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I. Introduction

This project was initially designed to test the central hypothesis that constitutively active
androgen receptor splice variants (AR-Vs) are associated with resistance to taxane chemotherapy 
in castration-resistant prostate cancer (CRPC).  However, this hypothesis has been challenged by 
several clinical studies during the course of the study.  Antonarakis et al first evaluated the 
associations between AR-V7 status and clinical responses in patients receiving taxane 
chemotherapy (1).   The key response biomarkers, including PSA progression-free survival, 
clinical/radiographic progression-free survival, and overall survival, were comparable between 
patients with different AR-V7 expression status in circulating tumor cells (1).  Furthermore, AR-
V7-positive patients had superior responses to taxanes than to enzalutamide or abiraterone, 
suggesting taxane chemotherapy is a viable treatment option for these patients.  Subsequently, a 
report by Scher et al confirmed that taxane is more efficacious than AR-directed therapies in AR-
V7-positive patients, and that no significant differences in clinical responses to taxane are 
associated with AR-V7 status (2).    Since our proposed clinical study in the original Aim 3 had a 
similar study design as these studies, we believe we will not be able to reach a different conclusion. 
In addition, we have encountered difficulty in patient accrual as few patients are treated with 
docetaxel or cabazitaxel alone at Tulane Cancer Center. Based on these considerations, we had 
requested and subsequently received approval to change the focus of the project.  The restructured 
proposal consists of the following specific aims: 

Aim 1.  To understand the fundamental difference in nuclear translocation mechanisms of AR-
FL and AR-Vs. 

Aim 2.  To functionally characterize the microtubule association sequences. 
Aim 3. To develop a blood-based assay for detecting the expression of AR-Vs. 

 In this report, we will provide a comprehension summary of the work completed to date, 
organized around the revised specific aims and major tasks. 

II. Keywords

Castration-resistant prostate cancer; docetaxel; cabazitaxel; chemotherapy; androgen receptor
splice variants; microtubule; ligand-binding domain; microtubule-associated sequence 

III. Accomplishments

What are the major goals/tasks of this project? 

Major Task 1:  To identify the microtubule-associated sequence (MTAS) on AR. 
Major Task 2:  To develop a blood-based assay for detecting the expression of AR-Vs. 
Major Task 3:  To determine the transcriptional activity of MTAS-truncated AR constructs.  
Major Task 4: To determine the influence of recurring AR LBD mutations on microtubule 
association. 
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What was accomplished under these goals? 

Major Task 1:  To identify the microtubule-associated sequence (MTAS) on AR. 

1. Identification of the microtubule-associated sequences (MTAS) on AR.    We have previously
demonstrated that the nuclear import of full-length AR (AR-FL) depends on a dynamic
microtubule, whereas that of the AR-Vs is microtubule-independent (3).   We hypothesize that this
fundamental difference is caused by the different binding capacities to the microtubule
cytoskeleton by the two types of receptors. This hypothesis was confirmed by using an in vivo
microtubule-binding assay (3).  In addition, we generated a series of deletion constructs
encompassing different domains of AR.  By using the in vivo microtubule-binding assay, we have
demonstrated that the microtubule-binding is mediated by the ligand-binding domain (LBD) of
AR (3).   Consistent with this finding, we found that the LBD-truncated AR-V7 and ARv567es both
bind poorly to the microtubules (3).

Figure 1. Diagram of the deletion constructs containing various fragments of the ligand-
binding domain. Fragments with strong microtubule-binding activities are shown in red.  Two 
putative microtubule association sequences (MTAS) are shown.  The full summary of the binding 
activity is provided in Table 1.  
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 To further map the region(s) within the LBD that is responsible for microtubule association, 
we generated a series of deletion constructs within the LBD (Fig. 1).   COS-7 cells were transiently 
transfected with these plasmids, cultured in an androgen-deprived condition, and lysed for the in 
vivo microtubule-binding assay.  This deletion analysis revealed that two regions in the AR LBD 
could potentially mediate the association with the microtubules (Fig. 1).   These regions were 
termed microtubule association sequence 1 (MTAS1, a.a. 732-774) and 2 (MTAS2, a.a. 795-858).  
Constructs retained one or both MTAS displayed strong binding activities, whereas those with 
both MTAS deleted or disrupted lost the ability to bind to the microtubules (Fig. 1).   Interestingly, 
all constructs  that were capable of microtubule binding showed similar binding activities, 
regardless of which or how many copies of MTAS they contain (Table 1 and Fig. 1), suggesting 
there is functional redundancy between MTAS1 and MTAS2. 
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2. Correlation of the microtubule-binding activity and
the intracellular localization of AR proteins in the 
absence of ligand stimulation.  To determine the 
localization of the aforementioned AR deletional 
mutants, COS-7 cells were transfected with plasmids 
and cultured in an androgen-depleted condition.  
Following fixation, the intracellular localization of the 
AR proteins was analyzed by immunofluorescence 
using an antibody recognizing the N-terminus of AR.  
The complete results were compiled in Table 1 and 
representative images were shown in Fig. 2.  In 
summary, we observed a strong correlation of 
intracellular localization and microtubule-binding 
activity of these proteins in the absence of androgen 
stimulation.  All mutants with strong microtubule-
binding activities were localized to the cytoplasm, 
whereas those with weak binding activities were found 
in the nucleus.  These results provide evidence 
supporting the notion that association with the microtubules is a mechanism for retaining AR in 
the cytoplasm.  

AR-FL ∆C1 ∆C2 ∆C3 ∆C4 ∆C5 ∆N1 ∆N2 ∆N3 ∆NC3

AR

DAPI

Merge

Fig. 2. The intracellular distribution of the AR LBD deletion mutants.
Transfected COS7 cells were cultured on cover slips in androgen-free media and
the intracellular localization of the proteins was detected by an antibody
recognizes the N-terminus of AR. The nuclei were stained with DAPI (pseudo-
colored red to enhance visualization).

3. Association with the microtubules traps nuclear-localized AR-Vs in the cytoplasm.  The
intracellular localization analysis above is consistent with what we have observed with AR-V7 and
ARv567es, which possess weak microtubule-binding activities and are predominantly nuclear-
localized (3).  We hypothesize that AR-V7 and ARv567es gain constitutive nuclear localization by
escaping microtubule-mediated cytoplasmic retention.  To test this hypothesis we engineered
chimeric proteins by appending MTAS1 (M1, a.a 732-744) or MTAS2 (M2, a.a. 795-858) to the

Table 1. Summary of AR-LBD deletion analysis.

*, scored based on relative MT-binding activity 
compared to that of AR-FL.  ++, >75%; +, 50-
75%; -, <50%.

Name LBD 
fragment

MT 
binding

Localization 
(w/o

androgen)
AR-
FL 666-919 ++ Cytoplasmic

∆C1 666-858 ++ Cytoplasmic
∆C2 666-795 ++ Cytoplasmic
∆C3 666-774 ++ Cytoplasmic
∆C4 666-754 - Nuclear
∆C5 666-732 - Nuclear
∆N1 732-919 ++ Cytoplasmic
∆N2 795-919 ++ Cytoplasmic
∆N3 858-919 - Nuclear
∆NC1 732-774 ++ Cytoplasmic
∆NC2 795-858 ++ Cytoplasmic
∆NC3 825-889 - Nuclear
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C-terminus of the variants.  In vivo
microtubule-binding assays confirmed
that the ensuing fusion proteins gained
microtubule-binding activities (data
not shown).   Next, the intracellular
localization of the fusion proteins was
examined in COS-7 cells by
immunofluorescence as described
above.  As shown in Fig. 3A, AR-V7
was predominantly localized to the
nucleus.  However, after fusing M1 or
M2, the chimeric protein were
localized primarily to the cytoplasm.
Similarly, the addition of M1 or M2
caused ARv567es to be trapped in the
cytoplasm.  In addition, AR-V7 and
ARv567es lost its transcriptional activity
when fused with M1 or M2 (Fig. 3B).
Collectively, these results provide
strong support for the role of MTAS in
retaining AR in the cytoplasm.

4. MTAS1 and MTAS2 are highly
conserved among nuclear receptors.    MTAS1 is located within Exon 5, whereas MTAS is encoded 
by Exons 6 and 7.  Sequence analysis revealed little homology between MTAS1 and MTAS2 (data 
not shown).  However, both MTAS regions were highly conserved within the Type I nuclear 
receptor subfamily, particularly progesterone receptor (PR), mineralcorticoid receptor (MR), and 
glucocorticoid receptor (GR).  In contrast, estrogen receptor alpha (ERα) only contains a region 
with modest homology with MTAS1.  This is possibly due to the short C-terminus of ERα as 
compared to other Type I receptors.  Nonetheless, the sequence analysis suggests that both MTAS 
are present in other Type I nuclear receptors. 

V7 V7-M1 V7-M2 ARv567es 567-M1 567-M2

Fig. 3. Microtubule association traps AR-Vs in the cytoplasm.
MTAS1 (M1, a.a 732-744) or MTAS2 (M2, a.a. 795-858) was fused to
the c-terminus of AR-V7 or ARv567es. A, the localization of the fusion
proteins. Transfected COS-7 cells were cultured on cover slips in
androgen-free media and the intracellular localization of the proteins
was analyzed by immunofluorescence. The nuclei were stained with
DAPI (pseudo-colored red to enhance visualization). B, the
transcriptional activity of the fusion proteins. COS-7 cells were co-
transfected with an ARE-luciferase reporter and one of the fusion
proteins, and AR activity was determined by the luciferase assay.
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MTAS1 (contained within Exon 5) 
AR(732-774) DDQMAVIQYSWMGLMVFAMGWRSFTNVNSRMLYFAPDLVFNEY 
PR(745-787) DDQITLIQYSWMSLMVFGLGWRSYKHVSGQMLYFAPDLILNEQ 
MR(796-838) EDQITLIQYSWMCLSSFALSWRSYKHTNSQFLYFAPDLVFNEE 
GR(590-632) DDQMTLLQYSWMFLMAFALGWRSYRQSSANLLCFAPDLIINEQ 
ERα(373-403) HDQVHLLECAWLEILMIGLVWRS--MEHPGKLLFAPNLLLDRN 
MTAS2 (contained by Exons 6 and 7) 
AR(795-858) FGWLQITPQEFLCMKALLLFSIIPVDGLKNQKFFDELRMNYIKELDRIIACKRKNPTSCSRRFY 
GR(653-716) LHRLQVSYEEYLCMKTLLLLSSVPKDGLKSQELFDEIRMTYIKELGKAIVKREGNSSQNWQRFY 
PR(808-871) FVKLQVSQEEFLCMKVLLLLNTIPLEGLRSQTQFEEMRSSYIRELIKAIGLRQKGVVSSSQRFY 
MR(859-922) FVRLQLTFEEYTIMKVLLLLSTIPKDGLKSQAAFEEMRTNYIKELRKMVTKCPNNSGQSWQRFY 

Fig. 4.  MTAS1 and MTAS2 are highly conserved among nuclear receptors.  Sequence analyses 
showed both MTAS1 and MTAS2 are highly conserved among members of the Type I nuclear 
receptor subfamily, including progesterone receptor (PR), glucocorticoid receptor (GR), 
mineralcorticoid receptor (MR).  Identical amino acids among all members are highlighted in bold. 
The residue affected by the AR LBD hotspot mutation W742C is underlined. 
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Summary:  we have completed the proposed experiment listed under Major Task 1.  In addition, 
we have extended the scope of this task with additional experiments to better understand the 
functional significance of AR association with the microtubules. 

Major Task 2:  To develop a whole-blood-based assay for detecting the expression of AR-Vs. 

1. Development of a blood-based assay for AR-V7 and ARv567es.   We first evaluated the whole-
blood approach (whole-blood collected in 
Paxgene Blood RNA tubes, also referred to 
as the PAXgene approach) and the CTC 
negative selection approach based on 
depletion of CD45+ leukocytes (also 
referred to as the CD45-depletion approach). 
Ten heavily treated mCRPC patients were 
identified for this purpose and blood samples 
obtained from the same patient were 
analyzed by both approaches (Fig. 5).   As 
shown in Table 2, AR-FL and AR-V7 
transcripts were detected in all samples by 
both methods.  ARv567es was detected in 20% 
of the samples by the PAXgene approach, 
but only in 10% by the CD45-depletion, 
suggesting that the leukocyte depletion 
process may cause a loss of sensitivity.  
Indeed, the AR-Vs transcript levels measured by the CD45-depletion approach were always lower 
than those by the PAXgene approach: in the case of AR-V7, the estimated loss of sensitivity was 
~40% (Table 3).   

The separation of CD45- and CD45+ cells during the 
leukocyte depletion process provides an opportunity to 
investigate the sources of AR transcripts in the blood.   As 
shown in Table 4, in the majority of the samples (8 out of 
10), the AR-V7 transcript was exclusively from the 
CD45- fraction.   Only 2 out of 10 samples were with 
detectable AR-V7 in the CD45+ fraction.   The expression 
level, when compared to the CD45- fraction (i.e. CTC-enriched fraction), were markedly lower. 

Sample ID Relative expression (%)*
AR-V7 ARv567es

1 33.06 -
2 18.04 -
3 78.75 -
4 54.55 92.34
5 73.50 -
6 60.42 0
7 85.71 -
8 29.32 -
9 80.15 -

10 84.73 -
Mean±SD 59.82 ± 21.10 -

Table 3.   Relative expression levels of AR-V 
transcripts by CD45-depletion approach as 
compared to the PAXgene approach.

*The expression level detected by the
PAXgene approach is set as 100%.

Paxgene blood RNA tubes

PAXgene approach CD45-depletion approach

Paxgene blood RNA kit

CD45 depletion cocktail

CD45- cells

CD45+ cells

Lysis of RBCs

Fig. 5. Diagram of the experimental design to compare the
PAXgene approach with the CD45-depleteion approach.

Table 2. Detection of AR transcripts by two approaches.

PAXgene CD45 depletion

AR-FL 10/10 10/10

AR-V7 10/10 10/10

ARv567es 2/10 1/10
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Similarly, the vast majority of ARv567es transcript was found in the CD45- fraction.   In contrast, 
AR-FL is abundantly expressed in the both fractions (Table 4).   

Collectively, these results suggest that the AR-Vs transcripts in the CD45+ fraction are below or 
slightly above the level of detection, suggesting that depleting the hematopoietic cells offers little 
or no improvement in specificity for the detection of AR-Vs.  On the other hand, performing this 
procedure could lead to a loss of sensitivity, possibly due to RNA degradation during the process. 
2. Sensitivity of the PAXgene assay. Based on the
results above, we decided on the PAXgene
approach for AR-V detection in blood.  To
estimate the sensitivity of this assay, fixed numbers
of 22Rv1 cells, which express a number of AR-Vs
including AR-V7, were spiked into 5 ml blood
from a healthy donor.  Fig. 6 shows that this assay
has the sensitivity of detecting 5-50 AR-V7+ cells
in 5 ml of blood, or 1-10 cells per ml of blood.

3. The stability of AR transcripts in PAXgene
tubes.  An important question for the blood-based 
assay is the stability of AR transcripts in the 
PAXgene tubes.  To answer this question, we 
spiked 100 22RV1 cells into PAXgene tubes 
containing 2.5 ml of blood from a healthy donor (AR-V negative).  The tubes were stored at room 
temperature (RT), 4˚C or -20˚C for up to 4 days and the assay was performed as described.  As 
shown in Fig. 7, AR-V7 transcript was fairly stable at room temperature for 24 h, but suffered a 
30% loss of signal after 48 h.  In contrast, AR-V7 was much more stable when stored at 4˚C or -
20˚C, with more than 90% of signal remained after day 4.  The stability of AR-FL transcript was 
similar to that of AR-V7.  These results showed that the AR transcripts remain stable in Paxgene 
tubes stored at 4˚C or -20˚C for at least 4 days. 

ID AR-V7 ARv567es AR-FL
CD45- CD45+ CD45- CD45+ CD45- CD45+

1 100.00% 0.00% - - 46.05% 53.95%
2 100.00% 0.00% - - 29.21% 70.79%
3 100.00% 0.00% - - 63.96% 36.04%
4 85.93% 14.07% 96.16% 3.84% 55.55% 44.45%
5 100.00% 0.00% - - 65.27% 34.73%
6 100.00% 0.00% - - 54.75% 45.25%
7 100.00% 0.00% - - 20.02% 79.98%
8 91.65% 8.35% - - 76.71% 23.29%
9 100.00% 0.00% - - 75.59% 24.41%

10 100.00% 0.00% - - 31.34% 68.66%

Table 4.  Distribution of AR transcripts in the CD45- and CD45+ fractions*.

*The percentage values were calculated from the expression ratio between
the two fractions, with a total of 100%.
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Fig. 6. Sensitivity of the PAXgene approach in detection of
AR-V7 mRNA. Specified numbers of 22RV1 cells were spiked
into 5 ml of blood from a healthy donor and transferred to
PAXgene tubes. RNA was purified using the PAXgene Bloood
RNA Kit and qRT-PCR was performed. Statistics analysis was
performed using one-tailed Z-test. **, P<0.01.
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Summary: By developing and 
validating the whole-blood-
based assay for detecting the 
expression of AR-V7 and 
ARv567es in patients, we have 
completed Major Task #2. The 
addition work on the stability of 
AR-V7 in PAXgene tubes 
provides guidelines for sample 
collection from multiple 
centers, to be analyzed by a 
centralize lab. 

Major Task 3:  To determine the transcriptional activity of MTAS-truncated AR constructs. 
The transcriptional activity of several MTAS-truncated AR constructs, including AR-∆C1, ∆C2, 
∆C3, ∆C4, and ∆C5 (Table 1), were analyzed in COS-7 cells.   Cells were transiently transfected 
with an androgen response element (ARE) 
luciferase construct (ARE-Luc) and pRL-TK, along 
with an AR construct, and cultured in the presence 
or absence of 1 nM R1881.  After 24 hours,   
luciferase assay was performed using the Dual-
Luciferase Reporter Assay System (Promega). The 
transcriptional activity of AR (measured by the 
firefly luciferase activity) was normalized by 
transfection efficiency (measured by Renilla 
luciferase activity).  As shown in Fig. 8, constructs 
∆C1, ∆C2, ∆C3, which are located in the cytoplasm 
in the absence of androgen (Table 1), showed little 
or no transcriptional activity in this condition.  
Adding androgen to the culture didn’t stimulated the activity for these constructs, possibly due to 
the disruption of the ligand-binding capacity in these constructs.  On the other hand, AR-∆C5, 
which is localized to the nucleus in the absence of androgen stimulation (Table 1), showed strong 
constitutive activity and resistance to docetaxel treatment.   These results are consisted with the 
microtubule-binding and nuclear localization date.  However, one exception is AR-∆C4.  Despite 
being nuclear localized, this constructs exhibited little or no transcriptional activity in the presence 
or absence of androgen.  One possible explanation is that there is a negative regulatory element in 
the region between 732-754 a.a in the AR LBD. 
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Fig. 7. Stability of the AR transcripts in Paxgene Tubes. One hundred
(100) 22Rv1 cells were spike into 2.5 ml blood from a healthy donor drawn in
Paxgene tubes in triplicates and stored at room temperature (RT), 4˚C, or -20˚C
for up to 4 days. The assay was performed as described (Liu et al 2016), using
RPL30 as the housekeeping gene. Top, the changes of ∆Ct from Day 0.
Bottom, relative levels of the transcripts compared to Day 0.
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Fig. 8. Transcriptional activity of MTAS-truncated AR constructs.
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Major Task 4: To determine the influence of recurring AR LBD mutations on microtubule 
association. 

Recent studies using cutting edge next generation sequencing analysis have confirmed AR 
LBD as a mutational hotspot.  Particularly, four missense mutations (L702H, W742C, H875Y, and 
T878A) have been identified as recurring mutations in mCRPC specimens (4).   Clinically, all 
these mutations have been implicated in resistance to AR-targeted therapies (5).  Interestingly, the 
W742C mutation is located within MTAS1 and affects a residue conserved among all Type I 
nuclear receptors (Fig. 4).  The other mutations are located in close proximity to MTAS1 (L702H) 
or MTAS2 (H875Y and T878A).  To explore the possibility that the W742C mutation, along or in 
combination with other mutations, may interfere with the microtubule-binding activity of AR, we 
carried out site-directed mutagenesis to introduce these mutations to the wild-type AR (Table 
below). 

Template Mutation(s) introduced Designation 
AR-WT W742C AR-W742C 
AR-WT T878A AR-T878A 
AR-T878A W742C AR-W742C/T878A 

We first analyzed the microtubule-binding activity of these plasmids by the in vivo microtubule-
binding assay.  Surprisingly, all these AR mutants showed similar microtubule-binding activity as 
the wild-type AR (data not 
shown).  However, when the 
luciferase reporter assay was 
performed, the W742C/T878A 
AR-DM showed a much stronger 
activity in the androgen-depleted 
condition when compared with the 
wildtype AR (~30x) (Fig. 9).  
Furthermore, the AR-DM was 
responsive to androgen 
stimulation but refractory to the 
antiandrogen MDV-3100 (Fig. 9).  
When treated with docetaxel, this 
AR-DM was partially inhibited but 
the activity remained high (Fig. 9).   
In contrast, the W742C and T878 
single mutants showed similar 
activities as the wildtype AR under 
these conditions.  

We further examined the intracellular localization of the AR mutants under these 
conditions, and the results are shown in Fig.10.   In the absence of androgen, AR-WT was primarily 

Fig 9. Transcriptional activity of different AR isoforms.  COS-7 cells 
were transfected with AR plasmids and luciferase reporter assay was 
carried out to determine the transcriptional activities.   R1881, 1 nM; DTX, 
docetaxel (20 nM); MDV, MDV-3100 (10 μM).  *, p<0.05.  AR-DM, AR-
W742C/T878A double mutant.

*
p>0.05

**
**
*

*
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localized in the cytoplasm, whereas 
W742C and T878A were partially nuclear. 
Upon androgen stimulation, all 3 
underwent nuclear translocation.  
Consistent with the luciferase assay 
results, AR-DM was predominantly 
located in the nucleus in the absence of 
androgens, and become completely 
nuclear after androgen stimulation.  
While MDV3100 inhibited the nuclear 
translocation all other AR isoforms, it had 
little or no effect on that of AR-DM.   

Taken together, the results shown 
under Major Task 4 suggest that there is a 
profound interaction between the W742C 
and T878A mutations to alter the ligand 

specificity of AR, allowing the receptor harboring both mutations to become constitutively active 
and refractory to both MDV-3100 (enzalutamide) and docetaxel.   

What opportunities for training and professional development has the project provided? 
This project has provided research training and professional development for 2 PhD 

students (Guanyi Zhang and Jizhuo Li) and 1 postdoctoral fellow (Dr. Dongying Li).  Dr. Guanyi 
Zhang is now a postdoctoral at Louisiana State University Health Sciences Center.  Dr. Jianzhuo 
Li joined MD Anderson Cancer Center as a staff scientist after graduation.  Dr. Dongying Li is 
now a staff scientist in the National Center for Toxicological Research (NCTR) at FDA. 

How were the results disseminated to communities of interest? 
Nothing to report. 

What do you plan to do during the next reporting period to accomplish the goals? 
Nothing to report. 

IV. Impact

What was the impact on the development of the principal discipline(s) of the project? 

 The impact of the project is several fold.  First, we have developed and validate a whole-blood 
assay for the detection of AR-V7 and ARv567es, without the need for isolation of or enrichment for 
circulating tumor cells. This is important because constitutively active AR-Vs have been 
associated with resistance to hormonal therapies.   Compared to other liquid biospy assays for AR-

Fig 10. Intracellular localization of AR mutants. 
COS-7 cells were transfected with AR mutants and 
cultured in an androgen-depleted condition.   Cells 
were fixed 4 h after R1881 treatment and analyzed by 
immuno-fluorescence using an anti-AR (N20).
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V7, our assays are easy to implement due to its sensitivity, specificity, and cost effectiveness. 
Second, we have demonstrated that the AR transcripts remain stable in PAXgene tubes for at least 
4 days at 4˚C or -20˚C, suggesting it is feasible to collect samples from multiple locations to be 
analyzed in a central lab, allowing more patients to have access to this assay.  Third, the work on 
the functional significance of AR-microtubule association provided strong evidence that the 
microtubule cytoskeleton plays an important role in regulating the intracellular localization and 
trafficking of AR.  Constitutively active AR-Vs are able to escape such regulation due to the 
truncation of the ligand-binding domain.  Finally, our study identified potential interactions 
between AR LBD hotspot mutations, which could uncover a previously unrecognized resistance 
mechanism to anti-AR therapies. 

What was the impact on other disciplines? 
Nothing to report. 

What was the impact on technology transfer? 
Nothing to report. 

What was the impact on society beyond science and technology? 
Nothing to report. 

V. Changes/Problems

As mentioned in the Introduction, we have proposed to change the direction of the research to 
focus on the functional significance of AR-microtubule association.  The previously proposed 
clinical study and animal experiment will not be carried out.  These changes have been approved 
by the DOD-PCRP. 

VI. Products

Publications, conference papers, and presentations 

• Journal publications.  The following paper was published:

Zhang G, Liu X, Li J, Ledet E, Alvarez X, Qi Y, et al. Androgen receptor splice variants
circumvent AR blockade by microtubule-targeting agents. Oncotarget. 2015;6:23358–71.  
Status: Published; Acknowledgement of federal support: yes. 

Xu D, Zhan Y, Qi Y, Cao B, Bai S, Xu W, et al. Androgen Receptor Splice Variants Dimerize 
to Transactivate Target Genes. Cancer Res. 2015;75:3663–71. Status: Published; 
Acknowledgement of federal support: yes. 

Xichun Liu, Elisa  Ledet, Dongying Li, Ary Dotiwala, Allie Steinberger, Jianzhuo Li, Yanfeng 
Qi, Yan Dong, Jonathan Silberstein, Benjamin Lee, Oliver Sartor, and Haitao Zhang. A 
Whole Blood-Based Detection Assay for AR-V7 and ARv567es in Patients with Advanced 
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Prostate Cancer.  Journal of Urology 2016;196:1758-1763. Status: Published; 
Acknowledgement of federal support: yes. 

Jianzhuo Li, Xueqi Fu, Subing Cao, Jing Li, Shu Xing, Dongying Li, Yan Dong, Derrick 
Cardin, Hee-Won Park, Franck Mauvais-Jarvis, and Haitao Zhang. Membrane-associated 
androgen receptor (AR) potentiates its transcriptional activities by activating heat shock 
protein 27 (HSP27).  J. Biol. Chem. (2018) 293(33):12719–12729.  Status: Published; 
Acknowledgement of federal support: yes. 

• Books or other non-periodical, one-time publications.  Nothing to report.

• Other publications, conference papers, and presentations.  Nothing to report

 Website(s) or other Internet site(s) 
Nothing to report. 

Technologies or techniques 
Nothing to report. 

Inventions, patent applications, and/or licenses 
Nothing to report. 

Others 
Nothing to report. 

VII. Participants & Other Collaborating Organizations

What individuals have worked on the project? 

Name Haitao Zhang Guanyi Zhang Dongying Li 
Project role PI Technician/PhD 

trainee 
Postdoc Fellow 

Researcher 
Identifier 
(ORCID ID) 

0000-0002-5969-1024 N.A. N.A. 

Nearest 
person month 
worked 

12 20 7 

Contribution 
to project 

Conception and project 
design; data analysis; Study 
coordination and supervision; 
manuscript writing; report 

Characterization of 
MTAS 

Development of the 
PAXgene assay  

Funding 
support 

American Cancer Society American Cancer 
Society 

American Cancer 
Society 
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Name Jianzhuo Li Xichun Liu Elisa Ledet Brian Lewis 
Project role Technician/PhD 

trainee 
Postdoc 
Fellow 

Study 
coordinator 

Co-investigator 

Researcher 
Identifier 
(ORCID ID) 

N.A. N.A. N.A. N.A. 

Nearest person 
month worked 

11 3 1 1 

Contribution to 
project 

Functional 
characterization 
of MTAS;  

Developing 
sample 
collection 
and ddPCR 
protocols 

Clinical study 
coordinator 

Patient 
recruitment and 
consent 

Funding support American 
Cancer Society 

American 
Cancer 
Society 

DOD-PCRP 
postdoctoral 

Has there been a change in the active other support of the PD/PI(s) or senior/key personnel 
since the last reporting period? 

Nothing to report. 

What other organizations were involved as partners? 

Nothing to report. 

VIII. Special Reporting Requirements: not applicable.
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ABSTRACT

Docetaxel-based chemotherapy is established as a first-line treatment and 
standard of care for patients with metastatic castration-resistant prostate cancer. 
However, half of the patients do not respond to treatment and those do respond 
eventually become refractory. A better understanding of the resistance mechanisms to 
taxane chemotherapy is both urgent and clinical significant, as taxanes (docetaxel and 
cabazitaxel) are being used in various clinical settings. Sustained signaling through 
the androgen receptor (AR) has been established as a hallmark of CRPC. Recently, 
splicing variants of AR (AR-Vs) that lack the ligand-binding domain (LBD) have been 
identified. These variants are constitutively active and drive prostate cancer growth in 
a castration-resistant manner. In taxane-resistant cell lines, we found the expression 
of a major variant, AR-V7, was upregulated. Furthermore, ectopic expression of two 
clinically relevant AR-Vs (AR-V7 and ARV567es), but not the full-length AR (AR-FL), 
reduced the sensitivities to taxanes in LNCaP cells. Treatment with taxanes inhibited 
the transcriptional activity of AR-FL, but not those of AR-Vs. This could be explained, 
at least in part, due to the inability of taxanes to block the nuclear translocation 
of AR-Vs. Through a series of deletion constructs, the microtubule-binding activity 
was mapped to the LBD of AR. Finally, taxane-induced cytoplasm sequestration of 
AR-FL was alleviated when AR-Vs were present. These findings provide evidence that 
constitutively active AR-Vs maintain the AR signaling axis by evading the inhibitory 
effects of microtubule-targeting agents, suggesting that these AR-Vs play a role in 
resistance to taxane chemotherapy.

INTRODUCTION

Prostate cancer is the most common non-skin cancer 
and the second leading cause of cancer mortality in men 
in the United States. Androgen deprivation therapy, which 
disrupts androgen receptor (AR) signaling by reducing 
androgen levels through surgical or chemical castration, 
or by administration of anti-androgens that compete with 

androgens for binding to AR [1], is the first-line treatment 
for metastatic and locally advanced prostate cancer. 
While this regimen is effective initially, progression to the 
presently incurable and lethal stage, termed castration-
resistant prostate cancer (CRPC), invariably occurs. In 
2004, docetaxel-based chemotherapy is established as a 
first-line treatment and standard of care for patients with 
metastatic CRPC [2]. However, about half of the patients 
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do not respond to treatment and those do respond become 
refractory within one year. Several new treatments, 
including the new taxane cabazitaxel [3], the CYP17A1 
inhibitor abiraterone [4], and the potent antiandrogen 
enzalutamide [5], have received FDA approval as 
second-line treatments for metastatic CRPC in recent 
years. However, the survival benefits are relatively small 
(< = 5 months) and patients eventually become refractory 
to treatments. Therefore, breakthroughs in the treatment 
of prostate cancer hinge upon better understandings of the 
mechanisms of therapeutic resistance of CRPC.

Paclitaxel, docetaxel, and cabazitaxel belong to 
the taxane family of chemotherapeutic agents. Taxanes 
bind to the microtubules and prevent their disassembly, 
thereby suppressing microtubule dynamics, leading to 
mitotic arrest and apoptosis [6]. This was believed to be 
the mechanism of action of taxanes in prostate cancer 
until recently when it was demonstrated by several groups 
that taxanes in fact inhibit the AR signaling pathway in 
prostate cancer. Taxanes have been shown to block the 
nuclear translocation of AR and inhibit the expression 
of AR-regulated genes [7, 8]. Additionally, Gan et al. 
showed that taxanes inhibit the transcriptional activity 
of AR by inducing FOXO1, a transcriptional repressor 
of AR [9]. It is well-established that CRPC cells remain 
addicted to AR signaling; therefore, the inhibitory effect 
on AR, rather than the antimitotic activity, could possibly 
be the predominant mechanism of action for taxanes in 
prostate cancer.

Sustained signaling through AR has been 
established as a hallmark of CRPC. Recently, alternative 
splicing variants of AR (AR-Vs) that lack the ligand-
binding domain (LBD) have been identified [10–13]. 
These splice variants remain transcriptionally active 
in the absence of androgens and drive prostate cancer 
growth in a castration-resistant manner. In addition, 
these variants are reported to be prevalently upregulated 
in CRPC compared to hormone-naïve prostate cancer 
[10–13]. AR-Vs can regulate the expression of canonical 
androgen-responsive genes, as well as a unique set of 
target genes [12, 14]. In a significant portion of metastatic 
CRPC tissues, the variants proteins are expressed at a 
level comparable to that of the canonical, full-length AR 
(AR-FL) [15, 16]. Patients with high expression of two 
major AR-Vs, AR-V7 (also known as AR3) and ARv567es, 
have shorter cancer-specific survival than other CRPC 
patients [15]. In addition, recent studies have provided 
strong support for a critical role of these AR-Vs in 
resistance to hormonal therapies, including enzalutamide 
and abiraterone [17–20].

Recently, laboratory and clinical studies have 
suggested the existence of a cross-resistance mechanism 
between taxane-based chemotherapy and second-line 
hormonal therapies [21–25]. In this study, we set out 
to test the potential roles of AR-Vs in modulating the 
response to taxane-based chemotherapy.

RESULTS

Taxane-resistant prostate cancer cell lines 
express higher levels of AR-V7

We first established taxane-resistant 22Rv1 and 
LNCaP95 lines by culturing cells in escalating doses of 
paclitaxel and docetaxel over a period of 2 months. The 
response to taxanes were determined by the MTT assay 
(Fig. 1, A–C). Western blotting analyses showed that the 
expression of AR-FL was reduced, whereas the expression 
of AR-V7 was robustly induced, in the 22Rv1 resistant 
lines in comparison with the passage-matched parental line 
(Fig. 1D). A similar, albeit less pronounced, induction of 
AR-V7 was observed in the LNCaP95 docetaxel-resistant 
line (Fig. 1E). These results suggest that the constitutive 
active AR-V7 was selectively up-regulated in taxane-
resistant prostate cancer cells.

Expression of constitutively active AR-Vs 
impairs the cytotoxicity of taxanes

To directly test the roles of constitutively active 
AR-Vs in resistance to taxanes, we transfected AR-V7 
and ARv567es into the AR-V-null LNCaP cells, and measured 
the responses to taxanes. As shown in Fig. 2A, cell 
viability after docetaxel treatment was markedly higher 
in cells expressing AR-V7 or ARv567es, but not in those 
overexpressing AR-FL, than in vector-transfected cells. 
Similar observations were made with paclitaxel and 
cabazitaxel (Supplementary Figure S1). In LNCaP95 
cells, when the expression of AR-V7 was silenced by 
a V7-specific shRNA, cells became more sensitive to 
docetaxal and cabazitaxel (Fig. 2B). Taken together, these 
results suggest the expression of constitutively active  
AR-Vs negatively impacts the efficacies of taxanes in 
prostate cancer cells.

Transcriptional activities of the constitutively 
active AR-Vs are refractory to the taxanes

To understand the difference between AR-V7/ARv567es 
and the AR-FL in cytoprotection against the taxanes, 
we investigated the influence of taxane treatment on the 
transactivation activities of these AR isoforms. COS-7, 
which does not express any AR proteins, was chosen in 
this experiment to avoid interference from the endogenous 
AR. As shown in Fig. 3, treatment with docetaxel or 
paclitaxel dose-dependently inhibited the ligand-dependent 
transcriptional activity of AR-FL, but neither drug was able 
to inhibit the constitutive activities of AR-V7 and ARv567es. 
This disparity can’t be attributed to the down-regulation of 
AR-FL expression, as all AR proteins were not affected by 
the treatments (Supplementary Figure S2). These results 
suggest that the transcriptional activities of the AR variants 
are refractory to the inhibitory effects of taxanes.
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Figure 1: Upregulation of AR-V7 in taxane-resistant prostate cancer cells. A. and B. 22Rv1 with acquired resistance to taxanes 
were established by culturing in escalating doses of docetaxel (DTX) or paclitaxel (PTX). MTT assays were performed in passage-matched 
22Rv1 or 22Rv1 resistant cells to determine the responses to taxanes. C. The response of DTX-resistant LNCaP95 to docetaxel treatment. 
D. and E. Western blotting using an anti-N terminal antibody or an AR-V7-specific antibody in 22Rv1 (D) or LNCaP95 (E) resistant cells.
Rv1/LN95, passage-matched parental line; DR, docetaxel-resistant; PR, paclitaxel-resistant. The P values were determined by the Student’s
t-tests, ** denotes P < 0.01. The results presented are mean ± SEM from three experiments.

Figure 2: Expression of constitutively active AR-Vs negatively impact the cytotoxicities of taxanes. A. LNCaP cells were 
transfected with vector, AR-FL, AR-V7, or ARv567es, and cell viability was determined by the MTT assay after 48 h of treatment with 
docetaxel. Western analysis was performed with an antibody recognizes the N-terminus of AR. The P values were determined by the 
Student’s t-tests. *P < 0.05; **P < 0.01 vs vector. B. LNCaP95 cells were cultured in an androgen-depleted condition, and transfected with 
a control or an AR-V7-specific shRNA. **P < 0.01. CTX, cabazitaxel. The results presented are mean ± SEM.
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Nuclear imports of constitutively active AR-Vs 
are microtubule-independent

Next, we investigated the influence of the taxanes 
on nuclear translocation of AR-V7 and ARv567es, as these 
agents have been shown to block that of AR-FL [7, 8]. 
Enhanced green fluorescent protein (EGFP)-tagged 
AR-FL and AR-V7 were expressed in COS-7 cells and 
the localization of the fusion proteins was analyzed 
by fluorescence microscopy. Unlike EGFP-AR-FL, 
which required androgen stimulation for nuclear import, 
EGFP-AR-V7 spontaneously translocated to the nucleus 
(Supplementary Figure S3). When docetaxel and paclitaxel 
were added to the culture medium following androgen 
stimulation, accumulation of AR-FL in the cytoplasm 
was observed after 24 h of treatment (Supplementary 
Figure S3). However, treatment with the taxanes had no 
effect on the subcellular distribution of AR-V7.

To validate the results above, we performed 
fluorescence recovery after photobleaching (FRAP) 
assays in COS-7 cells expressing fluorescence-tagged AR 
proteins. Following treatment with docetaxel, selected 
nuclei were photobleached and the cells were imaged 
at regular intervals. Nuclear translocation is indicated 
by recovery of the nuclear to cytoplasmic fluorescence 
ratio (Fn/c). As indicated by the confocal images (Fig. 
4A) and the fractional recovery plots (Fig. 4B), nuclear 
import of AR-FL was greatly deterred by docetaxel. In 
contrast, the nuclear translocations of AR-V7 and ARv567es 
were not affected by docetaxel, evidenced by similar Fn/c 
recovery curves in control and treated cells (Fig. 4B). To 
substantiate these findings, we performed FRAP assays 
with additional microtubule inhibitors. KX-01 is a novel 

peptidomimetic inhibitor of Src family of kinases, but 
also inhibits tubulin polymerization [26], and nocodazole 
causes microtubule disassembly [27]. Once again, these 
drugs inhibited the nuclear import of AR-FL, but not that 
of AR-V7 or ARv567es (Fig. 4B). Collectively, these results 
suggest the nuclear translocation of AR-V7 or ARv567es are 
not mediated by the microtubules.

AR associates with the microtubules through 
the LBD

Proteins that use the microtubule pathway for 
nuclear import are known to bind to the microtubules 
[28, 29]. To test whether AR binds to the microtubules, we 
conducted in vivo microtubule-binding assays in COS-7 
cells ectopically expressing AR. Under the condition in 
which the microtubules were stabilized, the majority of 
AR-FL co-precipitated with the microtubules and was 
found in the pellet (Fig. 5). Importin β was used as a 
negative control as previously described [29], and p53, 
which is known to be a microtubule-binding protein [30], 
was used as the positive control. The microtubule-binding 
activity was quantitated by the pellet to supernatant 
(P/S) ratio [29]. In contrast, when nocodazole, CaCl2, or 
low temperature was employed to disrupt microtubule 
integrity, AR-FL shifted from the pellet to the supernatant, 
leading to marked decreases of the P/S ratios. These results 
suggest the AR-FL is a microtubule-associated protein.

To map the region responsible for microtubule-
binding on AR, we generated a series of deletion 
constructs encompassing different domains of AR 
(Fig. 6, left panel). These constructs were analyzed 
by the microtubule binding assay. As shown in 

Figure 3: Transcriptional activities of constitutively active AR-Vs are refractory to taxane treatment. COS-7 cells were 
transfected with the ARR3-luc reporter plasmid along with a plasmid encoding AR-FL, AR-V7, or ARv567es. The luciferase reporter assay 
was performed after 24 h treatment. The P values were determined by the Student’s t-tests. **P < 0.01 vs untreated. Doses: DTX, 1 and 
2.5 nM; PTX, 2.5 and 5 nM. The results presented are mean ± SEM from three experiments.
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Supplementary Figure S4A and Figure 6 (right panel), 
all constructs lacking the LBD have poor microtubule-
binding activities. In contrast, those retaining the 
LBD have similar binding activities as that of AR-FL 
(Supplementary Figure S4B and Figure 6). These results 
indicate that microtubule association is mediated by the 
LBD. Consistent with this finding, we found that the 
LBD-truncated AR-V7 and ARv567es both bind poorly to 
the microtubules (Fig. 7).

AR-Vs interfere with docetaxel-mediated AR-FL 
cytoplasmic retention

It has been previously shown that both AR-V7 and 
ARv567es facilitate AR-FL nuclear translocation in the 
absence of androgen [13, 19]. To investigate whether 
AR-Vs mitigate the inhibitory effect of AR-FL nuclear 
translocation by docetaxel, we expressed EGFP-AR-
FL with or without TurboFP635-tagged AR-V7 or 
ARv567es in the AR-null COS-7 cells. When co-expressed 
with TurboFP635, EGFP-AR-FL was retained in the 
cytoplasm following docetaxel treatment (Fig. 8A). 
However, in the presence of AR-V7-TurboFP635 or 

ARv567es-TurboFP635, the inhibitory effect of docetaxel 
was significantly attenuated (Fig. 8A & 8B).

To further understand how AR-Vs circumvent 
docetaxel-mediated cytoplasmic sequestration of AR-FL, 
we conducted the microtubule-binding assay in COS-7 
cells co-transfected with AR-FL and an AR-V. As shown 
in Fig. 8C, the binding of AR-FL to the microtubules was 
markedly reduced when it was co-expressed with AR-V7 
or ARv567es. Taken together, these results suggest that the 
constitutively active AR-V7 or ARv567es could divert AR 
away from the microtubules, and facilitate its nuclear 
translocation in a microtubule-independent manner.

Nuclear import of AR-Vs is blocked by an 
importin β inhibitor

As an initial attempt to elucidate the nuclear 
translocation mechanisms of AR-V7 and ARv567es, 
we investigated the involvement of the importin α/β 
machinery. FRAP assay was conducted in COS-7 
transfected with EGFP-AR-V7 and treated with 
importazole, a specific inhibitor of importin β [31] . As 
shown by Fig. 9A & 9B, treatment with importazole 

Figure 4: Nuclear imports of constitutively active AR-Vs are microtubule-independent. FRAP assays were performed in 
COS-7 cells expressing different fluorescence-tagged AR proteins. Cells transfected with EGFP-AR-FL were cultured in the presence of 
androgen. Cells were treated with 20 nM docetaxel for 2 h before photobleaching. A. Confocal images taken at different intervals after 
photobleaching of the nuclei. White and yellow arrows indicate the nucleus and the cytoplasm, respectively. B. Recovery plot of the 
nuclear:cytoplamic fluorescence ratio (Fn/c) over time in cells treated with different microtubule inhibitors. Fn/c ratios are expressed as 
fractions of the pre-photobleach Fn/c. Nocodazole (NCZ) was used at 5 μg/ml and KX-01 was at 100 nM. FRAP images for NCZ and 
KX-01 are in Supplementary Figure S4.
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significantly reduced the recovery of AR-V7 in the 
nucleus. Consistently, AR-V7 was found to accumu-
late in the cytoplasm following importazole treatment 
(Fig. 9C). FRAP assay showed a similar inhibition by 

importazole on the nuclear recovery of TurboFP635-
tagged ARv567es (Fig. 9D & 9E), suggesting that both 
variants are imported to the nucleus by the importin α/β 
machinery.

Figure 5: The full-length AR associates with the microtubules. COS-7 cells were transfected with an expression vector for 
AR-FL and in vivo microtubule binding assay was performed with a commercial kit (Cytoskeleton, BK038). Nocodazole (NCZ), CaCl2, and 
low temperature (cold) were used to disrupt microtubule integrity. Assembled microtubules were precipitated by ultracentrifugation and the 
pellet was resuspended and analyzed by Western blot (Top). Importin β and p53 were used as negative and positive controls, respectively, 
and histone H3 was used to detect nuclear contamination. P, pellet; W, wash; S, supernatant. Bottom, the microtubule-binding activities for 
AR and p53 were quantitated by the P/S ratios. The results presented are mean ± SEM from three experiments.

Figure 6: Microtubule-binding activity is mapped to the ligand-binding domain of AR. Left panel, a series of deletion 
constructs encompassing different domains of AR were generated and expressed in COS-7 cells. Right panel, the microtubule-binding 
activities of these constructs were analyzed by the in vivo microtubule binding assay and the Western blots (Supplementary Figure S5) were 
quantitated to calculate the P/S ratios. The results presented are mean ± SEM from three experiments. MT, microtubule.
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Figure 7: Poor microtubule-binding activities of the AR-Vs. COS-7 cells were transfected with an expression vector for AR-FL, 
AR-V7, and ARv567es and cultured in an androgen-deprived condition. A. In vivo MT-binding assays. B. quantitation of the results in A. The results 
presented are mean ± SEM from three experiments. C. Western blot showing that the proteins were expressed at similar levels after transfection.

Figure 8: Cytoplasmic sequestration of AR-FL by docetaxel is attenuated by AR-V7 and ARv567es. A. Confocal fluorescence 
microscopy of EGFP-AR-FL subcellular localization when it was expressed with TurboFP or with a TurboFP-tagged AR-V in COS-7 cells. 
B. Based on distribution of the green fluorescence signal, cells were categorized into cytoplasmic (N < C), or nuclear and equally nuclear
and cytoplasmic (N ≥ C).% of cells in each category were quantified. DRAQ5 was used to stain the nuclei. Cells cultured in an androgen-
deprived condition were pre-treated with 10 nM docetaxel for 6 hr, followed by treatment with 1 nM R1881 for 4 hr. ** and ## P < 0.01.

(continued)
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DISCUSSION

To date, docetaxel and cabazitaxel are the only 
chemotherapeutic agents that have been shown to offer 
survival benefits for patients with mCRPC. Even in 
today’s rapidly evolving landscape of treatment options for 
mCRPC, taxane-based chemotherapy continues to be an 
important component of the treatment regimens. Recently, 
a randomized phase III trial supports the expansion of 
the indications of taxanes to earlier disease stages. The 
CHARRTED trial demonstrated that the addition of 
docetaxel to ADT in patients with high-volume, metastatic, 
hormonal-sensitive disease improves overall survival by 
17 months (49.2 vs 32.2, P = 0.0013) than ADT alone [32]. 
With taxane chemotherapy projected to remain a mainstay 
in the treatment of prostate cancer, it is imperative to derive 
a better understanding of the mechanisms underlying the 
inherent and acquired taxane resistances, both of which are 
commonly observed in the clinic.

Resistance to taxanes could be multifactorial, 
involving general mechanisms of chemoresistance as 
well as mechanisms intrinsic to prostate cancer [33]. 
Existing literature focuses primarily on mechanisms 
common to many cancer types, including unfavorable 
tumor microenvironment, expression of drug efflux 
proteins, alterations in microtubule structure and/
or function, expression of anti-apoptotic and 
cytoprotective proteins [34]. However, mechanisms 
that are specific to prostate cancer remain poorly 
understood. Recent clinical observations provided 
evidence for a cross-resistance of CRPC to hormonal 
therapy and taxane-based chemotherapy [21–25], 
suggesting a common culprit may underlie such a cross-
resistance phenotype.

Our study represents a step forward in this 
direction. Herein, we present evidence that expression of 
constitutively active AR-Vs, but not over-expression of 
the canonical full-length receptor, protects prostate cancer 
cells from the cytotoxic effects of taxanes. We further 
show that taxane treatment selectively inhibits androgen-
induced nuclear translocation and transactivation activity 
of AR-FL, while exerting no such inhibitory effects on 
the AR-Vs. These results reveal a fundamental difference 
in the nuclear translocation mechanisms of AR-FL and  
AR-Vs. AR-FL, as shown by this and other studies, 
utilizes a microtubule-facilitated pathway for nuclear 
translocation. This trafficking mechanism is shared by 
several nuclear proteins including glucocorticoid receptor 
(GR), p53, Rb, and parathyroid hormone-related protein 
(PTHrP) [29]. On the other hand, the nuclear import of 
AR-V7 and ARv567es is not mediated by the microtubule 
pathway. The independence of the microtubule pathway 
enables the variants to evade taxane-induced cytoplasmic 
retention. Finally, we show that sequestration of AR-FL 
in the cytoplasm by taxanes is alleviated when AR-V7 or 
ARv567es is present. This is likely caused by AR-V steering 
AR-FL away from the microtubules, as shown by reduced 
binding to the microtubules when AR-Vs are co-expressed. 
As an initial attempt to unveil the nuclear translocation 
mechanisms of the AR-Vs, we found that nuclear import 
of AR-V7 and ARv567es is possibly mediated by the importin 
α/β machinery. Elucidation of the upstream events will 
likely lead to opportunities to design novel strategies to 
target this variant.

The clinical relevance of AR-Vs has been 
demonstrated by a myriad of studies. Higher expression 
of AR-V7 in hormone-naïve prostate tumors predicts 
increased risk of biochemical recurrence following radical 

Figure 8: C. (Continued) In vivo MT-binding assay in COS-7 cells expressing AR-FL alone, or with AR-V7 or ARv567es.
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prostatectomy [11, 12], and patients with high levels of 
expression of AR-V7 or detectable expression of ARv567es 
have a significantly shorter survival than other CRPC 
patients [15], indicating an association between AR-Vs 

expression and a more lethal form of prostate cancer. Studies 
have indicated that AR-Vs play important roles in resistance 
to androgen-directed therapies [17–19]. Particularly, a recent 
groundbreaking study by Antonarakis et al. showed that 

Figure 9: Nuclear translocation of AR-Vs is importin β-dependent. A. FRAP assays were performed in COS-7 cells expressing 
EGFP-tagged AR-V7. Cells were treated with DMSO or 50 μM importazole (IPZ) for 2 h before photobleaching. Confocal images taken 
at different intervals after photobleaching of the nuclei. Red and yellow arrows indicate nucleus and cytoplasm, respectively. B. Fn/c 
recovery plot for EGFP-AR-V7. C. COS-7 cells transfected with pEGFP-AR-V7 were treated with DMSO or 10 μM importazole for 48 h. 
DAPI was used for staining the nuclei. D. & E. confocal images (D) and Fn/c recovery plot (E) of FRAP assays in COS-7 cells expressing 
TurboFP635-tagged ARv567es and treated with IPZ.
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patients positive for AR-V7 expression in circulating tumor 
cells have significantly worse responses to enzalutamide or 
abiraterone than AR-V7-negative patients [20].

While the roles of AR-Vs are well recognized in 
resistance to hormonal therapies, evidence has just started 
to accumulate to support their involvement in resistance 
to taxane chemotherapy. Thadani-Mulero and colleagues 
are the first to show evidence supporting a role of AR-
V7 in resistance to taxane chemotherapy [35]. In addition, 
the study by Martin et al. [36] showed that in cells 
harboring AR-Vs, targeting the AR N-terminal domain of 
with a small molecule inhibitor enhances the therapeutic 
response to docetaxel [36]. A clinical study by Steinestel 
et al. showed expression of AR-V7 in circulating cancer 
cells significantly correlates with prior treatment with 
docetaxel [37]. Very recently, a clinical study presented at 
the American Society of Clinical Oncology Genitourinary 
Cancers Symposium investigated the responses to 
taxane chemotherapy in mCRPC patients with different  
AR-V7 status in circulating tumor cells [38]. Although 
all the clinical outcomes are worse in patients in the  
AR-V7(+) arm, the differences are not statistically 
significant [38]. The insignificant differences could result 
from the small sample size or due to a “threshold effect” of 
AR-V7. In other words, the influence of AR-V7 on taxane 
response may be manifested only when it is expressed 
above a certain level. Hence, the association of AR-Vs 
and sensitivity to taxane chemotherapy warrants further 
investigation in a larger cohort.

The main disparity between our study and that 
of Thadani-Mulero et al. [35] is on whether ARv567es is 
inhibited by the taxanes. In contrast to the data present 
herein, Thadani-Mulero and colleagues showed that 
ARv567es associates with the microtubules and that the 
nuclear translocation of ARv567es is inhibited by taxanes. In 
addition, the microtubule-binding activity is mapped to the 
DNA-binding and hinge domains of AR [35]. One possible 
explanation for these discrepancies is the use of different 
assays. Thadani-Mulero et al. performed in vitro assays in 
which cell lysates containing AR proteins tagged by GFP 
or hemagglutinin were incubated with purified tubulin in a 
cell-free system to allow microtubule polymerization and 
association. In contrast, we conducted in vivo microtubule-
binding assays in which the microtubules and associated 
proteins were extracted from cells expressing untagged 
AR isoforms. Another major difference between the two 
studies is the dosage of taxanes. Docetaxel was applied 
at a concentration of 1 μM in the cell culture studies 
by Thadani-Mulero et al., in contrast to the clinically 
attainable [39] nanomolar concentrations used in our 
studies. We demonstrated that treatment with taxanes, 
at the low nanomolar concentrations, fail to inhibit the 
transcriptional activity or nuclear import of ARv567es.

The canonical AR nuclear localization signal 
(NLS) is located in the hinge domain, encoded by exons 
3 and 4. Sequence analysis predicted that this NLS is 
truncated in AR-V7. However, the study by Chan et al. 

demonstrated that splicing of exon 3 with cryptic exon 
3 in AR-V7 reconstitutes this bipartite NLS, which 
mediates the nuclear import of AR-V7 [40]. In addition, 
expression of a dominant negative mutant of Ran protein 
(RanQ69L) which causes premature dissociation of the 
importin/cargo complex, reduced nuclear localization of  
AR-V7 and ARv567es. These findings are consistent with 
our importazole data, suggesting that the nuclear import of 
the AR-Vs is mediated by the importin α/β pathway. They 
also found that unlike AR-FL, the nuclear localization 
of AR-V7 and ARv567es is not affected by an inhibitor for 
heat shock protein 90. Together, this study and our data 
present herein suggest a fundamental difference between 
AR-FL and AR-Vs in the events upstream of importin α/β-
mediated nuclear entry.

In summary, our study provides support for the 
involvement of AR-V7 and ARv567es in attenuating the 
response to taxane-based chemotherapy. Mechanistically, 
we demonstrated that both variants translocate to 
the nucleus in a microtubule-independent manner. 
Additionally, these variants can reduce the microtubule-
binding activity of AR-FL, thus circumventing its 
cytoplasm sequestration triggered by taxanes. These 
findings have important clinical implications. The 
expression status of these AR variants could potentially 
be used as a biomarker to aid treatment selection and 
sequencing. More importantly, targeting AR-Vs could be 
a fruitful direction to pursue to enhance the efficacy of 
taxane chemotherapy. To this end, several small molecule 
inhibitors at various stages of clinical development have 
shown promises against AR-Vs [41–43], opening doors 
for novel therapeutic strategies.

MATERIALS AND METHODS

Cell lines and reagents

LNCaP, 22Rv1, and COS-7 cells were obtained from 
American Type Culture Collection. With the exception of 
drug-resistant lines, cells used in this study were within 
20 passages (~3 months of non-continuous culturing). All 
cell lines were tested and authenticated by the method 
of short tandem repeat profiling. Docetaxel, cabazitaxel, 
and paclitaxel were purchased from Selleck Chemicals 
(Houston, TX). Nocodazole was from Sigma Aldrich, 
and KX-01 was provided by Kinex Pharmaceuticals. The 
following antibodies were used in Western blot analysis: 
anti-GAPDH, anti-AR (N-terminus-directed, PG-21; 
Millipore), anti-importin β1, anti-β-actin (Santa Cruz), 
anti-p53 (Calbiochem), anti-histone H3 (Cell Signaling), 
and anti-AR-V7 (Precision Antibody).

Selection of taxane resistant cell lines

22Rv1 cells were initially treated with 10 
nM paclitaxel for 72 hours and the surviving cells 
were re-seeded and allowed to recover for 1 week.  
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Paclitaxel-resistant cells were developed over a period 
of 2 months by stepwise increasing concentrations of 
paclitaxel (5–50 nM). Age-matched parental cells which 
did not receive treatments were maintained in parallel. 
Docetaxel-resistant 22Rv1 and LNCaP95 lines were 
generated in a similar manner, but with different doses of 
docetaxel (5 nM initially, 2.5–20 nM for selection). The 
resistant cells were continuously maintained in the highest 
concentration of the taxane in which they selected.

Western blotting

Cells were washed with ice-cold phosphate-buffered 
saline (PBS) and lysed with 2X Cell Lysis Buffer (Cell 
Signaling) containing a phosphatase inhibitor and the 
protease inhibitor cocktail (Sigma). After incubating 
the cells on ice for 30 min, lysates were collected by 
centrifugation at 10, 000 rpm for 10 minutes. Protein 
concentrations were determined by the BCA Protein Assay 
kit (Pierce). The samples were separated on 10% SDS-
polyacrylamide gels and transferred onto polyvinylidene 
fluoride (PVDF) membranes. After blocking in TBS 
buffer (150 mM NaCl, 10 mM Tris, pH 7.4) containing 
5% nonfat milk, the blots were incubated with a primary 
antibody overnight at 4°C and a fluorescent-labeled 
secondary antibody for 1 h at room temperature. The 
fluorescent signals were obtained by the Odyssey Infrared 
Imaging System (LI-COR Bioscience).

Transient transfection and reporter gene assay

COS-7 cells were seeded in 10-cm dishes at 
a density to reach 80–90% confluency at time of 
transfection. Transient transfection was performed by 
using the Lipofectamine and Plus reagents following 
the manufacturer’s instructions (Invitrogen). Cells 
were co-transfected with ARR3-luc luciferase reporter 
contruct and pRL-TK, along with a plasmid encoding 
for AR-FL, AR-V7 or ARv567es. After incubating with 
the transfection mixture for 4 h, cells were re-plated 
in RPMI 1640 containing 10% charcoal-stripped fetal 
bovine serum (cs-FBS). Cells were allowed to recover 
overnight before treated with DTX (1 and 2.5 nM) or 
PTX (2.5 or 5 nM) in the presence or absence of 10 
nM DHT. Dual-luciferase assay was performed at 24 h 
post treatment using the Dual-luciferase Reporter Assay 
System (Promega). The renilla luciferase activity was 
used to normalize that of firefly luciferase.

Confocal fluorescence microscopy

Subcellular localization of AR proteins was analyzed 
by confocal fluorescence microscopy. The pTurboFP635-
AR-V7 and pTurboFP635-ARv567es plasmids were 
generated by cloning the cDNA fragments for AR-V7 and 
ARv567es, respectively, into the pCMV-TurboFP635 vector. 
COS-7 cells were transfected with indicated plasmids and 

cultured in phenol red-free RPMI-1640 supplemented with 
10% cs-FBS. At 40 hr after transfection, cells were pre-
treated with or without 10 nM docetaxel for 6 hr, followed 
by treatment with or without 1 nM R1881 for 4 hr. COS-7 
cells were subsequently fixed with 2% paraformaldehyde, 
and the nuclei were stained with 2.5 μM DRAQ5 (Cell 
Signaling). Confocal images were obtained by using a 
Leica TCS SP2 system with a 63X oil-immersion objective 
on a Z-stage, and an average of 6 fields with ~10 cells per 
field were captured for each group. Data quantitation was 
performed as described [44].

Fluorescence recovery after photobleaching 
(FRAP) assay

FRAP assay was performed using a Leica TCS 
SP2 microscope equipped with 20X, 40X and 63X oil 
immersion lenses (Nikon) in combination with a heated 
stage (Delta T Open Dish System, Bioptechs), as described 
by Roth et al. [45] with modifications. Briefly, three 
images were obtained before photobleaching using 10% 
of total laser power with excitation at 488 nm, scanning 
at a rate of 8 μs/pixel. Photobleaching was performed 
by scanning an area covering the entire nucleus 10 times 
at a rate of 12.5 μs/pixel, applying 100% of the laser 
power. After bleaching, the recovery of fluorescence was 
monitored by scanning the cells at 1 minute intervals for 
up to 2 hours, using detector and laser settings identical to 
those prior to photobleaching. Image analysis was carried 
out by using the NIH Image J Software to quantitate the 
nuclear (Fn) and cytoplasmic (Fc) fluorescence signals. 
The ratios of Fn to Fc (Fn/c) were calculated and the 
extent of recovery was determined by fractional recovery 
of Fn/c, which is the Fn/c at each time point divided by 
the prebleach Fn/c. The data were fitted exponentially to 
generate the fractional recovery plot.

In vivo microtubule binding assay

The AR deletion constructs were generated by 
inserting PCR products of the corresponding cDNA 
regions into the pcDNA3.1(-) vector. The resulting 
plasmids were sequenced to confirm sequence accuracy 
and in-frame reading. COS-7 cells were transfected with 
indicated plasmids and cultured in RPMI 1640 medium 
supplemented with 10% cs-FBS. Microtubule-binding 
assay was performed by using the Microtubule/Tubulin 
In Vivo Assay Kit (Cytoskeleton Inc., Cat.# BK038) 
following the manufacturer’s instructions. Briefly, 3 × 106 
cells were lysed in 4 mL pre-warmed (37°C) Lysis and 
Microtubule Stabilization 2 (LMS2) buffer (100 mM 
PIPES, pH 6.9, 5 mM MgCl2, 1mM EGTA, 30% (v/v) 
glycerol, 0.1% Nonidet P40, 0.1% Triton X-100, 0.1% 
Tween 20, 0.1% β-mercaptoethanol, 0.001% Antifoam, 
100 μM GTP, 1 mM ATP, 1 × protease inhibitors cocktail) 
in a 10-cm cell culture dish. The lysates were collected 
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and spun at 2,000 g for 10 min at 37°C to remove nuclei 
and unbroken cells. The supernatants were then subjected 
to ultracentrifugation at 100, 000 g for 30 min at 37°C to 
separate the microtubules from the soluble, unpolymerized 
tubulin. The pellet was washed with pre-warmed LMS2 
buffer and centrifuged at 100, 000 g for 30 min at 37°C. 
For microtubule destabilization conditions, LMS2 buffer 
containing nocodazole (5 μg/ml) or CaCl2 (2 mM), or 
ice-cold LMS2 buffer were used in the above procedure. 
The pellets were resuspended in ice-cold 2 mM CaCl2 and 
incubated in room temperature for 15 min to depolymerize 
microtubules. The supernatant (S), wash solution (W), and 
resuspended pellet (P) were adjusted to equal volumes and 
analyzed by Western blotting.

Statistical analysis

Statistical analysis was performed using Microsoft 
Excel. The Student’s two-tailed t-test was used to 
determine the difference in means between two groups. 
P < 0.05 is considered significant. Data are presented as 
mean ± standard error of men (SEM).
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Androgen Receptor Splice Variants Dimerize to
Transactivate Target Genes
Duo Xu1,2,3, Yang Zhan2, Yanfeng Qi2, Bo Cao1,2, Shanshan Bai1,2, Wei Xu4,
Sanjiv S. Gambhir5, Peng Lee6, Oliver Sartor7,8, Erik K. Flemington9, Haitao Zhang9,
Chang-Deng Hu10, and Yan Dong1,2,11

Abstract

Constitutively active androgen receptor splice variants
(AR-V) lacking the ligand-binding domain have been implicat-
ed in the pathogenesis of castration-resistant prostate cancer
and in mediating resistance to newer drugs that target the
androgen axis. AR-V regulates expression of both canonical AR
targets and a unique set of cancer-specific targets that are
enriched for cell-cycle functions. However, little is known
about how AR-V controls gene expression. Here, we report that
two major AR-Vs, termed AR-V7 and ARv567es, not only homo-
dimerize and heterodimerize with each other but also hetero-
dimerize with full-length androgen receptor (AR-FL) in an

androgen-independent manner. We found that heterodimeri-
zation of AR-V and AR-FL was mediated by N- and C-terminal
interactions and by the DNA-binding domain of each mole-
cule, whereas AR-V homodimerization was mediated only by
DNA-binding domain interactions. Notably, AR-V dimerization
was required to transactivate target genes and to confer castration-
resistant cell growth. Our results clarify the mechanism by which
AR-Vs mediate gene regulation and provide a pivotal pathway for
rational drugdesign to disruptAR-V signaling as a rational strategy
for the effective treatment of advanced prostate cancer. Cancer Res;
75(17); 3663–71. �2015 AACR.

Introduction
Recurrence with lethal castration-resistant prostate cancer

(CRPC) after androgen deprivation therapy remains the major
challenge in treatment of advanced prostate cancer (1, 2).
Significant advances in our understanding of continued andro-
gen receptor (AR) signaling in CRPC have led to the develop-
ment and FDA approval of two next-generation androgen-
directed therapies, the androgen biosynthesis inhibitor abira-
terone and the potent AR antagonist enzalutamide (3, 4). These
drugs heralded a new era of prostate cancer therapy. However,

some patients present with therapy-resistant disease, and most
initial responders develop acquired resistance within months of
therapy initiation (3, 4). The resistance is typically accompa-
nied by increased prostate-specific antigen (PSA), indicating
reactivated AR signaling (3, 4). Accumulating evidences indi-
cate that prostate tumors can adapt to these androgen-directed
therapies, including abiraterone and enzalutamide, by signal-
ing through constitutively active alternative splicing variants of
AR (AR-V; refs. 5–17).

To date, 15 AR-Vs have been identified (18). Structurally,
AR-Vs have insertions of cryptic exons downstream of the
exons encoding the DNA-binding domain (DBD) or deletions
of the exons encoding the ligand-binding domain (LBD),
resulting in a disrupted AR open reading frame and expression
of LBD-truncated AR (6, 7, 9, 15, 19, 20). Because the N-
terminal domain, which contains the most critical transactiva-
tion domain of the receptor (AF1), and the DBD remain intact
in the majority of the AR-Vs, many AR-Vs display ligand-
independent transactivation. AR-V7 (aka AR3) and ARv567es

(aka AR-V12) are two major AR-Vs expressed in clinical speci-
mens (7–10, 15, 17). They localize primarily to the nucleus,
activate target gene expression in a ligand-independent man-
ner, and promote castration-resistant growth of prostate cancer
cells both in vitro and in vivo (7, 9, 15, 19–21). Strikingly,
patients with high levels of expression of AR-V7 or detectable
expression of ARv567es in prostate tumors have a shorter sur-
vival than other CRPC patients (8). Moreover, AR-V7 expres-
sion in circulating tumor cells of CRPC patients is associated
with resistance to both abiraterone and enzalutamide (17).
These findings indicate an association between AR-V expres-
sion and a more lethal form of prostate cancer, and also
highlight the importance of AR-Vs in limiting the efficacy of
androgen-directed therapies.
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AR-V7 and ARv567es can regulate the expression of both canon-
ical AR targets and a unique set of targets enriched for cell-cycle
function independent of the full-lengthAR (AR-FL; refs. 7, 10, 15).
AR-V7 and ARv567es can also activate AR-FL in the absence of
androgenby facilitatingAR-FLnuclear localization and coregulate
the expression of canonical AR targets (5). It has long been
appreciated that dimerization is required for AR-FL to regulate
target gene expression (22), but little is known about AR-V
dimerization. Coimmunoprecipitation of endogenous ARv567es

and AR-FL (15) and co-occupancy of the PSA promoter by AR-V7
and AR-FL (5) suggest that AR-Vs may form heterodimers with
AR-FL. However, whether AR-Vs homodimerize or heterodimer-
ize with each other and whether the dimerization is required for
AR-Vs to regulate target genes and to confer castration-resistant
cell growth are currently unknown.

Dimerization of AR-FL is mediated mainly through N/C-ter-
minal interactions, via the FxxLF motif in the N-terminal domain
and the coactivator groove in the LBD, and DBD/DBD interac-
tions, via the dimerization box (D-box; ref. 22). Because the FxxLF
motif and the D-box (Fig. 1A) are maintained in the majority of
the AR-Vs identified, we hypothesize that these AR-Vs can form
heterodimers with each other as well as homodimers via DBD/
DBD interactions and that they can also form heterodimers with
AR-FL via DBD/DBD and N/C interactions. In the current study,
we tested this hypothesis by using the bimolecular fluorescence
complementation (BiFC) and bioluminescence resonance energy
transfer (BRET) assays, which have complementary capabilities
for characterizing protein–protein interactions in live cells. BiFC
allows direct visualization of subcellular locations of the inter-
actions (23), while BRET allows real-time detection of complex
formation (24, 25).

Materials and Methods
Cell lines and reagents

LNCaP, PC-3, DU145, VCaP, and HEK-293T cells were
obtained from the ATCC, and cultured as described (26). C4-2
was provided by Dr. Shahriar Koochekpour (Roswell Park Cancer
Institute, Buffalo, NY). All the cell lines were authenticated on
April 1, 2015 by the method of short tandem repeat profiling at
the Genetica DNA Laboratories. Enzalutamide was purchased
from Selleck Chemicals.

Plasmid construction
To generate different BiFC fusion constructs of AR-FL, AR-V7,

and ARv567es, we PCR amplified the AR-FL, AR-V7, and ARv567es

cDNAs from their respective expression construct, and cloned the
PCR amplicons separately into a TA-cloning vector (Promega).
Fusion constructs of AR-FL, ARv567es, and AR-V7with either VN or
VC were generated by subcloning the cDNAs from the TA plas-
mids into the SalI and XhoI sites of the pBiFC-VN155 and pBiFC-
VC155 vectors. Themutant BiFC-AR-V and BiFC-AR-FL constructs
with mutations at the FxxLF motif (F23,27A/L26A) and/or D-box
(A596T/S597T) were generated by site-directed mutagenesis by
using the Q5 site-Directed Mutagenesis Kit (New England Bio-
Labs). BRET-fusion constructs of AR-FL, AR-V7, and ARv567es were
generated by subcloning the AR-FL, AR-V7, and ARv567es cDNA
from the respective TA plasmids into the BamHI and XbaI sites of
the pcDNA3.1-RLuc8.6 and TurboFP635 vectors (24). The doxy-
cycline-inducible ARv567es lentiviral construct was generated by
subcloning the ARv567es cDNA from its TA plasmid first into the
pDONR221 vector (Invitrogen) and subsequently into the doxy-
cycline-inducible pHAGE-Ind-EF1a-DEST-GH lentiviral construct
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AR-FL and AR-Vs in BiFC fusion
proteins are functional. A, schematic
representation of AR-FL, AR-V7, and
ARv567es protein structure. The DBD is
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N-terminal domain; H, hinge region;
U, unique C-terminal sequence. D-box
and FxxLF motif mediate AR-FL
dimerization. B, a schematic of the
principle of the BiFC assay. VFP, Venus
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diagram of the constructs used in the
BiFC assay. D, luciferase assay showing
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� , P < 0.05 from mock control. E,
immunofluorescent (IF) staining
showing protein fusion does not
change subcellular localization of AR-
FL, AR-V7, or ARv567es. The indicated
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by using the Gateway Cloning System (Invitrogen). All plasmids
were sequence verified.

DNA transfection and reporter gene assay
PC-3 andHEK-293T cells were transfected by using the TransIT-

2020 (Mirus Bio LLC) and TurboFect reagents (Thermo Scienti-
fic), respectively, per instruction of the manufacturer. DU145,
C4-2, and LNCaP cells were transfected by using the Lipofecta-
mine 2000 and Plus reagent (Invitrogen) as described (27).
Reporter gene assay was performed as previously described
(28) with either an androgen-responsive element-luciferase plas-
mid (ARE-luc) containing three ARE regions ligated in tandem to
the luciferase reporter or a luciferase construct driven by three
repeats of an AR-V–specific promoter element of the ubiquitin-
conjugating enzyme E2C (UBE2C) gene (UBE2C-luc). To ensure
an even transfection efficiency, we conducted the transfection in
bulk and then split the transfected cells for luciferase assay.

Immunofluorescence staining
Cells were transfected with indicated plasmids on Poly-D-

Lysine–coated coverslips (neuVitro) and cultured in phenol

red–free medium supplemented with 10% charcoal-stripped
FBS. For the dihydrotestosterone (DHT) groups, 1 nmol/L DHT
was added at 24 hours after transfection. At 48 hours after
transfection, cells were fixed with 70% ethanol, and incubated
with a pan-AR antibody (PG-21, Millipore; 1:200) overnight at
4�C and subsequently with Alexa Fluor 488–conjugated sec-
ondary antibody (Invitrogen; 1:1,000) for 1 hour at room
temperature in the dark. Nuclei were then stained with 40,6-
diamidino-2-phenylindole (DAPI). Confocal images were
obtained by using a Leica TCS SP2 system with a 40� oil-
immersion objective on a Z-stage.

BiFC analysis
Cells were cotransfected with different BiFC fusion constructs.

At 48 hours after transfection, cells were incubated with
Hoechst33342 (Invitrogen) and observed byfluorescencemicros-
copy (Olympus). For flow cytometry quantitation of BiFC signals,
the pDsRed2-C1 construct (Clontech) was cotransfected with the
BiFC fusion constructs. At 48 hours after transfection, cells were
trypsinized, and the Venus andDsRed fluorescence were analyzed
by flow cytometry.
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Figure 2.
AR-V7 and ARv567es heterodimerize with AR-FL through both N/C and DBD/DBD interactions. wt, wild-type; F-mut, FxxLF-motif mutant; D-mut, D-box mutant;
FD-mut, FxxLF-motif and D-Box double mutant. Hoechst, nuclear stain. Scale bars, 10 mm. � , P < 0.05. A and B, dimerization was detected by the BiFC assay in
PC-3 cells under androgen-deprived condition. Right, quantitation of BiFC signals by flow cytometry. C and D, pretreatment with androgen attenuates the
dimerization between AR-V7 and wt AR-FL (C) but not the dimerization between AR-V7 and F-mut AR-FL (D). PC-3 cells were treated with 1 nmol/L DHT with or
without 10 mmol/L enzalutamide (Enz) right after transfection with the indicated BiFC constructs, and BiFC signal was assessed at 48 hours after transfection.
Right, quantitation of BiFC signals by flow cytometry. E, Western blotting with a pan-AR antibody showing expression of the BiFC-fusion proteins. Individual
fusion construct was transfected into PC-3 cells cultured under androgen-deprived condition unless specified. DHT, 1 nmol/L for 24 hours.
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Western blot analysis
The procedure was described previously (29). The anti-GAPDH

(Millipore), anti-AR (N-20, Santa Cruz Biotechnology), anti-
HSP70 (Abcam), anti-Turbo-red fluorescent protein (Abcam), and
anti-Renilla-luciferase (Thermo Scientific) antibodies were used.

Quantitative RT-PCR and cell growth assay
Quantitative RT-PCR (qRT-PCR) was performed as described

(30), and the qPCR primer probe sets were from IDT. Cell
growth was determined by the sulforhodamine (SRB) assay as
described (31). To ensure an even transduction efficiency,
we conducted the transduction of the cells with packaged
lentivirus in bulk, and then split the transduced cells for
qRT-PCR and SRB assays.

BRET assay
Cells were either transfected with an RLuc BRET fusion plasmid

or cotransfected with an RLuc and a TFP BRET fusion plasmid. At
72 hours after transfection, cells were detached with 5 mmol/L
EDTA in PBS and resuspended in PBS with 1% sucrose. Cells were
counted and seeded in triplicate into a 96-well white-wall micro-
plate at 105 cells per well. Freshly prepared coelenterazine (Nano-
light Technology) in water was added to the cells at a final
concentrationof 25mmol/L. BRET readings at 528nmand635nm
were obtained immediately with a Synergy 2 microplate reader
(BioTek). The BRET ratiowas calculated by subtracting the ratio of
635-nm emission and 528-nm emission obtained from cells
coexpressing the RLuc and TFP fusion proteins from the back-
ground BRET ratio resulting from cells expressing the RLuc fusion
protein alone in the same experiment: BRET ratio ¼ (emission at
635 nm)/(emission at 528 nm) � (emission at 635 nm RLuc
only)/(emission at 528 nm RLuc only).

Statistical analysis
The Student two-tailed t test was used to determine the mean

differences between two groups. P < 0.05 is considered significant.
Data are presented as mean � SEM.

Results
Characterization of AR-FL and AR-Vs in BiFC fusion proteins

For BiFC analysis of interaction between proteins A and B, the
two proteins are fused separately to either the N- or C-terminal
fragment of the Venus fluorescent protein (VN or VC, Fig. 1B). If
the two proteins dimerize, the interaction allows regeneration of
the Venus fluorescent protein to emit fluorescent signal (23).
Because BiFC depends on the relative orientation of the fusion
proteins (23), we generated all possible combinations of N- and
C-terminal fusions by cloning the AR-FL, ARv567es, or AR-V7 cDNA
either in front of or after VN or VC. Different pairs of fusion
protein constructs were transfected into the AR-null PC-3 cells (to
avoid confounding effect of endogenous AR), and the fusion
protein constructs exhibiting the highest BiFC signals (Fig. 1C)
were chosen for further analysis. The transactivating abilities of
the fusion proteins were tested by the reporter gene assay.
Although the protein fusion affected the relative activities of the
fusion proteins (Figs. 1D and Supplementary Fig. S1), all the
fusion proteins can transactivate target genes. Immunofluores-
cence assay further showed that the AR-FL and AR-Vs in the fusion
proteins have the same subcellular localizations as the respective
nonfusion AR isoform (Fig. 1E). Collectively, the data indicated
that AR-FL and AR-Vs are functional in the fusion proteins.

BiFC detection of AR-V/AR-FL heterodimerization
To assess the ability of AR-V7 and ARv567es to heterodimerize

with AR-FL, we cotransfected the AR-V- and AR-FL BiFC fusion
constructs into PC-3 cells and quantitated the Venus fluorescence
signal byflow cytometry. BothAR-V7 andARv567es dimerizedwith
AR-FL, and the dimerization did not require androgen (Fig. 2A
and B). To delineate the dimerization interface, we generated
mutant BiFC-AR-V constructs with mutations at the FxxLF motif
(F23,27A/L26A) and/or D-box (A596T/S597T). FxxLF motif
and D-box mediate AR-FL homodimerization through N/C and
DBD/DBD interactions, respectively (22). Only mutating both
motifs abolished AR-V/AR-FL dimerization (Fig. 2A and B),
indicating that both N/C and DBD/DBD interactions mediate
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Figure 3.
AR-V and AR-V dimerize through
DBD/DBD interactions. AR-FL
homodimerization (A), AR-V7
homodimerization (B), ARv567es

homodimerization (C), and AR-V7/
ARv567es heterodimerization (D) were
detected by BiFC assay in PC-3 cells
under androgen-deprived condition
unless specified. DHT, 1 nmol/L for 24
hours. Right panels, quantitation of
BiFC signals by flow cytometry. wt,
wild-type; F-mut, FxxLF-motif mutant;
D-mut, D-boxmutant. Hoechst, nuclear
stain. Scale bars, 10 mm. � , P < 0.05. In
contrast to AR-FL/AR-FL and AR-V7/
AR-V7 dimerization, which were
detected mainly in the nucleus (>90%),
ARv567es/ARv567es and AR-V7/ARv567es

dimerizationwere observed in both the
nucleus (37% and 57%, respectively)
and the cytoplasm (63% and 43%,
respectively).
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the dimerization. Mutating one motif did not lead to significant
change of BiFC signal (Fig. 2A and B), likely due to compensation
of the loss of onemode of interaction by the other. Similar results
were obtained in DU145 and HEK-293T cells (Supplementary
Figs. S2 and S3). Intriguingly, although ARv567es/AR-FL dimeriza-
tion was observed in both the cytoplasm and the nucleus, AR-V7/
AR-FL dimerization was detected primarily in the nucleus in the
vastmajority of the cells (Figs. 2A andB, Supplementary Figs. S2A,
S2B, S3A, and S3B).

Pretreatment of cells withDHT attenuated AR-V7/AR-FL dimer-
ization, and this effect was blocked by the antiandrogen enzalu-
tamide (Fig. 2C). Conversely, DHT pretreatment produced min-
imal effect on the dimerization of AR-V7 and the FxxLF-motif–
mutated AR-FL (Fig. 2D), which lost the ability to homodimerize
upon androgen treatment (Supplementary Fig. S4B; ref. 32).
These data indicate that AR-V7 may compete with AR-FL for
dimerizing with AR-FL. Notably, the expression of each of the
wild-type and mutant fusion proteins was confirmed by Western
blotting (Fig. 2E). Collectively, our data demonstrated androgen-
independent dimerization between AR-V and AR-FL, and indi-
cated that AR-V/AR-FL dimerization may attenuate androgen
induction of AR-FL homodimerization.

BiFC detection of AR-V/AR-V dimerization
We further showed that, like liganded AR-FL (Figs. 3A and

Supplementary Fig. S4), both AR-Vs can form a homodimer

when expressed alone (Figs. 3B and C and Supplementary
Figs. S2C, S2D, S3C, and S3D). The homodimerization can
also occur when AR-V is coexpressed with AR-FL and even
when it is expressed at a much lower level than AR-FL
(Supplementary Fig. S5). Moreover, AR-V7 and ARv567es can
heterodimerize (Fig. 3D). Mutating D-box, but not the FxxLF
motif, abolished AR-V/AR-V interactions, indicating that AR-
Vs homodimerize and heterodimerize with each other
through DBD/DBD interactions. Interestingly, similar to
AR-V7/AR-FL dimerization, AR-V7/AR-V7 dimerization was
detected primarily in the nucleus (Figs. 3B and Supplementary
Figs. S2C and S3C). However, ARv567es/ARv567es and AR-V7/
ARv567es dimerization were observed in both the nucleus and
the cytoplasm (Fig. 3C and D and Supplementary Figs. S2D
and S3D).

Characterization of AR-FL and AR-Vs in BRET fusion proteins
We then used the newest BRET system, BRET6 (24), to confirm

the BiFC results. BRET6 is based on energy transfer between the
Rluc8.6 Renilla luciferase (Rluc) energy donor and the turbo red
fluorescent protein (TFP) energy acceptor when the donor and
acceptor are brought into close proximity by their fused proteins
(Fig. 4A). Similar to BiFC, BRET also depends on the relative
orientation of the fusion proteins. We therefore generated all
possible combinations of N- and C-terminal fusions by cloning
the AR-FL, ARv567es, or AR-V7 cDNA either in front of or after Rluc
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or TFP. Different pairs of the fusion protein constructs were
transfected into the AR-null HEK-293T cells (to avoid confound-
ing effect of endogenous AR), and the fusion protein constructs
exhibiting the highest BRET signals (Fig. 4B) were chosen for
further analysis. The expression of these fusion proteins was
confirmed by Western blotting (Fig. 4C). Furthermore, their
abilities to transactivate were validated by luciferase assay with
the cotransfection of the ARE-luc plasmid (Fig. 4D), indicating
that AR-FL and AR-Vs are functional in the BRET fusion proteins.

BRET confirmationof AR-V/AR-FL andAR-V/AR-Vdimerization
Figure 5 shows the BRET saturation curves for different combi-

nations of the BRET fusion proteins in HEK-293T cells. The BRET
ratios increased hyperbolically and rapidly saturated with the
increase in the ratio of energy acceptor to energy donor, indicating
specific protein–protein interaction (33). Similar to the BiFCdata,
mutating the FxxLF-motif and/or theD-box inhibited AR-V/AR-FL
and AR-V/AR-V dimerization (Supplementary Fig. S6). Thus, the
BRET data confirmed the BiFC results, showing the ability of
AR-Vs to heterodimerize with AR-FL and to homodimerize.
ARv567es/ARv567es interaction was further demonstrated by coim-
munoprecipitation assay (Supplementary Fig. S7).

Dimerization is required for AR-V action
To assess the requirement of dimerization for AR-V action, we

first performed reporter gene assay with the wild-type or the
dimerization mutants of AR-V. As shown in Fig. 6A, the dimer-
ization mutants completely lost the ability to transactivate, indi-

cating a requirement of dimerization for AR-V transactivation.We
then analyzed the ability of the wild-type and dimerization
mutants of AR-Vs to regulate target gene expression and castra-
tion-resistant growth of prostate cancer cells. To this end, we
infected the AR-FL–expressing LNCaP cells with lentivirus encod-
ing AR-V7 or doxycycline-inducible ARv567es. Mutation of the
FxxLF motif alone or both the FxxLF motif and D-box attenuated
AR-V induction of androgen-independent expression of the
canonical AR target PSA and the AR-V–specific target UBE2C (Fig.
6B) as well as castration-resistant cell growth (Fig. 6C). The data
indicated the requirement of dimerization for AR-Vs to regulate
target genes and to confer castration-resistant cell growth.

Discussion
The current study represents the first to show the dimeric nature

of AR-Vs in live cells. Using BiFC and BRET assays, we showed that
AR-V7 and ARv567es not only homodimerize and heterodimerize
with each other but also heterodimerize with AR-FL. The dimer-
ization does not require androgen. Bymutating the FxxLFmotif in
theN-terminal domain and/orD-box inDBDof AR-Vs, we further
showed that AR-V/AR-FL dimerization is mediated by both N/C
and DBD/DBD interactions, whereas AR-V/AR-V dimerization is
through DBD/DBD interactions. Because AR-Vs lack the C-termi-
nal domain, the N/C interactions between AR-V and AR-FL is
mediated presumably via the FxxLF motif of AR-V and the
C-terminal domain of AR-FL. Significantly, dimerizationmutants
of AR-Vs lose the ability to transactivate target genes and to confer
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castration-resistant cell growth, indicating the requirement of
dimerization for important functions of AR-Vs.

Our finding on AR-V/AR-FL interaction is in accordance with
the previous reports on ARv567es and AR-FL coimmunoprecipita-
tion (15) as well as on AR-V7 and AR-FL co-occupancy of the PSA
promoter (5), providing a direct evidence for their dimerization.
Interestingly, we found that the androgen-independent dimer-
ization between AR-V and AR-FL may mitigate androgen induc-
tion of AR-FL homodimerization. This could constitute a mech-
anistic basis for the ability of AR-Vs to attenuate androgen
induction of AR-FL activity (5). To date, functional studies of
AR-Vs have been focused mostly on their ability to regulate gene
expression independent of AR-FL. Because AR-Vs are often coex-
pressed with AR-FL in biologic contexts, it is conceivable that the
ability of AR-Vs to heterodimerize with and activate AR-FL in an
androgen-independent manner could be equally important as
their AR-FL–independent activity to castration resistance.

We and others showed previously that AR-V7 and ARv567es

localize constitutively to the nucleus and can facilitate AR-FL
nuclear entry (5, 15), indicating that the initial interaction
between AR-V and AR-FL is likely to be in the cytoplasm. This
is supported by our data showing both cytoplasmic and nuclear
localization of ARv567es/AR-FL dimerization. Intriguingly, AR-V7/
AR-FL dimerization is detected primarily in the nucleus in the vast
majority of the cells. This may be due to the regeneration of the
Venus fluorescent protein from the VN and VC fragments being
slower than AR-V7/AR-FL nuclear translocation. Interestingly,
AR-V7/AR-V7 dimerization was also detected primarily in the
nucleus, whereas ARv567es/ARv567es and AR-V7/ARv567es dimeriza-

tion were observed in both the nucleus and the cytoplasm.
Whether this is also due to slower regeneration of the Venus
fluorescent protein than AR-V7/AR-V7 nuclear translocation or
AR-V7 entering the nucleus as a monomer requires further inves-
tigation. In addition, the majority of the posttranslational mod-
ification sites of AR-FL are retained in AR-Vs (34). These post-
translational modifications regulate AR-FL transactivating activ-
ity, possibly via the interaction of AR-FL with other proteins or
with itself (34). It is very likely that these posttranslational
modificationsmay impact AR-V dimerization and transactivation
and therefore deserve further investigation.

We reported previously that AR-V binds to the promoter of its
specific target UBE2C without AR-FL, but co-occupies the pro-
moter of the canonical AR target PSA with AR-FL in a mutually
dependent manner (5). Furthermore, knockdown of AR-FL and
AR-V both result in reduced androgen-independent PSA expres-
sion, but only AR-V knockdown downregulates UBE2C expres-
sion (5). The data, together with the findings from the current
study, indicate that AR-Vs regulate their specific targets as anAR-V/
AR-V dimer but control the expression of canonical AR targets as
an AR-V/AR-FL dimer. Interestingly, while mutating D-box alone
does not significantly mitigate AR-V/AR-FL dimerization, the
mutation abolishes the ability of AR-V to induce the expression
of PSA and UBE2C as well as to promote castration-resistant cell
growth. A plausible explanation is that, althoughD-box–mutated
AR-V can dimerize with AR-FL, the dimer cannot bind to DNA
to regulate the expression of target genes. This, together with
the finding that D-box–D-box interactions are required for
the formation of androgen-induced AR-FL intermolecular N/C
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interactions (32), indicates that disrupting D-box–D-box inter-
actions could lead to inhibition of not only AR-V/AR-V dimer-
ization and transactivation but also AR-FL activation induced by
either AR-Vs or androgens. Thus, disrupting D-box–D-box inter-
actions may represent a more effective means to suppress AR
signaling than targeting the LBD of AR.

In summary, we demonstrated the dimeric nature of AR-Vs in
live cells and identified the dimerization interface. Significantly,
we showed that proper dimerization is required for AR-V func-
tions. The research therefore represents a key step in delineating
the mechanism by which AR-Vs mediate gene regulation. This is
vital for developing effective therapeutic strategies to disrupt AR-V
signaling and provide more effective treatments for prostate
cancer.
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AR-FL ¼ full-length androgen
receptor
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resistant prostate cancer

PCR ¼ polymerase chain reaction

PSA ¼ prostate specific antigen

RP ¼ radical prostatectomy
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A Whole Blood Assay for AR-V7 and ARv567es in Patients
with Prostate Cancer
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Purpose: Most prostate cancer mortality can be attributed to metastatic
castration resistant prostate cancer, an advanced stage that remains incurable
despite recent advances. The AR (androgen receptor) signaling axis remains
active in castration resistant prostate cancer. Recent studies suggest that
expression of the AR-V (AR splice variant) AR-V7 may underlie resistance to
abiraterone and enzalutamide. However, controversy exists over the optimal
assay. Our objective was to develop a fast and sensitive assay for AR-Vs in
patients.

Materials and Methods: Two approaches were assessed in this study. The first
approach was based on depletion of leukocytes and the second one used RNA
purified directly from whole blood preserved in PAXgene� tubes. Transcript
expression was analyzed by quantitative reverse transcription-polymerase chain
reaction.

Results: Through a side-by-side comparison we found that the whole blood
approach was suitable to detect AR-Vs. The specificity of the assay was corrob-
orated in a cancer-free cohort. Using the PAXgene assay samples from a cohort of
46 patients with castration resistant prostate cancer were analyzed. Overall,
AR-V7 and ARv567es were detected in 67.53% and 29.87% of samples, respec-
tively. Statistical analysis revealed a strong association of AR-V positivity with a
history of second line hormonal therapies.

Conclusions: To our knowledge this is the first study to demonstrate that
PAXgene preserved whole blood can be used to obtain clinically relevant infor-
mation regarding the expression of 2 AR-Vs. These data on a castration resistant
prostate cancer cohort support a role for AR-Vs in resistance to therapies
targeting the AR ligand-binding domain.
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PROSTATE cancer is the second leading cause of cancer
mortality in men in the United States. Most disease
related deaths can be attributed to mCRPC, which is
marked by increasing serum PSA levels approxi-
mately 16 months after initial androgen deprivation
therapy. Despite recent advances mCRPC remains
the most critical challenge in the clinical manage-
ment of prostate cancer.

It is well accepted that the AR signaling axis has
a critical role in CRPC. Through a number of ligand
dependent and independent mechanisms cancer
cells adapt to low circulating androgens and main-
tain activation of AR. Particularly, a number of
AR-Vs that are devoid of a functional ligand-binding
domain have been identified.1e4 Two major vari-
ants, AR-V7 and ARv567es, have been shown to be
capable of regulating target gene expression inde-
pendent of AR-FL.2e5 Recent studies suggest that
the expression of these AR-Vs underlies resistance
to second line hormonal therapies.6,7

CTCs are shed from solid tumors into the circula-
tion. A number of CTC detection technologies have
been developed in recent years. To date the most
widely adopted is surface marker based CTC
capturing, which relies on cell surface antigens such
as EpCAM, cytokeratin, PSMA (prostate specific
membrane antigen) or a combination of these
markers.8 Alternatively, CTCs can be enriched by
depleting hematopoietic cells. For this purpose CD45,
which is expressed on the surface of all leukocytes
and their progenitors,9 is commonly used.10,11 Yet
other studies have demonstrated the validity of using
whole blood derived RNA from patients for reverse
transcription-PCR analyses without CTC selection or
enrichment.12e14 The results of these series, which
focused on genes highly expressed in prostate cancer,
were clinically relevant and highly concordant with
CTC enumeration analyses.13,14

In this study we sought to detect the expression of
AR-V7 and ARv567es in the circulation. We evaluated
the CD45 based negative selection approach and the
whole blood approach. Based on the results we chose
the whole blood approach and analyzed blood sam-
ples obtained from a cohort of patients with CRPC.
MATERIALS AND METHODS

RNA Extraction from Whole Blood
From each patient 5 ml blood were collected into 2 PAX-
gene Blood RNA Tubes. The tubes were gently inverted
and incubated at room temperature for 2 to 24 hours or
stored at �20C before processing. Prior to RNA isolation
frozen samples were brought to room temperature for 2
hours and centrifuged at 3,000 � gravity for 10 minutes.
RNA isolation was performed using the PAXgene Blood
RNA Kit.

Leukocyte Depletion
CTC enrichment was performed using a 2-step procedure
as described11 with modifications.

Red Blood Cells Lysis. Patient blood (10 ml) was collected
in sodium citrate tubes (BD�) for immediate processing.
Red blood cells were removed by adding lysis buffer
composed of 154 mM NH4Cl, 10 mM KHCO3 and 0.1 mM
EDTA (ethylenediaminetetraacetic acid) in 25 ml buffer
per ml blood. After 5 minutes at room temperature the
remaining cells were collected by centrifugation at 300 �
gravity for 5 minutes. The pellet was washed twice with
the labeling buffer (phosphate buffered saline with 2 mM
EDTA and 0.5% bovine serum albumin, Ca2þ/Mg2þ free)
and resuspended. Cells were counted and the concentra-
tion was adjusted to 1 � 108 cells per ml.

Leukocyte Removal. Following red blood cell lysis cell
suspension was transferred to a round-bottom tube
(BD). For every 108 cells 200 ml FcR Blocking Reagent
(Miltenyi Biotec, Bergisch Gladbach, Germany) and
50 ml EasySep� CD45 Depletion Cocktail were added
and incubated at room temperature for 30 minutes.
For immunomagnetic labeling EasySep Magnetic
Nanoparticles were added at 100 ml/ml and mixed by
pipetting. The suspension was incubated at room
temperature for 15 minutes and volume was adjusted to
2.5 ml. The tube was placed in an EasySep magnet for
10 minutes. Labeled cells (CD45þ) were separated by
decanting the supernatant (CD45e) into a new tube. RNA
was extracted from the CD45þ and CD45e fractions
using the RNeasy� Mini Kit.

Quantitative Reverse Transcription-Polymerase
Chain Reaction
RNA samples were quantitated by a NanoDrop� 2000
spectrophotometer. Subsequently, 0.5 mg RNA was
reverse-transcribed using SuperScript� III and random
hexamers. The TaqMan� assay was chosen as the quan-
titative PCR technology to ensure the specificity of detec-
tion. PCR reactions were performed on a CFX96 Touch�
Real-Time PCR Detection System. The primers for AR-
FL and AR-V7 were previously published.3 Primers for
ARv567es were forward, 50-CTACTCCGGACCTTACGGG-
GACATGCG-30 and reverse 50-TTGGGCACTTGCACA-
GAGAT-30. The probe for all 3 amplicons, which was
designed in our laboratory, was 50-AAGAGCCGCT-
GAAGGGAAACAGAAGTACTTG-30. RPL30 (ribosomal
protein L30) was used as the housekeeping gene and the
assay for RPL30 (Applied Biosystems�) was used. A total
of 40 cycles served as the detection limit. Expression levels
of the same transcript measured by the 2 approaches were
compared using the 2eDCT method15 and adjusted for the
difference in starting blood volume.

Subjects
A total of 46 patients with CRPC were selected for study
and provided consent via the Tulane Cancer Center



Table 1. Patient demographics

Overall White Black

No. pts 46 41 5
Median age at diagnosis (range) 60 (43e77) 61.1 (46e77) 57.8 (43e66)
Median total Gleason score (range) 8 (6e9) 8 (6e9) 7
No. family history (%):

Yes 12 (26) 11 (27) 1 (20)
No 33 (72) 29 (71) 4 (80)
Unknown 1 (2) 1 (2)

Median ng/ml PSA at sampling (range) 60.8 (less than 0.01egreater than 3,000) 59.7 (less than 0.01e3,000) 184.4 (48.9e2,050)
Median days diagnosis-sampling (range) 1,877.5 (230e7,781) 1,877.5 (230e7,781) 2,424 (691e7,080)
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and/or the urology clinic at Tulane University Hospital.
For each patient 5 ml blood were collected in PAXgene
tubes. When feasible, serial samples were collected. A
total of 73 blood samples were collected and clinically
annotated. Table 1 lists patient demographics.
Supplementary tables 1 and 2 (http://jurology.com/) show
the history of treatment with abiraterone acetate and
enzalutamide, and the complete treatment history,
respectively. Additionally, blood samples from 21 patients
after RP with undetectable PSA (less than 0.01 ng/ml)
were analyzed.

Statistical Analysis
All statistical analyses, including descriptive statistics,
the Student t-test and the Fisher exact test, were per-
formed with SAS�, version 9.4. All tests were 2-tailed
with p values less than the a (p �0.05) considered sta-
tistically significant. The median and range are reported
for all continuous variables and the percent is reported for
all categorical variables.
Table 2. Distribution of AR transcripts in CD45e and CD45þ
fractions

Sample
No.

% AR-V7 % ARv567es % AR-FL

CD45e CD45þ CD45e CD45þ CD45e CD45þ
1 100.00 0.00 e e 46.05 53.95
2 100.00 0.00 e e 29.21 70.79
3 100.00 0.00 e e 63.96 36.04
4 85.93 14.07 96.16 3.84 55.55 44.45
5 e e e e 65.27 34.73
6 100.00 0.00 e e 54.75 45.25
7 100.00 0.00 e e 20.02 79.98
8 91.65 8.35 e e 76.71 23.29
9 100.00 0.00 e e 75.59 24.41
10 100.00 0.00 e e 31.34 68.66

Calculated from expression ratio between 2 fractions with total of 100%.
RESULTS

Selection of Whole Blood Approach to AR-V

Detection

To identify a protocol for detecting AR-Vs in blood we
evaluated the whole blood approach (ie the PAXgene
approach) and the CTC enrichment approach based
on the depletion of leukocytes (ie the CD45 depletion
approach). Ten patients with mCRPC who had pro-
gressed to taxane chemotherapy and received mul-
tiple rounds of abiraterone and/or enzalutamide
were identified for this purpose. Blood samples ob-
tained from the same patient were analyzed side by
side (supplementary figure, http://jurology.com/).
AR-V7 transcripts were detected in 9 of 10 samples
by both methods (supplementary table 3, http://
jurology.com/). However, 2 samples were found to
be positive for ARv567es by the PAXgene approach
but only 1 by the CD45 depletion approach, sug-
gesting that the leukocyte depletion process may
lead to loss of sensitivity. Indeed, AR-V transcript
levels measured by the CD45 depletion approach
were consistently lower than those measured by the
PAXgene approach. The estimated decrease in AR-
V7 was approximately 40% (supplementary table 4,
http://jurology.com/).
The separation of CD45e and CD45þ cells during
leukocyte depletion provided an opportunity to
investigate the sources of AR transcripts. In 7 of 9
samples the AR-V7 signal was exclusively from the
CD45e fraction (table 2). In the remaining samples
the levels of AR-V7 measured in the CD45þ fraction
were markedly lower than in the CD45e fraction.
Similarly, most of the ARv567es transcript was found
in the CD45e fraction. In contrast, AR-FL was
abundantly expressed in both fractions (table 2).
The presence of AR-FL transcripts in CD45þ cells is
consistent with studies documenting AR expression
in lymphocytes and macrophages.16,17

Collectively, these results suggest that the AR-V
transcripts in the CD45þ fraction are barely
detectable, implying that depleting hematopoietic
cells offers little improvement in specificity to detect
AR-Vs. Furthermore, performing this procedure
could lead to loss of sensitivity.

Whole Blood Assay Sensitivity and Specificity

To assess the sensitivity of this assay 22Rv1 cells,
which express AR-V7, were spiked into 5 ml blood
from a healthy donor. Figure 1 shows that this
assay could detect 5 to 50 AR-V7þ cells in 5 ml blood
or 1 to 10 cells per ml.

To evaluate specificity we analyzed blood samples
from patients after RP who had undetectable PSA.
Neither AR-V7 nor ARv567es was detected in this
cohort (table 3). Similarly, AR-V was not detected in
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Figure 1. PAXgene assay sensitivity to detect AR-V7. Before

transfer to PAXgene tubes 22RV1 cells were spiked into 5 ml

blood from healthy donor. RNA extraction and quantitative

reverse transcription-PCR analysis were performed as

described.
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Figure 2. Increased expression of AR-Vs in patients with mCRPC

treated with second line hormonal therapy. Na€ıve patients

had never received treatment with abiraterone acetate,

ketoconazole or enzalutamide. Treated patients had received

these treatments but progressed. Statistical analysis was

performed using 2-tailed Student t-test.
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blood from 5 healthy donors (data not shown). These
results suggest that this assay specifically detects
AR-Vs expressed in cancer cells.

AR-V Expression Correlation with Prior

Abiraterone and Enzalutamide Treatments

To investigate the clinical relevance of AR-V
expression in whole blood we analyzed a total of
73 samples from 46 patients with CRPC. In this
cohort 69 samples (94.52%) were positive for AR-FL,
50 (68.49%) were positive for AR-V7 and 23 (31.51%)
were positive for ARv567es (table 3). Of the 73 sam-
ples 53 (70%) expressed at least 1 variant and 20
(27.40%) expressed both variants. Notably, 20 of the
23 samples that expressed ARv567es were also posi-
tive for AR-V7).

Based on the history of second line hormonal
therapies, that is abiraterone, ketoconazole and
enzalutamide, the CRPC cohort was categorized
into na€ıve and treated groups. Due to a recent
report demonstrating an association of AR-V7
expression with prior treatment with docetaxel,18

patients who had received docetaxel or cabazitaxel
were excluded from analysis. The expression level of
Table 3. AR transcript detection in 2 cohorts

Post-RP mCRPC p Value

Median age at
sampling (range)

65.05 (53e76) 68.52 (47e86) 0.1559 (Student t-test)

No. samples (%): 21 73 e
AR-FLþ 17 (80.95) 69 (94.52) 0.0712 (Fisher exact test)
AR-V7þ 50 (68.49) <0.0001 (Fisher exact test)
ARv567esþ 0 23 (31.51) 0.0014 (Fisher exact test)
AR-Vþ 0 53 (72.60) <0.0001 (Fisher exact test)
AR-V7þ,

ARv567esþ
0 20 (27.40) 0.0051 (Fisher exact test)
both variants but not that of AR-FL was higher in
the treated group than in the na€ıve group (fig. 2). In
the treated group AR-V7 transcripts were expressed
in 17 of 25 samples (68%) compared to 3 of 13
(23.08%) in the na€ıve group. The Fisher exact test
revealed a strong association of AR-V7 positivity
with a history of second line hormonal therapies
(table 4). Similarly, ARv567es positivity was associ-
ated with a history of these therapies, including 9 of
25 treated patients and 0 of 13 na€ıve patients.
Additionally, patients who had been treated
with second line hormonal therapies were more
likely to express 1 (AR-Vþ) or both (AR-V7þ/
ARv567esþ) AR-V isoforms.
DISCUSSION
As noted by many groups, the development of pre-
dictive biomarkers is critical to optimal clinical de-
cision making. The study by Antonarakis et al
clearly represents a step forward in this direction.7

Based on this ground breaking study the AR-V7
transcript in CTCs predicts resistance to abirater-
one and enzalutamide. However, a potential short-
coming of this assay is dependence on the selection
Table 4. AR-V positivity correlated with prior history of second
line hormonal treatments

No. Na€ıve No. Treated
p Value

(Fisher exact test)

Overall 13 25 e
AR-FLþ 12 24 1.0000
AR-V7þ 3 17 0.0156
ARv567esþ 0 9 0.0159
AR-Vþ 3 18 0.0062
AR-V7þ/ARv567esþ 0 8 0.0335
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of EpCAMþ or Her2þ CTCs,19 which likely repre-
sent only a fraction of the entire CTC population.
In addition, the use of an epithelial marker such
as EpCAM may exclude the population that under-
went EMT. This is particularly relevant since
studies have shown that AR-V7 and ARv567es pro-
mote EMT in prostate cancer cells,20e23 raising
concern that AR-V expressing CTCs may not be
captured efficiently by epithelial markers.
Furthermore, it is clear from studies of CTCs using
immunodetection methodologies that not all
patients have detectable CTCs,24 thus, limiting the
number of patients in whom these AR-V7 assays can
be performed.

To avoid the problems associated with CTC pos-
itive selection we tested a whole blood based
approach and a negative selection approach by
depleting lymphocytes. A comparison of these ap-
proaches led us to conclude that the whole blood
approach performed at least as well as the CD45
depletion approach with regard to the sensitivity of
AR-V detection (supplementary table 3, http://
jurology.com/). The expression of AR-Vs was found
predominantly in the CD45e population (table 2),
suggesting that depleting CD45þ cells is unnec-
essary. Furthermore, the variants were detected at
lower levels by the CTC enrichment protocol
(supplementary table 4, http://jurology.com/),
possibly due to the lack of RNA preservation during
the enrichment process.

In a few cases we detected variants in the CD45þ
fraction (table 2). This was most likely a result of
cross contamination rather than expression of the
variants by CD45þ cells. This is supported by data
on the post-RP cohort showing that neither AR-V
was detectable in whole blood derived RNA (table 3).
Cross contamination could be caused by nonspecific
binding of the CD45 antibodies, aberrant expression
of CD45 by cancer cells25,26 or the formation of
lymphocyte/cancer cell microemboli.27 Regardless,
this observation suggests that CTCs could be lost
during negative selection.

Recently, Steinestel et al reported using AR-V7
and AR mutations in CTCs to guide a therapy
switch in patients.18 The estimated overall benefit of
the molecularly informed treatment decision was
27% over the uninformed decision. This study along
with that of Antonarakis et al7 highlights the
importance of incorporating AR-V profiling into
individualized treatment decision making.
Although our assay is not complement-dependent
cytotoxicity based, the findings are in line with
complement-dependent cytotoxicity based studies,
supporting a role of AR-V7 expression in resistance
to second line hormonal therapies.

The current findings have several limitations.
1) This is a cross-sectional rather than a prospective
study. A prospective study with longitudinal eval-
uation of patients is needed to establish the
expression of AR-Vs in whole blood as a biomarker
of treatment responsiveness. 2) Cells expressing the
AR transcripts are not assessable by this assay. As a
result some questions could not be properly
addressed, such as whether AR-FL and AR-Vs are
coexpressed in the same cells. These questions are
clinically significant because AR-Vs have been
shown to heterodimerize with AR-FL28 and facili-
tate its nuclear translocation.29 3) There is no tissue
confirmation using direct biopsies of tumors.
CONCLUSIONS
Despite the shortcomings, the current study is
novel. To our knowledge this is the first report of
AR-V7 detection using a whole blood assay that also
detected ARv567es in a significant proportion of
patients. Eliminating the CTC selection process
decreases hands-on time and improves assay
sensitivity, enabling more patients to benefit from
such assays. Indeed, the percent of AR-V7þ patients
in this study was higher than for both CTC based
assays (68.49% vs 50% and 49%, respectively).7,18

The small volume of blood needed and the stability
of RNA in PAXgene tubes make it practical to
incorporate this assay into routine patient moni-
toring. In view of the potential benefits it is neces-
sary to further evaluate and refine this assay in a
prospective study with an adequate cohort.
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The androgen receptor (AR) is a ligand-activated nuclear
receptor that plays a critical role in normal prostate physiology,
as well as in the development and progression of prostate can-
cer. In addition to the classical paradigm in which AR exerts its
biological effects in the nucleus by orchestrating the expression
of the androgen-regulated transcriptome, there is considerable
evidence supporting a rapid, nongenomic activity mediated by
membrane-associated AR. Although the genomic action of AR
has been studied in depth, the molecular events governing AR
transport to the plasma membrane and the downstream AR sig-
naling cascades remain poorly understood. In this study, we
report that AR membrane transport is microtubule-dependent.
Disruption of the function of kinesin 5B (KIF5B), but not of
kinesin C3 (KIFC3), interfered with AR membrane association
and signaling. Co-immunoprecipitation and pulldown assays
revealed that AR physically interacts with KIF5B and that
androgen enhances this interaction. Furthermore, we show
that heat shock protein 27 (HSP27) is activated by membrane-
associated AR and that HSP27 plays an important role in medi-
ating AR-mediated membrane-to-nuclear signal transduction.
Together, these results indicate that AR membrane transloca-
tion is mediated by the microtubule cytoskeleton and the motor
protein KIF5B. By activating HSP27, membrane-associated AR
potentiates the transcriptional activity of nuclear AR. We con-
clude that disruption of AR membrane translocation may rep-
resent a potential strategy for targeting AR signaling therapeu-
tically in prostate cancer.

The androgen receptor (AR),3 along with the estrogen recep-
tor (ER), glucocorticoid receptor (GR), progesterone receptor
(PR), and the mineralocorticoid receptor (MR), is a member of
the Type I nuclear receptor subfamily (1, 2). AR plays an impor-
tant role in the development and maintenance of the male sex-
ual phenotype (3, 4). Similar to other steroid hormone recep-
tors, AR is located in the cytoplasm in the absence of androgens,
forming a complex with chaperones and co-chaperones such as
heat shock proteins and immunophilins (5). Upon androgen
binding, AR undergoes conformational changes and translo-
cates to the nucleus, where it binds to the androgen response
elements (AREs) as a homodimer; activates the expression of
AR target genes; and induces cell proliferation, differentiation,
and survival (6, 7). This mode of action is the classical AR sig-
naling pathway, also known as the genomic action. In addition
to the classical pathway, many observations suggest androgens,
as well as some other steroid hormones, can affect cellular pro-
cesses in a nongenomic fashion (8). Cinar et al. found that
within minutes of androgen stimulation, AR is localized to the
membrane lipid rafts microdomain, interacts with AKT, and
activates AKT signaling (9). Pedram et al. showed palmitoyla-
tion of a conserved motif in the ligand-binding domain is crit-
ical for membrane localization of estrogen receptor, progester-
one receptor, and AR (10). Additionally, studies have shown AR
interacts with caveolin-1 (Cav-1), a major component of the
caveolae membrane structure (11, 12). Down-regulation of
Cav-1 decreases AR membrane localization (11, 12). Overall,
studies on membrane-associated AR are limited and very little
is understood regarding the mechanisms underlying AR trans-
location to the plasma membrane.

In this study, we investigated the mechanism involved in AR
plasma membrane trafficking. We found that the AR plasma
membrane translocation depends on the microtubules and the
KIF5B motor protein. We also identified membrane-associated
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AR potentiates the transcriptional activities of AR by enhancing
AR nuclear import.

Results

Androgen induces AR plasma membrane translocation

We first employed an immunofluorescence (IF) assay to visu-
alize androgen-induced AR membrane localization in LNCaP
cells. As shown in Fig. 1A, when the cells were cultured in an
androgen-depleted condition, AR was primarily in the cyto-
plasm. Ten min after the addition of R1881, a synthetic andro-
gen, a fraction of AR could be observed at the periphery of cells,
overlapping with the staining for ganglioside GM-1, a mem-
brane lipid raft marker (13). At 20 min, as the majority of
cytoplasmic AR had translocated to the nucleus, the mem-

brane pool became more distinguishable. This fraction of AR
appeared to peak at around 20 min after androgen stimulation,
as the intensity declined after longer incubations. Similar
observations were made in COS-7 cells transfected with AR
(Fig. S1), suggesting AR membrane translocation is not unique
to LNCaP cells.

To confirm the IF results, we performed two membrane frac-
tionation assays based on the low-density and Triton X-100 –
insoluble properties of membrane domains enriched with cyto-
plasmically oriented signaling molecules (9). LNCaP cells were
lysed 20 min after the addition of R1881 and separated into
Triton X-100 –soluble (TS) and Triton X-100 –insoluble/octyl-
glucoside-soluble (TI) fractions. We first confirmed that there
was no contamination from cytoplasmic and nuclear proteins

Figure 1. Androgen induces AR membrane translocation. A, intracellular localization of AR by immunofluorescence. LNCaP cells were cultured on chamber
slides in phenol-red free RPMI 1640 containing 5% charcoal-stripped FBS and treated with 1 nM R1881 for the indicated times. Following fixation, the slides were
stained for AR by an anti-AR antibody (green), for membrane marker GM-1 by Cholera Toxin Subunit B (red), and for nuclei by DAPI (blue). Co-localization of AR
and GM-1 was visible after R1881 treatment for 10 and 20 min. Scale bar is 20 �m. B, top, Western blot analysis of AR in Triton X-100 soluble (TS) and Triton X-100
insoluble/octylglucoside soluble (TI) fractions isolated from LNCaP cells. Gi�3 was used as the membrane marker and GAPDH as the cytoplasm marker. Bottom,
AR levels in TI fractions were calculated as the AR/Gi�3 ratios and expressed relative to that of the leftmost group. C, Western blot analysis of AR in LNCaP lysates
fractionated by the sucrose gradient ultracentrifugation. Gi� 3 was used as the membrane marker. D, AR levels in Gi�3-positive fractions were quantitated by
densitometry and expressed as % of total AR. The mean � S.D. from three experiments are plotted. *, p � 0.05.
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in the TI fraction, which contains the membrane fraction (Fig.
S2). As shown in Fig. 1B, AR level was low in the TI fraction
under the androgen-depleted condition, but it was markedly
induced by the addition of R1881. The induction was blocked
by enzalutamide, a potent antiandrogen. Consistent with a pre-
vious report showing palmitoylation is critical for AR mem-
brane translocation (10), treatment with 2-bromopalmitate
(2-BP), a palmitoylation inhibitor, blocked the androgen-in-
duced increase of AR in the TI fraction (Fig. S3).

Next, LNCaP lysates were fractionated by the sucrose gradi-
ent ultracentrifugation method and analyzed by Western blot-
ting. As shown in Fig. 1C, AR was present at a very low level in
Gi�3-positive fractions under the androgen-depleted condi-
tion, and treatment with androgen significantly increased AR
distribution in these fractions (Fig. 1C). When compared
against AR in all fractions, we estimated the pool of membrane-
associated AR accounted for 8 –10% of total AR at 20 min after
androgen stimulation (Fig. 1D).

The above analyses show AR undergoes a transient, ligand-
induced membrane translocation, as previously reported by
others (9). To determine the physiological relevance of this
phenomenon, we performed the TS/TI fractionation assays
with LNCaP cells treated with different concentrations of
androgens. As shown in Fig. S4, AR membrane localization

could be induced by dihydrotestosterone (DHT) as low as 1 nM,
and by R1881 as low as 100 pM, suggesting AR membrane trans-
location occurs at both physiological and castrate levels of
androgen (14, 15).

Microtubule cytoskeleton is involved in AR membrane
transport

Studies have established that the microtubules play a critical
role in facilitating the nuclear import of steroid receptors such
as AR (16 –18). However, little is known about the mechanism
of AR membrane translocation. To test whether microtubules
are involved in this process, LNCaP cells were treated with
microtubule inhibitors docetaxel (stabilizes microtubules) and
nocodazole (depolymerizes microtubules). As shown in Fig. 1C,
treatment with docetaxel blocked the androgen-induced
AR distribution in the membrane fractions. Similarly, both
docetaxel and nocodazole abolished androgen induction of AR
in the TI fraction (Fig. 2, A and B), suggesting microtubule
dynamics are critical for AR trafficking to the membrane. The
involvement of the microtubule cytoskeleton seems to be
unique, as inhibition of actin cytoskeleton, which has been
shown to be involved in protein transport (19), did not interfere
with AR membrane translocation (Fig. 2C and Fig. S5).

Figure 2. AR membrane translocation is microtubule-dependent. A–C, the effects of docetaxel (DTX), nocodazole (NCZ), and cytochalasin D (cytoD) on AR
membrane translocation. LNCaP cells were pretreated with 10 nM docetaxel, 50 ng/ml nocodazole , or 0.5 �g/ml cytochalasin D for 16 h, then stimulated with
1 nM R1881 for 20 min. TS/TI fractions were extracted and analyzed by Western blotting. Left, representative blots are shown. Right, AR levels in TI fractions were
calculated as the AR/Gi�3 ratios and expressed relative to that of the leftmost group. The mean � S.D. from three experiments are plotted. *, p � 0.05.
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AR membrane transport is mediated by kinesin 5B

Protein movement along the microtubules is mediated by
direction-specific motor proteins, which largely fall into two
families, dyneins and kinesins. Whereas dyneins mediate cargo
transport to the minus end of the microtubules, kinesins direct
movement toward the plus end (20, 21). Among kinesin family
proteins, KIF5B and KIFC3 have been shown to transport pro-
tein cargos to the plasma membrane (22, 23). To identify the
specific motor protein mediating the transport of AR to the

plasma membrane, we took advantage of the tail-domain
mutants of KIF5B and KIFC3 (KIF5B-tail and KIFC3-tail,
respectively). Because of the truncation of the motor domain,
these mutants are capable of cargo binding but not transport-
ing, thus acting as dominant-negative mutants (24). When they
were co-expressed with AR, the KIFC3-tail had no effect on
androgen-induced AR membrane translocation (Fig. 3A and
Fig. S6A). In contrast, AR membrane translocation was abol-
ished in the presence of the KIF5B-tail (Fig. 3B and Fig. S6B). A

Figure 3. KIF5B mediates AR membrane transport. A and B, the effects of KIFC3-tail and KIF5B-tail on AR membrane translocation. LNCaP cells were
transiently transfected with KIFC3-tail or KIF5B-tail for 48 h, and treated with 1 nM R1881 for 20 min. TS/TI fractions were extracted and analyzed by Western
blotting. Membrane AR levels were calculated as AR/Gi�3 ratios and expressed relative to that of the leftmost group. C, KIF5B-tail, but not KIFC3-tail, interferes
with rapid activation of AKT. LNCaP cells were transfected with KIF5B-tail or KIFC3-tail, and treated with 1 nM R1881 treatment for 30 min. Whole cell lysates were
collected and probed with antibodies against p-AKT and AKT. D, KIF5B knockdown. After LNCaP cells were transfected with siRNAs for 48 h, lysates were
analyzed by Western blotting to confirm the knockdown of KIF5B. E, KIF5B knockdown interrupts AR membrane translocation. LNCaP cells were transfected
siRNAs for 48 h and treated with 1 nM R1881 for 20 min. TS/TI fractions were extracted and analyzed for AR distribution. Left, representative blots are shown.
Right, AR levels in TI fractions were calculated as the AR/Gi�3 ratios and expressed relative to that of the leftmost group. The mean � S.D. from three
experiments are plotted. *, p � 0.05.
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previous report has shown membrane-associated AR mediates
rapid AKT activation stimulated by androgen (9, 25). Consis-
tent with this study, we found androgen-induced AKT phos-
phorylation at 30 min was blocked in the presence of the KIF5B-
tail, but not the KIFC3-tail (Fig. 3C). Additionally, KIF5B
knockdown by an siRNA led to a significant reduction of andro-
gen-induced AR membrane localization in LNCaP cells (Fig. 3,
D and E). Collectively, these results show that AR transport to
the membrane is mediated by the KIF5B motor protein.

AR interacts with KIF5B through the N-terminal domain

If KIF5B is the motor protein responsible for the anterograde
transport of AR, as suggested by the previous section, an inter-
action would be expected between AR and the KIF5B-tail
domain, which is responsible for cargo recognition and bind-
ing. This appeared to be the case. In COS-7 cells co-transfected
with AR and the KIF5B-tail or the KIFC3-tail plasmids (both are
Myc-tagged), AR was co-precipitated with the KIF5B-tail, but
not with the KIFC3-tail, by an anti-Myc antibody (Fig. 4A),
suggesting there is a specific interaction between KIF5B and
AR. A reciprocal co-immunoprecipitation (co-IP) assay per-
formed with an antibody against AR in LNCaP cells demon-
strated an interaction of endogenous AR and KIF5B (Fig. 4B).
Additionally, we performed an in vitro Myc-pulldown assay.
When protein G magnetic beads coated with the KIF5B-tail or
KIFC3-tail were incubated with AR-expressing COS-7 lysates,
AR was pulled down by the KIF5B-tail, but not by the KIFC3-
tail (Fig. 4C), further supporting an interaction between AR and
KIF5B.

We next investigated the effect of androgen on the AR–
KIF5B association. As shown in Fig. 4D, a weak AR band co-

precipitated with the KIF5B-tail under the androgen-deprived
condition; however, a discernible stronger interaction was
observed after the addition of androgen, suggesting that the
AR–KIF5B interaction is ligand-dependent. A similar observa-
tion was made with the endogenous proteins (Fig. 4B).

To identify the domain(s) of AR mediating the interaction
with KIF5B, a series of AR deletion constructs were generated
(Fig. 5A) and used in the pulldown assay. As shown in Fig. 5, B
and C, the full-length AR, as well as constructs containing the
N-terminal domain (NTD) and the NTD plus the DNA-binding
domain (DBD), were pulled down by the KIF5B-tail. In con-
trast, none of the constructs lacking the NTD were pulled down
by the KIF5B-tail. These data suggest AR interacts with KIF5B
through the NTD. Interestingly, the AR-NDH (NTD plus DBD
and Hinge domain) construct was not pulled down by the
KIF5B-tail, suggesting an inhibitory role of the hinge domain in
the AR-KIF5B interaction.

Membrane-associated AR cross-talks with nuclear-destined AR

Pedram et al. have previously identified a conserved motif in
the ligand-binding domain of steroid hormone receptors that is
critical for ligand-induced translocation to the plasma mem-
brane (10). For AR, substituting the cysteine residue at position
807 with an alanine abolished AR palmitoylation, leading to
reduced membrane localization (10). We believe this mem-
brane-deficient mutant is suitable for understanding the func-
tional relevance of membrane-associated AR. In our lab, we
first confirmed that AR–C807A was defective in androgen-in-
duced membrane localization by IF and TS/TI fractionation
assays (Fig. S7, A and B). Subsequently, we performed the
ligand-binding assay with AR–C807A, because the mutation is

Figure 4. AR interacts with KIF5B. A, co-immunoprecipitation (co-IP) of KIF5B-tail or KIFC3-tail with AR. COS-7 cells were co-transfected with Myc-tagged
KIF5B-tail or KIFC3-tail with AR. Co-IP assays were performed with an antibody against Myc-tag, followed by immunoblot with antibodies against AR and
Myc-tag. Input, cell lysates were analyzed for the expression of AR and KIF5B-tail or KIFC3-tail. A control co-IP experiment was performed with a mouse IgG. B,
the endogenous AR-KIF5B interaction. LNCaP cells were treated with EtOH or R1881 20 min, and a reciprocal co-IP assay was performed with an antibody
against AR, followed by Western blot analyses for AR and KIF5B. C, In vitro pulldown assay for AR. Myc-tagged KIF5B-tail or KIFC3-tail was expressed in COS-7
cells, and enriched by protein G magnetic beads coated with an anti-Myc-tag antibody. The magnetic beads were subsequently incubated with lysates from
COS-7 cells transfected with AR, and the eluted proteins were analyzed by immunoblotting. D, the KIF5B-tail–AR interaction is enhanced by androgen. COS-7
cells co-transfected with KIF5B-tail and AR were cultured in RPMI 1640 supplemented with 10% cs-FBS, and treated with EtOH or R1881 for 20 min. The lysates
were analyzed by the co-IP assay.
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in the ligand-binding domain. Analysis of the data revealed
similar binding curves and disassociation constants (Kd) for
AR–C807A and AR–WT (Fig. S7, C and D), thus excluding the
possibility that the observed deficiency in membrane localiza-
tion of AR–C807A was because of decreased ligand-binding
capacity. Furthermore, the cycloheximide chase assay showed
that the protein stability was similar between AR–WT and
AR–C807A (Fig. S7E).

When the transcriptional activity of AR–C807A was ana-
lyzed in COS-7 cells by the luciferase reporter assay, we found
that although their activities were similar in the absence of
androgen, the R1881-induced activity of AR–C807A was signif-
icantly less than that of the WT counterpart (Fig. 6A). This was
confirmed by the expression of TMPRSS2, an AR-regulated
gene, in DU145 cells ectopically expressing AR–WT or
AR–C807A (Fig. 7C). Consistent with these results, treatment
of LNCaP cells with the palmitoylation inhibitor 2-BP, which
was shown to inhibit AR membrane localization, inhibited
androgen-induced prostate-specific antigen (PSA) mRNA
expression (Fig. 7D). These results suggest that abolishing AR
membrane localization may ultimately impair the activity of AR
as a transcriptional activator, supporting a cross-talk between
membrane-associated and nuclear-destined AR.

To understand how the nuclear function of AR is weakened
by the lack of AR membrane localization, we looked into
nuclear translocation by using an IF assay. In the absence of
androgen, AR–WT and AR–C807A were both predominantly
localized to the cytoplasm (Fig. S8A). Following androgen stim-
ulation, AR–WT underwent a robust nuclear translocation,
and became predominantly nuclear localized after 1 h. In com-
parison, the translocation of AR–C807A to the nucleus was
much slower (Fig. S8A and Fig. 6B). Similar observations were
made in COS-7 cells by using the subcellular fractionation assay
(Fig. 6C and Fig. S8, B and C). These results suggest membrane-

associated AR plays a critical role in potentiating the nuclear
import of AR.

HSP27 mediates membrane-to-nuclear AR cross-talk

It has been previously reported that androgen induces phos-
phorylation of heat shock protein 27 (HSP27), which in turn
facilitates AR nuclear translocation (26). However, it remains
unclear whether HSP27 phosphorylation is mediated by mem-
brane-associated AR. To address this question, we blocked AR
membrane transport with the dominant-negative KIF5B-tail
and examined HSP27 phosphorylation. As shown in Fig. 7A,
androgen induced a rapid and robust induction of HSP27 phos-
phorylation in cells expressing the KIF3C-tail, which did not
affect AR membrane localization (Fig. 3A). In contrast, andro-
gen treatment failed to induce HSP27 phosphorylation in cells
expressing the KIF5B-tail (Fig. 7A). Similarly, COS-7 cells
expressing AR-C807A showed subdued HSP27 phosphoryla-
tion following androgen stimulation as opposed to those
expressing AR-WT (Fig. 7B). These results suggest androgen-
stimulated HSP27 phosphorylation is mediated by membrane-
associated AR.

If HSP27 functions as a key mediator of AR signaling from
the membrane to nucleus, it would be expected that expression
of constitutive active HSP27 will at least in part rescue the
defects of membrane-deficient AR. To this end, we performed
rescue assays with HSP27-D (phosphorylation mimicking) and
HSP27-A (phosphorylation deficient) mutants (27). As men-
tioned previously, androgen-induced TMRPSS2 expression
was muted in AR–C807A– expressing DU145 cells. The co-
transfection of HSP27-D, but not HSP27-A, rescued the expres-
sion of TMRPSS2 (Fig. 7C). Similarly, in LNCaP cells treated
with 2-BP, the expression of PSA mRNA was rescued by
HSP27-D, but not HSP27-A (Fig. 7D). Furthermore, although
they grew similarly in an androgen-depleted condition (Fig. S9),

Figure 5. AR binds to KIF5B via the N-terminal domain. A, a series of AR deletion constructs were generated by deleting progressively from the C and N
termini. B and C, these constructs were expressed in COS-7 cells and analyzed by the in vitro pulldown assay with KIF5B-tail– coated magnet beads. Western
blots were probed with the N-20 (B) and C-19 (C) antibodies, which recognized the N and C termini of AR, respectively. Control pulldowns were performed with
a mouse IgG. H, Hinge domain; LBD, ligand-binding domain; N, NTD only; ND, NTD and DBD; NDH, NTD plus DBD and H; DHL, DBD plus H and LBD; HL, H and LBD.
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AR–WT– expressing DU145 cells proliferated at a higher rate
than those expressing AR–C807A in the presence of androgen
(Fig. 7E), suggesting membrane localization is critical for the
proliferative effects of AR. Co-expression of HSP27-D partially
restored cell proliferation, whereas the co-transfection of
HSP27-A failed to do so (Fig. 7E). Collectively, these results
provide evidence supporting HSP27 as a key mediator of the AR
membrane-to-nuclear signaling.

Discussion

As a member of the nuclear receptor superfamily, AR is best
known for its activity in the nucleus as a ligand-dependent tran-
scription factor, orchestrating the expression of androgen-reg-
ulated transcriptome which is critical for prostate develop-
ment, homeostasis, and carcinogenesis (1, 15, 28). In recent
years, AR’s actions outside the nucleus, also known as the non-
genomic function, have been increasingly recognized. A previ-
ous study has shown that upon androgen stimulation, AR
appears in the membrane fraction within minutes, forms a
complex with AKT, and induces the phosphorylation and acti-
vation of AKT (9, 25). However, the mechanism of AR transport
to the plasma membrane and the downstream events regulated
by membrane-associated AR are largely unknown. In this study,
we are the first to demonstrate that AR membrane transport is
microtubule-dependent, a similarity shared with its nuclear
import. However, this anterograde transport of AR is mediated
by the motor protein KIF5B, as opposed to dynein, which medi-
ates the retrograde transport (17).

Previously, Lu et al. showed that caveolin-1 (Cav-1) knock-
down by shRNAs decreased the amount of AR localized to the

membrane, suggesting Cav-1 is involved in AR membrane traf-
ficking (11). In our study, AR membrane translocation was
observed in both Cav-1–positive COS-7 cells and Cav-1–
negative LNCaP cells, indicating Cav-1 is not necessary for this
process. Cav-1 may stabilize AR in the plasma membrane in
Cav-1– expressing cells.

Our study also presents the first evidence that membrane-
associated AR potentiates the classical AR actions by enhancing
the nuclear import and activity of AR through the activation of
HSP27. HSP27 is an ATP-independent molecular chaperone
involved in cytoprotection in stress conditions (29). The activ-
ity of HSP27 is regulated by phosphorylation and phospho-
HSP27 has been shown to suppress apoptosis, enhance invasion
and survival of cancer cells (30). HSP27 is believed to drive
prostate cancer cell metastasis through its regulation of
MMP-2 (31). Particularly, HSP27 has been shown to be acti-
vated by androgen stimulation, and to enhance AR nuclear
import and transcriptional activity through its interaction with
AR (26). In our study, we found the phosphorylation of HSP27
is mediated by membrane-associated AR. However, the exact
kinase(s) responsible for HSP27 phosphorylation remains to be
elucidated. A possible candidate is ERK, which has been shown
to phosphorylate HSP27 (32). Deng et al. showed testosterone
induces rapid AR membrane association and phosphorylation
of AKT and ERK (25).

As shown in Fig. 1A, androgen-induced AR membrane local-
ization is transient. However, by using a novel androgen den-
drimer conjugate (ADC) that selectively binds AR in the cyto-
plasm but prevents AR from being imported to the nucleus (33,

Figure 6. Loss of AR membrane association impairs its nuclear activity. A, luciferase reporter assay. COS-7 cells were co-transfected with the ARR3 lucif-
erase reporter, pRL–TK, along with WT AR (AR–WT) or the AR–C807A mutant. Dual-Luciferase assays were performed 24 h after the cells were treated with the
solvent (EtOH) or 1 nM R1881. The normalized luciferase activities were expressed relative to the leftmost group. B, IF analyses of COS-7 cells transfected with
AR–WT or AR–C807A. Transfected cells were cultured on chamber slides for 48 h, and treated with 10 nM DHT for the indicated times. Following fixation, the
slides were stained by an anti-AR, by CTB (for defining cell boundary), and by DAPI (for nuclei). The images were analyzed by the Image J software to quantitate
the nuclear and cytoplasmic AR signals. At least 20 cells per group were analyzed. C, subcellular fractionation assay of COS-7 cells transfected with AR–WT or
AR–C807A. Cells were stimulated by 1 nM R1881 for the indicated times and levels of AR were determined by Western blotting. The nuclear/cytoplasmic AR
ratios were calculated relative to the 0 min time point. The mean � S.D. from three experiments are plotted. *, p � 0.05.
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34), we found AR remained in the membrane fractions for lon-
ger periods (data not shown). This result suggests a feedback
signal transmitted from nuclear AR to inhibit AR membrane
association.

In addition to the canonical full-length AR, at least two AR
isoforms have been found on the plasma membrane. AR8, a
novel AR splice variant that contains the NTD and a unique 33
amino acid C terminus, is expressed in both clinical samples
and prostate cancer cell lines (35). Localized primarily to the
plasma membrane, AR8 promotes the association of Src and
AR with EGFR in response to EGF stimulation, and is required
for the optimal AR transcriptional activity induced by EGF or
DHT (35). This is similar to our finding that membrane-asso-
ciated AR potentiates the transcriptional activity of nuclear-
destined AR. Another AR splice variant found on the plasma
membrane is AR45, which lacks the NTD (36). A recent study
identified AR45 in the plasma membrane lipid rafts of neuronal
cells (37). Functionally, AR45 is postulated to play a role in the
regulation of intracellular calcium signaling through its inter-
actions with the membrane-associated G�o and G�q proteins
(37). The molecular mechanisms of membrane transport of

AR8 and AR45 have not been studied. However, based on our
data that KIF5B interacts with the AR NTD, it is likely AR8 is
transported by KIF5B.

Based on the current study and previous work from our lab
and others, we propose a working model for role of the micro-
tubule cytoskeleton in the regulation of AR intracellular local-
ization and activity (Fig. 8). In the absence of androgen, AR is
associated with the microtubules (16), which retains AR in the
cytoplasm. Following androgen stimulation, AR undergoes
conformational changes, which reduce AR binding to the
microtubules but allow it to interact with KIF5B via the NTD.
KIF5B then transports AR to the plasma membrane, where
AR initiates a signaling cascade, possibly through interaction
with AKT, leading to the phosphorylation and activation of
ERK and HSP27, the latter of which further facilitates AR
nuclear transport.

It is now widely accepted that the AR signaling pathway
remains active in castration-resistant prostate cancer (CRPC).
Our study demonstrated that AR membrane transport can be
induced by DHT concentrations found in CRPC tissues (38)
(Fig. S4). Based on the existing evidence, we propose that mem-

Figure 7. HSP27 mediates cross-talk between membrane-associated and nuclear-destined AR. A, KIF5B-tail blocks androgen-induced phosphoryla-
tion of HSP27. LNCaP cells transfected with KIF5B-tail or KIFC3-tail were treated with 1 nM R1881 for 15 and 25 min, and analyzed by Western blotting for total
and phosphorylated HSP27. B, AR–WT, but not AR–C807A, induces HSP27 phosphorylation. COS-7 cells transfected with AR–WT or AR–C807A were treated
with 1 nM R1881 for 0, 10, 20 min, and analyzed by Western blotting for total and phosphorylated HSP27. C, rescue of TMPRSS2 expression by HSP27D. DU145
cells were transfected with AR–WT/AR–C807A with vector/HSP27A/HSP27D, and treated with EtOH or 1 nM R1881 for 24 h. Following qRT-PCR, normalized
TMPRSS2 mRNA levels were expressed relative to the leftmost group. D, inhibition of androgen-induced PSA expression by 2-BP is rescued by constitutively
active HSP27. LNCaP cells were transfected with HSP27A/HSP27D or empty vector, treated with 10 �M 2-BP or DMSO for 16 h, followed by 1 nM R1881 or EtOH
treatment for an additional 24 h. Following qRT-PCR, normalized PSA mRNA levels (by RPL30 housekeeping gene) were expressed relative to the leftmost
group. E, HSP27D rescued cell growth. DU145 cells were transfected with AR/AR–C807A with vector/HSP27A/HSP27D, cultured in RPMI supplemented with
10% cs-FBS and treated with 1 nM R1881 for 1 to 3 days, and the SRB assay was performed. The data were expressed as -folds of the day 0 readings. The mean �
S.D. from at least three experiments are plotted. *, p � 0.05.
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brane-associated AR plays a critical role in sustaining AR sig-
naling in CRPC through at least two mechanisms. First, mem-
brane AR potentiates the AR transcriptional activity in the
presence of low levels of androgen by enhancing the nuclear
translocation. Second, AR activates AKT, ERK, and Src path-
ways at the membrane, thereby promoting cell proliferation,
invasion, and survival through these pathways (39). Therefore,
targeting AR membrane transport represents a novel strategy
to fully suppress AR signaling in CRPC.

Experimental procedures

Cell lines and reagents

LNCaP, DU-145, and COS-7 cells were obtained from Amer-
ican Type Culture Collection. The suppliers for the antibodies
used in this study include Santa Cruz Technology (for AR N-20
and GAPDH antibodies), EMD Millipore (AR PG-21, Gi�3, and
Myc-tag), Cell Signaling Technology (AKT, phospho-AKT
(Ser-473), HSP27, and phospho-HSP27 (Ser-82)), GeneTex
(anti-LSD1), and Abcam (anti-KIF5B). Docetaxel was obtained
from Selleck Chemicals (Houston, TX); nocodazole, protease
inhibitor cocktails, and KIF5B siRNA were from Sigma Aldrich;
and Alexa Fluor� 594 conjugated Cholera Toxin Subunit B
(CTB) was from Thermo Fisher Scientific. For plasmids, pRK–
Myc–KIFC3-tail was kindly provided by Dr. Kristen Verhey
(University of Michigan), Myc–KIF5B-tail by Dr. Geri E. Kre-
itzer (Weill Cornell Medical College, Cornell University), and
AR–C807A was a gift from Dr. Ellis Levin (University of
California at Irvine). The pFLAG-CMV2-Hsp27-S15D/S78D/
S82D and pFLAG-CMV2-Hsp27-S15A/S78A/S82A plasmids
were obtained from Addgene (85188, 84997, supplied by Ugo
Moens’s lab).

Immunofluorescence

Cells were cultured on chamber slides at 37 °C and stained
with CTB for 30 min at 4 °C. Following CTB staining, cells were
washed with phosphate-buffered saline (PBS) once, fixed with
4% paraformaldehyde for 10 min at room temperature, and
permeabilized with 0.2% Triton X-100 for 10 min at room tem-
perature. Cells were then blocked with 5% BSA in PBST buffer
(PBS with Tween 20) for 1 h, and incubated with anti-AR over-
night at 4 °C, followed by staining with the Alexa Fluor� 488 –
labeled secondary antibody for 1 h at room temperature. The
fluorescence signal was detected by using a Nikon A1 confocal
microscope.

Membrane fractionation by serial detergent extraction

The membrane fractions were extracted by using the succes-
sive detergent method as previously described (40). Briefly, cells
were washed with PBS and suspended in buffer A (25 mM mor-
pholinoethanesulfonic acid, 150 mM NaCl, pH 6.5, 1% Triton
X-100, 1 mM Na3VO4, 1 mM phenylmethylsulfonyl fluoride, and
protease inhibitor cocktails) and incubated on ice for 30 min.
The Triton-insoluble fractions were collected by centrifugation
at 14,000 � g for 20 min at 4 °C. The supernatant (Triton solu-
ble) was transferred to a new tube and the pellet (Triton insol-
uble) was resuspended in buffer B (10 mM Tris, pH 7.6, 1%
Triton X-100, 500 mM NaCl, 1 mM Na3VO4, 60 mM n-octyl-�-
D-glucoside, 1 mM phenylmethylsulfonyl fluoride, and protease
inhibitor mixture) and incubated on ice for 30 min. The debris
(octylglucoside insoluble) was cleared by centrifugation at
14,000 � g for 20 min at 4 °C.

Sucrose gradient ultracentrifugation

Low-density membrane fractions enriched with lipid rafts
were isolated by using the sucrose gradient ultracentrifuge
method as described previously (41). Briefly, cells were washed
once with PBS and suspended in lysis buffer (50 mM HEPES, 300
mM KCl, 0.1 mM EDTA, 1 mM PMSF, 0.1% Nonidet P-40, and
protease inhibitor cocktails). Lysates were scraped from the
dishes and cleared by centrifugation at 3000 � g at 4 °C for 10
min. The supernatant was mixed with an equal volume of 80%
sucrose (in HEPES buffer), placed at the bottom of an ultracen-
trifuge tube, and layered with 4 ml each of 35 and 5% sucrose.
Samples were centrifuged at 120,000 � g at 4 °C for 18 h in a
swing bucket rotor (Beckman SW41 Ti). After ultracentrifuga-
tion, the layers were carefully collected and analyzed by West-
ern blotting.

Western blotting

Cells were washed with ice-cold PBS and lysed with 1� Cell
Lysis Buffer (Cell Signaling Technology) containing a phospha-
tase inhibitor and the protease inhibitor mixture (Sigma). After
incubating the cells on ice for 30 min, lysates were collected by
centrifugation at 12,000 � g for 10 min. Protein concentrations
were determined by the BCA Protein Assay kit (Pierce). The
samples were separated on 10% SDS-polyacrylamide gels and
transferred onto polyvinylidene fluoride (PVDF) membranes.
After blocking in TBST buffer (150 mM NaCl, 10 mM Tris, pH
7.4, 0.1% Tween 20) containing 5% nonfat milk, the blots were

Figure 8. Schematic illustration of the anterograde AR transport and the
cross-talk between membrane-associated and nuclear-destined AR.
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incubated with a primary antibody overnight at 4 °C and a
fluorescent-labeled secondary antibody for 1 h at room temper-
ature. The fluorescent signals were obtained by the Odyssey IR
Imaging System (LI-COR Biosciences).

Cell culture, transient transfection, and luciferase reporter
assay

LNCaP and DU-145 cells were cultured in RPMI 1640 and
COS-7 cells in Dulbecco’s modified Eagle’s medium (high glu-
cose), supplemented with antibiotics (penicillin and streptomy-
cin) and 10% fetal bovine serum. Transient transfection was
performed by using TurboFect (Thermo Scientific) or Lipo-
fectamine 3000 (Invitrogen) for plasmids, and X-tremeGENE
(Roche) for siRNAs, following the manufacturers’ instructions.

For reporter gene assay, cells were co-transfected with the
ARR3-luc luciferase reporter construct and pRL-TK, along
with a plasmid encoding for AR–WT or AR–C807A. After
incubating with the transfection mixture for 4 h, cells were
replated in culture medium containing 10% charcoal-stripped
fetal bovine serum (cs-FBS) and treated with 0 or 1 nM R1881.
Dual-Luciferase assay was performed at 24 h post treatment
using the Dual-Luciferase Reporter Assay System (Promega).
The Firefly luciferase activity was normalized by the Renilla
luciferase.

Co-immunoprecipitation

Cells were prepared in lysis buffer (50 mM Tris-HCl, pH 8.0,
120 mM NaCl, 0.5% Nonidet P-40, and protease inhibitor cock-
tails), precleared with anti-mouse IgG antibody for 1 h at 4 °C,
and immunoprecipitated with an anti–Myc-tag antibody at
4 °C overnight. The antibody and associated complex were col-
lected by protein G beads (Thermo Fisher), washed three times
with the lysis buffer, and analyzed by Western blotting.

In vitro pulldown assay

Myc-tagged KIF5B-tail was expressed in COS-7 cells, and
enriched by protein G magnetic beads coated with an anti-
Myc-tag antibody. The enriched kinesin was further incubated
with lysates from COS-7 cells transfected with AR or AR dele-
tion constructs, and the proteins pulled down by kinesin were
analyzed by Western blotting.

Ligand-binding assay

COS-7 cells transfected with AR–WT and AR–C807A were
cultured in a 6-well plate for 48 h. Cells were washed twice in
serum-free medium and incubated with 0.25, 0.5, 1, 2.5, 5, and
7.5 nM [3H]R1881 (methyltrienolone, Perkin-Elmer) in the
presence or absence of 200-fold cold R1881 at 37 °C in a CO2
incubator for 1 h. At the end of incubation, cells were washed
three times with ice-cold PBS and the wash solution was com-
pletely removed after each wash. Seven hundred �l absolute
ethanol was added to each well and the cells were incubated at
room temperature with gentle rocking for 30 min. The ethanoic
extracts were transferred to scintillation vials with 4 ml scintil-
lation fluid for radioactivity counting.

Nuclear and cytoplasmic fractionation

Nuclear and cytoplasmic factions were extracted by NE-PERTM

Nuclear and Cytoplasmic Extraction kit (Thermo Fischer Sci-

entific) according to the manufacturer’s instructions. GAPDH
was used as the cytoplasmic marker, and LSD1 as the nuclear
marker.

Statistical analysis

Statistical analysis was performed using GraphPad Prism and
Microsoft Excel. The Student’s two-tailed t test was used to
determine the difference in means between two groups. p �
0.05 is considered significant. Data are presented as mean �
S.D. from at least three independent experiments.
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Figure S1. Intracellular localization of AR by immunofluorescence.  COS-7 cells transfected with 
AR were cultured on chamber slides in phenol-red free DMEM containing 5% charcoal-stripped FBS 
and treated with 1 nM R1881 for the indicated times.  Following fixation, the slides were stained for 
AR by an anti-AR (green), for membrane marker GM-1 by Cholera Toxin Subunit B (red), and for 
nuclei by DAPI (blue).  Scale bar is 100 μm.

Figure S1 



Figure S2 

Figure S2. Assessment of the membrane fractionation assay. LNCaP cells cultured in an androgen-
deple ted  condi t ion  were  sepa ra ted  in to  Tr i ton  X-100-so lub le  (TS) ,  Tr i ton  X-100-
insoluble/octylglucoside-soluble  (TI) and pellet (insoluable in both Triton X-100 and octylglucoside) 
fractions. Western blotting was performed to detect the distribution of  GAPDH (cytoplasm marker), 
Giα3 (membrane marker), histone, and lamin A/C (nuclear markers).  AR was detected in all three 
fractions.  
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Figure S3 

Figure S3. Androgen-induced AR membrane translocation is blocked by a palmitoylation 
inhibitor.  LNCaP cells were pretreated with 10 µM 2-BP for 16 h, then stimulated with 1 nM R1881 
for 20 min.  TS/ TI fractions were extracted and analyzed by Western blots.	



Figure S4 

Figure S4. AR membrane transport induced by different concentrations of androgens.  LNCaP 
cells were treated with DHT (1, 2, 10 nM, in panel A) or R1881 (50, 100 pM, 1 nM, in panel B) for 20 
min.  TS/TI fractions were extracted and analyzed by Western blots.  Membrane AR levels were 
calculated as AR/Giα3 ratios and expressed relative to that of the leftmost group.  The mean ± SEM 
from three experiments are plotted.  *, P<0.05. 
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Figure S5 	

Figure S5.  AR transport to the membrane is not affected by cytochalasin D.  LNCaP cells were 
pretreated with EtOH or 0.5 mg/ml cytochalasin D overnight, followed by 1 nM R1881 for an 
additional 20 min. Cell lysates were subjected to sucrose gradient ultracentrifugation and analyzed by 
Western blots. Giα3 was used as the membrane marker. 
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Figure S6 

Figure S6. Expression of KIFC3-tail and KIF5B-tail in LNCaP.  Cells were transiently transfected 
with KIFC3-tail or KIF5B-tail. Whole cell lysates were collected after 48 h and analyzed by Western 
blots to confirm the expression of KIFC3-tail and KIF5B-tail. 
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Figure S7 
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Figure S7 Cont’d
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Figure S7 Cont’d

E

Figure S7. Characterization of the AR-C807A mutant. A, intracellular localization of AR-WT/AR-
C807A by immunofluorescence.  COS-7 cells were transiently transfected with AR-WT or AR-C807A, 
cultured in phenol-red free DMEM with 5% cs-FBS for 48 h, and stimulated with 1 nM R1881 for 20 
min.  Following fixation, cells were stained for AR by an anti-AR (green). B, the localization of AR-
WT/AR-C807A at plasma membrane was detected by the TS/TI fractionation assay.  C, androgen 
binding activities of AR-WT and AR-C807A.  D, Scatchard plots for AR-WT/AR-C807A ligand 
binding.  The calculated dissociation constant (Kd) is 3.652 pM for AR-WT, and is 3.625 pM for AR-
C807A. E, stability of AR-WT and AR-C807A. COS-7 cells were transfected with AR-WT or AR-
C807A for 48h, and treated with 20 μg/ml CHX for different times. AR protein in whole cell lysates 
were analyzed by Western blotting. 
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Figure S8 Cont’d

Figure S8. Nuclear import of AR-WT and AR-C807A. A,  immunofluorescence assay.  Transfected COS-7 cells were treated with 1 nM R1881 for the 
indicated time points and stained for AR, GM-1, and nuclei. Scale bar is 20 μm. B and C, subcellular fractionation assay.  COS-7 cells was treated with 1 
nM R1881 for different time points (0, 40 min, 1 h, 2 h), lysed for cytoplasm/nuclear fractionation, and analyzed by Western blots.  LSD1 was used as the 
nuclear marker and GAPDH as the cytoplasmic marker.
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Figure S9

Figure S9. Cell growth assay in DU145 cells without androgen stimulation.  Cells were co-transfected with AR-WT/AR-C807A and 
vector/HSP27A/HSP27D, cultured in RPMI 1640 supplemented with 10% cs-FBS for 1 to 3 days, and the SRB assay was performed.  The data were 
expressed as folds of the day 0 readings and plotted as mean ± SD from three experiments.
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