exon 3B were identified.
The ISE was predicted to bind hnRNP I or U2AF65, whereas the ESE
was a potential ASF/SF2 binding site. We applied mutagenesis and
cloning techniques to further construct AR-V7 minigenes carrying
point mutations at either ISE or ESE site (Figure 6c). When these
mutant AR-V7 minigenes were introduced into PCa cells, only AR-
V7 transcript levels, but not AR, were dramatically decreased
(Figure 6d). To further confirm whether the functions of ISE and
ESE were mediated through the predicted RNA splicing factors, we
transfected AR-V7 minigenes into LNCaP cells in the presence of
siRNAs against hnRNP I, U2AF65 and ASF/SF2. The levels of AR

Figure 3. VCaP cells were transfected with control siRNA or siRNA targeting AR exon 1, exon 7 or exon 3B of the AR gene. (a) Cells were seeded
in 96-well plates and treated with vehicle (Veh), 10 nM DHT or 5 mM MDV for 0–6 days. An MTS assay was performed at each time point. Data
were plotted as fold change over day 0. (b) After siRNA transfections, VCaP cells were treated with Veh, DHT or MDV for another 24 h. Relative
RNA levels of PSA, TMPSS2 and UGT2B17 over GAPDH were measured by real-time qPCR. (c) Efficiencies of siRNA knockdown were confirmed
by western blotting assays with the indicated antibodies. Po0.05 as *, Po0.01 as ** and Po0.001 as ***.

RNA splicing of the AR gene in prostate cancers
LL Liu et al

4

Oncogene (2013), 1 – 11 & 2013 Macmillan Publishers Limited



Figure 4. AR-V7 RNA splicing is coupled with AR gene transcription rate. VCaP (a) and LN95 (b) cells were maintained in RPMI1640 medium
containing 5% CSS and treated with 10 nM DHT or 5 mM MDV3100 in the presence of vehicle (Veh), 1 mM ActD, 5 mM DRB or 10 nM TSA. RNA
samples were collected at time points of 0, 1, 2, 4, 8 and 16 h. AR and AR-V7 RNA levels were determined by relative quantification to 18s
rRNA. Results were obtained from two independent experiments with samples in triplicates and shown as mean±s.e.m. Note: 18s rRNA levels
were not altered by ActD, DRB or TSA treatment within 16 h, therefore, served as the internal control gene.

Figure 5. Recruitment of RNA splicing factors to the AR gene in PCa cells. (a) Schematic diagrams of the human AR gene and the GAPDH gene
show the regions (P1–P4) that were amplified in ChIP assays. (b) VCaP and LNCaP cells were maintained in RPMI1640 medium containing 5%
CSS for 48 h. Cells were treated with either 10 nM DHT or 5 mM MDV3100 for another 24 h. ChIP assays were performed using antibodies against
pol II, U1A, U2AF65, ASF/SF2, p54nrb, PSF, hnRNP I and control IgG. Eluted DNA fragments were used as templates for real-time qPCR. Signals
were calculated as percentage of input and blotted as fold changes over control IgG. ChIP data were derived from five independent
experiments with triplicate samples per experiment. Student’s t-test showed statistical significance with Po0.05 as *, Po0.01 as ** and
Po0.001 as ***.
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Figure 6. Construction of AR-V7 minigene to identify RNA splicing enhancers. (a) Schematic diagram of AR-V7 minigene construct and
locations of primers used in real-time qPCR. Three DNA fragments of human AR gene were cloned into pCMV2 vectors. Positions of each AR
gene fragment in the chromosome X were marked. (b) 293T, VCaP, LNCaP and LN95 cells were transiently transfected with mock vector or AR-
V7 minigene plasmid. Cells were treated with vehicle (Veh), 10 nM DHT or 5 mM MDV3100 for 24 h. Relative mRNA levels of AR and AR-V7 mRNA
levels to GAPDH were determined by real-time qPCR. (c) Using point mutagenesis, mutant AR-V7 mingenes were constructed with mutations
at the ISE and the ESE sites. (d) 293T, VCaP, LNCaP and LN95 cells were transiently transfected with mock, AR-V7 minigene (WT) or AR-
V7 minigenes with mutations at ISE (ISEm) and ESE (ESEm). (e) LNCaP cells were transfected with indicated siRNAs followed with plasmids
encoding mock or AR minigenes (WT, ISEm or ESEm). Relative RNA levels of AR and AR-V7 to GAPDH were determined by real-time qPCR.
Results were obtained from three independent experiments and shown as mean±s.e.m. One-way ANOVA followed by Student’s t-test was
carried out using GraphPad Prism showing statistical significance with Po0.001 as ***.

RNA splicing of the AR gene in prostate cancers
LL Liu et al

6

Oncogene (2013), 1 – 11 & 2013 Macmillan Publishers Limited



transcribed by AR-V7 minigenes were unchanged, regardless of
siRNA knockdown or mutations at ESE or ISE within the minigenes
(Figure 6e). In contrast, levels of AR-V7 transcribed by the AR-
V7(WT) minigene were dramatically decreased with hnRNP I,
U2AF65 or ASF/SF2 knockdown. The AR-V7(ISEm) minigene
expressed very low levels of AR-V7, which were insensitive to
any knockdown of splicing factors. Interestingly, RNA interference
(RNAi) of U2AF65 and hnRNP I, but not ASF/SF2, further decreased
AR-V7 levels transcribed by the AR-V7(ESEm) minigene. These
findings indicated that both the ISE and the ESE were specifically
important for AR-V7 splicing through interactions with U2AF65,
hnRNP I and ASF/SF2.

Identification of RNA splicing factors responsible for AR-V7 splicing
To further study binding proteins for the ISE and the ESE, we
synthesized two 40-bp RNA oligos to perform RNA pull-down
assays (Figure 7a). Oligo 1 contains the ISE, whereas oligo 2
contains the ESE. Their sequences are listed in Supplementary

Materials. Both oligos were incubated with purified Flag-tagged
U2AF65, hnRNP I and ASF/SF2. hnRNP I and U2AF65 bound
oligo 1. These interactions were abolished when the ISE was
replaced with the ISEm (Figure 7b). Interestingly, hnRNP I and
U2AF65 can also be pulled down by oligo 2. However, those
interactions were not affected by ESE point mutations. ASF/SF2
had a strong association with oligo 2 but not with oligo 1. This
interaction was also dramatically decreased when ESE was
replaced with the ESEm. In order to show specific U2AF65/hnRNP
I-ISE and ASF/SF2-ESE interactions, we also used oligos 1 and 2 to
pull down two other RNA splicing factors, U1A and Tra2b. U1A
bound both oligos 1 and 2 even in the presence of ISEm and ESEm,
whereas Tra2b had no association to either RNA oligo. These
results indicate that ASF/SF2 specifically binds the ESE, whereas
hnRNP I and U2AF65 bind oligo 1 at the specific ISE site. They also
bind oligo 2 but possibly through sequences other than the ESE.

RNA co-immunoprecipitation assays were further performed
(Figure 7c). Antibodies against ASF/SF2, U2AF65 and hnRNP I, but
not control immunoglobulin G (IgG), precipitated AR pre-mRNA at

Figure 7. Characterization of RNA splicing factors that regulate AR-V7 splicing. (a) Schematic diagram of the AR gene between exon 3 and
exon 4 and locations of AR pre-mRNA sequences used in RNA oligo pull-down assays (b) and primers used in RNA immunoprecipitation assays
(c and d). (b) Flag-tagged purified RNA splicing factors U2AF65, hnRNP I, ASF/SF2, U1A and Tra2b were incubated with RNA oligos containing
ISE, ESE and their point mutants. Oligo-associated splicing factors were detected by western blotting assays. (c) VCaP cell lysates were
immunoprecipitated with antibodies against ASF/SF2, U2AF65 and hnRNP I. Protein associated pre-mRNA were extracted and reverse
transcribed and analyzed by regular PCR with primers amplifying P1-3 regions. (d) VCaP cells were treated with either 10 nM DHT or 5 mM
MDV3100 for 2 h. RNA immunoprecipitation assays were performed. Real-time qPCR quantified the enrichments of ASF/SF2, U2AF65 and
hnRNP I on pre-mRNA at P1-3 regions. Signals were calculated as percentage of input and blotted as fold changes over control IgG. (e) VCaP
cells were transfected with siRNAs against control, ASF/SF2, U2AF65 and hnRNP I for 48 h, after which cells were treated with either 10 nM DHT
or 5 mM MDV3100 for another 24 h. AR and AR-V7 RNA splicing products were measured by real-time qPCR using relative quantification against
GAPDH. A primer set covering GAPDH exon 7 and exon 8 was used as a negative control to monitor GAPDH gene splicing in response to RNAi
of ASF/SF2, U2AF65 and hnRNP I. (f and g) AR protein and mRNA were also detected by western and northern blotting assays. Densitometry
analyses calibrate RNA and protein bands of the AR gene by 18S and actin as the loading controls. In Figure 7g, both low and high exposures
of western blot with AR(N-20) antibody were shown. (h) LN95 cells were transfected with siRNAs against controls ASF/SF2, U2AF65 and hnRNP
I for 48 h. AR, AR-V7 and GAPDH splicing products were measured by real-time qPCR. Data were derived from three independent experiments
and presented as mean±s.e.m. One-way ANOVA followed by Student’s t-test was carried out using GraphPad Prism showing statistical
significance with Po0.01 as ** and Po0.001 as ***.
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the P2 region (containing both the ISE and the ESE). Interestingly,
hnRNP I was absent in the P1 region (50ss for both AR and AR-V7)
and ASF/SF2 showed an extremely low level at the P3 region (30ss
for AR). These observations suggest that hnRNP I functions
primarily at the 30ss, whereas ASF/SF2 has a relatively higher
specificity to the 30ss for AR-V7, emphasizing its important role for
AR-V7 splicing. We further used real-time qPCR to quantify the
recruitments of ASF/SF2, U2AF65 and hnRNP I to the AR pre-mRNA
at the AR-V7 30ss under DHT or MDV treatment for 2 h in VCaP cells
(Figure 7d). MDV dramatically induced U2AF65 binding, but had
no impact on ASF/SF2 and hnRNP I to the P1 region. However, all
of these splicing factors had enhanced recruitment to the P2
region by MDV, whereas only U2AF65 and hnRNP I increased
associations with the P3 region in response to MDV treatment.
These results suggested that ASF/SF2-ESE and U2AF65/hnRNP
I-ISE interactions were regulated by ADT condition in contributing
to AR-V7 splicing.

To further confirm the functional significance of ASF/SF2,
U2AF65 and hnRNP I for AR-V7 splicing, we knocked down each
splicing factor in VCaP and LN95 cells, and measured AR and AR-
V7 levels by real-time PCR amplifying exon 3/4 and exon 3/3B
(Figures 7e and h). RNA silencing of ASF/SF2, U2AF65 and hnRNP I
significantly reduced AR-V7 RNA levels. In addition, hnRNP I
knockdown also mildly reduced AR levels. To exclude the
possibility that ASF/SF2 and U2AF65 silencing also affect other
splicing events particularly that within the AR gene, we further
showed that U2AF65 and ASF/SF2 knockdown did not affect AR
levels by both northern and western blotting (Figures 7f and g). In
addition, we also designed a pair of primers crossing exons 7/8 of
the GAPDH gene to measure its RNA splicing as a control, and
showed that RNA splicing of the GAPDH gene was not affected by
RNA silencing of ASF/SF2 and U2AF65. The efficiency of RNA silencing
was shown by western blotting (Supplementary Figure 4). These
results suggested that both ASF/SF2 and U2AF65, when compared
with hnRNP I, were specifically important for AR-V7 splicing.

DISCUSSION
Although extensive studies show that constitutively transcriptional
function of ARv is important for CRPC progression, the molecular
mechanisms by which ARv is alternatively spliced remain unclear.
Our studies demonstrate that AR gene transcription rates and
splicing factor recruitment to AR pre-mRNA near the AR-V7 30ss
are two important factors contributing to AR-V7 splicing. The ADT
condition does not directly regulate levels of AR-V7 splicing.
Rather it enhances AR gene transcription rates and contributes
indirectly to the generation of AR-V7 splice variant.

Our lines of evidence demonstrated that AR-V7 RNA synthesis
depended upon active AR gene transcription. In various experi-
mental conditions, changes in AR-V7 RNA levels were consistent
with alterations of AR RNA levels in PCa cells. ADT induced the
recruitment of RNA pol II to the AR gene, reflecting active AR gene
transcription (Figure 4). Concurrently, higher AR and AR-V7 levels
were observed under ADT conditions. Although ActD, DRB and
TSA acted through different mechanisms to decrease AR gene
transcription, they showed consistent repressive effects on AR-V7
RNA splicing (Figure 3). In addition, turning on or off of AR gene
transcription by DHT and MDV reversibly controlled AR-V7 splicing
(Figures 1 and 2). Previous publications showed that AR-V7 RNA
was commonly expressed in PCa cells and even normal prostate
epithelium cells,13,15 and that the ratio of ARv:AR fluctuated
between the 0.1–2.5% range depending upon active AR gene
transcription by castration or DHT treatment.36 These results
together confirmed that AR-V7 RNA splicing process was coupled
with AR gene transcription rate.

Although AR gene transcription provides a favorable genetic
environment for AR-V7 RNA splicing, the enzymatic reaction to
excise the 30ss for AR-V7 splicing requires recruitment of RNA

splicing factor to AR pre-mRNA for AR-V7 RNA synthesis. We
showed that interactions of U2AF65-ISE and ASF/SF2-ESE were
critical for this splicing event. Mutations at the ISE and the ESE
abolished AR-V7 splicing, whereas RNA silencing of U2AF65 and
ASF/SF2 decreased AR-V7 levels in both VCaP and LN95 cells.
These results suggested that U2AF65 and ASF/SF2, by recognizing
the ISE and the ESE, acted as the pioneer factors to direct further
recruitment of RNA spliceosome to the AR-V7 30ss. Although
U2AF65 and ASF/SF2 might participate in other RNA splicing
events, such as splicing the 30ss next to exon 4 for AR, RNA
silencing of U2AF65 and ASF/SF2 did not affect AR RNA levels nor
did they affect the GAPDH (exon7/8) RNA splicing. Disruption of
U2AF65-ISE or ASF/SF2-ESE interactions had no impact on AR RNA
levels (Figure 5d). It is likely that the recruitment of U2AF65 and
ASF/SF2 to the AR-V7 30ss is more efficient because of the
presence of the ESE and the ISE near the AR-V7 30ss. ASF/SF2 is a
concentration-dependent regulator for alternative RNA splicing.
Although ADT does not alter its expression level, more AR pre-
mRNA is available as a substrate for ASF/SF2 to catalyze RNA
splicing reactions. The existence of ESE within the exon 3B
therefore is more attractive for ASF/SF2 to be recruited to the AR-
V7 30ss and synthesize AR-V7 mRNA. In addition, the involvement
of U2AF65 and ASF/SF2 in excising 30ss next to exon 4 might be
compensated by other splicing factors. As excision of the AR-V7
30ss is more sensitive to U2AF65 and ASF/SF2 protein levels, they
may serve as rate-limiting factors in controlling AR-V7 splicing
efficiency. In contrast, although hnRNP I also binds the ISE,
knocking down hnRNP I reduces both AR and AR-V7 levels,
indicating hnRNP I serves as a general factor regulating both AR
and AR-V7 splicing. Together, these results support that AR-V7
splicing is not generated by a random splicing error. Rather, it is
executed by specific RNA splicing factors through recognizing
specific RNA sequences near AR-V7 30ss. This RNA splicing event is
enhanced in response to ADT as AR transcription rates increase.

Our studies also demonstrated that neither AR gene amplifica-
tion nor rearrangement were required for AR-V7 RNA splicing.
Although VCaP cells have amplification of the AR gene, no such
genetic aberrance is reported in LN95 cells. However, LN95 cells
express comparable AR-V7 RNA levels. Regardless of AR gene
amplification, suppression of the AR gene transcription rate or
RNA silencing of splicing factors reduced AR-V7 splicing in both
LN95 and VCaP cells. In VCaP, LNCaP and LN(AI) cells, AR-V7 RNA
levels were repressed by DHT treatment (Figure 1). Particularly, AR-
V7 RNA levels in VCaP cells can be reversibly regulated by DHT or
MDV treatment within 24 h (Figure 2). These results indicate that
AR gene amplification does not attribute to AR-V7 splicing. Rather,
AR gene amplification magnifies the levels of all transcripts by the
AR gene, supporting VCaP cells as an ideal model to study
alternative RNA splicing events of the AR gene. Interestingly, both
castration-resistant LN(AI) and LN95 cells express high levels of
AR-V7 than their parent LNCaP cells, supporting the hypothesis
that generation of AR-V7 contributes to CRPC progression.

An intragenic AR gene rearrangement was reported contribut-
ing to AR-V7 RNA synthesis in 22Rv1 cells.42 No such gene
rearrangement was noted in VCaP or castration-resistant LN(AI)
and LN95 cells.35 It could be possible that similar genomic
disruption may exist in some other PCa cells. However, AR-V7
mRNA synthesis still requires the removal of intron sequences
through the RNA splicing process. RNA splicing factors still need to
recognize and excise the 30ss, and ligate the exon 3 with exon 3B.
This enzymatic reaction will depend on active AR gene transcrip-
tion to create a permissible environment and recruitment of
splicing factors to AR pre-mRNA. Our data showed that changes in
recruitment of U2AF65 and ASF/SF2 occurred within 2 h of MDV
treatment (Figure 6d). Enhanced AR-V7 RNA levels by MDV can be
lowered within hours by subsequent DHT treatment (Figures 2a
and b), indicating that AR-V7 RNA splicing is a dynamic and
reversible process.
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In summary, our data provide new insights to the complexity of
AR gene splicing during CRPC progression of PCa. It invites further
investigation that may lead to therapeutic revenues to block AR-
V7 expression in CRPC tumors and resensitize current anti-AR
therapy.

MATERIALS AND METHODS
Cell culture
The human PCa cell line VCaP (CRL-2876) was purchased from ATCC
(Manassas, VA, USA) and LNCaP, C4-2B, LN(AI) and 293T cell lines were
generously provided by Drs Gleave, Rennie and Buttyan from the
Vancouver Prostate Centre. LN95 cells were described previously and
were a generous gift from Dr Alan Meeker of Johns Hopkins University.18

VCaP and 293T cells were cultured in DMEM, whereas LNCaP and C4-2B
cells were cultured in RPMI1640 medium. LN(AI) and LN95 cells were
maintained in RPMI1640 medium with charcoal-stripped serum (CSS). CSS
was used for steroid studies (Hyclone, Logan, UT, USA). DHT, ActD, DRB and
TSA were purchased from Cedarlane (Burlington, ON, Canada). MDV3100
was from Haoyuan Chemexpress (Shanghai, China). Plasmids encoding
Flag-tagged RNA splicing factor are U2AF65 (Dr James Manley, Columbia
University), ASF/SF2 (Dr Gourisankar Ghosh, UC San Diego), hnRNP I
(Dr Allain Frédéric, Institute for Molecular Biology and Biophysics
Eidgenössiche Technische Hochshule, Switzerland) and Tra2b (Dr Stefan
Stamm, University of Kentucky).

Reverse-transcriptase PCR and real-time qPCR
Total RNA was extracted using TRIZOL reagent (Invitrogen, Burlington, ON,
Canada) and treated with deoxyribonuclease at room temperature for
15 min to eliminate any DNA contamination. The reverse transcription
reaction was performed using random hexamers and superscript II
(Invitrogen), after which the product was used as a template for PCR.
Real-time qPCR was performed on the ABI PRISM 7900 HT system (Applied
Biosystems, Burlington, ON, Canada) using the FastStart Universal SYBR
Green Master mix (Roche, Laval, QU, Canada) as we previously reported.43

Cycling was performed using default conditions of the 7900HT Software
(Applied Biosystems)—2 min at 50 1C and 10 min at 95 1C—followed by 40
cycles of 15 s at 95 1C and 1 min at 60 1C. Absolute quantification followed
the previous report,44 AR and AR-V7 cDNAs were quantified by NanoDrop
(Thermo Scientific, Wilmington, DE, USA), and their copy numbers were
calculated by copy number (molecules/ml)¼ concentration(g/ml)/(bp size of
double-stranded product � 660)� 6.022� 1023. A series of dilutions of the
cDNAs were used as templates for real-time qPCR as standards for AR or
AR-V7. A standard curve was drawn by plotting the CT value against the log
of the copy number of molecules. The specific AR and AR-V7 copy numbers
were calculated by the equation drawn from the graph. The relative
quantification method has been described before using GAPDH or 18s
rRNA as the internal control genes.43 All real-time qPCR assays were carried
out using three technical replications, as well as three independent cDNA
syntheses. Primer information is listed in the Supplementary Materials.

Western blot and ChIP
After treatments, cells were incubated with lysis buffer (50 mM Tris pH8.0,
150 mM NaCl, 1% NP40, 0.5% sodium deoxycholate and 0.1% SDS) followed
by a brief sonication to extract protein lysate. Lysates were immunoblotted
with specific antibodies (detailed in Supplementary Materials). ChIP assays
followed the protocol that we previously reported.43,45 DNA templates
retrieved from ChIP were analyzed by real-time qPCR on the ABI PRISM
7900 HT system (Applied Biosystems) using the FastStart Universal SYBR
Green Master (Roche). Enrichments of immunoprecipitated DNA fragments
were determined by the threshold cycle (Ct) value. Data were calculated as
a percentage of input and plotted as fold changes over control IgG. ChIP
data were derived from five independent experiments with samples in
triplicate. Data are presented as mean±s.e.m.

MDV-resistant VCaP xenografts
MDV-resistant xenografts of VCaP cells were generated by injecting VCaP
cells subcutaneously in castrate SCID (severe combined immunodeficiency)
mice (2� 106 cells mixed 1:1 with Matrigel). When xenograft tumors
reached 500–800 mm3, the animals were euthanized, tumors were
removed, collagenase were digested and again injected subcutaneously
into castrate SCID mice 1:1 with Matrigel. Mice were treated with MDV3100

(10 mgm/kg) per gavage 5 days a week. When xenografts reached 800–
1000 mm3, mice were euthanized, tumors were final minced and 1/3 of
each minced tumor was grown in a 100-mm plastic culture dish with
RPMI1640 plus 5% CSS and 5mM gentamicin. Cells were treated with 10 mM

MDV3100, 1 nM DHT or MDV3100 plus DHT for 24 h. Total RNA was
collected to measure AR and AR-V7 RNA levels by real-time qPCR. All
animal studies were approved by the University of Washington
Institutional Animal Care and Use Committee (IACUC).

Transfection and RNA silencing
Transient transfection of plasmid DNA used the Lipofectamine 2000
(Invitrogen). Transfection of siRNA oligos used the siLentFect Lipid Reagent
(Bio-Rad, Mississauga, ON, Canada) according to the provided protocols.

Cell proliferation assay
VCaP PCa cells were first transfected with siRNA against the AR gene at
indicated exons. Cells were seeded in 96-well plates (5000 cells/well) with
culture medium containing 10% CSS for another 24 h. Cells were then
treated with vehicle, DHT or MDV3100, for 0–6 days. The reagent of 3-(4,
5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2Hte-
trazolium (Promega, Madison, WI, USA) was added at each time point.
Cell proliferation rates were measured according to the manufacturer’s
protocol.

AR-V7 minigene construction
The human genomic BAC clone (RP11-75E16) was provided by The Centre
for Applied Genomics, The Hospital for Sick Children, University of Toronto.
It was used as the template for PCR to amplify exon 3, exon 3B and exon 4,
and their flanking intron regions (B300–400 base pairs) by Platinum Taq
DNA Polymerase High Fidelity (Invitrogen). Three DNA fragments were
cloned into the plasmid vector pCMV2 (Sigma, Oakville, Ontario, Canada)
between the EcoRI and SalI sites. Full sequences of the vectors will be
provided upon request. DNA sequencing confirmed the integrity of the
final AR-V7 construct. DNA mutagenesis was further performed using the
AR-V7 minigene as the template to construct AR-V7 (ESEm) and AR-V7
(ISEm).

RNA protein interaction assay
RNA oligo pull down was performed by first immobilizing 0.4 nmol biotin-
labeled RNA oligonucleotides (Invitrogen) onto 100ml of streptavidin
beads (Pierce, Rockford, IL, USA) in a final volume of 500ml of binding
buffer (20 mM HEPES-KOH, pH 7.9, 80 mM potassium glutamate, 0.1 mM

EDTA, 1 mM DTT and 20% glycerol) at 4 1C for 2 h. RNA splicing factors,
U2AF65, ASF/SF2, hnRNP I, U1A and Tra2b proteins, were purified by
transfecting plasmids encoding Flag-tagged splicing factors into 293T cells,
followed with purification using Anti-Flag M2 Affinity gel (Sigma) as
reported.45 The immobilized RNA oligos were then incubated with 50mg-
purified splicing factors in binding buffer containing 30 U/ml RNase OUT
and 15 mg/ml yeast tRNA in a final volume of 400ml at 4 1C for 2 h. The
beads were washed three times with binding buffer and once with
washing buffer (20 mM HEPES-KOH, pH 7.9, 0.1 mM EDTA, 1 mM DTT, 75 mM

KCl and 20% glycerol), and suspended in 40 ml of 2� sodium dodecyl
sulfate sample buffer and boiled for 5 min. Eluted proteins were analyzed
by western blot. RNA oligo sequences are listed in Supplementary
Materials.

RNA co-immunoprecipitation
RNA co-immunoprecipitations were performed as previously reported46,47

with the following modifications. Cell nuclei were first extracted by isotonic
buffer (10 mM Tris/HCl, pH 7.4, 10 mM NaCl, 2.5 mM MgCl2, 1 mM DTT,
protease inhibitor cocktail, 30 U/ml RNase OUT, 10 mM b-glycerophosphate
and 0.5 mM NaVO4). After incubation on ice for 7 min, nuclei were collected
by centrifugation at 700 g for 7 min, re-suspended in isotonic buffer
supplemented with 90 mM of NaCl and 0.5% Triton X-100, and briefly
sonicated. Soluble nuclear extracts were first precleared with protein A/G-
Sepharose beads (Santa Cruz, Dallas, TX, USA) and control IgGs, then
immunoprecipitated with 2 mg of ASF/SF2, hnRNP I or U2AF65 antibody.
After extensive washes by isotonic buffer, the precipitated antibody–
antigen complexes were first incubated with DNase I (RNase free, Ambion,
Burlington, ON, Canada) for 15 min at 37 1C, followed with 50 mg of
proteinase K (Roche) treatment for 15 min at 37 1C. Co-precipitated RNA
was then extracted by TRIzol and used for cDNA synthesis and PCR
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analyses. Enrichment of precipitated RNA was determined by the Ct value.
Data were calculated as percentage of input and plotted as fold changes
over control IgG. RNA co-immunoprecipitation data were derived from
three independent experiments with samples in triplicate. Results were
presented as mean±s.e.m.

Northern blotting
VCaP cells were transfected with control siRNA or siRNA against U2AF65,
ASF/SF2 and hnRNP I for 48 h. Total RNA was extracted by using Trizol
(Invitrogen). Twenty microgram of total RNA were used for northern
blotting analysis to detect AR and 18S RNA levels as described.48

Statistics
Data were presented as mean±s.e.m. that were calculated from three or
more different experiments. Statistical significances were calculated by
using one-way analysis of variance (ANOVA) and paired Student’s t-test.
A P-value of o0.05 was considered significant. *represents Po0.05,
**represents Po0.01 and ***represents Po0.001.
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