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Abstract
Prostate cancer growth depends on androgen receptor signaling. Androgen ablation therapy induces

expression of constitutively active androgen receptor splice variants that drive disease progression. Taxanes
are a standard of care therapy in castration-resistant prostate cancer (CRPC); however, mechanisms underlying
the clinical activity of taxanes are poorly understood. Recent work suggests that the microtubule network of
prostate cells is critical for androgen receptor nuclear translocation and activity. In this study, we used a set of
androgen receptor deletionmutants to identify themicrotubule-binding domain of the androgen receptor, which
encompasses the DNA binding domain plus hinge region. We report that two clinically relevant androgen
receptor splice variants, ARv567 and ARv7, differentially associate with microtubules and dynein motor protein,
thereby resulting in differential taxane sensitivity in vitro and in vivo. ARv7, which lacks the hinge region, did not
co-sediment with microtubules or coprecipitate with dynein motor protein, unlike ARv567. Mechanistic
investigations revealed that the nuclear accumulation and transcriptional activity of ARv7 was unaffected by
taxane treatment. In contrast, themicrotubule-interacting splice variant ARv567 was sensitive to taxane-induced
microtubule stabilization. In ARv567-expressing LuCap86.2 tumor xenografts, docetaxel treatment was highly
efficacious, whereas ARv7-expressing LuCap23.1 tumor xenografts displayed docetaxel resistance. Our results
suggest that androgen receptor variants that accumulate in CRPC cells utilize distinct pathways of nuclear import
that affect the antitumor efficacy of taxanes, suggesting a mechanistic rationale to customize treatments for
patients with CRPC, which might improve outcomes. Cancer Res; 74(8); 2270–82. �2014 AACR.

Introduction
Prostate cancer progression is dependent on continuous

androgen receptor signaling and transcriptional activity. Thus,
strategies designed to effectively inhibit androgen receptor
transcriptional activity and signaling are at the forefront of
current research in prostate cancer. The importance of the
androgen receptor in prostate cancer disease progression is
further highlighted by the fact that many recent therapies are
designed to target the androgen axis, such as enzalutamide
(formerly MDV3100; refs. 1 and 2), an androgen receptor
antagonist, and abiraterone (3), a CYP17 inhibitor that inhibits
androgen synthesis. However, resistance to all forms of andro-

gen deprivation therapy (ADT), including these next-genera-
tion compounds, occurs eventually and results in disease
progression. In fact, despite androgen ablation, the progression
to castration-resistant prostate cancer (CRPC) remains andro-
gen receptor driven (4) because of several mechanisms, includ-
ing androgen receptor gene amplification, in situ androgen
production (5), the presence of ligand-independent androgen
receptor splice variants that localize to the nucleus and are
constitutively active (6, 7), and the appearance of the recently
identified ligand-binding domain (LBD) mutant form of
ARF876L (8, 9).

Following disease progression on ADT, patients with CRPC
are commonly treated with taxanes, microtubule-stabilizing
drugs, which represent the only class of chemotherapy drugs
that prolongs survival inCRPC (10, 11) and are used as standard
first- and second-line chemotherapy. We and others have
recently shown that androgen receptor signaling is inhibited
by taxane treatment, as drug-induced microtubule stabiliza-
tion abrogates androgen receptor's nuclear translocation and
transcriptional activity (12, 13). Specifically, we showed that
following ligand stimulation, androgen receptor traffics on
microtubules with the aid of the microtubule-based minus-
end–directed motor protein dynein, in order to be efficiently
trafficked to the nucleus, where it exerts its transcriptional
activity (12). Importantly, using patient with CRPC-derived
circulating tumor cells, we observed a significant correlation
between androgen receptor cytoplasmic sequestration and
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clinical response to taxane chemotherapy. These results dem-
onstrate that androgen receptor inhibition canoccur as a result
ofmicrotubule stabilization and is a criticalmechanism under-
lying clinical activity of taxanes in prostate cancer (14).
This newly identified mechanism of taxane activity pre-

dicts that the combination of taxanes with next-generation
androgen receptor targeting drugs would be synergistic
because they both inhibit androgen receptor signaling, by
targeting different components of androgen receptor signal-
ing axis (14). For example, abiraterone inhibits ligand pro-
duction, whereas taxanes inhibit the nuclear translocation of
the receptor–ligand complex. Despite this prediction, a
recent clinical study reported that the activity of docetaxel
post-abiraterone was lower than expected whereas no
responses to docetaxel were observed in abiraterone-refrac-
tory patients (15). These data suggested that perhaps besides
the common mechanism of action (inhibition of androgen
receptor axis) these 2 classes of drugs, taxanes, and andro-
gen receptor inhibitors, might also share a common mech-
anism of resistance.
Interestingly recent reports have shown that constitutively

active androgen receptor splice variants are overexpressed in
CRPC (16–19) and confer resistance to both enzalutamide and
abiraterone (20, 21). Androgen receptor variants ARv567 and
ARv7 seem to be the 2 most clinically prevalent splice variants,
with ARv567 present in 59% of tumor specimens from patients
with CRPC (19) and arising in response to ADT or abiraterone
treatment (20) and ARv7 present in both benign andmalignant
prostate tissues but mostly enriched in metastatic disease
(17, 22). Together these studies show that the presence of
androgen receptor splice variants is common in CRPC and
associates with resistance to current androgen deprivation
therapies (20, 21).
The impact of androgen receptor variant expression on

taxane sensitivity and resistance has not been evaluated. Here,
we set out to investigate the mechanisms underlying the
variants ARv567 and ARv7 nuclear translocation and consti-
tutive activity, and whether their presence would affect taxane
sensitivity. Our results show that ARv567, but not ARv7, utilizes
dynamic microtubules and the dynein motor protein for its
nuclear accumulation and resultant transcriptional activity
and as such only taxane treatment sequesters ARv567 "inac-
tive" in the cytoplasm, whereas it has no effect on ARv7
subcellular localization and nuclear activity. We have also
identified the minimum microtubule-binding domain on the
androgen receptor, which lies within the DNA-binding domain
and the hinge region. Interestingly, ARv7, which does not
display microtubule-binding properties lacks the hinge region
and thus lacks the main part of the bipartite nuclear localiza-
tion signal (NLS; refs. 23–26). We show that ARv567 expression
confers docetaxel sensitivity in vivo, whereas expression of the
microtubule-independent ARv7 variant confers resistance.
Taken together, our data identify distinct mechanisms of
cytoplasmic to nuclear trafficking for the 2 androgen receptor
variants, which underlie their differential sensitivity to taxane
treatment, suggesting that variant expression could be used as
a potential predictive biomarker of taxane clinical activity in
CRPC.

Materials and Methods
Cell lines and reagents

PC3 and HEK293T cells were obtained from American Type
Culture Collection and a PC3 stable cell line expressing
mCherry-tubulin (PC3:mCherry-tub) was generated andmain-
tained as previously described (12).

M12 cell line is derived by human prostate epithelial cells
immortalized with the SV40T antigen to produce the poorly
tumorigenic P69SV40T cell line. After injection into athymic
nude mice the produced tumor nodules were reimplanted in
athymicmice, leading to the generation of theM12 cells, which
demonstrated a shorter latency period to tumor formation and
were locally invasive and metastatic compared with the initial
P69SV40T. We chose M12 cells for subsequent transfection
experiments with GFP-tagged AR-wt or androgen receptor
variants as they do not express endogenous AR protein.
GFPþ cells from all 3 androgen receptor cell lines were sorted
using fluorescence-activated cell sorting (FACS) on a BD
FACSAria II cell sorter (BD Biosciences) and subsequently
expanded in media containing G418 (400 ng/mL).

M12 stable cell lines expressing untagged wild-type andro-
gen receptor (AR-wt), ARv567es and ARv7 or expressing
Cumate-inducible FLAG-tagged AR-wt or variants were gen-
erated in Dr. Plymate's laboratory (University of Washington
School of Medicine) and maintained in RPMI 1640 supple-
mented with 5% FBS, 0.01 mmol/L dexamethasone (Sigma
Aldrich), 10 ng/mL epidermal growth factor (Invitrogen), 10
ml/L insulin–transferrin–selenium (Cellgro), 100 IU/mL pen-
icillin plus 100 mg/mL streptomycin at 37�C with 5% CO2.

Unless otherwise stated, all reagents used were from Sigma
Aldrich. For immunofluorescence, we used the following pri-
mary and secondary antibodies: ratmonoclonal anti-a-tubulin
(Novus Biologicals), rabbit polyclonal anti-AR-N21 developed
in our lab using as an antigen the first 21 amino acids of
androgen receptor and species-matching Alexa Fluor 488 and
Alexa Fluor 568 conjugated antibodies from Invitrogen. For
immunoprecipitation we used rat monoclonal anti a-tubulin,
rabbit polyclonal anti-GFP (Novus Biologicals) and mouse
anti-dynein (Covance) antibodies. For the immunoblot assays,
we used mouse monoclonal anti-AR 441 (Novus Biologicals);
rabbit monoclonal anti-AR (EP670Y from Abcam) specific for
the C-terminus; mouse monoclonal anti-ARv7 (Precision Anti-
body) specific for ARv7 variant; mouse monoclonal anti-FLAG
M2 (Sigma Aldrich); rat monoclonal anti-a-tubulin; rabbit
polyclonal anti-GFP (Abcam); and rabbit polyclonal anti-actin
(Sigma Aldrich) antibodies. Alexa Fluor 680 (Invitrogen) and
IRDye 800 (Rockland) conjugated antibodies were as second-
ary antibodies. Methyltrienolone (R1881) and Paclitaxel were
purchased from Sigma Aldrich and docetaxel from Sanofi
Aventis.

Generation of AR truncated mutants
The full-length GFP-AR plasmid (pEGFP-C1-AR-Q22) was

generously provided by Dr. M. Mancini (Baylor College of
Medicine, Houston, TX) and used as the template to generate
all androgen receptor–truncated mutant constructs. All PCR-
generated androgen receptor–truncated mutant constructs
were subcloned into the expression vector pEGFP-C1. All
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cloning was performed using AccuPrime Taq DNA Polymerase
High Fidelity (Invitrogen), with 10 mmol/L forward and reverse
cloning primers (IDT). All primers were designed using the
human androgen receptor mRNA reference sequence (Gen-
Bank NM_000044) and are shown in Table 1.

AR 540-724 and AR 725-919 were subcloned into the
p3xFLAG-CMV-14 expression vector (Sigma) with the follow-
ing specific primers: AR 540-724 forward: 50-cgcacgatatcgc-
caccatgttggagactgccagggacc-30; reverse: 50-cgcacggatccagg-
caaggccttggcccac-30 and AR 725-919 forward: 50-cgcacga-
tatcgccaccatgggcttccgcaacttacacgtg-30; reverse: 50-cgcacg-
gatccctgggtgtggaaatagatggg-30. Amplification products were
analyzed by Sanger sequencing to confirm the integrity of all
constructs.

Immunoprecipitation and Western Blotting
HEK293T cells transiently transfected with GFP-tagged AR-

wt AR, ARv567, or ARv7 were lysed in TNES buffer and
subjected to immunoprecipitation as previously described
(12).

Microtubule co-sedimentation assay
PC3-mCherry-tubulin and HEK293T cells were transiently

transfected with GFP-tagged AR-wt or GFP-ARv7 or HA-
tagged ARv567 and subjected to microtubule co-sedimen-
tation assay as previously described (27). Cells were grown in
RPMI 10% FBS þ 1% P/S till transfection in which the media
were replaced with CSS media. No R1881 was added. For the
co-sedimentation assay, briefly, 1 mg of total cell lysate was
first precleared by high-speed centrifugation. The pellet
(HSP) containing mostly insoluble cell debris was discarded
after loading a small amount on the gel to identify whether
there was significant loss of androgen receptor in the cell
debris, whereas the supernatant (HSS) was supplemented
with exogenous purified bovine brain tubulin (Cytoskeleton)
reconstituted at a final concentration of 10 mmol/L in the
presence of 1 mmol/L GTP, and 20 mmol/L paclitaxel (PTX)
and subjected to a cycle of polymerization for 30 minutes at
37�C. Samples were centrifuged at 100,000� g for 30 minutes
at room temperature and the warm supernatant (WS) was
separated from the warm pellet (WP), which was resus-
pended in an equal volume of PEM buffer. Equal volumes
from each respective fraction were loaded onto a SDS-PAGE
and transferred and immunoblotted with antibodies against
GFP, androgen receptor, a-tubulin, and actin.

Densitometry for each respective protein was performed
using ImageJ (NIH) software and the percentage of the protein
present in the pellet fractionwas calculated using the following
formula: % P ¼ 100 � WP/(WP þ WS).

Quantitative real-time PCR
M12-cumate inducible AR-wt or variant cells were treated

with cumate (Cu) for 48 hours and then starved for 24 hours
in CSS media. Cells were treated with 1 mmol/L docetaxel
for 4 hours either alone or followed by 10 nmol/L R1881
overnight. qPCR for TMPRSS2, FKBP51, and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was performed as
previously described (28).

Dynamitin overexpression, immunofluorescence, and
confocal microscopy

M12 cells stably expressing the untagged androgen receptor
constructs were transiently transfected with c-myc–tagged
pCMVH50mplasmid containing dynamitin (gifted by R. Vallee,
Columbia University, New York, NY) using FuGENE 6, accord-
ing to the manufacturer's instructions. Twenty-four hours
posttransfection, the cells were treated with the indicated
drugs. Images were acquired by confocal microscopy and
image analysis was performed as previously described (12).

Live cell imaging
PC3-mCherry-tubulin cells were plated on MatTek 5 mm,

poly-D-lysine coated glass bottomdishes and allowed to adhere
overnight. Cells were maintained in charcoal-stripped RPMI
1640 at 37�C and 5% CO2 for 1 hour, pressure-microinjected
intranuclearly with plasmids encoding the different GFP-AR
cDNAs as previously described (12) and then treated post-
microinjection for 2 hours with docetaxel or Noc to affect
microtubules. After protein expression, time-lapse images
were taken using a Spinning Disk microscopy system consist-
ing of a Zeiss Axiovert 200 system fitted with a Yokogawa CSU-
X1 spinning disk head. Time lapse microscopy and image
analyses were performed as previously described (12).

Xenograft tumors
LuCaP human prostate cancer xenografts were grown as

previously described (20, 29) in noncastrate SCIDmice. Briefly,
when the tumor volume reached an estimated size of 200 mm3

(l � w2/2), mice was treated with either vehicle or docetaxel
5 or 20-mgm/kg i.p. weekly until tumors in the control group

Table 1. Primers used to generate androgen receptor–truncated mutant constructs

Segment Forward Reverse

Androgen receptor N-terminal domain 50-cgcgtcgacatggaagtgcagttagggctg-30 50-cgggatcctcacgcatgtccccgtaaggt-30

Androgen receptor C-terminal domain 50-cgcgtcgacatgcgtttggagactgccag-30 50-cgggatcctcactgggtgtggaaatagatggg-30

Androgen receptor 540-558 50-cgcacgaattctatgttggagactgccagggacc-30 50-cgcacggatcctcacttctggggtggaaagtaatag-30

Androgen receptor 559-624 (DBD) 50-cgcacgaattctatgacctgcctgatctgtggag-30 50-cgcacggatcctcaccctgcttcataacatttccg-30

Androgen receptor 559-663 (DBD-Hinge) 50-cgcacgaattctatgacctgcctgatctgtggag-30 50-cgcacggatcctcatgacactgtcagcttctggg-30

Androgen receptor 624-663 (Hinge) 50-cgcacgaattctatgactctgggagcccgg-30 50-cgcacggatcctcatgacactgtcagcttctggg-30

Androgen receptor 664-724 50-cgcacgaattctatgcacattgaaggctatgaatgtc-30 50-cgcacggatcctcaaggcaaggccttggcccac-30
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reached a tumor volume of 1,000 mm3. At this time, all animals
in a group were sacrificed. The LuCaP 23.1 and LuCaP 86.2
prostate cancer xenograft lines were developed by coauthor
RLV at the University of Washington. The preclinical studies
presented here were performed in his laboratory. All animal
studies were approved by the University of Washington Insti-
tutional Animal Care and Use Committee.

Immunohistochemistry
Androgen receptor immunostaining of explanted LuCaP

tumors was conducted as previously described (30).

Statistical analysis
The P values for androgen receptor nuclear localization in

control-, taxane-, and nocodazole-treated cells were calculated
using one-way ANOVA followed by multiple comparisons with
Bonferroni adjustments using Stata Statistical Software:
release 10. The P value for androgen receptor nuclear versus
cytoplasmic localization in M12 cells were calculated using 2-
tailed unpaired t test.

Image analysis
For all images, segmentation of the nuclei and the cellular

area was done using MATLAB, MathWorks. Using the 40,6-
diamidino-2-phenylindole images, we applied a unimodal
thresholding algorithm (31) to identify the nuclear areas for
each cell. We then computed the total intensity for the nuclear
areas in the androgen receptor images and obtained the overall
androgen receptor nuclear intensity for each cell. We used the
coordinates of the centroids of the nuclei to build a Voronoi
diagram (32) and identify the approximate area of the cyto-
plasm for each cell.We then computed the total intensity in the
androgen receptor images for each cellular area, including the
cytoplasmic and nuclear areas. The percentage of androgen
receptor nuclear accumulation was calculated as the ratio of
the nuclear to cellular androgen receptor for each individual
cell.

Results
Microtubule binding is mediated by the C-terminal
domain of the androgen receptor
Wehave previously shown that wild-type androgen receptor

(AR-wt) associates with themicrotubule cytoskeleton and that
this association is important for androgen receptor cyto-
plasmic to nuclear translocation and transcriptional activity
in CRPC (12, 14). However, the androgen receptor protein
domain required for microtubule association remains
unknown. To determine the microtubule binding domain on
the androgen receptor protein, we performed a microtubule
co-sedimentation assay using cells expressing overlapping
truncated androgen receptor mutants, which we generated
by a serial mutagenesis approach. The microtubule co-sedi-
mentation assay is an assay routinely used to analyze proteins
that specifically bind to microtubule polymers. The basic
principles of the assay involve addition of exogenous purified
microtubule protein to a crude cell extract, which is then
subjected to a cycle of polymerization in the presence of the
microtubule-stabilizing drug paclitaxel. Any cellular proteins

that have affinity for themicrotubule polymerwill co-sediment
with the tubulin pellet following ultracentrifugation at 100,000
� g. Following centrifugation, the pellet (microtubules and
associated cell proteins) and supernatant (soluble tubulin
dimers and all other cell proteins) fractions are loaded on
adjacent wells of an SDS-PAGE, transferred and immuno-
blotted for the proteins of interest.

Initially, 2 large androgen receptor truncations were gener-
ated and subcloned into a pEGFP-C1 vector: the N-terminal
domain (N-ter, aa 1-539) encompassing exon 1 of the androgen
receptor and theC-terminal domain (C-ter, aa 540-919) encom-
passing the DNA binding domain, the hinge region and the
ligand binding domain of androgen receptor (Fig. 1A). Each
deletion mutant was individually expressed in either PC3:
mCherry-tub or HEK293T cells by transient transfection and
cells were subjected to microtubule co-sedimentation in order
to assess each proteins' association with microtubule poly-
mers. In this assay, cell lysates from each condition (HSS) were
supplemented with exogenous purified tubulin and subjected
to a cycle of microtubule polymerization at 37�C and in the
presence of GTP and Taxol. Under these conditions, purified
tubulin along with endogenous cellular tubulin is robustly
polymerized enabling microtubule interactions with cellular
proteins. Following the polymerization reaction, high-speed
centrifugation separates microtubule polymers along with any
cellular proteins with affinity for them into the WP fraction,
whereas soluble tubulin and other proteins that do not have
affinity for microtubules segregate with the WS. The distribu-
tion of androgen receptor proteins between the WP and WS
fractions indicates its ability to associate with the microtubule
polymers. Efficient tubulin polymerization was observed in all
conditions.

Our results revealed that the C-terminal domain of GFP
associated preferentially with microtubule polymers in both
cell lines (Figs. 1B and Supplementary Fig. S1), as 86% of the C-
ter AR cofractionated with microtubules in the WP fraction,
similar to the AR-wt. In contrast, N-ter AR showed minimal
association (13%) with polymerized tubulin (Figs. 1B and
Supplementary Fig. S1). Tubulin was efficiently polymerized
in all conditions as shown by themajority of tubulin (over 80%)
found in respective WP fractions.

To further narrow down the minimum androgen receptor
microtubule binding domain, we generated 7 additional andro-
gen receptor truncation mutants within the C-ter region of
androgen receptor (Fig. 1C). The truncations were designed to
correspond to androgen receptor functional domains aswell as
to cover the entire C-ter region, as follows: the DNA binding
domain (aa 559-624), the hinge region (aa 625-663), the DNA
binding domain plus the hinge region (aa 559-663), and frag-
ments aa 540-724, 540-558, 664-724, and 725-919. These dele-
tion mutants were subcloned into a pEGFP-C1 vector, with the
exception of aa 540-724 and 725-919 mutants, which were
subcloned into a p3XFLAG-CMV vector as the GFP-tag gave
rise to a protein of approximately 50 kDa, which is also the size
of tubulin, whose excess made the detection of the truncated
proteins very challenging. Of the 7 truncation mutants, the AR
559-663, corresponding to the DNA BD plus the hinge region,
showed the most extensive association with the microtubule
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polymers with 35% protein seen in the WP (Fig. 1D). Surpris-
ingly, none of these androgen receptor deletion mutants
showed as extensive association with themicrotubule polymer
fraction as the original C-ter AR (Fig. 1B), suggesting that likely
there is contribution from different parts of the androgen
receptor within its C-terminus region for effective tubulin
association.

ARv567 associates more extensively with microtubules
compared with ARv7

We then sought to investigate whether any of the 2 most
clinically prevalent androgen receptor splice variants with
truncations in their C-terminus, namely ARv567 (19) and ARv7
(17, 18), would associate with microtubules similar to the AR-
wt. Microtubule co-sedimentation revealed that the ARv567

variant cofractionated almost exclusively (70%) with microtu-
bule polymers in the WP fraction, whereas ARv7 only partially
cofractionated with microtubules at 42% (Fig. 2B).

ARv567, but not ARv7, nuclear translocation is impaired
by microtubules targeting drugs

The distinct pattern of microtubule association exhibited by
the 2 androgen receptor variants suggested potentially distinct
mechanisms of nuclear translocation. To test this hypothesis,
we perturbed the microtubule network by 2-hour treatment
with drugs that either stabilize (docetaxel) or depolymerize
(nocodazole) microtubules and assessed androgen receptor
variant nuclear accumulation in cells microinjected with GFP-
tagged ARv567 or ARv7. Live cell confocalmicroscopywas then
used to image the dynamics of androgen receptor variant
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Figure 1. Microtubule binding is mediated by the C-terminal domain of androgen receptor (AR). A and C, schematic representation of androgen receptor
deletion mutants as indicated. B and D, microtubule co-sedimentation assay of PC3:mCh-tub cells transiently expressing GFP-AR(wt), GFP-N-terminal
androgen receptor (N-ter AR), or GFP-C-terminal androgen receptor (C-ter AR) or each of the smaller deletion mutants as indicated. Cell lysates from
each condition (HSS) were supplemented with exogenous tubulin and subjected to microtubule polymerization in the presence of GTP and paclitaxel. The
samples were centrifuged at 100,000 � g to separate the microtubule polymers (WP) from the soluble tubulin dimers (WS), resolved by SDS-PAGE, and
immunoblotted for the presence of androgen receptor and tubulin as indicated. HSP, high-speed pellet containing cellular proteins that aggregated
nonspecifically. HSS, high-speed supernatant (cell lysate).WP,warmpellet containingmicrotubule polymers and associatedproteins.WS,warmsupernatant
containing soluble tubulin dimers and proteins not associated with microtubules. Boxes highlight the relative protein distribution between the WP
andWS fractions from each condition. The percent protein present in the pellet fraction (%WP) was calculated using the following formula: %P¼ 100�WP/
(WP þ WS) and is presented to the right of each immunoblot. For tubulin a range of values is shown in the %WP quantitation reflecting each of the 3
reactions performed. The blots shown in B belong to the same gel, which was blotted with anti-AR 441 for AR-wt and N-terminal androgen receptor,
and anti-androgen receptor (EP670Y) specific for theC-terminal androgen receptor, anti-tubulin and anti-actin antibodies. In D, all androgen receptor deletion
mutants were detected with an anti-GFP antibody except for the androgen receptor 540–724 and androgen receptor 725–919 deletion mutants that were
detected with an anti-FLAG antibody.
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nuclear accumulation by obtaining z-stack images every 10
minutes for a total of 120 min.
Representative images from each condition are shown

in Fig. 3 and reveal that the nuclear accumulation of ARv567
was significantly impaired followingmicrotubule perturbation
with either drug, while ARv7 remained largely unaffected in the
nucleus (see movies in Supplement). Interestingly, and in
agreement with published reports (17–19, 33), the 2 variants
were found predominantly in the nucleus of untreated cells as
soon as the GFP-tagged protein was expressed following
microinjection (time 0). Despite their initial nuclear localiza-
tion at baseline, the 2 variants exhibited entirely distinct
responses to drug-induced microtubule disruption. Quantita-
tion of the extent of nuclear ARv567 revealed a significant
decrease in its nuclear localization following microtubule
perturbation at all time points tested (Fig. 3C and Supplemen-
tary Table S1 P < 0.01 at baseline and P < 0.001 at all other time
points). The integrity of the microtubule cytoskeleton was
assessed in each condition before time lapse image acquisition
and is shown in the right panels of the figure, indicating
effective drug-target engagement for each of the conditions,
microtubule bundling with docetaxel (Fig. 3A and B, middle
row, arrowhead) and depolymerized tubulin with nocodazole
treatment (Fig. 3A and B,, third row). In contrast and despite
effective drug-target engagement, drug treatment had no effect

on the other clinically relevant and constitutively active andro-
gen receptor splice variant, ARv7 (18). Treatment of the ARv7-
microinjected cells with microtubule targeting drugs did not
impact this variant's nuclear localization at any time point
(Fig. 3B and D and Supplementary Table S1). Taken together,
these data suggested that ARv567 but not ARv7 is dependent
on microtubules for effective nuclear accumulation.

To extend these observations, we used the M12 prostate
cancer cell line, a tumorigenic cell line representative of the
metastatic stage of prostate cancer, to engineer isogenic cell
lines stably expressing GFP-tagged AR-wt AR, ARv567, or ARv7.
We then investigated the effects of docetaxel treatment on the
nuclear localization of each of the GFP-tagged receptors, as
seen by GFP fluorescence (Fig. 4A and B) or antibody-based
detection (Supplementary Fig. S2). In agreement with our
previous data (12), docetaxel inhibited ligand-induced AR-wt
nuclear accumulation downstream of microtubule stabiliza-
tion (Fig. 4A, arrowhead for microtubule bundles, arrows for
cytoplasmic androgen receptor). Docetaxel treatment also
inhibited the nuclear localization of the ligand-independent
ARv567 variant (Fig. 4B). Similar results were obtained in the
presence of R1881, which did not induce any further nuclear
accumulation of ARv567 (Supplementary Fig. S3A). However,
as shown in Fig. 4C, docetaxel treatment failed to alter the
nuclear localization of ARv7 variant in the absence or presence
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of R1881 (Supplementary Fig. S3B). In addition, we quantified
the extent of androgen receptor nuclear localization for each
condition by calculating the ratio of nuclear to total cellular
androgen receptor for each individual cell, as described in the
Materials and Methods (Fig. 4D). This analysis revealed that
docetaxel treatment resulted in a significant decrease of
nuclear localization in AR-wt and ARv567, but had no effect
on ARv7 confirming and corroborating the live cell imaging
results that showed that ARv7 does not depend on microtu-
bules for its nuclear trafficking. To assess the effect of docetaxel
treatment on androgen receptor transcriptional activity, we
performed quantitative real-time PCR using transcriptional
targets previously shown to be differentially induced by AR-wt
and androgen receptor variants. Specifically, TMPRSS2 was

identified as a target specific for AR-wt whereas FKBP51 was
transcriptionally activated by the androgen receptor variants
(18, 34). In this assay, we used M12 cells expressing inducible
AR-wt or variants. As seen in Fig. 4E, in M12 cells, the AR-wt
increased TMPRSS2 expression and docetaxel treatment sig-
nificantly inhibited it, consistent with the drug's effects on
androgen receptor cytoplasmic sequestration. In the case of
the androgen receptor variants, TMPRSS2 is no longer regu-
lated whereas FKBP51 transcription is induced by both ARv7
andARv567. Herewe see that docetaxel treatment significantly
inhibited ARv567-mediated induction of FKBP51 but had no
effect on ARv7 transcriptional activity, in agreement with the
differential effects of docetaxel on each variant's nuclear
localization (Fig. 4B and C). These data confirm that the
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androgen receptor variants have a distinct transcriptome
compared with AR-wt but that nuclear localization is neces-
sary for AR-V and AR-wt activity.

Dynamitin overexpression impairs ARv567 nuclear
translocation, whereas it has no effect on ARv7
To further dissect the mechanism regulating the cyto-

plasmic to nuclear translocation of each variant, we next
investigated the involvement of theminus-end directedmicro-
tubule motor protein dynein, because we have shown that it
mediates nuclear translocation (12). Dynein works in concert
with several accessory proteins to drive subcellular motile
functions, including dynactin, which is an adapter that med-
iates the binding of dynein to cargo structures enhancing
dynein's motor function. Overexpression of the dynactin-asso-

ciated protein, dynamitin, which disrupts dynein–cargo inter-
actions (35), was used to dissect the involvement of dynein in
the transport of the androgen receptor splice variants to the
nucleus.

M12 cells stably expressing untagged ARv567 (M12-
ARv567) or ARv7 (M12-ARv7) were transiently transfected
with a c-myc–tagged p50-dynamitin vector and processed
for double-labeling immunofluorescence with anti-AR and
anti-c-myc antibodies. Overexpression of dynamitin imp-
aired nuclear accumulation of ARv567 (Fig. 5A, dashed
arrows point to cytoplasmic androgen receptor) but had
no effect on the nuclear accumulation of ARv7 (Fig. 5B
arrows point to nuclear androgen receptor). Quantitation
of the extent of androgen receptor nuclear accumulation
revealed a significant decrease of ARv567 in the nucleus of
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dynamitin expressing cells as compared with dynamitin-
overexpressing M12-ARv7 cells, where no effect on nuclear
ARv7 was observed (Fig. 5C).

To further investigate the role of the dynein microtubule-
based motor protein on androgen receptor variant trafficking,
we performed a co-immunoprecipitation experiment in
HEK293T cells transiently transfected with GFP-tagged AR-wt
AR, ARv567, or ARv7 to determine their putative association
with dynein. Co-precipitation using an antibody against GFP
revealed that both the AR-wt AR and ARv567, but not ARv7,
associated with dynein (Fig. 5D). Taken together, these data
support a model whereby AR-wt AR and ARv567 utilize micro-
tubules and dynein-dependent transport for their nuclear
accumulation and subsequent activity. However, ARv7 does

not utilize this mechanism of transport and hence remains
insensitive to taxane treatment.

Docetaxel treatment inhibits ARv567-mediated
subcutaneous tumor growth in SCID mice

Our recent (12, 14) and current data suggest that inhibition
of androgen receptor nuclear accumulation and transcription-
al activity mediates, as least in part, the clinical activity of
taxanes. To determine the impact of androgen receptor variant
expression on taxane sensitivity in vivo, we compared the
effects of docetaxel on the growth of 2 LuCaP xenograft tumors
grown subcutaneously in SCID mice as described in Materials
andMethods. The tumors were LuCaP 86.2, a human xenograft
tumor in which the majority of the androgen receptor is
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ARv567, and LuCaP 23.1, a human xenograft expressing both
AR-wt and ARv7 (20). All xenografts were grown in noncastrate
SCIDmice. There were 15 mice in each group. As shown in Fig.
6A, LuCaP 86.2, which is resistant to castration and driven by
ARv567, has its growth markedly suppressed by a low dose of
docetaxel of 5 mg/kg (P < 0.01 control vs. docetaxel treated), a
dose that we have previously shown to be ineffective on the
growth of LuCaP 35 xenograft expressing primarily AR-wt (29).
In contrast, there was no effect of docetaxel on the growth of
LuCaP23.1 tumors (P ¼ NS control vs. docetaxel treatment).
The effect of docetaxel treatment on androgen receptor nucle-
ar accumulation was further assessed by immunohistochem-
istry on explanted LuCaP tumors, as previously described (30).
Quantitation of androgen receptor nuclear accumulation in

tumors from untreated versus treated animals revealed that
docetaxel treatment resulted in a statistically significant
reduction of nuclear androgen receptor following in LuCaP86.2
tumors, whereas it had a minimal effect on LuCaP 23.1 tumors
(Fig. 6B and C). These data support the hypothesis that drug-
induced inhibition of androgen receptor nuclear accumulation
underlies taxane antitumor activity and show that androgen
receptor variant expression can determine taxane sensitivity in
vivo.

Discussion
Prostate cancer, the most commonly diagnosed malignancy

in males in the United States, depends on active androgen
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receptor signaling (36). Androgen deprivation therapy alone is
effective in a subset of patients with prostate cancer; however,
many patients progress to CRPC. The discovery of androgen
receptor splice variants has provided significant insight into
mechanisms of disease progression and ADT resistance. How-
ever, the potential impact of androgen receptor splice variant
expression on chemotherapy has not been investigated. Cur-
rently, the taxanes represent the standard of care in CRPC
treatment. However, the therapeutic benefit of taxane treat-
ment cannot be indefinitely sustained and currently we fail
to understand the molecular basis of clinical taxane resis-
tance. Herein, we provide evidence that the presence of
androgen receptor splice variants may affect sensitivity to
taxane treatment.

The clinical significance of these variants is highlighted by
studies showing that elevated ARv7 expression is associated
with more rapid disease recurrence following radical prosta-
tectomy for localized disease (17, 18). In addition, it was
recently shown that ARv7 is regulated by the transcriptional
factor FOXO1 in a PTEN-PI3K-AKTdependentmanner (37, 38),
which is a pathway activated in 50% of prostate cancers.

The ARv567 variant, arising through skipping of exons 5 to 7
was identified in a panel of 25 different prostate cancer
xenografts, termed the LuCaP series, most of which were
derived from metastases obtained from men with CRPC after
prolonged exposure to androgen-deprivation therapy (19).
Unlike ARv7, ARv567 retains the hinge region that contains
the second and most important part of androgen receptor's
bipartite nuclear localization signal (NLS) consisting of aa
629RKLKKL634 and responsible of AR/importin interaction
(23, 26, 39). The hinge region contains also some well-defined
control sites for androgen receptor activity, being target for
acetylation, ubiquitylation, and methylation (23, 25).

However, even though androgen receptor variants have been
found to increase the expression of full-length androgen
receptor and enhance its transcriptional activity in the absence
of ligand (19) their expression regulation and functional rela-
tionships had not been fully dissected. Studies on the tran-
scriptional programs induced by variant signaling have shown
that an adaptive shift toward androgen receptor–variant
mediated signaling occurs in a subset of CRPC tumors, and
thus suggesting that AR variants have different gene signatures
from full-length androgen receptor potentially contributing to
drug resistance to androgen receptor–targeted therapies such
as abiraterone and enzalutamide (20, 21, 34). However, a recent
report argues that androgen receptor variants induce genes
that constitute a subset of the genes regulated by androgen
receptor full length, rather than having a distinct transcrip-
tional signature, and therefore, androgen receptor variants are
constitutive and independent effectors of androgen receptor
transcriptional program (21). Regardless of these discrepan-
cies, the data on androgen receptor variants strongly suggest
that their expression arises following castration and plays a
role in the progression of prostate cancer.

For the variants to exert their transcriptional activity they
have to be localized to the nucleus. Although the published
literature highlights the strong nuclear presence of the var-
iants, our results are the first to show a differential preference

of androgen receptor variants for microtubule-mediated
nuclear transport; ARv567 being microtubule- and dynein-
dependent and ARv7 being microtubule independent (Figs.
4 and 5). Interestingly, we showed that the C-terminus of
androgen receptor mediates microtubule binding (Fig. 1) and
that the specificmicrotubule-binding domain comprises of the
DNA-BD together with the adjacent hinge region (aa 559-
663; Fig. 1C). This finding can readily explain the reduced
association of ARv7 withmicrotubules, as ARv7 lacks the hinge
region that mediates microtubule binding (Fig. 1C) and is also
involved in the regulation of androgen receptor nuclear trans-
location and intranuclear motility (40). We were surprised to
find that none of the individual C-terminus truncationmutants
displayed as extensive microtubule association as the entire C-
ter AR (aa 540-919; Fig. 2B and C). These results suggest that
perhaps nonsequential regions of androgen receptor may
come together in 3-dimension to generate the surface of
microtubule interaction, indicating a larger and globular sur-
face required for protein–protein interaction.

Additional studies using cryo-electron microscopy and
recombinant full-length androgen receptor and androgen
receptor variant proteins are currently ongoing in order to
investigate the structural interaction between androgen recep-
tor and its variants with microtubules. Our preliminary results
have revealed that recombinant purified full-length androgen
receptor protein binds directly to purifiedmicrotubules in vitro
(data not shown), suggesting that androgen receptor may bind
microtubules not only for the purpose of trafficking but also as
a microtubule-associated protein potentially regulating poly-
mer stability and dynamics.

We and others have previously shown that taxane treatment
inhibits androgen receptor nuclear translocation and activity
in prostate cancer cell lines and patient-derived CTCs (12, 13)
and that this mechanism underlies at least in part clinical
response to taxane treatment (14). While androgen receptor
nuclear accumulation remains a critical factor responsible for
androgen receptor transcriptional activity, the pathways reg-
ulating androgen receptor–variant nuclear translocation
remain poorly understood. Our data support the requirement
of the hinge region (aa 625-663) for androgen receptor micro-
tubule association and downstream nuclear translocation,
whereas other reports show that the NTD/DNA-BD core (aa
1-627) alone—in the absence of the hinge region—is sufficient
for receptor nuclear translocation (28). At the same time
mutation of 3 key residues of the hinge region, namely
K630A, K632A, and K633A, completely abrogates nuclear accu-
mulation of full-length androgen receptor in agreement with
our results. These data suggest that in addition tomicrotubule-
mediated androgen receptor nuclear transport, there are addi-
tional pathways that operate in the absence of the hinge region,
like in the case of ARv7.

Clinically, although 50% of men respond to docetaxel fol-
lowing progression after standard androgen ablation, some
men clearly are sensitive to taxanes and have a prolonged
response, for reasons not well understood. In this report, we
show that taxane-mediated microtubule stabilization differ-
entially affects androgen receptor variant trafficking and tran-
scriptional activity, raising the possibility that these variants
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may predict sensitivity or resistance to taxane chemotherapy.
In agreementwith this hypothesis, we show that LuCaP human
xenografts expressing ARv567 or full-length androgen receptor
co-expressed with ARv7 show differential sensitivity to doc-
etaxel treatment (Fig. 6). Interestingly, LuCaP 86.2 expressing
predominantly ARv567 variant was the most sensitive to
taxane treatment, consistent with the drug's ability to inhibit
this variant's nuclear localization and activity. While our
animal data do not indicate that androgen receptor inhibition
is the only mechanism by which docetaxel is effective in
prostate cancer, as we also showed that LuCaP xenografts
that do not express high levels of ARv567 can respond to higher
dose of docetaxel (Supplementary Fig. S4), LuCaP 86.2 is clearly
an outlier in the sensitivity and duration of response to
docetaxel.
Taken together, these data suggest that tumors driven by

ARv567 may be marked as those that, even if resistant to
next generation androgen receptor–targeting drugs, will
likely benefit most by taxane treatment. Conversely, our
data suggest that tumors predominantly expressing ARv7
will likely be resistant to taxane chemotherapy and that
alternate treatments able to inhibit ARv7 transcriptional
activity might be beneficial. Although the clinical impact
of ARv7 expression on patient response to next generation
androgen receptor–targeting drugs is not yet determined,
our findings suggest that ARv7 expression may constitute a
common mechanism of resistance to both taxanes and
androgen receptor inhibitors. In agreement with this
hypothesis, a recent clinical report showed that the activity
of docetaxel in post- abiraterone–treated patients was lower
than expected whereas no responses to docetaxel were
observed in abiraterone-refractory patients (15). Moreover,
a recent but not published clinical trial showed that men
with hormone-sensitive metastatic prostate cancer who
received docetaxel given at the start of ADT lived longer
than patients who received hormone therapy alone (41).
These recent findings are encouraging and strongly support
the hypothesis that next-generation androgen receptor inhi-
bitors and taxanes act on the same pathway (even if at a
different level), and are synergistic in patients who presum-
ably do not express significant amounts of androgen recep-
tor variants because they are still responsive to ADT.

The data presented in this study provide insights into the
regulation of androgen receptor–variant trafficking and
activity in prostate cancer, link their expression with the
therapeutic benefit of taxane treatment and suggest that
the presence of androgen receptor variants may determine
the clinical efficacy of taxane chemotherapy. Evaluating and
discriminating androgen receptor variants in prostate can-
cer tumor cells can help clinicians tailor treatment in patient
with CRPC by identifying patients who are most likely to
benefit from taxane chemotherapy.
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Randomized, Noncomparative, Phase II Trial of Early Switch
From Docetaxel to Cabazitaxel or Vice Versa, With Integrated
Biomarker Analysis, in Men With Chemotherapy-Naı̈ve,
Metastatic, Castration-Resistant Prostate Cancer
Emmanuel S. Antonarakis, Scott T. Tagawa, Giuseppe Galletti, Daniel Worroll, Karla Ballman, Marie Vanhuyse,
Guru Sonpavde, Scott North, Costantine Albany, Che-Kai Tsao, John Stewart, Atef Zaher, Ted Szatrowski, Wei
Zhou, Ada Gjyrezi, Shinsuke Tasaki, Luigi Portella, Yang Bai, Timothy B. Lannin, Shalu Suri, Conor N. Gruber,
Erica D. Pratt, Brian J. Kirby, Mario A. Eisenberger, David M. Nanus, Fred Saad, and Paraskevi Giannakakou on
behalf of the TAXYNERGY Investigators

A B S T R A C T

Purpose
The TAXYNERGY trial (ClinicalTrials.gov identifier: NCT01718353) evaluated clinical benefit from
early taxane switch and circulating tumor cell (CTC) biomarkers to interrogate mechanisms of
sensitivity or resistance to taxanes inmenwith chemotherapy-naı̈ve,metastatic, castration-resistant
prostate cancer.

Patients and Methods
Patients were randomly assigned 2:1 to docetaxel or cabazitaxel. Men who did not achieve $ 30%
prostate-specific antigen (PSA) decline by cycle 4 (C4) switched taxane. The primary clinical endpoint
was confirmed $ 50% PSA decline versus historical control (TAX327). The primary biomarker
endpoint was analysis of post-treatment CTCs to confirm the hypothesis that clinical response was
associated with taxane drug-target engagement, evidenced by decreased percent androgen re-
ceptor nuclear localization (%ARNL) and increased microtubule bundling.

Results
Sixty-three patients were randomly assigned to docetaxel (n = 41) or cabazitaxel (n = 22); 44.4%
received prior potent androgen receptor–targeted therapy. Overall, 35 patients (55.6%) had
confirmed $ 50% PSA responses, exceeding the historical control rate of 45.4% (TAX327). Of 61
treated patients, 33 (54.1%) had $ 30% PSA declines by C4 and did not switch taxane, 15 patients
(24.6%) who did not achieve$ 30% PSA declines by C4 switched taxane, and 13 patients (21.3%)
discontinued therapy before or at C4. Of patients switching taxane, 46.7% subsequently achieved
$ 50% PSA decrease. In 26 CTC-evaluable patients, taxane-induced decrease in %ARNL (cycle
1 day 1 v cycle 1 day 8) was associated with a higher rate of$ 50% PSA decrease at C4 (P = .009).
Median composite progression-free survival was 9.1 months (95% CI, 4.9 to 11.7 months); median
overall survival was not reached at 14 months. Common grade 3 or 4 adverse events included
fatigue (13.1%) and febrile neutropenia (11.5%).

Conclusion
The early taxane switch strategywas associatedwith improved PSA response rates versus TAX327.
Taxane-induced shifts in %ARNL may serve as an early biomarker of clinical benefit in patients
treated with taxanes.

J Clin Oncol 35:3181-3188. © 2017 by American Society of Clinical Oncology

INTRODUCTION

Taxanes are the only class of chemotherapy agents
that extend survival in men with advanced
prostate cancer.1-4 These drugs bind b-tubulin
and stabilize cellular microtubules, leading to

inhibition of microtubule-dependent intracellu-
lar trafficking and signaling, mitotic arrest, and
apoptotic cell death.5-7 Although taxanes are
generally considered antimitotic agents, they also
inhibit tumor growth via several different
mechanisms.5 Prostate cancer cells rely heavily
on sustained androgen receptor (AR) nuclear
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signaling, which drives progression despite androgen-deprivation
therapy.8 It was recently discovered that AR binds to cellular
microtubules via the microtubule-associated motor protein dynein
to facilitate its nuclear translocation.9 Taxanes can therefore inhibit
AR nuclear trafficking via stabilization of microtubules; taxane-
induced microtubule stabilization (termed drug-target engage-
ment [DTE]) results in microtubule bundling (MTB), cytoplasmic
sequestration of AR, inhibition of AR transcriptional activity, and
inhibition of prostate cancer cell growth.6,7 In summary, the ef-
fectiveness of taxanes in prostate cancer can, at least in part, be
attributed to the inhibition of AR signaling.9

Overcoming primary (intrinsic) and secondary (acquired)
resistance to taxane therapy remains a challenge in prostate cancer
treatment, and several different mechanisms of taxane resistance
have been proposed (many of which may operate simulta-
neously).10-13 However, because cabazitaxel retains activity in
many docetaxel-refractory patients with metastatic castration-
resistant prostate cancer (mCRPC), there is evidence to suggest
that not all of the same resistance mechanisms apply to all tax-
anes.14-17 Therefore, the central clinical hypothesis of this study
was that some patients with mCRPC with a suboptimal initial
prostate-specific antigen (PSA) decline with their first taxane can
subsequently achieve a PSA response by an early switch to a second
taxane before clinical progression.

Circulating tumor cells (CTCs) isolated from the blood of
patients with mCRPC can serve as a powerful tool to study
mechanisms of taxane sensitivity and resistance and can provide
a liquid biopsy for serial tumor analysis.18,19 Recently developed
microfluidic capture techniques enable reliable isolation of CTCs
from peripheral blood, which can be analyzed using functional and
molecular assays.20 Our central biomarker hypothesis was that
CTCs can be used to interrogate AR localization and MTB to
determine an association with response in men treated with
a taxane.

In the current study (TAXYNERGY; ClinicalTrials.gov identi-
fier: NCT01718353), we prospectively evaluated the benefit of an
early switch from docetaxel to cabazitaxel or vice versa using early
PSA changes (in the first 12 weeks of therapy) as a predictor of
clinical efficacy or therapeutic resistance. In parallel, CTCs were
analyzed at the single-cell level, using DTE criteria to assess whether
CTC-specific DTE correlated with sensitivity to taxane treatment on
an individual basis. The study met its primary objectives by dem-
onstrating a benefit for early taxane switch as evaluated by confirmed
PSA responses and an association of response with early changes in
AR nuclear localization (ARNL) in CTCs.

PATIENTS AND METHODS

Patient Population and Study Design
TAXYNERGYenrolled chemotherapy-naı̈ve patients with progressive

mCRPC and an Eastern Cooperative Oncology Group performance score
(ECOG PS) of 0 to 2, with no prior b isotope therapy, whole pelvic ra-
diotherapy, or radiotherapy to . 30% of bone marrow. Patients with
neuropathy grade . 2 were excluded. Prior hormonal therapy (including
potent CYP17 inhibitors and AR signaling inhibitors) and immunotherapy
were allowed.

In this noncomparative randomized study, patients were randomly
assigned 2:1 to initiate docetaxel 75 mg/m2 or cabazitaxel 25 mg/m2 every

3 weeks plus daily prednisone 10 mg. The study was initially designed
shortly after the US Food and Drug Administration approval of cabazitaxel,
and conservatively, it was decided to have more patients receive docetaxel
followed by cabazitaxel (the approved sequence) with the primary analysis
in that cohort. With five patients enrolled, the protocol was amended,
under the hypothesis that the two taxanes had similar activity in the first-
line setting, to reduce the sample size and to pool both random assignment
arms in the primary clinical and biomarker analyses while maintaining
adequate power. Enrollment continued for 10 months after the amend-
ment up to a total of 63 patients; study data and random assignment
remained blinded during this time.

Patients achieving a$ 30% PSA decline from baseline by cycle 4 (C4;
week 12) continued to receive the same chemotherapy agent, whereas those
who did not achieve a $ 30% PSA decline were switched to the other
taxane (Fig 1A). Patients could also switch taxanes for radiologic pro-
gression by Response Evaluation Criteria in Solid Tumors (RECIST) 1.121

in measurable lesions, regardless of PSA change. Switch could only occur at
cycle 5 (C5). Treatment continued until disease progression, death, un-
acceptable toxicity, or withdrawal of consent.

The study was approved by the institutional review board at each
participating center and conducted in compliance with guidelines for
Good Clinical Practice. Patients provided written informed consent before
participation.

Efficacy Assessments
The primary clinical endpoint was PSA response rate, defined as the

proportion of patients who achieved a$ 50% PSA decrease from baseline,
confirmed 3 weeks later,22 whether a treatment switch occurred. Secondary
efficacy assessments included progression-free survival (PFS; defined as the
time from random assignment to the first of the composite endpoints:
PSA, radiographic, or clinical progression or death) and overall survival
(OS; defined as the time from random assignment to death). PSA mea-
surements were taken every 3 weeks, and radiologic evaluations (chest,
abdomen, and pelvis computed tomography; whole-body bone scan) were
performed every 12 weeks until radiologic tumor progression or study
cutoff.

The coprimary efficacy endpoint was DTE. CTCs were isolated at
specified time points (Fig 1A) using geometrically enhanced differential
immunocapture,20 immunostained, and analyzed for CTC-specific bio-
markers using multiplex confocal microscopy (Data Supplement). CTCs at
baseline (cycle 1 day 1 [C1D1]) were compared with CTCs isolated after
1 week of treatment (cycle 1 day 8 [C1D8]) for percent ARNL (%ARNL)
and MTB. %ARNL was determined by quantification of integrated AR
staining intensity in the total cell and nucleus areas. MTB was qualitatively
assessed by three independent operators for increase compared with C1D1
on a scale of 0 to 3 from no tomostMTB increase. Findings were correlated
with clinical parameters for all CTC-evaluable patients.

Safety Assessments
Safety assessments included ongoing analysis of adverse events and

serious adverse events (National Cancer Institute Common Terminology
Criteria for Adverse Events v.4.03),23 vital signs, physical examinations,
ECOG PS, and laboratory findings (hematology, serum biochemistry,
coagulation, and urinalysis).

Statistical Considerations
Sample size determination was based on a historical PSA response

rate of 45.4% from the intent-to-treat population in the TAX327 study.1 In
TAXYNERGY, we reasoned that a 25% relative improvement in PSA re-
sponse rate to 58% using the early-switch strategy would be clinically
meaningful, and an estimate of the response rate with a one-sided 90% CI
was calculated. The trial would be considered successful if the lower bound
of the one-sided 90% CI did not contain the TAX327 PSA response rate of
45.4% (with 60 patients, the width of the one-sided 90% CI was 8.2%).
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The main focus of the biomarker analyses was the change between
C1D1 and C1D8 in %ARNL and MTB and its association with PSA
($ 50%) response. Additional exploratory analyses examined other in-
tervals (including change between pretreatment and C5 and PSA decline
by$ 30%). Absolute differences, and differences separated into categories,
were examined by analysis of variance and waterfall plots.

Secondary clinical endpoints were analyzed by descriptive statistics
and survival techniques. PSA response rates were reported. Time-to-event
endpoints (PFS and OS) were evaluated using Kaplan-Meier curves
and 95% CIs. All statistical tests were two-sided, with a significance level of
P , .05. Analyses were performed using SAS 9.3 software (SAS Institute,
Cary, NC).

B
Assessed for eligibility

(N = 81)

Randomly assigned
(n = 63)

Excluded
  Did not meet inclusion criteria
  Did not meet exclusion criteria

(n = 18)
(n = 3)

(n = 15)

Allocated to cabazitaxel
Received allocated intervention
   No switch at C5
   Switched to docetaxel at C5
   Discontinued before C5
Did not receive allocated intervention

(n = 22)
(n = 22)
(n = 13)
(n = 3)
(n = 6)
(n = 0)

Allocated to docetaxel
Received allocated intervention
   No switch at C5
  Switched to cabazitaxel at C5
   Discontinued before C5
Did not receive allocated intervention

(n = 41)
(n = 39)
(n = 20)
(n = 12)
(n = 7)
(n = 2)

Lost to follow-up
Discontinued intervention
  Adverse event
  Disease progression
  PI decision
  Patient request
  Study closure

(n = 1)
(n = 22)
(n = 5)
(n = 8)
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RESULTS

Patient and Treatment Characteristics
Between November 2012 and June 2014, 63 patients were

randomly assigned to initial docetaxel (n = 41) or cabazitaxel
(n = 22), and 61 patients received treatment (Fig 1B). Two patients
initially randomly assigned to receive docetaxel did not receive
treatment as a result of withdrawal of consent.

Baseline patient and disease characteristics are provided in the
Data Supplement. Median age was 71 years; most patients had an
ECOG PS $ 1 (66.7% and 4.8% had ECOG PS of 1 and 2, re-
spectively). Median PSA was 82.30 ng/mL, and 34.9% of patients
had visceral metastases. In total, 28 patients (44.4%) received prior
treatment with potent AR-targeted therapy. The mean duration of
study treatment was 26.1 weeks (median, 27 weeks; range, 3.1 to
60 weeks); the mean number of cycles was 8.4. The most common
reasons for treatment discontinuation were disease progression
(n = 21, 34.4%), adverse event (n = 17, 27.9%), and investigator
decision (n = 14, 23.0%; Data Supplement).

Primary Efficacy EndPoint and PSA Changes From
Baseline

The primary endpoint of this study was PSA response rate,
defined as the proportion of randomly assigned patients who
achieved a confirmed $ 50% PSA response during the whole
treatment continuum, before treatment switch and after treatment
switch, if applicable. Across the entire treatment continuum by
intent-to-treat analysis, 35 (55.6%) of 63 patients achieved a$ 50%
PSA response; 25 patients (39.7%) achieved the response on or
before C4, and 10 patients (15.9%) achieved the response after C4.
The lower limit of the 90% one-sided CI was 47.5%, which did not
overlap with the rate of 45.4% in TAX327.1 Therefore, the primary
clinical endpoint was met. The PSA response rates in men who had
and had not received prior potent AR-targeted therapy were 44% (11
of 25 patients) and 68% (24 of 35 patients), respectively (P = .069).

Of 61 treated patients, 15 (24.6%) switched treatment after C4
as a result of an early PSA reduction , 30% (n = 14) or radio-
graphic progression (n = 1) and were treated with the alternative
taxane. Thirty-three patients (54.1%) achieved early $ 30% PSA
reduction and remained on their initial taxane, and 13 patients
(21.3%) discontinued treatment before C5 (Table 1). Of the 15
patients who switched, seven (46.7%) subsequently achieved a PSA
response. Changes in PSA from baseline per patient are shown in
the Data Supplement.

Secondary Efficacy Endpoints
Median composite PFS was 9.1 months (95% CI, 4.93 to

11.70 months; Fig 2A). Median radiographic PFS and OS were not
reached; after a median follow-up of 14 months,. 50% of patients
were still alive (Fig 2B). PSA PFS is shown in the Data Supplement.

Biomarker Analysis: Nuclear AR Localization and
Tubulin Bundling in CTCs

Of 60 patients who had PSA assessment, 44 had evaluable
CTCs at C1D1, 31 had evaluable CTCs at C1D8, and 25 had
evaluable CTCs at both C1D1 and C1D8. This analysis was based on

mechanistic studies showing that taxanes impair ARNL downstream
of microtubule stabilization.6,7 Therefore, we calculated %ARNL at
C1D1 and C1D8 and assessed whether a decrease in%ARNL at C1D8
was associated with PSA response. There were no significant cor-
relations between baseline biomarker parameters and any clinical
outcomes (data not shown). Figure 3 shows representative high-
resolution images of CTCs captured by geometrically enhanced
differential immunocapture with high and low%ARNL. After 1 week
of taxane therapy (C1D8), mean %ARNL was significantly lower in
patients who subsequently achieved a $ 50% PSA reduction at C4
versus those without PSA response (44.0% v 64.1%, respectively;
P = .004; Data Supplement). PSA responses were more common in
patients with %ARNL at C1D8 that was in the lower three quartiles
than in patients with %ARNL in the upper quartile (Fig 4A). By
C1D8, mean %ARNL decreased by 17.6% in patients with $ 50%
PSAdecrease and increased by 2.3% in patients without a$ 50%PSA
decrease (P = .020). A taxane-induced decrease in mean %ARNL
(C1D8 v C1D1) was associated with a higher rate of $ 50% PSA
decrease (72.7% v 12.5% of patients with no decrease in mean %
ARNL; P = .009). PSA responses were also more common in patients
with decreasingmean%ARNL at C1D8 compared with C1D1 than in
men with increasing mean %ARNL (Fig 4B). In exploratory analysis
of %ARNL at C5 day 1 to C5 day 8 after taxane switch, mean%ARNL
decreased (74.26 at C5 day 1 to 63.84 at C5 day 8; P = .05).

At C1D8, mean increase in MTB was numerically higher in
patients who achieved an initial $ 30% PSA decrease compared
with nonresponders, although this did not achieve statistical sig-
nificance (0.69 v 0.09, respectively; P = .093). Taxane-induced
increase in mean MTB score trended toward an association with
response and was observed in patients who did not require a taxane
switch after C4, but this did not achieve statistical significance (0.75
v 0.09 in those who required a switch; P = .059; Data Supplement).

Safety
Treatment-emergent adverse events (TEAE) leading to per-

manent treatment discontinuation were reported in 17 patients
(27.9%) and were possibly related to the study drugs in 13 patients
(21.3%). Dose modification as a result of a TEAE was reported in
27 patients (44.3%). The most frequently reported TEAEs in all
patients were fatigue, diarrhea, and nausea (67.2%, 55.7%, and
41.0% overall, respectively; Table 2).

The most frequent grade 3 or 4 TEAEs were febrile neu-
tropenia and fatigue. There were two deaths as a result of TEAEs,
both in docetaxel-treated patients; one death was a result of an

Table 1. Summary of Patients by Treatment and Taxane Switch (treated
population)

Switch Status

No. of Patients (%)

All
Patients
(N = 61)

Cabazitaxel
(n = 22)

Docetaxel
(n = 39)

No taxane switch 46 (75.4) 19 (86.4) 27 (69.2)
No switch after cycle 4 33 (54.1) 13 (59.1) 20 (51.3)
Switch not applicable* 13 (21.3) 6 (27.3) 7 (17.9)

Taxane switch 15 (24.6) 3 (13.6) 12 (30.8)

*Patients who discontinued treatment before cycle 5.
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unrelated septic shock, and the other was reported as a possibly
related myocardial infarction. Serious adverse events and dose
modifications are summarized in the Data Supplement.

DISCUSSION

TAXYNERGY was conducted to test the clinical hypothesis that
switching taxane therapy in men who do not achieve an optimal

PSA reduction in the first 12 weeks of therapy may improve clinical
outcomes and subvert resistance. Our primary biomarker hy-
pothesis was that ARNL and MTB could be assessed reliably from
CTCs and would be associated with outcome in patients treated
with taxanes. The confirmed PSA response rate observed using the
switch strategy (55.6%) was superior to the prespecified historical
control trial (TAX327).1 Importantly, 46.7% of men who did not
achieve a $ 30% PSA reduction in the first 12 weeks of treatment
subsequently achieved a$ 50% PSA response by switching taxane
therapy.

In addition, biomarker analyses from CTCs corroborated
emerging preclinical data that taxanes may mediate some of their
activity in prostate cancer by impairing AR trafficking along the
microtubules from the cytoplasm into the nucleus, whereas per-
sistent nuclear AR localization despite taxane therapy may be
a marker of primary or early acquired resistance.6,7,9 To our
knowledge, this is the first prospective trial to report changes in
ARNL and MTB in CTCs in patients with prostate cancer receiving
taxane therapy, and this trial has demonstrated the feasibility of
conducting a biomarker-rich trial across multiple US and Cana-
dian sites. Initial exploratory analyses of %ARNL and MTB in
CTCs as a marker of DTE suggest a potential association with
sensitivity to taxane therapy. To this end, the totality of the data
from TAXYNERGY suggest that although these baseline biomarker
parameters are not prognostic for clinical outcomes to chemo-
therapy, dynamic taxane-induced changes in ARNL (and perhaps
MTB) may be indicative of benefit. More specifically, a decrease in
nuclear-localized AR (which may be evaluable in CTCs as early as
1 week after therapy initiation) is prognostic for better outcomes.
This clinical experience corroborates previous laboratory studies
showing that taxanes can inhibit AR nuclear trafficking via sta-
bilization of microtubules.6,7,9 How prostate cancer cells manip-
ulate this mechanism of action to resist DTE and the differences
between sensitivity to docetaxel versus cabazitaxel have yet to be
determined. Interestingly, b-tubulin point mutations have been
shown to confer resistance to paclitaxel, but not docetaxel, sug-
gesting that single point mutations may affect one taxane but not
others, despite a shared binding site.24-26
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Fig 3. Representative high-resolution images of circulating tumor cells captured
by geometrically enhanced differential immunocapture with (A) high and (B) low
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tive image analysis. Immunofluorescence staining for AR is indicated in green.
4’,6-Diamidino-2-phenylindole staining for DNA (nucleus) is indicated in blue (arrow).
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There are several clinical implications of this study. First,
although this study is not sufficient to change the standard of care
among patients with mCRPC receiving taxane therapy, it suggests
that a treatment switch from one taxane to the othermay be worthy
of further investigation in patients who do not achieve a $ 30%
PSA reduction within the first 12 weeks. Importantly, prior studies
have shown that men who do not achieve a 30% PSA decline by
week 12 of treatment have a poorer survival with docetaxel and
cabazitaxel than those who do.27,28 Second, it suggests that changes

in CTC-specific ARNL observed as early as 1 week after therapy
initiation may be a potentially more sensitive and specific bio-
marker of subsequent clinical response than 12-week PSA changes.
Future prospective studies should evaluate whether switching
taxane therapy early on the basis of a CTC biomarker may improve
outcomes compared with switching therapy on the basis of PSA
trends (or not switching therapy at all).

This study has several limitations. First, on the basis of its
design and relatively small sample size, it used an assumption that
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Table 2. Summary of Key TEAEs

TEAE

All Grades, No. of Patients (%) Grade 3 or 4, No. of Patients (%)

Cabazitaxel Throughout
(n = 19)

Docetaxel Throughout
(n = 27)

Both Drugs
(n = 15)

Cabazitaxel Throughout
(n = 19)

Docetaxel Throughout
(n = 27)

Both Drugs
(n = 15)

Key TEAEs
Diarrhea 12 (63.2) 13 (48.1) 9 (60.0) 1 (5.3) 0 0
Neuropathy, peripheral 6 (31.6) 9 (33.3) 3 (20.0) 0 0 2 (13.3)
Febrile neutropenia 3 (15.8) 5 (18.5) 0 3 (15.8) 4 (14.8) 0
Dysgeusia 2 (10.5) 4 (14.8) 3 (20.0) 0 0 0
Paresthesia 2 (10.5) 3 (11.1) 3 (20.0) 0 0 0
Asthenia 0 4 (14.8) 1 (6.7) 0 1 (3.7) 0

Other TEAEs in $ 10% of patients
Fatigue 13 (68.4) 18 (66.7) 10 (66.7) 3 (15.8) 2 (7.4) 3 (20.0)
Nausea 10 (52.6) 8 (29.6) 7 (46.7) 0 0 1 (6.7)
Alopecia 5 (26.3) 9 (33.3) 5 (33.3) 0 0 0
Decreased appetite 4 (21.1) 8 (29.6) 4 (26.7) 1 (5.3) 0 1 (6.7)
Abdominal pain 4 (21.1) 7 (25.9) 4 (26.7) 0 0 0
Constipation 6 (31.6) 3 (11.1) 5 (33.3) 0 0 0
Vomiting 7 (36.8) 3 (11.1) 4 (26.7) 0 0 0
Edema, peripheral 3 (15.8) 7 (25.9) 4 (26.7) 0 0 0
Dyspepsia 3 (15.8) 3 (11.1) 3 (20.0) 0 0 0
Dizziness 3 (15.8) 3 (11.1) 3 (20.0) 0 0 0

Laboratory parameter
Anemia 18 (94.7) 23 (85.2) 14 (93.3) 1 (5.3) 1 (3.7) 0
Thrombocytopenia 5 (26.3) 3 (11.1) 3 (20.0) 0 0 0
Leukopenia 4 (21.1) 4 (14.8) 4 (26.7) 2 (10.5) 1 (3.7) 0
Neutropenia 3 (15.8) 2 (7.4) 1 (6.7) 2 (10.5) 1 (3.7) 0

Abbreviation: TEAE, treatment-emergent adverse event.
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the activity of docetaxel and cabazitaxel is similar in chemotherapy-
naı̈ve patients with mCRPC. The limited sample size affected
follow-up biomarker time points even more profoundly, especially
with respect to paired samples. For example, not all patients with
evaluable baseline CTCs had paired samples available at C1D8,
possibly as a result of elimination of tumor cells from the circu-
lation by effective chemotherapy. Second, the length of follow-up
was relatively short, and we were not able to assess radiographic
PFS or OS reliably or determine whether any biomarker signature
was associated with improved survival. Third, the trial was not
designed to definitively answer the question of whether a taxane
switch (based on either PSA criteria or CTC-derived ARNL cri-
teria) was superior with respect to OS than no switch at all. Such
questions should form the basis for future studies randomly
assigning patients to a switch strategy versus no switch. Finally, our
ability to draw firm conclusions about the value of the early-switch
strategy was limited by the small number of patients who un-
derwent a taxane switch (n = 15), as a result of the significant
activity of both agents in the chemotherapy-naı̈ve mCRPC setting.
Therefore, the study was unable to definitively prove that the
taxane switch was responsible for subsequent PSA responses in
those switching therapy or that biomarker modulation after switch
induced those PSA responses.

All patients in the safety population experienced at least one
TEAE. Grade 3 or 4 TEAEs were reported in 51% of patients; of
these, the most frequently reported were febrile neutropenia and
fatigue. No grade 3 or 4 febrile neutropenia events were reported in
patients who switched taxane, although it should be noted that
there was only a small number of patients in this subgroup. In
general, the safety profiles of cabazitaxel and docetaxel were
consistent with previous studies, and no new safety concerns were
identified.

In conclusion, to our knowledge, this is the first prospective
study to evaluate the benefit of an early switch in taxane therapy on

the basis of the absence of a$ 30% PSA response after 12 weeks of
therapy, and it suggests improved outcomes compared with his-
torical controls with this approach. To our knowledge, it is also
the first study to incorporate real-time on-treatment measure-
ments of %ARNL and MTB from CTCs, indicating that these early
measures may be associated with benefit in men treated with
taxanes. Further dedicated prospective randomized trials focusing
on a taxane switch using integral biomarkers are warranted.
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Translational Cancer Mechanisms and Therapy

Expression of AR-V7 and ARv567es in Circulating
Tumor Cells Correlates with Outcomes to Taxane
Therapy in Men with Metastatic Prostate Cancer
Treated in TAXYNERGY
Scott T.Tagawa1, Emmanuel S. Antonarakis2, Ada Gjyrezi1, Giuseppe Galletti1, Seaho Kim1,
Daniel Worroll1, John Stewart3, Atef Zaher3, Ted P. Szatrowski4, Karla V. Ballman1,
Katsuhiro Kita1, Shinsuke Tasaki1, Yang Bai1, Luigi Portella1, Brian J. Kirby1,5, Fred Saad6,
Mario A. Eisenberger2, David M. Nanus1, and Paraskevi Giannakakou1

Abstract

Purpose: Biomarkers aiding treatment optimization in
metastatic castration-resistant prostate cancer (mCRPC) are
scarce. The presence or absence of androgen receptor (AR)
splice variants, AR-V7 and ARv567es, in mCRPC patient circu-
lating tumor cells (CTC) may be associated with taxane treat-
ment outcomes.

Experimental Design: A novel digital droplet PCR
(ddPCR) assay assessed AR-splice variant expression in
CTCs from patients receiving docetaxel or cabazitaxel in
TAXYNERGY (NCT01718353). Patient outcomes were
examined according to AR-splice variant expression, includ-
ing prostate-specific antigen (PSA)50 response and progres-
sion-free survival (PFS).

Results: Of the 54 evaluable patients, 36 (67%) were
AR-V7þ, 42 (78%) were ARv567esþ, 29 (54%) were double
positive, and 5 (9%) were double negative. PSA50 response
rates at any time were numerically higher for AR-V7� versus
AR-V7þ (78% vs. 58%; P ¼ 0.23) and for ARv567es� versus

ARv567esþ (92% vs. 57%; P ¼ 0.04) patients. When AR-V
mRNA status was correlated with change in nuclear AR from
cycle 1 day 1 to day 8 (n ¼ 24), AR-V7þ patients (n ¼ 16)
had a 0.4% decrease versus a 12.9% and 26.7% decrease in
AR-V7�/ARv567es� (n ¼ 3) and AR-V7�/ARv567esþ (n ¼ 5)
patients, respectively, suggesting a dominant role for AR-V7
over ARv567es. Median PFS was 12.02 versus 8.48 months for
AR-V7� versus AR-V7þ (HR ¼ 0.38; P ¼ 0.01), and 12.71
versus 7.29 months for ARv567es� versus ARv567esþ (HR¼ 0.37;
P ¼ 0.02). For AR-V7þ, AR-V7�/ARv567esþ, and AR-V7�/
ARv567es� patients, median PFS was 8.48, 11.17, and 16.62
months, respectively (P ¼ 0.0013 for trend).

Conclusions: Although detection of both CTC-specific
AR-V7 and ARv567es by ddPCR influenced taxane outcomes,
AR-V7 primarily mediated the prognostic impact. The absence
of both variants was associated with the best response and PFS
with taxane treatment.

See related commentary by Dehm et al., p. 1696

Introduction
Despite numerous newly available treatment options for

patients with metastatic castration-resistant prostate cancer
(mCRPC), optimizing response rates and longer-term outcomes
remains a major challenge. Most mCRPC tumors remain depen-
dent on active signaling from the androgen receptor (AR), pri-
marily due to aberrant alterations of the AR, including activating

mutations, copy-number gains, and expression of AR-splice var-
iants that lack the ligand-binding domain and function as con-
stitutively active transcription factors in the nucleus (1–4). Tax-
anes and AR-targeted agents, such as abiraterone and enzaluta-
mide, represent the standard treatment for patients with mCRPC
(5). Recent findings suggest that some tumors exhibit intrinsic or
acquired resistance to these agents, and that resistance to AR-
targeted therapies may be identified prior to treatment using the
molecular alterations of the AR as biomarkers of response (6–8).
For example, expression of AR-V7 mRNA alone (6, 9), or in
combination with prostate-specific antigen (PSA) transcripts
(10), in patient liquid biopsies has been correlatedwith resistance
to abiraterone and enzalutamide. Taxane chemotherapy is the
standard of care for patients with mCRPC and is the only che-
motherapy that prolongs survival in these patients; however,
predictive biomarkers of response to taxanes have not been
identified.

Predictive biomarkers of response to specific therapies are
scarce, and the choice of appropriate treatment from available
options is further complicated by evidence of cross-resistance
between different treatment modalities (8, 11).

We previously showed that the nuclear translocation of
AR proteins, a prerequisite for AR transcriptional activity, is
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microtubule-dependent and as such may be predictive of
response to taxane treatment (12–14). This mechanism was
clinically validated in the prospective clinical trial TAXYNERGY,
where the taxane-induced decrease in AR nuclear localization
(%ARNL) in patient circulating tumor cells (CTC) was associated
with higher rates of PSA response in patients treated with doc-
etaxel or cabazitaxel (14). As most mCRPC tumors retain their
dependence on androgen signaling, the expression of mutant
forms or splice variants of AR in the primary tumor, CTCs, and
blood plasma has been assessed as potential prognostic and/or
predictive biomarkers. However, the impact of AR-splice variant
expression on taxane clinical response has not been prospectively
determined.

The two most prevalent AR-splice variants are the truncated
variant AR-V7 and the exon-skipping variant ARv567es. Both are
expressed in primary prostate tumors and metastases (15, 16).
AR-V7 mRNA expression in CTCs and blood plasma of patients
with mCRPC has been associated with resistance to the
AR-targeted agents, abiraterone and enzalutamide (9, 17–19).
A structural domain differentiating the two variants is the hinge
domain, which mediates microtubule binding and is present in
ARv567es but absent from AR-V7 (12). Because this hinge domain
is required for microtubule binding, AR-V7 is microtubule inde-
pendent and demonstrates relative taxane resistance, whereas
ARv567es has reduced affinity for microtubules despite the pres-
ence of the hinge domain, which confers relative sensitivity
compared with full-length AR (AR-FL), in LuCaP xenografts
(12, 20). The functional protein domains of full-length AR and
both splice variants are shown in Fig. 1. Earlier clinical studies in
mCRPC have not shown a significant association between AR-V7
expression and response to taxane chemotherapy (21), while the
impact of ARv567es expression has not been evaluated.

On the basis of our mechanistic studies (12), we hypothesized
that AR-V7 expressionwould be associatedwith decreased clinical
response to taxane chemotherapy, while ARv567es expression
would confer increased taxane sensitivity. To test this hypothesis,
we designed a novel droplet digital PCR (ddPCR) assay to assess

the expression of ARv567es andAR-V7 splice variants, andAR-FL, in
patient-derived CTCs. The assay is highly specific and sensitive
down to single cells and avoids coamplification of the recently
described AR-V9 variant, which is highly homologous to the
AR-V7 transcript (22). This assay was used to quantify all three
AR transcripts simultaneously by ddPCR in CTCs from patients
with mCRPC in a prospective clinical trial.

The phase II TAXYNERGY (NCT01718353) study demonstrat-
ed the benefit of an early taxane switch from docetaxel to caba-
zitaxel or vice versa in patients withmCRPCwho failed to achieve
at least a 30% PSA reduction by cycle 5 day 1 (C5D1). Overall,
56% of patients (35 of 63 patients) achieved at least a 50% PSA
reduction; 40% (25 patients) achieved the response by C5D1 and
16% (10 patients) after C5D1 (14). In the exploratory biomarker
analyses presented here, we assessed the prevalence of AR-V7 and
ARv567es, as thepresence or absence of signal byddPCR, in patients
enrolled in the TAXYNERGY study, and determined their associ-
ationwith PSA response rates and progression-free survival (PFS).
We show that patients who had an absence of AR-V7 mRNA
expression had numerically higher PSA response rates and longer
PFS,while ARv567es expression also appeared to have an impact on
these clinical outcomes. Interestingly, our data show that the
absence of both AR variants was associated with superior PSA
response and longer PFS.

Materials and Methods
Study design

TAXYNERGYwas anoncomparative randomized phase II study
that enrolled chemotherapy-na€�ve patients with progressive
mCRPC. Patients were randomly assigned 2:1 to initial treatment
with docetaxel 75 mg/m2 or cabazitaxel 25 mg/m2 every 3 weeks.
Patients achieving at least a 30% PSA decline from baseline by
C5D1 continued to receive the same taxane, whereas those who
did not achieve at least a 30% PSA decline were switched to the
alternative taxane at C5D1. Treatment continued until disease
progression, death, unacceptable toxicity, or withdrawal of con-
sent (14).

Ethical consideration
The protocol complied with recommendations of the 18th

World Health Congress (Helsinki, 1964) and all applicable
amendments. The study was approved by the institutional review
board at each participating center and conducted in compliance
with guidelines for Good Clinical Practice. Patients provided
written informed consent before participation.

Patient sample processing and RNA extraction
As part of this study, peripheral blood samples were collected

fromeachpatient at baseline prior to initiating protocol treatment
and at various time points on and after treatment, in EDTA tubes
and shipped to Weill Cornell Medicine within 24 hours of the
time of blood draw (14). CTCs from the whole blood of patients
withmCRPCwere captured using the prostate-specificmembrane
antigen-based geometrically enhanced differential immunocap-
ture (GEDI) microfluidic device as previously described (23, 24).
All patients provided written informed consent.

ddPCR
ddPCR is a digital PCR method based on water–oil emulsion

droplet technology (25, 26). The ddPCR systempartitions nucleic
acid samples into 20,000 nanoliter-sized droplets, and PCR

Translational Relevance

Patients with metastatic castration-resistant prostate cancer
(mCRPC) have several treatment options; however, intrinsic
and acquired resistance to various treatment modalities is
common. Future standards of care could be shaped by prog-
nostic and/or predictive biomarkers, such as androgen recep-
tor (AR) splice variants. We have investigated the association
between AR-V7 and ARv567es splice variant expression and
response in patients receiving taxanes in the TAXYNERGY
study (NCT01718353). TAXYNERGY evaluated the benefit of
an early switch from docetaxel to cabazitaxel or vice versa in
patients with chemotherapy-na€�ve mCRPC. The absence of
both variants at baseline was associated with the best prostate-
specific antigen response and progression-free survival in
patients receiving taxanes. AR nuclear localization did not
change following taxane treatment in AR-V7þ or double-
positive patients, suggesting AR-V7 may be dominant over
ARv567es.Our results indicate that absence of AR-splice variants
maybe associatedwith a superior response to taxane treatment
in mCRPC.

Androgen Receptor Variant Expression and Taxane Therapy
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amplification is carriedoutwithin eachdroplet.Unlike traditional
qPCR, ddPCR allows for absolute quantification of the transcript
without the need for normalization or external reference genes
(27–30).

Total RNAwas extracted from the enrichedCTCs pool using the
RNAeasy Plus Micro kit (Qiagen) as per the manufacturer's
instructions. After PCR, droplets that contained a template had
a fluorescent signal (positive droplets) that distinguished them
from the droplets without a template (negative droplets). The
number of target molecules was calculated from the ratio of
detected positive droplets to total droplets, using Poisson distri-
bution analysis. We used the CTC-derived mRNA as input for the
ddPCR reactions arrayed in 96-well format using commercially
available multiplexed master mixes of PCR enzyme/buffer from
the One-Step RT ddPCR Advanced Kit for Probes (Bio-Rad).
Primers and probes specific for AR-FL, ARv567es, and AR-V7 were
used to generate amplicons for each transcript and canbe found in
Supplementary Table S1. AR-FL, ARv567es, and AR-V7 transcript
quantifications were carried out on a QX200 ddPCR system with
automated droplet generation (Bio-Rad Laboratories), as
described previously (28–30). As is standard practice, no thresh-
old was applied to the ddPCR values (10, 31, 32). Transcript copy
numbers for each patient can be found in Supplementary Table

S2. The assay is highly specific for each transcript, which was
confirmed using HEK293T cells transfected with plasmids encod-
ing AR-FL, AR-V7, or ARV567es. In these validation assays, each
primer set specifically amplified its intended target. Positive and
negative controls were included in every assay to ensure optimal
primer performance. The primers/probes used for AR-V7 do not
coamplify the recently discovered and highly homologous AR-V9
variant transcript (20). The assay sensitivity was assessed in spike-
in experiments demonstrating single-cell AR-V detection (Sup-
plementary Fig. S1). Briefly, we spiked the human prostate cancer
cell line 22RV1, which expresses endogenous AR-FL and AR-V7
into healthy donor (HD) blood processed through the GEDI
device, following the same protocol as for the patient sample
processing used herein. Our results showed that the assay can
reliably and repeatedly detect AR-FL and AR-V7 transcripts from a
single prostate cancer cell in the presence of HD peripheral blood
mononuclear cells. No AR-V transcripts were detected in HD
blood run through the GEDI, while AR-FL was detected in 6 of
10 HD samples (Supplementary Fig. S2).

Efficacy assessments
PSA levels were measured before treatment administration at

each cycle and at the end-of-treatment visit, and then every 3

Figure 1.

AR structural domains, comparison with AR-splice variants, and the predicted effect of taxane treatment on AR-splice variant nuclear localization.
AR-FL is associated with microtubules and uses them as tracks for ligand-induced nuclear translocation. Taxane treatment inhibits AR-FL nuclear
accumulation and activity downstream of microtubule stabilization (13, 41). AR-FL binds microtubules via its hinge domain, which is retained in ARv567es but
absent in AR-V7 (12). Taxane treatment inhibits microtubule dynamics and is predicted to differentially affect the nuclear localization of each variant as
follows: AR-FL is kept inactive in the cytoplasm (top right), AR-V7 nuclear localization is unaffected due to the hingeless AR-V7 association with
microtubules (middle right), and ARv567es nuclear localization is partially impaired (bottom right). The latter is due to the fact that the entire C-terminal AR
domain (exons 2–8) mediates maximal microtubule association (AR-FL), while the hinge domain (present in ARv567es) is the minimum functional
domain required for microtubule binding, albeit not as extensively as the entire C-terminus (12). CE, cryptic exon; DBD, DNA-binding domain; LBD,
ligand-binding domain; MT, microtubule; NTD, N-terminal domain.
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months at each follow-up visit until progression, death, or study
cutoff. PSA response was recorded as at least a 50% (PSA50)
reduction from baseline either by C5D1 (prior to switch) or at
any point during the entire treatment continuum.

PFS was defined as the time between randomization and the
first documentation of radiographic tumor progression (using
RECIST 1.1), clinical progression (including skeletal-related
events, increasing pain requiring escalation of narcotic analgesics,
urinary obstruction, etc.), PSA progression, or death from any
cause. PFS was required to be confirmed at least 3 weeks after
initial assessment.

Statistical considerations
Descriptive statistics were used to present the results: mean,

standard deviation, median, range, number, and percentage of
patients. To relate the presence of splice variants to response,
standard c2 procedures were used. To relate the presence of splice
variants to PFS, Kaplan–Meier, Cox regression, and log-rank
techniques were used.

Results
Study population

Of the 63 patients enrolled, 61 received taxane treatment.
No new safety concerns were identified (14). AR-splice variant
expression data at baseline and treatment response data were
available for 54 patients. For the nine excluded patients,
reasons for exclusion included no PSA results (n ¼ 1), none-
valuable CTC mRNA at baseline (n ¼ 6), and randomized
but not treated patients (n ¼ 2). The median age was 71 years
(range, 53–84); 37%, 59%, and 4% had an Eastern Cooper-
ative Oncology Group performance status of 0, 1, and 2,
respectively; and 43% (23 patients) had received prior AR-

targeted therapy (Table 1). Baseline characteristics for this
subgroup of patients from TAXYNERGY were generally similar
to those published for the overall patient population in the
TAXYNERGY study (14). Thirty-six patients were randomized
to initial treatment with docetaxel, and 18 to initial treatment
with cabazitaxel.

AR-splice variant expression
Among the 54 patients, 67% (36 patients) and 78%

(42 patients) were AR-V7þ and ARv567esþ by ddPCR at baseline,
respectively. Forty-nine (91%) patients were positive for either or
both splice variants, and only five (9%) were double negative
(Supplementary Fig. S3). ddPCR splice variant expression
appeared to be numerically more frequent in those patients who
had received prior AR-targeted agents. Prior AR-targeted agents
had been given in 33%versus 45%of patients whowere ARv567es�

versus ARv567esþ, and 33% versus 47% of patients who were
AR-V7� versus AR-V7þ. Baseline characteristics by splice variant
expression are shown in Table 1. Of note, patients with either
splice variant had a numerically higher median PSA level, and
ARv567esþ patients had a numerically higher frequency of visceral
metastases (Table 1).

Correlation between AR-V mRNA expression and AR protein
nuclear localization

Our first report of TAXYNERGY revealed a significant correla-
tion between PSA response rate to taxane chemotherapy and
change in CTC AR nuclear localization (%ARNL). Patients with
biochemical response to taxanes had a significant decrease in
%ARNL at cycle 1 day 8 (C1D8) compared with cycle 1 day 1
(C1D1; baseline; ref. 14). As the ARNL immunofluorescence assay
does not differentiate between AR-FL and AR-V, we sought to

Table 1. Baseline characteristics

All AR-V7�/ARv567es� AR-V7�/ARv567esþ AR-V7þ

N ¼ 54 n ¼ 5 n ¼ 13 n ¼ 36

Median age, years (range) 71 (53–84) 64 (57–80) 71 (53–81) 71 (53–84)
Race, n (%)
Caucasian/white 46 (85.2) 4 (80.0) 12 (92.3) 30 (83.3)
Black 7 (13.0) 1 (20.0) 1 (7.7) 5 (13.9)
Asian 1 (1.9) 0 0 1 (2.8)

ECOG PS, n (%)
0 20 (37.0) 3 (60.0) 7 (53.8) 10 (27.8)
1 32 (59.3) 2 (40.0) 6 (46.2) 24 (66.7)
2 2 (3.7) 0 0 2 (5.6)

Gleason score at diagnosis, n (%)
�6 7 (13.7) 1 (25.0) 3 (23.1) 3 (8.8)
7 13 (25.5) 1 (25.0) 3 (23.1) 9 (26.5)
8–10 31 (60.8) 2 (50.0) 7 (53.8) 22 (64.7)

Prior prostatectomy, n (%) 24 (44.4) 2 (40.0) 6 (46.2) 16 (44.4)
Prior new-generation AR-targeted therapy, n (%) 23 (42.6) 1 (20.0) 5 (38.5) 17 (47.2)
Median PSA, ng/mL (range) 92.1 (2.4–1558.0) 20.8 (3.9–832.1) 89.0 (19.3–713.8) 113.1 (2.4–1558.0)
Albumin, g/dL (SD) 39.0 (4.874) 40.8 (2.388) 39.2 (4.604) 38.7 (5.242)
Hemoglobin, g/dL (SD) 12.24 (1.409) 13.16 (1.336) 12.23 (1.266) 12.12 (1.465)
Alkaline phosphatase, U/L (SD) 217.8 (260.35) 78.6 (23.33) 232 (287.8) 218.5 (266.13)
LDH > ULN, n (%) 17 (32.7) 0 6 (46.2) 11 (32.4)
Metastases, n (%)
Bone 49 (90.7) 5 (100.0) 6 (46.2) 34 (94.4)
Lymph nodes 28 (51.9) 3 (60.0) 10 (76.9) 14 (38.9)
Visceral 22 (40.7) 3 (60.0) 5 (38.5) 14 (38.9)
Other 11 (20.4) 0 2 (15.4) 9 (25.0)

Abbreviations: ECOG PS, Eastern Cooperative Oncology Group performance status; LDH, lactate dehydrogenase; SD, standard deviation; ULN, upper limit
of normal.
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correlate AR-V mRNA expression at baseline with change in
%ARNL (C1D8–C1D1). Twenty-four of the 54 patients had
%ARNL data at both C1D1 and C1D8 (Tables 2 and 3; Fig. 2).
As many of the samples coexpressed both variants, to determine
the relative impact of each, we initially categorized the samples
into four groups (double positive, double negative, AR-V7þ/
ARv567es�, and AR-V7�/ARV567esþ). Of these 24 patients, 13 were
double positive, three were double negative, three were AR-V7þ/
ARv567es� and five were AR-V7�/ARv567esþ. Patients who were AR-
V7þ/ARv567es� had a 1.9% decrease in %ARNL, compared with a
26.7% decrease in patients who were AR-V7�/ARv567esþ (not
shown). Furthermore, double-positive patients had a change of
0% (not shown). These data, taken together, suggest a dominant
role for AR-V7 in driving taxane resistance. Due to the small
number of patients in each group and because the presence of
AR-V7 seemed to have a dominant effect over ARv567es, results are
presented in three groups: AR-V7þ (regardless of ARv567es status),

ARv567esþ/AR-V7�, and double negative (Fig. 2; Table 3). Patients
who were double negative had a 12.9% decrease in %ARNL
compared with a 26.7% decrease in patients who were AR-
V7�/ARv567esþ compared with a negligible 0.4% decrease in
patients who were AR-V7þ (P ¼ 0.08 for trend; Table 3). Com-
parison of the change in %ARNL between AR-V7þ versus AR-V7�

patients, regardless of ARv567es expression, revealed a 21.5%
decrease in %ARNL in AR-V7� patients versus a 0.4% decrease
in AR-V7þ patients (P ¼ 0.0023; Table 2).

Efficacy outcomes
Splice variant expression and PSA outcomes are presented

in Tables 2 and 3. PSA50 response at C5D1 was observed in
61.1% of AR-V7� patients versus 36.1% of AR-V7þ patients
(P¼ 0.09; Table 2). Similar trendswere observed for PSA50 response
at any time during the study, which was recorded in 77.8% of
AR-V7� patients versus 58.3% of AR-V7þ patients (P ¼ 0.23).

Table 2. PSA outcomes and %ARNL according to AR-V7 and ARv567es expression

AR-V7þ (n ¼ 36) AR-V7� (n ¼ 18)

PSA50 at C5D1, n (%) 13 (36) 11 (61)
P value 0.09
PSA50 at any time, n (%) 21 (58) 14 (78)
P value 0.23

n ¼ 16 n ¼ 8
C1D1 %ARNL, mean (SD) 62.5 (14.3) 63.6 (14.6)
C1D8 %ARNL, mean (SD) 62.2 (15.2) 42.1 (11.1)
C1D8–C1D1 %ARNL, mean (SD) �0.4 (13.2) �21.5 (22.1)
P value 0.0023

ARv567esþ (n ¼ 42) ARv567es� (n ¼ 12)

PSA50 at C5D1, n (%) 16 (38) 8 (67)
P value vs. group 1 0.11
PSA50 at any time, n (%) 24 (57) 11 (92)
P value 0.04

n ¼ 18 n ¼ 6
C1D1 %ARNL, mean (SD) 63.7 (16.8) 62.6 (13.6)
C1D8 %ARNL, mean (SD) 56.3 (17.4) 55.2 (17.0)
C1D8–C1D1 %ARNL, mean (SD) �7.4 (11.8) �7.4 (21.3)
P value 0.9985

Abbreviations: PSA50, 50% reduction from baseline in PSA; SD, standard deviation.

Table 3. PSA outcomes and %ARNL in AR-V7þ patients and AR-V7� patients with or without ARv567es expression

Group 1 Group 2 Group 3
AR-V7�/ARv567es�

(n ¼ 5)
AR-V7�/ARv567esþ

(n ¼ 13)
All AR-V7þ

(n ¼ 36)
Total

(N ¼ 54)

PSA50 at C5D1, n (%) 4 (80.0%) 7 (53.9) 13 (36.1) 24 (44.4)
P value vs. group 1 0.31 0.26
P value vs. group 2 0.06
Trend group 1 > group 2 > group 3 0.1748
PSA50 at any time, n (%) 5 (100.0) 9 (69.2) 21 (58.3) 35 (64.8)
P value vs. group 1 0.16 0.49
P value vs. group 2 0.07
Trend group 1 > group 2 > group 3 0.33

Group 1 Group 2 Group 3
AR-V7�/ARv567es�

(n ¼ 3)
AR-V7�/ARv567esþ

(n ¼ 5)
All AR-V7þ

(n ¼ 16)
Total
(n ¼ 24)

C1D1 %ARNL, mean (SD) 56.9 (19.2) 67.6 (11.6) 62.5 (14.3) 62.9 (14.1)
C1D8 %ARNL, mean (SD) 44.1 (4.8) 41.0 (14.1) 62.2 (15.2) 55.5 (16.8)
C1D8–C1D1 %ARNL, mean (SD) �12.9 (15.4) �26.7 (25.4) �0.4 (13.2) �7.4 (19.1)
P value vs. group 1 0.52 0.08
P value vs. group 2 0.52
Trend group 1 > group 2 > group 3 0.08

Abbreviations: PSA50, 50% reduction from baseline in PSA; SD, standard deviation.
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PSA50 responses at C5D1 were observed in 38% of ARv567esþ

patients (regardless of AR-V7 status) versus 67% of ARv567es�

patients (P ¼ 0.11). For PSA50 at any time (Table 2), responses
were observed in 57% of ARv567esþ patients versus 92% of
ARv567es� patients (P ¼ 0.04). However, when patients were
divided into three subgroups, in order to model a dominant role
of AR-V7, 80% of AR-V7�/ARv567es� patients had a >50% PSA
decline by cycle 5 versus 53.9% inAR-V7�/ARv567esþ patients (P¼
0.31; Table 3). In double-negative patients, all patients had a
>50% PSA decline at any time on study versus 69.2% of AR-V7�/
ARv567esþpatients (P¼0.16; Table 3).MedianAR-V7 andARv567es

copy numbers at baseline were numerically lower in PSA respon-
ders than in PSA nonresponders; however, the difference was not
statistically significant, and overall variability was very high (Sup-
plementary Table S3).

The median PFS was 16.6 months for double-negative
patients compared with 11.2 months for AR-V7�/ARv567esþ

(P ¼ 0.18), and 8.5 months for AR-V7þ patients (P ¼ 0.004;
Fig. 3). For the AR-V7� versus AR-V7þ comparison, median
PFS was 12.0 versus 8.5 months (HR ¼ 0.38, P ¼ 0.01). The
P value for the trend across AR-V7�/ARv567es�, AR-V7�/
ARv567esþ, and AR-V7þ was 0.0013. For the ARv567es versus
ARv567esþ comparison, median PFS was 12.7 versus 7.3 months
(HR ¼ 0.37, P ¼ 0.02; Fig. 3).

Discussion
In light of the high frequency of intrinsic and acquired resis-

tance to treatment observed in mCRPC, and the increasing num-
ber of treatment options, future standards of care could be shaped
by prognostic and/or predictive biomarkers. In this context, AR-
splice variants are appealing, as most tumors retain their depen-
dence on AR signaling even after acquiring a castration-resistant
phenotype (33).

In this study, we used CTC isolation and a specific ddPCR assay
for the detection of AR-FL, AR-V7, and ARv567es expression. AR-
splice variant positivity by ddPCR appeared to be more frequent
than in prior studies using CTCs to detect AR-V7 expression by
RT-qPCR, which reported AR-V7 positivity in 19% to 55% of
samples (6, 18, 21, 34, 35). On the other hand, when ddPCR
was used to quantify AR-V7 expression in CRPC patient-derived
CTCs or whole blood, AR-V7 positivity was reported in 50% to
95% of patients (10, 31, 36).

Taken together, these data support the observation that ddPCR
has increased sensitivity in detecting low template transcript
copies (37–39), and are consistent with our own results, showing
that AR-V7was present in 67%of evaluable patients withmCRPC
at baseline, ARv567es in 78%, and AR-FL in 93%. Regarding
quantitation of ARv567es mRNA expression in patient samples,
there is only one study that uses RT-qPCR to detect ARv567es in
whole blood and reports ARv567es positivity in 32% of CRPC
patients (40).

Taxanes stabilize microtubules, which in prostate cancer
impairs trafficking of the AR into the nucleus (41, 42). The
prospective TAXYNERGY study was the first to associate clinical
outcome with taxane treatment and ARNL in patient CTCs (14).
Mechanistically, we showed that AR-FL binds microtubules via
its C-terminus hinge domain, which is retained in ARv567es but
absent in AR-V7 (ref. 12; Fig. 1).

Because taxane treatment inhibitsmicrotubule dynamics, it has
been shown to differentially affect the nuclear localization of AR-
splice variants in preclinicalmodels (12). Indeed, our results show
that AR-V7� patients have a greater reduction in AR percent
nuclear localization compared with AR-V7þ patients (Table 2
and Fig. 2). AR-FL is kept inactive in the cytoplasm, whereas the
nuclear localization of AR-V7 is not affected; accordingly, tumors
with AR-V7 would be predicted to be less sensitive to taxanes.
The hinge domain that is retained in ARv567es is the minimum

Figure 2.

Waterfall plot of percentage change in ARNL at C1D8 comparedwith C1D1 in patients stratified by AR-V status. Dotted line represents themean change in%ARNL for
all patients. SD, standard deviation.

Androgen Receptor Variant Expression and Taxane Therapy

www.aacrjournals.org Clin Cancer Res; 25(6) March 15, 2019 1885

on May 15, 2019. © 2019 American Association for Cancer Research. clincancerres.aacrjournals.org Downloaded from 

Published OnlineFirst October 9, 2018; DOI: 10.1158/1078-0432.CCR-18-0320 

http://clincancerres.aacrjournals.org/


functional domain required for microtubule binding, albeit it
does not bind as extensively as the entire C-terminus of AR. In line
with this, taxane treatment has been shown to partially impair the
nuclear localization of ARv567es in vitro (ref. 12; Fig. 1), and
ARv567es expression would be expected to confer intermediate
taxane sensitivity in vivo. Although one study reported that both
AR-V7 and ARv567es bind poorly to microtubules (20), their
expression was associated with a role for both variants in sensi-
tivity to taxane treatment, which is consistent with our data
presented here.

In the 9% of patients in our study with undetectable levels of
either splice variant, but with AR-FL expression, we observed
exceptionally high response rates of 80% to 100%. Still, the
presence of either splice variant was associated with relatively
high rates of PSA decline; PSA50 response rates at any time were
58% (AR-V7) and 57% (ARv567es), similar to the overall high PSA
responses in the TAXYNERGY study as a whole. This may reflect
the additional AR-independent mechanisms of action that tax-
anes are thought to have combined with a shift toward earlier
therapy formCRPCand the fact thatmore thanhalf of the patients
in this study were not previously exposed to abiraterone or
enzalutamide (13).

In this study, we attempted to ascertain the association of
treatment outcomes (PSA response and PFS) with expression of
ARv567es and AR-V7 by ddPCR at baseline. The difference in
response rates and PFS between AR-V7þ and AR-V7� patients
observed in the present study is similar to that in a previous study
(18), in which patients had received a median of 4 (range, 2–7)
prior AR-targeted therapies and had a 46% frequency (17 of 37
patients) of AR-V7 by RT-PCR. Those AR-V7þ patients had a PSA50

response rate of 41%, comparedwith 65% inAR-V7�patients, but
the sample size was small. It was concluded that AR-V7 presence
by RT-PCR was not associated with primary taxane resistance,
although outcomes were numerically better in patients who were
AR-V7� than in those who were AR-V7þ (18). The negative
prognostic value of AR-V7 positivity was further supported by
another study using a CTC-based nuclear-specific protein immu-
nofluorescence assay, which demonstrated worse overall survival
associated with taxane therapy in AR-V7þ versus AR-V7� patients
[HR (95% CI): 3.1 (1.4–7.0); P < 0.001; ref. 43]. Another study
investigated treatment of 79 patients with progressive mCRPC
using cabazitaxel (after prior docetaxel); 29 patients were evalu-
ablewith at least 10CTCs in 7.5mLblood at baseline (assessed by
CellSearch). Although not the primary endpoint, AR-V7 status by
RT-qPCR was also assessed. The PSA50 response rate was 28.6%
for AR-V7� patients and 8.3% for AR-V7þ patients (P ¼ NS). PFS
was also numerically longer for AR-V7� patients (6months) than
for AR-V7þ patients (4 months). These authors concluded that
cabazitaxel efficacy in the post-docetaxel setting was independent
of AR-V7 expression by RT-qPCR (21). Our data also support
mechanistic results, as AR-V7þ patients had a lower decrease in
ARNL after taxane therapy than AR-V7� patients (Table 3). Taken
together, though the three clinical studies are individually under-
powered to detect a more moderate effect of AR-V7 on taxane
sensitivity, all studies provide trends supporting the hypothesis
that the presence of AR-V7 may confer modest taxane resistance,
albeit significantly less than that on AR signaling or CYP17
inhibitors.

In our initial studies, we utilized LuCaP 86.2, a human xeno-
graft tumor in which ARv567es is the predominant splice variant,
and LuCaP 23.1, a human xenograft expressing bothwild-type AR

Figure 3.

Kaplan–Meier curve of PFS for (A) AR-V7� vs. AR-V7þ; (B) ARv567es�

vs. ARv567esþ; and (C) AR-V7�/ARv567es� vs. AR-V7�/ARv567esþ vs. all
AR-V7þ. A, For AR-V7� (regardless of ARv567es status) vs. AR-V7þ, P ¼
0.01; B, for ARv567es� (regardless of AR-V7 status) vs. ARv567esþ, P ¼ 0.02;
C, for AR-V7�/ARv567es� vs. AR-V7�/ARv567esþ, P ¼ 0.18; for AR-V7�/
ARv567es� vs. AR-V7þ, P ¼ 0.004; for AR-V7�/ARv567esþ vs. AR-V7þ,
P ¼ 0.32. The trend for AR-V7�/ARv567es�, AR-V7�/ARv567esþ and AR-V7þ

was 0.0013.
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and AR-V7 (12). We previously showed that docetaxel treatment
inhibits tumor growth and nuclear localization of AR in LuCaP
86.2 tumors, but had minimal effect on LuCaP 23.1 tumors,
suggesting that the ARv567es splice variant conferred relatively
greater taxane sensitivity than AR-V7 (12). Although our clinical
results with AR-V7 are consistent with our a priori hypothesis and
with previously published data, our results with ARv567es are
different, likely due to the fact that the xenograft model is
completely dependent on ARv567es expression and transcriptional
activity for growth. Thus, even an intermediate effect on this
variant's nuclear localization by taxane treatment would result
in an amplified drug-sensitivity phenotype. In addition, our
earlier data showed that the entire C-terminus region of AR
(including the hinge domain; see Fig. 1) mediates maximum
association with microtubules in vitro, whereas the hinge domain
when expressed alone is partially associated with microtubule
polymers, suggesting that a larger AR structural region is required
formaximumbinding. In this context, wewould hypothesize that
AR-FL would be the most sensitive to taxane treatment, followed
by ARv567es and AR-V7; our clinical results provide evidence in
support of this hypothesis.

Of note, this is one of the first reports describing ARv567es

expression in patient-derived CTCs, and the association of the
expression levels with patient outcomes in mCRPC. The presence
of the ARv567es amplicon was confirmed in patient-derived CTCs
by direct Sanger sequencing (Supplementary Fig. S4). These
analyses were exploratory and involved low patient numbers;
consequently, most of the differences found were numerical and
did not reach statistical significance. Therefore, we cannot con-
clude that AR variants have definitive prognostic or taxane pre-
dictive characteristics. Future studies should involve larger patient
numbers and take into account simultaneous presence and rel-
ative expression levels of all AR-splice variants.

In summary, we examined outcomes of patients with mCRPC
enrolled in the TAXYNERGY study according to their expressionof
AR-splice variants by ddPCR. PSA response rates were numerically
superior in double-negative patients versus ARv567esþ/AR-V7�

patients versus AR-V7þ patients at baseline. PFS was longest in
double-negative patientswhodidnot express either splice variant.
PFS was longer with taxane therapy in AR-V7� patients compared
with AR-V7þpatients. The absence of AR-splice variants by ddPCR
appears to be associated with superior response and PFS to
cabazitaxel or docetaxel in patients with mCRPC.
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