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Androgen-ablation therapy is an effective method
for treating prostate cancer. However, prostate tu-
mors that survive long-term androgen-ablation
therapy are classified as androgen-independent as
they proliferate in the absence of androgens, and
they tend to be enriched for neuroendocrine (NE)
cells. Androgen withdrawal causes androgen-
dependent prostate cancer cells to adopt a pro-
nounced NE phenotype, suggesting that androgen
receptor (AR) represses an intrinsic NE transdiffer-
entiation process in prostate cancer cells. In this
report we show that short interfering RNA-induced
AR silencing induced a NE phenotype that mani-
fested itself in the growth of dendritic-like pro-
cesses in both the androgen-dependent LNCaP
and androgen-independent LNCaP-AI human
prostate cancer cells. Western blot analysis re-
vealed that neuronal-specific enolase, a marker of

the neuronal lineage, was increased by AR knock-
down in LNCaP cells. The expression levels of the
neuronal-specific cytoskeletal proteins �-tubulin
III, nestin, and glial acidic fibrillary protein were
also characterized in AR knockdown cells. Most
interestingly, AR silencing induced �-tubulin III ex-
pression in LNCaP cells, while AR knockdown in-
creased glial acidic fibrillary protein levels in both
LNCaP and LNCaP-AI cells. Lastly, AR silencing
reduced the proliferative capacity of LNCaP and
LNCaP-AI cells. Our data demonstrate that AR ac-
tively represses an intrinsic NE transdifferentiation
process in androgen-responsive prostate cancer
cells and suggest a potential link between AR in-
activation and the increased frequency of NE cells
in androgen-independent tumors. (Molecular En-
docrinology 17: 1726–1737, 2003)

ANDROGENS ARE CRITICAL for the development
and maintenance of normal and cancerous pros-

tate tissue (1). Androgens bind the androgen receptor
(AR), a member of the steroid-receptor superfamily of
ligand-dependent transcription factors, and induce
the transcription of prostate-specific genes associ-
ated with cellular growth and maintenance of the dif-
ferentiated prostate-epithelial phenotype (2). Early-
stage prostate cancer that is confined to the prostate
gland is normally cured by surgical methods (i.e. rad-
ical prostatectomy) (3). In contrast, advanced-stage
prostate carcinoma that has metastasized beyond the
prostatic capsule, is typically treated by androgen-
ablation therapies (4). Androgen ablation therapy ex-
ploits the androgen dependency of prostate cancer
cells by either reducing endogenous androgen levels
that circulate within the body or by directly blocking
AR activity with chemical inhibitors (5). These thera-
pies cause massive apoptotic cell death in the bulk of
the prostate tumor cells (6); however, on occasion,
cancer cells escape these treatments and reappear as
androgen-independent prostate tumors that prolifer-
ate in the absence of androgens in vivo (7). This class

of prostate tumor is often incurable and ultimately
leads to the demise of the patient (8).

AR reactivation under androgen-withdrawal condi-
tions is believed to be a critical step in the develop-
ment of advanced, hormone-refractory prostate car-
cinomas in vivo (9). Several mechanisms of AR
reactivation have been proposed. They include ampli-
fication of the AR that results in AR overexpression
and an increased capacity to bind lower levels of an-
drogen that circulate within the body, structural alter-
ations in the AR that induce promiscuous interactions
with other steroids, and hormone-independent AR ac-
tivation induced by growth-factors (i.e. IGF-I, keratin-
ocyte growth factor, epidermal growth factor) and
neuropeptides (i.e. neurotensin, bombesin) (5). Long-
term androgen-ablation therapy also tends to select
for prostate tumor populations that are enriched for
neuroendocrine (NE) cells (10, 11). NE cells are one of
several cell types that occupy the prostate gland and
have been hypothesized to have a paracrine role in the
growth and differentiation of the normal prostate
gland, similar to NE cells that reside within the pan-
creas, respiratory, and gastrointestinal systems (12).
Prostate-localized NE cells are nonproliferative and
express a number of neuronal proteins including neu-
ronal-specific enolase (NSE) and chromogranins (12).
NE cells also secrete a large class of neuropeptides
that includes bombesin, neurotensin, serotonin, calci-

Abbreviations: AR, Androgen receptor; FAS, fatty acid syn-
thase; GFAP, glial acidic fibrillary protein; NE, neuroendo-
crine; NSE, neuronal-specific enolase; PSA, prostate-specific
antigen; RNAi, RNA interference; siRNA, short interfering
RNA; TBST, Tris-buffered saline containing 0.1% Tween 20.
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tonin, TSH, and PTHrP that possess a wide range of
cellular activities associated with tumor proliferation,
transformation, and metastasis (12). Therefore, it has
been hypothesized that NE cells promote the devel-
opment and growth of androgen-refractory prostate
tumors through the secretion of neuropeptides that
induce tumor cell growth within surrounding prostate
tissue (12).

The exact role or contribution that NE cells have on
the development of androgen-independent prostate
carcinomas is highly debatable and is an active area of
scientific inquiry (5). Investigators have traditionally
used in vitro human prostate cancer cell lines to study
the molecular processes that drive androgen-indepen-
dent prostate cancer cell growth (12). For example, the
androgen-dependent human LNCaP prostate cancer
cell line requires androgen for growth in vitro and in
vivo (13, 14). However, androgen-independent LNCaP
sublines have been derived that are capable of grow-
ing indefinitely in vitro in the absence of androgen (15,
16). Interestingly, the immediate withdrawal of andro-
gen causes androgen-dependent prostate cancer
cells to acquire dendritic-like processes and express
neuronal-specific proteins in vitro and in vivo that
closely resemble the cellular properties of NE cells
located within the prostate gland (12, 14). This sug-
gests that activation of the NE transdifferentiation pro-
cess represents an early response to AR inactivation
induced by androgen withdrawal in prostate tumors.
However, over time, AR reactivation may result in an-
drogen-independent prostate tumor cell growth and in
conjunction with repression of the NE transdifferentia-
tion process in corresponding tumor cells. Therefore,
elucidation of the molecular effectors that control the
NE transdifferentiation process in prostate cancer
cells may lead to the discovery of new therapeutic
target(s) in the treatment of androgen-independent,
NE-enriched prostate cancers (17).

The accumulation of NE cells in xenografted LNCaP
prostate cancer tumors after androgen withdrawal ar-
gues that AR actively represses a NE transdifferentia-
tion process in prostate cancer cells both in vitro and
in vivo (14). We report that short interfering RNAs
(siRNAs) directed against AR induced AR silencing
and the activation of the NE transdifferentiation pro-
cess in the androgen-dependent LNCaP and andro-
gen-independent LNCaP-AI prostate cancer cell lines.
AR silencing induced the growth of dendritic-like pro-
jections from both LNCaP and LNCaP-AI cells. Fur-
thermore, AR knockdown induced higher levels of the
neuronal marker proteins NSE, �-tubulin III, and glial
acidic fibrillary protein (GFAP) in LNCaP cells, while
nestin levels were decreased in these cells. In con-
trast, AR silencing had no measurable effect on NSE
and �-tubulin III levels in LNCaP-AI cells, even though
GFAP levels were increased and nestin levels de-
creased in these cells. Lastly, AR silencing inhibited
the growth of LNCaP and LNCaP-AI cells in vitro. Our
results confirm and expand previous observations that
have shown prostate cancer cells have the potential to

transdifferentiate in response to androgen withdrawal,
suggesting a direct link to AR (14). AR silencing has
now confirmed a direct link between AR and inhibition
of the NE transdifferentiation process in prostate can-
cer cells. Overall, we have shown that AR actively
represses the NE transdifferentiation process in an-
drogen-responsive prostate cancer cells. AR inactiva-
tion may represent a plausible mechanism leading to
the accumulation of NE cells in primary and advanced-
stage prostate carcinoma in vivo.

RESULTS

Transfection of an siRNA Targeted to the AR
Results in AR Silencing and Induces a NE
Phenotype in LNCaP Cells

AR signaling is paramount to the development,
growth, and maintenance of early and advanced-stage
prostate carcinoma (18). Despite our detailed knowl-
edge of AR function as a nuclear steroid hormone
transcription factor, studies detailing the biochemical
and morphological events associated with loss of AR
function in prostate cancer cells have been minimal
(19, 20). The development and maturation of RNA
interference (RNAi) technologies, specifically siRNAs,
have given researchers a powerful tool for silencing
mammalian genes in cultured cells in an attempt to
elucidate their function (21, 22). To gain a better un-
derstanding of the cellular processes affected by in-
hibiting AR expression in prostate cancer cells, we
decided to silence AR in the human LNCaP prostate
cancer cell line by transfecting a siRNA duplex that
targeted nucleotides 293–313 of the AR mRNA (AR1
siRNA). Transfection of AR1 siRNA efficiently silenced
AR expression in LNCaP cells 72 h post transfection
(Fig. 1A, compare lanes 4 and 5). Androgen starvation
also caused a slight reduction in AR in comparison to
72-h androgen (10 nM R1881, an androgen analog)-
treated cells (Fig. 1A, compare lanes 2 and 3), which is
in agreement with previous studies that have shown
that the androgen hormone promotes AR stabilization
in prostate cancer cells (23). Transfection of control
siRNA decreased target protein levels [e.g. AR, pros-
tate-specific antigen (PSA), fatty acid synthase (FAS)]
when compared with untransfected LNCaP cells
(compare lane 4 to lanes 1–3); however, due to the
obvious differences in the experimental manipulations
(e.g. transfection conditions) between androgen star-
vation (lanes 1–3) and AR silencing (lanes 4 and 5), a
direct comparison of protein levels is only meaningful
within lanes 1–3 and lanes 4–5 in all subsequent
panels.

AR inactivation induced by androgen withdrawal in-
duces the NE transdifferentiation process in andro-
gen-dependent prostate cancer cells as measured by
an increase in neuronal-specific protein expression
and the growth of dendrite-like processes (12). There-
fore, we decided to silence AR in an androgen-depen-
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dent prostate cancer cell line to directly test whether
the NE transdifferentiation process was directly AR
dependent. This prompted us to compare the bio-
chemical and morphological changes associated with
AR inactivation induced by androgen starvation and
AR silencing in LNCaP cells. As demonstrated previ-
ously (14, 24), a 72-h withdrawal of androgen induced
the growth of dendritic-like processes in LNCaP cells
(Fig. 1, compare B and C). A 72-h transfection of
LNCaP cells with AR1 siRNA also promoted the
growth of dendritic-like projections when compared

with control transfected cells (Fig. 1, compare E and
F). The neuronal appearance of androgen-starved and
AR-silenced cells was strikingly similar, and their cel-
lular morphology was quite distinct from LNCaP grown
in standard medium or androgen-depleted medium
containing androgen (Fig. 1, compare B and D). These
results demonstrated that AR silencing promoted the
growth of dendritic-like processes similarly to AR in-
activation induced by androgen starvation, suggesting
that AR actively represses the NE transdifferentiation
process in LNCaP prostate cancer cells (14).

Fig. 1. siRNAs Targeted to the AR Silence AR in LNCaP Prostate Cancer Cells
A, AR expression in LNCaP cells. On d 0, LNCaP cells were seeded at 5000 cells/cm2 into six-well tissue culture dishes and

incubated in medium A (phenol red-deficient RPMI 1640 medium supplemented with 10% FBS lacking antibiotics). On d 1, cells
were fed and incubated in either medium A (lane 1), medium B (phenol red-deficient RPMI 1640 medium supplemented with 10%
charcoal-stripped FBS minus antibiotics) (lane 2), medium C (phenol red-deficient RPMI 1640 medium containing 10% charcoal-
stripped FBS supplemented with 10 nM R1881 minus antibiotics) (lane 3), transfected with control siRNA (lane 4), or transfected
with AR1 siRNA (lane5) as detailed in Materials and Methods. On d 4, the cells were washed with PBS and solubilized in buffer
A. Total protein lysate (4 �g) from each treatment were subjected to SDS-PAGE (4–20% gradient gels) and immunoblot analysis
with 1 �g/ml anti-AR IgG AR441 as detailed in Materials and Methods. B–F, Photographs of LNCaP cells on d 4 of experimental
treatments as detailed in panel A. B, LNCaP cells grown in medium A; C, LNCaP cells grown in medium B; D, LNCaP cells grown
in medium C; E, LNCaP cells transfected with control siRNA; F, LNCaP cells transfected with AR1 siRNA. Cells were viewed at
�10 and imaged as detailed in Materials and Methods. G–I, Immunoblot analyses of PSA, FAS, and fas-ligand (FasL). Total protein
lysate (4 �g) derived from the cell extracts described in panel A was subjected to SDS-PAGE (12%) and immunoblot analysis
using 1 �g/ml anti-PSA IgG RDI-PSA85abm/RDI-PSA85abm-1 (panel G), 1 �g/ml anti-FAS IgG clone 23 (panel H), 1 �g/ml
anti-FasL IgG clone 33 (panel I). The blots were processed as described in Materials and Methods. Data are representative of at
least three independent experiments.
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To further document the role of AR activity in LNCaP
cells, we wanted to know whether the neuronal phe-
notype of AR-silenced LNCaP cells correlated with
changes in the levels of known androgen-regulated
proteins. Consistent with previous studies (25), the
androgen-regulated serine protease, PSA, was re-
duced in androgen-starved LNCaP cells in compari-
son to normal or androgen-treated cells (Fig. 1G, com-
pare lanes 1–3). Similarly, PSA levels also decreased in
AR knockdown cells in comparison to control trans-
fected cells (Fig. 1G, compare lanes 4 and 5). Andro-
gens induce the expression of a number of enzymes
involved in cellular growth and metabolism (26). For
example, FAS is an indirect target of AR transcription
(27). We found that androgen-starved cells had lower
FAS levels in comparison to androgen-treated cells
(Fig. 1H, compare lanes 2 and 3). Similarly, FAS levels
were also decreased in AR knockdown cells in com-
parison to control transfected cells (Fig. 1H, compare
lanes 4 and 5).

To show that AR knockdown did not cause general
fluctuations in gene expression, we decided to follow
the expression levels of membrane-bound FasL after
androgen removal and AR knockdown. FasL, a ligand
of the TNF superfamily of receptors, is constitutively
expressed and secreted by prostate cancer cells (28).
To date, FasL has not been implicated as an andro-
gen-regulated protein in prostate cancer cells. We
found that FasL levels remained relatively constant
during androgen starvation, androgen treatment, or
AR silencing (Fig. 1I, lanes 1–5). In total, our results
demonstrate that AR silencing, similar to androgen
withdrawal, led to reductions in PSA and FAS expres-
sion in LNCaP cells, and that FasL was not a target of
androgen regulation in LNCaP cells.

AR Regulates Cell Shape in LNCaP Cells and
Represses the Expression of Neuronal-Specific
Marker Proteins

We sought to better characterize the shape changes of
LNCaP cells in response to androgen treatment and
also document all androgen-mediated shape changes
as they related to AR expression in these cells. There-
fore, we decided to observe 72-h androgen-starved
LNCaP cells after a 24-h incubation with androgen.
Androgen-starved cells contained dendritic-like pro-
cesses (Fig. 2A) that readily disappeared after a 24-h
incubation in androgen (Fig. 2B), demonstrating the
plasticity of the NE phenotype in LNCaP cells. AR
knockdown cells also grew dendritic-like processes
(Fig. 2C); however, AR knockdown cells maintained
their dendritic-like processes after the 24-h incubation
with androgen (Fig. 2, compare C and D), while cells
transfected with the control siRNA acquired a very
round and circular morphology in response to andro-
gen treatment (Fig. 2, compare E and F). These results
demonstrate that AR expression is critical for andro-
gen-mediated shape changes in LNCaP cells.

AR knockdown LNCaP cells have a distinct neuronal
appearance, which prompted us to document the ex-
pression pattern of a target protein that is restricted to
the neuronal lineage. We decided to measure neuro-
nal-specific enolase (NSE), the expression of which is
generally restricted to neuronal cells and its levels
increase in prostate cancer cells after they undergo
the NE transdifferentiation process (14). Consistent
with these studies, we found that NSE levels increased
in androgen-starved LNCaP cells (Fig. 2G, compare
lanes 1–3). NSE levels also increased in AR knock-
down cells (Fig. 2G, compare lanes 4 and 5), demon-
strating that AR negatively regulates NSE expression
in LNCaP cells.

To further characterize the pronounced neuronal
phenotype of androgen-starved and AR-silenced
LNCaP cells, we decided to determine the expression
levels of several neuronal-specific cytoskeletal pro-
teins. These proteins included nestin, which defines
immature neurons, neuron-specific �-tubulin class III,
which defines mature neurons, and GFAP, which de-
marcates mature astrocytes (29–32). We found that
�-tubulin levels were relatively constant in response to
androgen treatment or AR knockdown (Fig. 2H, com-
pare lanes 1–3; compare lanes 4 and 5). However, the
TUJI antibody that specifically recognizes the neuro-
nal-specific isoform III of �-tubulin revealed an in-
crease in �-tubulin III in androgen-starved and AR
knockdown LNCaP cells (Fig. 2I, compare lanes 1 and
2; compare lanes 4 and 5). Surprisingly, �-tubulin III
levels were also increased in androgen-treated cells,
demonstrating that exogenous androgen was not able
to repress �-tubulin III expression in cells that were
exposed to androgen-depleted growth medium (Fig.
2, compare lanes 2 and 3). Androgen treatment also
had little effect on nestin levels (Fig. 2J, compare lanes
2 and 3), while nestin levels were decreased in AR
knockdown cells (Fig. 2J, compare lanes 4 and 5).
Androgen treatment had little effect on GFAP levels
(Fig. 2K, compare lanes 2 and 3), while GFAP levels
increased in AR knockdown cells (Fig. 2K, compare
lanes 4 and 5). In total, these data demonstrate that
androgens and AR elicit protein abundance changes
in specific neuronal cytoskeletal proteins in LNCaP
cells.

AR Represses the NE Transdifferentiation
Process in the Androgen-Independent LNCaP-AI
Prostate Carcinoma Cell Line

Androgen-dependent prostate cancer cell lines re-
quire androgens for growth in vitro and in vivo (9). An
unresolved issue is whether androgen-independent
prostate cancer cell lines also require AR for growth
(33). Androgen-independent prostate cancer cells are
capable of proliferating in androgen-deficient micro-
environments, suggesting these cells no longer require
AR for growth. This led us to test whether AR silencing
would have any effect on the morphology or protein
expression of a previously classified androgen-inde-

Wright et al. • AR Represses the NE Pathway in Prostate Cancer Mol Endocrinol, September 2003, 17(9):1726–1737 1729
D

ow
nloaded from

 https://academ
ic.oup.com

/m
end/article/17/9/1726/2756540 by guest on 20 August 2022



Fig. 2. AR Represses the NE Phenotype and Decreases Neuronal-Specific Protein Marker Expression in LNCaP Cells
A and B, Light microscope photographs of LNCaP cells grown in medium B. On d 0, LNCaP cells were seeded at a cell density

of 5000 cells/cm2 into six-well tissue culture dishes and incubated in medium A. On d 1, the cells were washed with PBS and
incubated in medium B. A, on d 4, the cells were photographed and R1881 was added to the culture at a final concentration of
10 nM R1881. B, On d 5, the cells were photographed as detailed in Materials and Methods. C and D, Light microscope
photographs of LNCaP cells transfected with the AR1 siRNA. On d 0, LNCaP cells were seeded at 5000 cells/cm2 into six-well
tissue culture dishes and transfected with AR1 siRNA as detailed in Materials and Methods. C, On d 4, the cells were
photographed and R1881 was added to the culture at a final concentration of 10 nM. D, On d 5, the cells were photographed as
detailed in Materials and Methods. E and F, Light microscope photographs of LNCaP cells transfected with the control siRNA.
On d 0, LNCaP cells were seeded at a cell density of 5000 cells/cm2 into six-well tissue culture dishes and incubated in medium
A. On d 1, the cells were transfected with the control siRNA as detailed in Materials and Methods. E, On d 4, the cells were
photographed and R1881 was added to a final concentration of 10 nM. F, On d 5, the cells were photographed as detailed in
Materials and Methods. G–K, Immunoblot analyses of NSE, �-tubulin, �-tubulin III, nestin, and GFAP expression in LNCaP cells.
Total protein lysate (4 �g) derived from the cell extracts described in panel A were subjected to SDS-PAGE and immunoblot
analysis using 1:10 dilution of anti-NSE rabbit polyclonal serum (panel G), 4 �g/ml anti-�-tubulin IgG clone TUB 2.1 (panel H), 1
�g/ml anti-�-tubulin III IgG clone TUJI (panel I), 0.5 �g/ml anti-nestin IgG clone 25 (panel J), 1 �g/ml anti-GFAP IgG clone 52 (panel
K). The blots were processed as described in Materials and Methods. Data are representative of at least three independent
experiments.
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pendent prostate cancer cell line. We decided to si-
lence AR in the LNCaP-AI prostate cancer cell line, an
androgen-independent LNCaP subline that prolifer-
ates in androgen-deficient growth medium, expresses
AR at levels comparable to LNCaP cells, and under-
goes increased proliferation in response to androgen
treatment in vitro (16). LNCaP-AI cells typically grow in
tight cell clusters in androgen-deficient growth me-
dium (Fig. 3A). However, a 72-h incubation with an-
drogen produced a noticeable shape change in these
cells in comparison to untreated cells (Fig. 3, compare
A and B), as androgen-treated cells adopted a distinct

spindle-like shape and tended to spread out on the
dish, thus demonstrating LNCaP-AI cells responsive-
ness to androgen (16). To test whether LNCaP-AI cells
required AR, we decided to silence AR and look for
any detectable morphological and biochemical
changes that were a result of this treatment. Micro-
scopic examination of AR knockdown cells revealed
the growth of dendritic-like projections in LNCaP-AI
cells that mirrored the cellular processes that were
seen in AR knockdown LNCaP cells (compare Figs. 1G
and Fig. 3D). Similar to LNCaP cells, Western blot
analyses of total cell lysates revealed that AR levels

Fig. 3. AR Represses the Neuronal Phenotype and Modulates Neuronal-Specific Marker Protein Expression in the Androgen-
Independent LNCaP-AI Prostate Cancer Cell Line

A and B, Light microscope photographs of LNCaP-AI cells after R1881 treatment. On d 0, LNCaP-AI cells were seeded at 5000
cells/cm2 into six-well tissue culture dishes and incubated in medium B (A and B). On d 1, R1881 was added to (B) at a final
concentration of 10 nM. On d 4, untreated LNCaP-AI cells (panel A) and 10 nM treated LNCaP-AI cells (panel B) were viewed and
imaged at �10 as detailed in Materials and Methods. C and D, Light microscope photographs of LNCaP-AI transfected with
control and AR1 siRNAs. On d 0, LNCaP-AI cells were seeded at 5000 cells/cm2 into six-well tissue culture dishes and incubated
in medium B. On d 1 the cells were transfected with the control (panel E) and AR1 (panel F) siRNAs as detailed in Materials and
Methods. On d 4, the control (panel E) and AR1 (panel F) siRNA-transfected cells were viewed and imaged as detailed in Materials
and Methods. E–L, Immunoblot analysis of AR, PSA, NSE, �-tubulin, �-III-tubulin, nestin, GFAP, and FasL in LNCaP-AI cells. Total
protein lysates (4 �g) derived from LNCaP grown in medium A were run as a positive control in lane 1. LNCaP-AI cells exposed
to medium B (lane 2), medium C (lane 3), transfected with control siRNA (lane 4), or transfected with AR1 siRNA (lane 5) as detailed
in Materials and Methods. Total protein lysate (4 �g) was subjected to SDS-PAGE and immunoblot analysis using 1 �g/ml anti-AR
IgG AR441 (panel E), 1 �g/ml anti-PSA IgG RDI-PSA85abm/RDI-PSA85abm-1 (panel F), 1:10 dilution of anti-NSE rabbit polyclonal
serum (panel G), 4 �g/ml anti-�-tubulin IgG clone TUB 2.1 (panel H), 1 �g/ml anti-�-tubulin III IgG clone TUJI (panel I), 0.5 �g/ml
anti-nestin IgG clone 25 (panel J), 1 �g/ml anti-GFAP IgG clone 52 (panel K), 1 �g/ml anti-FasL IgG clone 33 (panel L). The blots
were processed as described in Materials and Methods. Data are representative of at least three independent experiments.
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increased after androgen treatment (Fig. 3E, compare
lanes 2 and 3). We found that AR levels were signifi-
cantly decreased in AR knockdown cells in compari-
son to control-transfected cells (Fig. 3E, compare
lanes 4 and 5). The appearance of the NE phenotype
in the LNCaP-AI cells prompted us to further charac-
terize the same group of androgen-regulated proteins
that were documented in LNCaP cells as described
above. We found that PSA levels were undetectable in
LNCaP-AI cells when they were grown in androgen-
deficient medium (Fig. 3F, lane 2). However, PSA ex-
pression was detectable after a 72-h incubation with
androgen (Fig. 3F, compare lanes 2 and 3). Similar
to LNCaP cells, androgen reduced NSE levels in
LNCaP-AI cells (Fig. 3G, compare lanes 2 and 3).
However, NSE levels remained relatively unchanged in
AR knockdown cells (Fig. 3G, compare lanes 4 and 5).
Similar to LNCaP cells, �-tubulin levels remained un-
changed in androgen-treated or AR knockdown cells
(Fig. 3H, compare lanes 2 and 3 and 4 and 5). How-
ever, in contrast to LNCaP cells, �-tubulin III levels
were reduced in androgen-treated cells (Fig. 3I, lanes
2 and 3), while AR silencing had little effect on �-
tubulin III levels (Fig. 3I, compare lanes 4 and 5). We
also found that nestin levels were decreased in andro-
gen-treated and AR knockdown cells (Fig. 3J, com-
pare lanes 2 and 3 and lanes 4 and 5). Interestingly, in
accordance with LNCaP cells, GFAP levels increased
in AR knockdown cells (Fig. 3K, compare lanes 4 and
5), while GFAP levels were slightly increased in andro-
gen-treated cells (Fig. 3K, compare lanes 2 and 3).
Lastly, in agreement with LNCaP cells, FasL levels
remained unchanged by androgen treatment or AR
silencing (Fig. 3L, compare lanes 2 and 3 and 4 and 5).
In summary, AR expression is required to block the
morphological aspects of the NE transdiffentiation
process in LNCaP-AI cells, and AR can modulate neu-
ronal cytoskeletal protein expression in LNCaP-AI
cells similarly to LNCaP cells.

AR Silencing Inhibits the Growth of LNCaP and
LNCaP-AI Prostate Cancer Cells

AR is critical for the growth of prostate cancer cells (9).
In contrast, NE cells are devoid of AR and are typically
nonproliferative (12). This prompted us to determine
whether activation of the NE transdifferentiation pro-
cess induced by AR silencing correlated with a de-
crease in cell growth in LNCaP and LNCaP-AI cells.
Both control and AR1 siRNA-transfected LNCaP and
LNCaP-AI cells were exposed to siRNAs for 120 h and
switched to fresh medium that lacked siRNAs
and then incubated for another 120 h. Under these
experimental conditions, AR knockdown decreased
the cell growth of both LNCaP and LNCaP-AI cells
when compared with control transfected cells (Fig. 4,
compare A and B and C and D). LNCaP cell growth
was reduced to 38.2% (SD � 5.2) of control siRNA-
transfected cells (Fig. 4E), while LNCaP-AI cell growth
was reduced to 65.1% (SD � 3.3) of control siRNA-

transfected cells (Fig. 4E). These results demonstrate
that LNCaP and LNCaP-AI cell growth is inhibited by
AR silencing and demonstrate that AR expression is
required for normal in vitro cell growth in the absence
or presence of androgens. Although the androgen-
independent LNCaP-AI prostate cancer cell line pro-
liferates in the absence of androgens, it also requires
AR expression for growth in androgen-deficient growth
medium, which is consistent with the previous report that
LNCaP-AI cell growth is androgen independent, but can
be enhanced by androgen treatment (16).

DISCUSSION

Defining the cellular composition of prostate tumors
will be critical in determining how to treat and cure this
disease (34). Androgen-ablation therapies are an ef-
fective method for treating prostate cancers (4). How-
ever, they tend to select for androgen-refractory tu-
mors that become enriched for NE cells (11). NE cells
have a normal role in the physiology of the prostate
and they secrete neuropeptides that can impart both
survival and proliferative signals upon prostate
cancer cells in vitro (35). It has been hypothesized
that NE cells contribute to the development of
androgen-independent prostate cancers through
the secretion of neuropeptides that function in a
paracrine fashion to impart androgen-independent
growth properties upon prostate tumors in vivo (12).
The proclivity of androgen-dependent prostate
cancer cells to undergo the NE transdifferentiation
process in an androgen-specific manner suggests
that AR is central to regulating this process (14). This
prompted us to directly test whether AR controlled
the NE transdifferentiation process in both andro-
gen-dependent and androgen-independent pros-
tate cancer cells. We found that AR silencing in-
duced the growth of dendritic-like appendages from
both androgen-dependent LNCaP and androgen-
independent LNCaP-AI prostate cancer cell lines.
AR silencing increased NSE and �-tubulin III expres-
sion in LNCaP cells and impaired the normal in vitro
cell growth of LNCaP and LNCaP-AI cells. Our anal-
ysis has clearly demonstrated that AR is required to
repress the NE transdifferentiation process in pros-
tate cancer cells in vitro and suggests that AR may
actively repress an analogous NE transdifferentia-
tion process in prostate cancer cells in vivo. This
intrinsic repression of the NE transdifferentiation
process by AR may provide an explanation for the
increased number of NE cells in androgen-refractory
tumors that have undergone long-term exposure
through androgen-ablation therapies (11).

Inactivation of AR through microinjection of a neu-
tralizing antibody or targeting the AR mRNA using a
hammerhead ribozyme inhibited LNCaP cell growth
and the growth of both the LNCaP-C4 and LNCaP-Rf
androgen-refractory prostate cancer cell line deriva-
tives (36). This study was the first to demonstrate that
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both androgen-dependent and androgen-refractory
prostate cancer cell lines require AR for normal cell
growth. Our AR siRNA studies in LNCaP and
LNCaP-AI cells are in complete agreement and ex-
pand the results of this earlier study (36). Not only did
we find that androgen-dependent and androgen-inde-
pendent prostate cancer cell lines require AR expres-
sion for growth, but we also found that AR expression
is necessary for repressing neuronal-specific protein
expression in these cells. Interestingly, Zegarra-Moro
et al. (37, 38) also showed that the androgen-indepen-
dent DU145 prostate cancer cell line, which lacks de-
tectable AR, was insensitive to AR inactivation; this
suggests that androgen-independent prostate cancer
cell lines that are devoid of AR expression are insen-
sitive to AR inactivation, while androgen-independent
prostate cancer cell lines that retain AR expression
most likely require AR for cell growth. Future studies
that inactivate AR in androgen-independent prostate
cancer cell lines that are either AR positive or negative
using RNAi will be required to test this hypothesis

more robustly. Multiple mechanisms could explain the
hormone-independent AR-dependent growth pheno-
type of LNCaP-AI cells. For example, these cells may
have acquired a hypersensitivity phenotype to residual
levels of androgens that remain in the charcoal-
stripped serum that was used in our study. This phe-
notype was first reported in the androgen-dependent
CWR22 human xenograft prostate cancer cell line
where recurrent CWR22 tumors had increased AR
stabilization that was associated with an increased
hypersensitivity to lower levels of androgen both in
vitro and in vivo (39). However, other signaling mech-
anisms, including growth factors, activation of the pro-
tein kinase A pathway, and neuropeptides, have been
shown to activate AR in a hormone-independent fash-
ion (5). Future studies will be required to define the
underlying mechanism of AR activation in LNCaP-AI
cells.

One of the goals of this study was to establish a
direct link between AR and the NE transdifferentiation
process in prostate cancer cells. We found that AR

Fig. 4. AR Silencing Severely Inhibits the Growth of LNCaP and LNCaP-AI Cells
A and B, On d 0, LNCaP cells were seeded at 5000 cells/cm2 into six-well tissue culture dishes and incubated in medium A.

On d 1, cells were fed medium A and transfected with the control siRNA (panel A) or AR1 siRNA (panel B). On d 6, the cells were
washed with PBS and fed medium A. On d 11, the cells were washed with PBS, fixed in methanol, and stained with the crystal
violet dye. The dishes were viewed and imaged with a digital camera as detailed in Materials and Methods. C and D, LNCaP-AI
cells were transfected with control siRNA (panel C) or AR1 siRNA (panel D) using the exact experimental conditions described in
panel A, except that LNCaP-AI cells were grown in medium B during the analysis. On d 11, cells were washed with PBS, fixed
in methanol, and stained with the crystal violet dye. The dishes were viewed and imaged with a digital camera as detailed in
Materials and Methods. Data are representative of at least three independent experiments. E, Quantitative measurement of cell
growth in control and AR siRNA-transfected LNCaP and LNCaP-AI cells. Cells were treated as detailed in panels A–D. Cells were
trypsinized on d 11, and the total number of viable cells were counted as detailed in Materials and Methods. The total number
of AR1 siRNA-transfected cells (x-axis) was plotted relative to the total number of control siRNA-transfected cells (y-axis).
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silencing induced biochemical and morphological
changes associated with the NE transdifferentiation
process that mirrors those that occur when AR is
inactivated by androgen withdrawal. AR silencing in-
creased NSE levels in LNCaP cells, thereby demon-
strating AR has a repressive effect on NSE expression.
AR silencing had no effect on NSE expression in
LNCaP-AI cells even though NSE levels decreased
upon the addition of exogenous androgen. This result
demonstrates that AR still retained its repressive ac-
tivity toward NSE expression in LNCaP-AI cells. How-
ever, these results suggest there is a strong possibility
that AR represses neuronal-associated target genes
and related neuronal shape changes at different
thresholds. For example, in LNCaP-AI cells, which
were derived from a long-term exposure to androgen-
depleted growth medium (16), AR may have lost its
ability to repress certain subsets of neuronal genes. As
a result, removal of AR by RNAi would have no effect
on the expression levels of certain neuronal targets
such as NSE, even though the expression levels of
other neuronal targets may be removal of AR. This may
explain why the NE transdifferentiation process is not
fully activated in LNCaP-AI cells without the complete
removal of AR by RNAi. However, future studies will be
required to test these hypotheses more directly.

The dendritic-like protrusions caused by AR silenc-
ing in LNCaP and LNCaP-AI cells strongly suggested
that the levels of specific neuronal cytoskeletal pro-
teins were altered in these cells. For example, the
expression pattern of neuronal cytoskeletal proteins is
commonly used to classify the differentiation state of
neurons (40–42). The in vitro differentiation of imma-
ture neurons into mature neurons entails the growth of
dendritic processes and a concomitant decrease in
nestin immunoreactivity and a subsequent increase in
�-tubulin III immunoreactivity (42). However, testoster-
one has been shown to block this differentiation pro-
cess by preventing dendrite cell growth and prevent-
ing �-tubulin III immunoreactivity (42). We found that
activation of the NE transdifferentiation process by AR
silencing led to expression level changes in neuronal-
specific cytoskeletal proteins �-tubulin III, nestin, and
GFAP in both LNCaP and LNCaP-AI cells. Androgen
withdrawal and AR silencing led to increases in �-
tubulin III expression in LNCaP cells. However, we also
found that �-tubulin III levels increased in the presence
of androgen even though the cells were absent of

dendritic-like processes. This result suggests that the
charcoal-stripped calf serum used in this experiment
was deficient in one or several factors that cooperate
with androgen to repress �-tubulin III expression in
LNCaP cells. However, despite this discrepancy, AR
silencing clearly demonstrated that AR has a negative
effect on �-tubulin III expression in LNCaP cells. Con-
versely, AR silencing had no effect on �-tubulin III
expression, although androgen had a repressive effect
on �-tubulin III expression. We also found that AR
expression was required to sustain basal nestin ex-
pression in both LNCaP and LNCaP-AI cells. However,
androgen had no effect on nestin expression in LNCaP
cells, while it had a slight repressive effect on nestin
expression in LNCaP-AI cells. Lastly, GFAP, which
maintains the morphology and motility of astrocytes
(43), was negatively regulated by AR in both LNCaP
and LNCaP-AI cells, while GFAP levels were unaf-
fected by androgen treatment in either LNCaP or
LNCaP-AI cells. Overall, AR silencing led to expression
level changes in neuronal cytoskeletal proteins in
LNCaP and LNCaP-AI cells. Functional roles for these
expression level changes in the context of the NE
transdifferentiation process in prostate cancer cells in
vitro and in vivo will require further investigation.

Table 1 summarizes the androgen- and AR-medi-
ated protein expression changes in NSE, �-tubulin III,
nestin, and GFAP proteins in LNCaP and LNCaP-AI
cells. It is hoped that future analyses will expand this
list of androgen- and AR-responsive target proteins. A
comprehensive protein expression map that details all
androgen- and AR-responsive neuronal cytoskeletal
protein expression may facilitate the identification of
new markers in the classification of neuroendocrine-
enriched prostate cancers.

Our results demonstrate that AR functionally re-
presses the NE transdifferentiation process in pros-
tate cancer cells in vitro and may repress an analo-
gous NE transdifferentiation process of prostate
cancer cells in vivo. Systematic application of RNAi
directed against the AR-mediated signal transduc-
tion pathway in prostate cancer cells will provide
a unique opportunity to dissect the specific roles
of AR and its associated proteins in the growth
of androgen-dependent and androgen-independent
growth in prostate cancer cells.

Table 1. Androgen and AR-Mediated Protein Abundance Changes of Selected Neuronal Proteins in LNCaP and LNCaP-AI
Prostate Cancer Cells

Protein
Androgen Regulation AR Silencing

LNCaP Cells LNCaP-AI Cells LNCaP Cells LNCaP-AI Cells

NSE � � � NC
�-Tubulin III NC � � NC
Nestin NC � � �
GFAP NC � � �

Summary of Western blot analyses. �, Protein increases; �, protein decreases; NC, no change.
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MATERIALS AND METHODS

Cell Culture and Cell Lines

LNCaP cells were obtained from American Tissue Type Cul-
ture Collection (Manassas, VA) and maintained in phenol
red-deficient RPMI 1640 (Invitrogen, Carlsbad, CA) medium
supplemented with 10% FBS (Hyclone Laboratories, Inc.,
Logan, UT). LNCaP-AI cells were maintained in phenol red-
deficient RPMI 1640 medium supplemented with 10% char-
coal/dextran-treated FBS (Hyclone Laboratories Inc.) (16). All
cultures were supplemented with penicillin/streptomycin/glu-
tamine and maintained in a 37 C incubator in 5% CO2.

Reagents

The AR agonist R1881 (methyltrienolone) was purchased
from Perkin Elmer Life Sciences (Boston, MA). Double-
stranded siRNAs were purchased from Dharmacon Research
(Lafayette, CO). Oligofectamine reagent, 4–20%, and 12%
SDS-PAGE gels were purchased from Invitrogen. Prestained
protein molecular weight markers were purchased from MBI
Fermentas (Hanover, MD). Corresponding antibodies used
for these analyses included monoclonal AR antibody (AR441)
from Santa-Cruz Biotechnology, Inc. (Santa Cruz, CA); mono-
clonal PSA cocktail (RDI-PSA85abm/RDI-PSA85abm-1) from
Research Diagnostic, Inc. (Flanders, NJ); monoclonal FAS
(clone 23), monoclonal nestin (clone 25), monoclonal GFAP
(clone 52), monoclonal FasL (clone 33) from BD Transduction
Laboratories (San Diego, CA); monoclonal �-tubulin (clone
TUB 2.1) from Sigma (St. Louis, MO); monoclonal �-tubulin III
(clone TUJI) from Covance (Princeton, NJ); and rabbit poly-
clonal NSE (product no. PC23) from Oncogene (La Jolla, CA).
Crystal violet dye was purchased from Sigma. The BCA pro-
tein assay kit was purchased from Pierce Biotechnology
(Rockford, IL).

siRNA Assay

One 21-nucleotide double-stranded siRNA duplex generated
against the amino terminus of the AR at nucleotides 293–312
(5�-aagcccatcgtagaggcccca-3�) will be referred to in the fol-
lowing as the AR1 siRNA. A single control nucleotide double-
stranded siRNA duplex, referred to as the control siRNA, was
generated to the inverted sequence of AR at nucleotides
293–313 (5�-accccggagatgctacccgaa-3�) and functioned as a
nonspecific control siRNA for the RNAi experiments where
indicated. On d 0, LNCaP cells were seeded at 5000 cells/
cm2 into Falcon (Becton Dickinson Laboratories, Franklin
Lakes, NJ) six-well tissue culture dishes and incubated in
medium A (phenol red-deficient RPMI 1640 medium supple-
mented with 10% FBS lacking antibiotics) for 24 h. On d 1,
the cells were washed with PBS, refed medium A, and trans-
fected with control or AR1 siRNAs at a final concentration of
100 nM using the Oligofectamine reagent according to the
manufacturer’s instructions. Cells were transfected with
siRNAs in medium A. The cells were incubated with siRNAs
for 72 h. The guidelines for siRNA silencing were followed as
detailed in the instructions provided at the Dharmacon Re-
search website (http://www.dharmacon.com/).

Hormone Starvation Treatment

On d 0, LNCaP cells were seeded at 5000 cells/cm2 into
six-well tissue culture dishes and incubated in medium A
(phenol red-deficient RPMI 1640 medium supplemented with
10% FBS lacking antibiotics). On d 1, cells were fed and
grown in either medium A, or medium B (phenol red-deficient
RPMI 1640 medium supplemented with 10% charcoal-
stripped FBS minus antibiotics), or medium C (phenol red-

deficient RPMI 1640 medium containing 10% charcoal-
stripped FBS supplemented with 10 nM R1881 minus
antibiotics).

Western Blot Analysis

On d 4, cells were washed once with PBS and solubilized in
0.2 ml of buffer A [50 mM Tris-HCl, 150 mM NaCl, 5 mM EDTA
(pH 7.4), 1% sodium dodecyl sulfate] and boiled for 5 min.
Total protein lysates were quantified using the Pierce BCA
protein assay kit. Total protein lysates were subjected to
SDS-PAGE (4–20% gradient precast gels, Invitrogen). Gels
were transferred to polyvinylidine difluoride membranes, in-
cubated in Tris-buffered saline containing 0.1% Tween 20
(TBST) and 5% nonfat milk (wt/vol) for 1 h. The blots were
subsequently incubated for 1 h using the appropriate primary
antibody at the following antibody dilutions: 1 �g/ml anti-AR
IgG (Santa Cruz Biotechnology, Inc., AR441), 4 �g/ml anti-
�-tubulin IgG (Sigma, clone TUB 2.1), 1 �g/ml anti-�-tubulin
III IgG (Covance, clone TUJI), 1:10 dilution of anti-NSE rabbit
polyclonal serum (Oncogene, catalog no. PC23), 0.5 �g/ml
antinestin IgG (BD Transduction Laboratories, clone 25), 1
�g/ml anti-GFAP IgG (BD Transduction Laboratories, clone
52), 1 �g/ml anti-PSA IgG (Research Diagnostic, Inc., RDI-
PSA85abm/RDI-PSA85abm-1); 1 �g/ml anti-FAS IgG (BD
Transduction Laboratories catalog no. 610962, clone 23); or
1 �g/ml anti-FasL IgG (BD Transduction Laboratories catalog
no. 610410, clone 33). The blots were washed three times for
5 min in TBST and incubated with either a goat antimouse or
goat antirabbit horseradish peroxidase-conjugated second-
ary antibody at 1:10,000 dilutions in TBST and incubated for
1 h at room temperature. The blots were washed three times
for 5 min in TBST, and immunoreactive bands were devel-
oped and visualized using enhanced chemiluminescence re-
agents kit (Amersham Pharmacia Biotech, Arlington Heights,
IL). The blots were exposed to Hyperfilm enhanced chemilu-
minescence film (Amersham Pharmacia Biotech) for less than
1 min.

Cell Growth Assay

On d 0, LNCaP or LNCaP-AI cells were seeded at 5000
cells/cm2 into six-well tissue culture dishes and incubated in
medium A and medium B, respectively. On d 1, LNCaP cells
were fed medium A, and LNCaP-AI cells were fed medium B
and subsequently transfected with the control siRNA or AR1
siRNAs. On d 6 the LNCaP and LNCaP-AI cells were washed
once with PBS and incubated in medium A or medium B,
respectively. On d 11, the cells were washed once with PBS,
fixed in 100% methanol for 10 min, and stained with crystal
violet dye. The dishes were viewed and photographed with a
Nikon Coolpix digital camera (Nikon Inc., Melville, NY). Cell
growth of control and AR1 siRNA-transfected LNCaP and
LNCaP-AI cells were quantified on d 10 after using trypan
blue dye exclusion (44).

Microscopy

Light microscope photographs were taken of LNCaP and
LNCaP-AI cells after the appropriate treatments described in
the corresponding figure legends. Cells were viewed and
imaged with Fujifilm Super HQ 35-mm film (100-speed film) at
�10 and on an Olympus iX70 inverted microscope.
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