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Membrane-associated androgen receptor (AR) potentiates its
transcriptional activities by activating heat shock protein 27

(HSP27)
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The androgen receptor (AR) is a ligand-activated nuclear
receptor that plays a critical role in normal prostate physiology,
as well as in the development and progression of prostate can-
cer. In addition to the classical paradigm in which AR exerts its
biological effects in the nucleus by orchestrating the expression
of the androgen-regulated transcriptome, there is considerable
evidence supporting a rapid, nongenomic activity mediated by
membrane-associated AR. Although the genomic action of AR
has been studied in depth, the molecular events governing AR
transport to the plasma membrane and the downstream AR sig-
naling cascades remain poorly understood. In this study, we
report that AR membrane transport is microtubule-dependent.
Disruption of the function of kinesin 5B (KIF5B), but not of
kinesin C3 (KIFC3), interfered with AR membrane association
and signaling. Co-immunoprecipitation and pulldown assays
revealed that AR physically interacts with KIF5B and that
androgen enhances this interaction. Furthermore, we show
that heat shock protein 27 (HSP27) is activated by membrane-
associated AR and that HSP27 plays an important role in medi-
ating AR-mediated membrane-to-nuclear signal transduction.
Together, these results indicate that AR membrane transloca-
tion is mediated by the microtubule cytoskeleton and the motor
protein KIF5B. By activating HSP27, membrane-associated AR
potentiates the transcriptional activity of nuclear AR. We con-
clude that disruption of AR membrane translocation may rep-
resent a potential strategy for targeting AR signaling therapeu-
tically in prostate cancer.
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The androgen receptor (AR),? along with the estrogen recep-
tor (ER), glucocorticoid receptor (GR), progesterone receptor
(PR), and the mineralocorticoid receptor (MR), is a member of
the Type I nuclear receptor subfamily (1, 2). AR plays an impor-
tant role in the development and maintenance of the male sex-
ual phenotype (3, 4). Similar to other steroid hormone recep-
tors, AR islocated in the cytoplasm in the absence of androgens,
forming a complex with chaperones and co-chaperones such as
heat shock proteins and immunophilins (5). Upon androgen
binding, AR undergoes conformational changes and translo-
cates to the nucleus, where it binds to the androgen response
elements (AREs) as a homodimer; activates the expression of
AR target genes; and induces cell proliferation, differentiation,
and survival (6, 7). This mode of action is the classical AR sig-
naling pathway, also known as the genomic action. In addition
to the classical pathway, many observations suggest androgens,
as well as some other steroid hormones, can affect cellular pro-
cesses in a nongenomic fashion (8). Cinar et al. found that
within minutes of androgen stimulation, AR is localized to the
membrane lipid rafts microdomain, interacts with AKT, and
activates AKT signaling (9). Pedram et al. showed palmitoyla-
tion of a conserved motif in the ligand-binding domain is crit-
ical for membrane localization of estrogen receptor, progester-
one receptor, and AR (10). Additionally, studies have shown AR
interacts with caveolin-1 (Cav-1), a major component of the
caveolae membrane structure (11, 12). Down-regulation of
Cav-1 decreases AR membrane localization (11, 12). Overall,
studies on membrane-associated AR are limited and very little
is understood regarding the mechanisms underlying AR trans-
location to the plasma membrane.

In this study, we investigated the mechanism involved in AR
plasma membrane trafficking. We found that the AR plasma
membrane translocation depends on the microtubules and the
KIF5B motor protein. We also identified membrane-associated

3 The abbreviations used are: AR, androgen receptor; IF, immunofluores-
cence; TS, Triton X-100-soluble; T, Triton X-100-insoluble/octylgluco-
side-soluble; 2-BP, 2-bromopalmitate; co-IP, co-immunoprecipitation;
NTD, N-terminal domain; CRPC, castration-resistant prostate cancer; CTB,
Cholera Toxin Subunit B; cs-FBS, charcoal-stripped fetal bovine serum;
DHT, dihydrotestosterone; PSA, prostate-specific antigen.
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Figure 1. Androgen induces AR membrane translocation. A, intracellular localization of AR by immunofluorescence. LNCaP cells were cultured on chamber
slidesin phenol-red free RPMI 1640 containing 5% charcoal-stripped FBS and treated with 1 nm R1881 for the indicated times. Following fixation, the slides were
stained for AR by an anti-AR antibody (green), for membrane marker GM-1 by Cholera Toxin Subunit B (red), and for nuclei by DAPI (blue). Co-localization of AR
and GM-1 was visible after R1881 treatment for 10 and 20 min. Scale bar is 20 um. B, top, Western blot analysis of AR in Triton X-100 soluble (TS) and Triton X-100
insoluble/octylglucoside soluble (/) fractions isolated from LNCaP cells. Gia3 was used as the membrane marker and GAPDH as the cytoplasm marker. Bottom,
ARlevelsin Tl fractions were calculated as the AR/Gia3 ratios and expressed relative to that of the leftmost group. C, Western blot analysis of AR in LNCaP lysates
fractionated by the sucrose gradient ultracentrifugation. Gia 3 was used as the membrane marker. D, AR levels in Gia3-positive fractions were quantitated by
densitometry and expressed as % of total AR. The mean = S.D. from three experiments are plotted. *, p < 0.05.

AR potentiates the transcriptional activities of AR by enhancing
AR nuclear import.

Results
Androgen induces AR plasma membrane translocation

We first employed an immunofluorescence (IF) assay to visu-
alize androgen-induced AR membrane localization in LNCaP
cells. As shown in Fig. 14, when the cells were cultured in an
androgen-depleted condition, AR was primarily in the cyto-
plasm. Ten min after the addition of R1881, a synthetic andro-
gen, a fraction of AR could be observed at the periphery of cells,
overlapping with the staining for ganglioside GM-1, a mem-
brane lipid raft marker (13). At 20 min, as the majority of
cytoplasmic AR had translocated to the nucleus, the mem-
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brane pool became more distinguishable. This fraction of AR
appeared to peak at around 20 min after androgen stimulation,
as the intensity declined after longer incubations. Similar
observations were made in COS-7 cells transfected with AR
(Fig. S1), suggesting AR membrane translocation is not unique
to LNCaP cells.

To confirm the IF results, we performed two membrane frac-
tionation assays based on the low-density and Triton X-100—
insoluble properties of membrane domains enriched with cyto-
plasmically oriented signaling molecules (9). LNCaP cells were
lysed 20 min after the addition of R1881 and separated into
Triton X-100 —soluble (TS) and Triton X-100 —insoluble/octyl-
glucoside-soluble (TI) fractions. We first confirmed that there
was no contamination from cytoplasmic and nuclear proteins
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Figure 2. AR membrane translocation is microtubule-dependent. A-C, the effects of docetaxel (DTX), nocodazole (NCZ), and cytochalasin D (cytoD) on AR
membrane translocation. LNCaP cells were pretreated with 10 nm docetaxel, 50 ng/ml nocodazole, or 0.5 ng/ml cytochalasin D for 16 h, then stimulated with
1nmR1881 for 20 min. TS/Tl fractions were extracted and analyzed by Western blotting. Left, representative blots are shown. Right, AR levels in Tl fractions were
calculated as the AR/Gia3 ratios and expressed relative to that of the leftmost group. The mean = S.D. from three experiments are plotted. *, p < 0.05.

in the TT fraction, which contains the membrane fraction (Fig.
S2). As shown in Fig. 1B, AR level was low in the TT fraction
under the androgen-depleted condition, but it was markedly
induced by the addition of R1881. The induction was blocked
by enzalutamide, a potent antiandrogen. Consistent with a pre-
vious report showing palmitoylation is critical for AR mem-
brane translocation (10), treatment with 2-bromopalmitate
(2-BP), a palmitoylation inhibitor, blocked the androgen-in-
duced increase of AR in the TI fraction (Fig. S3).

Next, LNCaP lysates were fractionated by the sucrose gradi-
ent ultracentrifugation method and analyzed by Western blot-
ting. As shown in Fig. 1C, AR was present at a very low level in
Gia3-positive fractions under the androgen-depleted condi-
tion, and treatment with androgen significantly increased AR
distribution in these fractions (Fig. 1C). When compared
against AR in all fractions, we estimated the pool of membrane-
associated AR accounted for 8 —10% of total AR at 20 min after
androgen stimulation (Fig. 1D).

The above analyses show AR undergoes a transient, ligand-
induced membrane translocation, as previously reported by
others (9). To determine the physiological relevance of this
phenomenon, we performed the TS/TI fractionation assays
with LNCaP cells treated with different concentrations of
androgens. As shown in Fig. S4, AR membrane localization
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could be induced by dihydrotestosterone (DHT) as low as 1 nu,
and by R1881 as low as 100 pM, suggesting AR membrane trans-
location occurs at both physiological and castrate levels of
androgen (14, 15).

Microtubule cytoskeleton is involved in AR membrane
transport

Studies have established that the microtubules play a critical
role in facilitating the nuclear import of steroid receptors such
as AR (16 -18). However, little is known about the mechanism
of AR membrane translocation. To test whether microtubules
are involved in this process, LNCaP cells were treated with
microtubule inhibitors docetaxel (stabilizes microtubules) and
nocodazole (depolymerizes microtubules). As shown in Fig. 1C,
treatment with docetaxel blocked the androgen-induced
AR distribution in the membrane fractions. Similarly, both
docetaxel and nocodazole abolished androgen induction of AR
in the TI fraction (Fig. 2, A and B), suggesting microtubule
dynamics are critical for AR trafficking to the membrane. The
involvement of the microtubule cytoskeleton seems to be
unique, as inhibition of actin cytoskeleton, which has been
shown to be involved in protein transport (19), did not interfere
with AR membrane translocation (Fig. 2C and Fig. S5).
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Figure 3. KIF5B mediates AR membrane transport. A and B, the effects of KIFC3-tail and KIF5B-tail on AR membrane translocation. LNCaP cells were
transiently transfected with KIFC3-tail or KIF5B-tail for 48 h, and treated with 1 nm R1881 for 20 min. TS/Tl fractions were extracted and analyzed by Western
blotting. Membrane AR levels were calculated as AR/Gia3 ratios and expressed relative to that of the leftmost group. C, KIF5B-tail, but not KIFC3-tail, interferes
with rapid activation of AKT. LNCaP cells were transfected with KIF5B-tail or KIFC3-tail, and treated with 1 nmR1881 treatment for 30 min. Whole cell lysates were

collected and probed with antibodies against p-AKT and AKT. D, KIF5B knoc
analyzed by Western blotting to confirm the knockdown of KIF5B. E, KIF5B kn
siRNAs for 48 h and treated with 1 nm R1881 for 20 min. TS/Tl fractions were e

kdown. After LNCaP cells were transfected with siRNAs for 48 h, lysates were
ockdown interrupts AR membrane translocation. LNCaP cells were transfected
xtracted and analyzed for AR distribution. Left, representative blots are shown.

Right, AR levels in Tl fractions were calculated as the AR/Gia3 ratios and expressed relative to that of the leftmost group. The mean + S.D. from three

experiments are plotted. ¥, p < 0.05.

AR membrane transport is mediated by kinesin 5B

Protein movement along the microtubules is mediated by
direction-specific motor proteins, which largely fall into two
families, dyneins and kinesins. Whereas dyneins mediate cargo
transport to the minus end of the microtubules, kinesins direct
movement toward the plus end (20, 21). Among kinesin family
proteins, KIF5B and KIFC3 have been shown to transport pro-
tein cargos to the plasma membrane (22, 23). To identify the
specific motor protein mediating the transport of AR to the
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plasma membrane, we took advantage of the tail-domain
mutants of KIF5B and KIFC3 (KIF5B-tail and KIFC3-tail,
respectively). Because of the truncation of the motor domain,
these mutants are capable of cargo binding but not transport-
ing, thus acting as dominant-negative mutants (24). When they
were co-expressed with AR, the KIFC3-tail had no effect on
androgen-induced AR membrane translocation (Fig. 34 and
Fig. S6A). In contrast, AR membrane translocation was abol-
ished in the presence of the KIF5B-tail (Fig. 3B and Fig. S6B). A

SASBMB
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Figure 4. AR interacts with KIF5B. A, co-immunoprecipitation (co-IP) of KIF5B-tail or KIFC3-tail with AR. COS-7 cells were co-transfected with Myc-tagged
KIF5B-tail or KIFC3-tail with AR. Co-IP assays were performed with an antibody against Myc-tag, followed by immunoblot with antibodies against AR and
Myc-tag. Input, cell lysates were analyzed for the expression of AR and KIF5B-tail or KIFC3-tail. A control co-IP experiment was performed with a mouse IgG. B,
the endogenous AR-KIF5B interaction. LNCaP cells were treated with EtOH or R1881 20 min, and a reciprocal co-IP assay was performed with an antibody
against AR, followed by Western blot analyses for AR and KIF5B. C, In vitro pulldown assay for AR. Myc-tagged KIF5B-tail or KIFC3-tail was expressed in COS-7
cells, and enriched by protein G magnetic beads coated with an anti-Myc-tag antibody. The magnetic beads were subsequently incubated with lysates from
COS-7 cells transfected with AR, and the eluted proteins were analyzed by immunoblotting. D, the KIF5B-tail-AR interaction is enhanced by androgen. COS-7
cells co-transfected with KIF5B-tail and AR were cultured in RPMI 1640 supplemented with 10% cs-FBS, and treated with EtOH or R1881 for 20 min. The lysates

were analyzed by the co-IP assay.

previous report has shown membrane-associated AR mediates
rapid AKT activation stimulated by androgen (9, 25). Consis-
tent with this study, we found androgen-induced AKT phos-
phorylation at 30 min was blocked in the presence of the KIF5B-
tail, but not the KIFC3-tail (Fig. 3C). Additionally, KIF5B
knockdown by an siRNA led to a significant reduction of andro-
gen-induced AR membrane localization in LNCaP cells (Fig. 3,
D and E). Collectively, these results show that AR transport to
the membrane is mediated by the KIF5B motor protein.

AR interacts with KIF5B through the N-terminal domain

If KIF5B is the motor protein responsible for the anterograde
transport of AR, as suggested by the previous section, an inter-
action would be expected between AR and the KIF5B-tail
domain, which is responsible for cargo recognition and bind-
ing. This appeared to be the case. In COS-7 cells co-transfected
with AR and the KIF5B-tail or the KIFC3-tail plasmids (both are
Myc-tagged), AR was co-precipitated with the KIF5B-tail, but
not with the KIFC3-tail, by an anti-Myc antibody (Fig. 44),
suggesting there is a specific interaction between KIF5B and
AR. A reciprocal co-immunoprecipitation (co-IP) assay per-
formed with an antibody against AR in LNCaP cells demon-
strated an interaction of endogenous AR and KIF5B (Fig. 4B).
Additionally, we performed an in vitro Myc-pulldown assay.
When protein G magnetic beads coated with the KIF5B-tail or
KIFC3-tail were incubated with AR-expressing COS-7 lysates,
AR was pulled down by the KIF5B-tail, but not by the KIFC3-
tail (Fig. 4C), further supporting an interaction between AR and
KIF5B.

We next investigated the effect of androgen on the AR—
KIF5B association. As shown in Fig. 4D, a weak AR band co-
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precipitated with the KIF5B-tail under the androgen-deprived
condition; however, a discernible stronger interaction was
observed after the addition of androgen, suggesting that the
AR-KIF5B interaction is ligand-dependent. A similar observa-
tion was made with the endogenous proteins (Fig. 4B).

To identify the domain(s) of AR mediating the interaction
with KIF5B, a series of AR deletion constructs were generated
(Fig. 5A4) and used in the pulldown assay. As shown in Fig. 5, B
and C, the full-length AR, as well as constructs containing the
N-terminal domain (NTD) and the NTD plus the DNA-binding
domain (DBD), were pulled down by the KIF5B-tail. In con-
trast, none of the constructs lacking the NTD were pulled down
by the KIF5B-tail. These data suggest AR interacts with KIF5B
through the NTD. Interestingly, the AR-NDH (NTD plus DBD
and Hinge domain) construct was not pulled down by the
KIF5B-tail, suggesting an inhibitory role of the hinge domain in
the AR-KIF5B interaction.

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

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

J. Biol. Chem. (2018) 293(33) 12719-12729 12723
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Figure 5. AR binds to KIF5B via the N-terminal domain. A, a series of AR deletion constructs were generated by deleting progressively from the C and N
termini. B and C, these constructs were expressed in COS-7 cells and analyzed by the in vitro pulldown assay with KIF5B-tail- coated magnet beads. Western
blots were probed with the N-20 (B) and C-19 (C) antibodies, which recognized the N and C termini of AR, respectively. Control pulldowns were performed with
amouselgG. H, Hinge domain; LBD, ligand-binding domain; N, NTD only; ND, NTD and DBD; NDH, NTD plus DBD and H; DHL, DBD plus Hand LBD; HL, Hand LBD.

in the ligand-binding domain. Analysis of the data revealed
similar binding curves and disassociation constants (K,) for
AR-C807A and AR-WT (Fig. S7, C and D), thus excluding the
possibility that the observed deficiency in membrane localiza-
tion of AR—C807A was because of decreased ligand-binding
capacity. Furthermore, the cycloheximide chase assay showed
that the protein stability was similar between AR—-WT and
AR-C807A (Fig. S7E).

When the transcriptional activity of AR—-C807A was ana-
lyzed in COS-7 cells by the luciferase reporter assay, we found
that although their activities were similar in the absence of
androgen, the R1881-induced activity of AR—C807A was signif-
icantly less than that of the WT counterpart (Fig. 6A4). This was
confirmed by the expression of TMPRSS2, an AR-regulated
gene, in DU145 cells ectopically expressing AR-WT or
AR-CB807A (Fig. 7C). Consistent with these results, treatment
of LNCaP cells with the palmitoylation inhibitor 2-BP, which
was shown to inhibit AR membrane localization, inhibited
androgen-induced prostate-specific antigen (PSA) mRNA
expression (Fig. 7D). These results suggest that abolishing AR
membrane localization may ultimately impair the activity of AR
as a transcriptional activator, supporting a cross-talk between
membrane-associated and nuclear-destined AR.

To understand how the nuclear function of AR is weakened
by the lack of AR membrane localization, we looked into
nuclear translocation by using an IF assay. In the absence of
androgen, AR-WT and AR-C807A were both predominantly
localized to the cytoplasm (Fig. S8A). Following androgen stim-
ulation, AR-WT underwent a robust nuclear translocation,
and became predominantly nuclear localized after 1 h. In com-
parison, the translocation of AR-C807A to the nucleus was
much slower (Fig. S84 and Fig. 6B). Similar observations were
made in COS-7 cells by using the subcellular fractionation assay
(Fig. 6C and Fig. S8, Band C). These results suggest membrane-
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associated AR plays a critical role in potentiating the nuclear
import of AR.

HSP27 mediates membrane-to-nuclear AR cross-talk

It has been previously reported that androgen induces phos-
phorylation of heat shock protein 27 (HSP27), which in turn
facilitates AR nuclear translocation (26). However, it remains
unclear whether HSP27 phosphorylation is mediated by mem-
brane-associated AR. To address this question, we blocked AR
membrane transport with the dominant-negative KIF5B-tail
and examined HSP27 phosphorylation. As shown in Fig. 74,
androgen induced a rapid and robust induction of HSP27 phos-
phorylation in cells expressing the KIF3C-tail, which did not
affect AR membrane localization (Fig. 34). In contrast, andro-
gen treatment failed to induce HSP27 phosphorylation in cells
expressing the KIF5B-tail (Fig. 7A). Similarly, COS-7 cells
expressing AR-C807A showed subdued HSP27 phosphoryla-
tion following androgen stimulation as opposed to those
expressing AR-WT (Fig. 7B). These results suggest androgen-
stimulated HSP27 phosphorylation is mediated by membrane-
associated AR.

If HSP27 functions as a key mediator of AR signaling from
the membrane to nucleus, it would be expected that expression
of constitutive active HSP27 will at least in part rescue the
defects of membrane-deficient AR. To this end, we performed
rescue assays with HSP27-D (phosphorylation mimicking) and
HSP27-A (phosphorylation deficient) mutants (27). As men-
tioned previously, androgen-induced TMRPSS2 expression
was muted in AR-C807A-expressing DU145 cells. The co-
transfection of HSP27-D, but not HSP27-A, rescued the expres-
sion of TMRPSS2 (Fig. 7C). Similarly, in LNCaP cells treated
with 2-BP, the expression of PSA mRNA was rescued by
HSP27-D, but not HSP27-A (Fig. 7D). Furthermore, although
they grew similarly in an androgen-depleted condition (Fig. S9),
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Figure 6. Loss of AR membrane association impairs its nuclear activity. A, luciferase reporter assay. COS-7 cells were co-transfected with the ARR3 lucif-
erase reporter, pRL-TK, along with WT AR (AR-WT) or the AR-C807A mutant. Dual-Luciferase assays were performed 24 h after the cells were treated with the
solvent (EtOH) or 1 nm R1881. The normalized luciferase activities were expressed relative to the leftmost group. B, IF analyses of COS-7 cells transfected with
AR-WT or AR-C807A. Transfected cells were cultured on chamber slides for 48 h, and treated with 10 nm DHT for the indicated times. Following fixation, the
slides were stained by an anti-AR, by CTB (for defining cell boundary), and by DAPI (for nuclei). The images were analyzed by the Image J software to quantitate
the nuclear and cytoplasmic AR signals. At least 20 cells per group were analyzed. C, subcellular fractionation assay of COS-7 cells transfected with AR-WT or
AR-C807A. Cells were stimulated by 1 nm R1881 for the indicated times and levels of AR were determined by Western blotting. The nuclear/cytoplasmic AR
ratios were calculated relative to the 0 min time point. The mean = S.D. from three experiments are plotted. *, p < 0.05.

AR-WT-expressing DU145 cells proliferated at a higher rate
than those expressing AR—C807A in the presence of androgen
(Fig. 7E), suggesting membrane localization is critical for the
proliferative effects of AR. Co-expression of HSP27-D partially
restored cell proliferation, whereas the co-transfection of
HSP27-A failed to do so (Fig. 7E). Collectively, these results
provide evidence supporting HSP27 as a key mediator of the AR
membrane-to-nuclear signaling.

Discussion

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

Previously, Lu et al. showed that caveolin-1 (Cav-1) knock-
down by shRNAs decreased the amount of AR localized to the
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membrane, suggesting Cav-1 is involved in AR membrane traf-
ficking (11). In our study, AR membrane translocation was
observed in both Cav-1-positive COS-7 cells and Cav-1-
negative LNCaP cells, indicating Cav-1 is not necessary for this
process. Cav-1 may stabilize AR in the plasma membrane in
Cav-1-expressing cells.

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

Asshown in Fig. 14, androgen-induced AR membrane local-
ization is transient. However, by using a novel androgen den-
drimer conjugate (ADC) that selectively binds AR in the cyto-
plasm but prevents AR from being imported to the nucleus (33,
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Figure 7. HSP27 mediates cross-talk between membrane-associated and nuclear-destined AR. A, KIF5B-tail blocks androgen-induced phosphoryla-
tion of HSP27. LNCaP cells transfected with KIF5B-tail or KIFC3-tail were treated with 1 nm R1881 for 15 and 25 min, and analyzed by Western blotting for total
and phosphorylated HSP27. B, AR-WT, but not AR-C807A, induces HSP27 phosphorylation. COS-7 cells transfected with AR-WT or AR-C807A were treated
with 1 nm R1881 for 0, 10, 20 min, and analyzed by Western blotting for total and phosphorylated HSP27. C, rescue of TMPRSS2 expression by HSP27D. DU145
cells were transfected with AR-WT/AR-C807A with vector/HSP27A/HSP27D, and treated with EtOH or 1 nm R1881 for 24 h. Following qRT-PCR, normalized
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10% cs-FBS and treated with 1 nmR1881 for 1 to 3 days, and the SRB assay was performed. The data were expressed as -folds of the day 0 readings. The mean =+

S.D. from at least three experiments are plotted. *, p < 0.05.

34), we found AR remained in the membrane fractions for lon-
ger periods (data not shown). This result suggests a feedback
signal transmitted from nuclear AR to inhibit AR membrane
association.

In addition to the canonical full-length AR, at least two AR
isoforms have been found on the plasma membrane. ARS, a
novel AR splice variant that contains the NTD and a unique 33
amino acid C terminus, is expressed in both clinical samples
and prostate cancer cell lines (35). Localized primarily to the
plasma membrane, AR8 promotes the association of Src and
AR with EGFR in response to EGF stimulation, and is required
for the optimal AR transcriptional activity induced by EGF or
DHT (35). This is similar to our finding that membrane-asso-
ciated AR potentiates the transcriptional activity of nuclear-
destined AR. Another AR splice variant found on the plasma
membrane is AR45, which lacks the NTD (36). A recent study
identified AR45 in the plasma membrane lipid rafts of neuronal
cells (37). Functionally, AR45 is postulated to play a role in the
regulation of intracellular calcium signaling through its inter-
actions with the membrane-associated Gao and Gaq proteins
(37). The molecular mechanisms of membrane transport of
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ARS8 and AR45 have not been studied. However, based on our
data that KIF5B interacts with the AR NTD, it is likely ARS8 is
transported by KIF5B.

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

It is now widely accepted that the AR signaling pathway
remains active in castration-resistant prostate cancer (CRPC).
Our study demonstrated that AR membrane transport can be
induced by DHT concentrations found in CRPC tissues (38)
(Fig. S4). Based on the existing evidence, we propose that mem-
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Figure 8. Schematic illustration of the anterograde AR transport and the
cross-talk between membrane-associated and nuclear-destined AR.

brane-associated AR plays a critical role in sustaining AR sig-
naling in CRPC through at least two mechanisms. First, mem-
brane AR potentiates the AR transcriptional activity in the
presence of low levels of androgen by enhancing the nuclear
translocation. Second, AR activates AKT, ERK, and Src path-
ways at the membrane, thereby promoting cell proliferation,
invasion, and survival through these pathways (39). Therefore,
targeting AR membrane transport represents a novel strategy
to fully suppress AR signaling in CRPC.

Experimental procedures
Cell lines and reagents

LNCaP, DU-145, and COS-7 cells were obtained from Amer-
ican Type Culture Collection. The suppliers for the antibodies
used in this study include Santa Cruz Technology (for AR N-20
and GAPDH antibodies), EMD Millipore (AR PG-21, Gia3, and
Myc-tag), Cell Signaling Technology (AKT, phospho-AKT
(Ser-473), HSP27, and phospho-HSP27 (Ser-82)), GeneTex
(anti-LSD1), and Abcam (anti-KIF5B). Docetaxel was obtained
from Selleck Chemicals (Houston, TX); nocodazole, protease
inhibitor cocktails, and KIF5B siRNA were from Sigma Aldrich;
and Alexa Fluor® 594 conjugated Cholera Toxin Subunit B
(CTB) was from Thermo Fisher Scientific. For plasmids, pRK-
Myc—KIFC3-tail was kindly provided by Dr. Kristen Verhey
(University of Michigan), Myc—KIF5B-tail by Dr. Geri E. Kre-
itzer (Weill Cornell Medical College, Cornell University), and
AR-C807A was a gift from Dr. Ellis Levin (University of
California at Irvine). The pFLAG-CMV2-Hsp27-S15D/S78D/
S$82D and pFLAG-CMV2-Hsp27-S15A/S78A/S82A plasmids
were obtained from Addgene (85188, 84997, supplied by Ugo
Moens’s lab).
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Immunofluorescence

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

Membrane fractionation by serial detergent extraction

The membrane fractions were extracted by using the succes-
sive detergent method as previously described (40). Briefly, cells
were washed with PBS and suspended in buffer A (25 mm mor-
pholinoethanesulfonic acid, 150 mm NaCl, pH 6.5, 1% Triton
X-100, 1 mm Na;VO,, 1 mm phenylmethylsulfonyl fluoride, and
protease inhibitor cocktails) and incubated on ice for 30 min.
The Triton-insoluble fractions were collected by centrifugation
at 14,000 X g for 20 min at 4 °C. The supernatant (Triton solu-
ble) was transferred to a new tube and the pellet (Triton insol-
uble) was resuspended in buffer B (10 mm Tris, pH 7.6, 1%
Triton X-100, 500 mm NaCl, 1 mm Na;VO,, 60 mm n-octyl-3-
D-glucoside, 1 mm phenylmethylsulfonyl fluoride, and protease
inhibitor mixture) and incubated on ice for 30 min. The debris
(octylglucoside insoluble) was cleared by centrifugation at
14,000 X g for 20 min at 4 °C.

Sucrose gradient ultracentrifugation

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

Western blotting

Cells were washed with ice-cold PBS and lysed with 1X Cell
Lysis Buffer (Cell Signaling Technology) containing a phospha-
tase inhibitor and the protease inhibitor mixture (Sigma). After
incubating the cells on ice for 30 min, lysates were collected by
centrifugation at 12,000 X g for 10 min. Protein concentrations
were determined by the BCA Protein Assay kit (Pierce). The
samples were separated on 10% SDS-polyacrylamide gels and
transferred onto polyvinylidene fluoride (PVDF) membranes.
After blocking in TBST buffer (150 mm NacCl, 10 mwm Tris, pH
7.4, 0.1% Tween 20) containing 5% nonfat milk, the blots were
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incubated with a primary antibody overnight at 4 °C and a
fluorescent-labeled secondary antibody for 1 h at room temper-
ature. The fluorescent signals were obtained by the Odyssey IR
Imaging System (LI-COR Biosciences).

Cell culture, transient transfection, and luciferase reporter
assay

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

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

Co-immunoprecipitation

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

In vitro pulldown assay

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

Ligand-binding assay

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

Nuclear and cytoplasmic fractionation

Nuclear and cytoplasmic factions were extracted by NE-PER™
Nuclear and Cytoplasmic Extraction kit (Thermo Fischer Sci-
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entific) according to the manufacturer’s instructions. GAPDH
was used as the cytoplasmic marker, and LSD1 as the nuclear
marker.

Statistical analysis

Statistical analysis was performed using GraphPad Prism and
Microsoft Excel. The Student’s two-tailed ¢ test was used to
determine the difference in means between two groups. p <
0.05 is considered significant. Data are presented as mean =
S.D. from at least three independent experiments.
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