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Nongenomic androgen actions imply mechanisms different
from the classical intracellular androgen receptor (iAR) ac-
tivation. We have recently reported the identification of a
membrane androgen receptor (mAR) on LNCaP human pros-
tate cancer cells, mediating testosterone signal transduction
within minutes. In the present study we provide evidence that
activation of mAR by nonpermeable, BSA-coupled testoster-
one results in 1) inhibition of LNCaP cell growth (with a 50%
inhibitory concentration of 5.08 nM, similar to the affinity of
testosterone for membrane sites); 2) induction in LNCaP cells
of both apoptosis and the proapoptotic Fas protein; and 3) a
significant decrease in migration, adhesion, and invasion of
iAR-negative DU145 human prostate cancer cells. These ac-

tions persisted in the presence of antiandrogen flutamide or
after decreasing the content of iAR in LNCaP cells by iAR
antisense oligonucleotides. Testosterone-BSA was also effec-
tive in inducing apoptosis of DU145 human prostate cancer
cells, negative for iAR, but expressing mAR sites. In LNCaP
cell-inoculated nude mice, treatment with testosterone-BSA
(4.8 mg/kg body weight) for 1 month resulted in a 60% reduc-
tion of tumor size compared with that in control animals re-
ceiving only BSA, an effect that was not affected by the anti-
androgen flutamide. Our findings suggest that activators of
mAR may represent a new class of antitumoral agents of pros-
tate cancer. (J Clin Endocrinol Metab 90: 893–903, 2005)

THE BIOLOGICAL ACTIVITY of testosterone occurs pre-
dominantly through binding to the intracellular an-

drogen receptor (iAR), a member of the nuclear receptor
superfamily, functioning as a ligand-activated transcription
factor (1). However, in recent years, a number of reports
indicate additional, rapid androgen actions, including the
rapid activation of kinase-signaling cascades, modification of
the cytoskeleton, and modulation of intracellular calcium
levels (2–7). These effects are considered to be nongenomic
in nature, because they occur in cell types that lack a func-
tional iAR or in the presence of inhibitors of transcription and
translation, or are observed too rapidly to involve changes in
gene transcription (8). We have recently reported the iden-
tification of an androgen-specific membrane receptor (mAR)
in the LNCaP human prostate cancer cell line (9), which
modifies, upon activation, actin cytoskeleton dynamics
within minutes through a specific signaling cascade (10). This
membrane receptor was also identified in human prostate
tumors, been highly expressed on cancer cells (11).

In the present study we tested the effects of nonpermeable,
BSA-coupled testosterone on proliferation and apoptosis of
either iAR-negative (DU145 cells) or iAR antisense oligonu-
cleotide-treated iAR-positive LNCaP human prostate cancer
cells. Our findings suggest that activation of mAR may result
in apoptotic regression of prostate cancer cells both in vitro
and in vivo.

Materials and Methods
Cell cultures

LNCaP and DU145 cells (DSMZ, Braunschweig, Germany) were cul-
tured in RPMI 1640 medium supplemented with 10% heat-inactivated
fetal bovine serum at 37 C in a humidified atmosphere of 5% CO2 in air.
They were subcultured once a week and incubated in serum-free me-
dium for 24 h before experiments with the steroids. Culture media were
purchased from Invitrogen Life Technologies, Inc. (Paisley, UK). All
steroids [testosterone and dihydrotestosterone (DHT)] and antiandro-
gens (flutamide and cyproterone acetate; Sigma-Aldrich Corp., St. Louis,
MO) were added, dissolved in PBS buffer. Testosterone 3-(O-carboxym-
ethyl)oxime, testosterone 3-(O-carboxymethyl)oxime-BSA, testosterone-
3-(O-carboxymethyl)oxime-BSA-fluorescein isothiocyanate [testoster-
one-3-(O-carboxymethyl)oxime-BSA-FITC; 10 mol testosterone/mol
BSA], BSA-FITC, and testosterone-3-(O-carboxymethyl)oxime were ob-
tained from Sigma-Aldrich Corp. In the case of testosterone-BSA, before
each experiment, stock solutions of BSA conjugates were mixed with
dextran (0.05 mg/ml) and charcoal (50 mg/ml) for 30 min, centrifuged
at 3000 � g for 10 min, and passed through a 0.22-mm pore size filter
to remove any potential contamination with free testosterone. We also
assayed the medium for the presence of free testosterone with a specific
RIA method. In all cases, free testosterone was lower than the detection
limit of the assay. At different incubation periods, cell number was
assayed by the tetrazolium salt assay (12).
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Detection of mAR

Binding assays: membrane preparation. Cells cultured in 150-cm2 flasks
without serum were washed twice with PBS, removed by scraping, and
centrifuged at 1500 rpm. Pelleted cells were homogenized by sonication
in 50 mm Tris-HCl buffer, pH 7.4, containing freshly added protease
inhibitors (10 �g/ml phenylmethylsulfonylfluoride and 1 �g/ml apro-
tinin). Unbroken cells were removed by centrifugation at 2,500 � g for
15 min. Membranes were obtained by centrifugation at 45,000 � g for
1 h and washed once with the same buffer. Protein concentration was
measured by the method of Bradford (13).

Binding conditions. Saturation binding experiments were performed in a
final volume of 0.1 ml, containing cell membranes at a final protein
concentration of 2 mg/ml and at least six different concentrations of
[3H]testosterone (ranging from 2–50 nm; specific activity, 95 Ci/mmol;
Amersham Biosciences, Little Chalfont, UK) without (total binding) or
with (nonspecific binding) a 1000-fold molar excess of unlabeled an-
drogen (DHT). For displacement binding experiments, cell membrane
preparations at a final concentration of 2 mg/ml were incubated with
5 nm [3H]testosterone in the absence or presence of various concentra-
tions of an unlabeled steroid (DHT, estradiol, or progesterone), ranging
from 10�12–10�6 m. Nonspecific binding was estimated in the presence
of 5 �m DHT. In both types of binding experiment, after an overnight
incubation at 4 C, bound radioactivity was separated by filtration under
reduced pressure through GF/B filters (Whatman, Clifton, NJ) previ-
ously soaked in 0.5% polyethylenimine in water and rinsed three times
with ice-cold Tris-HCl buffer. Filters were mixed with 4 ml scintillation
cocktail, and the bound radioactivity was counted in a scintillation
counter (Tri-Carb, series 4000, Packard Instrument Co., Downers Grove,
IL) with 60% efficiency for tritium.

Flow cytometry. Cells cultured in serum-free medium for 24 h were
detached from the culture flask by scraping and suspended in PBS at a
density of 106 cells/ml. They were incubated at room temperature with
10�7 m testosterone-BSA-FITC conjugate for various periods (1 min to
1 h). A 1,000-fold concentration of BSA-FITC was used to determine
nonspecific binding. Cells were analyzed by flow cytometry using a
FACSArray apparatus (BD Biosciences, Franklin Lakes, NJ) in a sample
size of 10,000 cells gated on the basis of forward and side scatter.
Testosterone-3-(O-carboxymethyl)oxime-BSA-FITC and BSA-FITC were
obtained from Sigma-Aldrich Corp.

Confocal laser microscopy. Cells were allowed to grow on poly-l-lysine-
coated glass coverslips for at least 48 h before culture medium was
replaced with serum-free medium. After a 24-h period, cells were
washed twice with PBS and incubated with testosterone-BSA-FITC for
30 min in the presence or absence of DHT. As a negative control, BSA-
FITC was used. Cells were then washed twice with PBS and fixed with
2% paraformaldehyde in PBS for 30 min. Coverslips were mounted onto
slides using a 1:1 (vol/vol) mixture of glycerol and Vestashield (Vector
Laboratories, Inc., Burlingame, CA). Specimens were analyzed using a
confocal laser scanning microscope (TCS-NT, Leica, Heidelberg,
Germany).

Measurement of apoptosis

Apoptotic proteins were assayed after SDS-PAGE and immunoblot-
ting using specific antibodies, as previously described (14). Briefly, at the
end of each experiment, cells were washed twice with PBS, removed by
scraping, and centrifuged at 1,500 rpm. Cell lysis was completed at 4 C
by vigorously shaking the pellet for 30 min reconstituted in a lysis buffer
composed of 50 mm Tris-HCl (pH 8), 150 mm NaCl, 0.1% sodium do-
decyl sulfate, 0.5% sodium deoxycholate, 1% Nonidet P-40, and freshly
added protein inhibitors (10 �g/ml phenylmethylsulfonylfluoride and
1 �g/ml aprotinin). Solid cellular debris was removed by centrifugation
at 12,000 � g for 15 min. The cytoplasmic fractions were collected and
stored at �80 C. Protein concentration was measured with the Protein
Assay Kit II (Bio-Rad Laboratories, Hercules, CA). Samples of cytoplas-
mic protein fractions, containing 20 �g protein, were solubilized with
SDS-PAGE sample buffer and electrophoresed through a 12% sodium
dodecyl sulfate gel. The resulting protein bands were transferred to
nitrocellulose membranes using an electroblot apparatus (LKB,
Bromma, Sweden). Standard Western blotting procedures were em-

ployed. Band intensities were quantified by PC-based Image Analysis
(Image Analysis, Inc., Ontario, Canada). The following antibodies were
used: as primary: antihuman Bcl-2 monoclonal antibody (clone 124,
DakoCytomation, Glostrup, Denmark; 1:200), rabbit polyclonal antisera
against Bax, Bak, Bcl-xs/l, and Bad (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA; 1:100), and anti-Fas (1:2,500) and anti-Fas ligand (anti-FasL;
1:1,000, Transduction Laboratories, Lexington, KY); and as secondary:
goat peroxidase-conjugated antimouse IgG (Chemicon International,
Inc., Temecula, CA; 1:10,000) or antirabbit IgG (Immunotech, Marseille,
France; 1:4,000). For purposes of normalization, the blots were also
stained with a monoclonal antiactin antibody in a dilution of 1:400
(Amersham Biosciences).

For the detection of cell cycle, cells were incubated with the selective
agents, stained with propidium iodide, and analyzed in a FACSArray
apparatus (BD Biosciences), as described previously (15). Confocal laser
microscopy was performed using a confocal laser scanning microscope
(Leica). The percentage of mitotic cells was calculated after counting a
specimen of more than 1000 cells, stained with 4�,6-diamido-2-phenylin-
dole hydrochloride.

Apoptosis quantitation was assayed by the use of the
following methods

1) The APOPercentage apoptosis assay (Biocolor Ltd., Belfast, Ireland) to
quantify apoptosis. This assay uses a dye that stains red the apoptotic cells
undergoing the membrane flip-flop event when phosphatidylserine is
translocated to the outer leaflet. Detection of apoptosis can be readily
observed under inverted microscopy. For apoptosis quantitation, the
amount of dye within the labeled cells can subsequently be released into
solution, and the concentration is measured at a wavelength of 550 nm,
using a color filter microplate colorimeter (MicroElisa reader, Dynatech
Laboratories, Chantilly, VA) (13).

2) With flow cytometry of annexin V-propidium iodide-stained cells. Cells
were transferred to a staining tube and washed with 4 ml PBS containing
1% BSA at 4 C. After medium removal (200 rpm, 10 min, 4 C), 100 �l 2
�g/ml annexin V-FITC were added in a staining buffer (10 mm HEPES,
140 mm NaCl, 5 mm KCl, 1 mm MgCl2, and 2.5 mm CaCl2, pH 7.4) and
incubated for 10 min in the dark. Then 1 �g/tube propidium iodide was
added, and cells were analyzed within 20 min by flow cytometry using
a FACSArray apparatus (BD Biosciences) and with CellQuest (BD Bio-
sciences) and ModFit LT (Verify Software, Topsham, MN) software.

Antisense oligonucleotides

Oligonucleotide treatment of cells was performed according to the
protocol of Eder et al. (16), using the following phosphorothioate oli-
gonucleotides: 5�-CTGCTGCTGCTGCTG-3� (antisense), 5�-ATCGTG-
GTGTTGATC-3� (missense), and 5�-TTGCAGCTGATGCTA-3� (mis-
matched), against the CAG repeat region (nucleotides 703–750) of the
AR. All nucleotides were synthesized by MWG Biotec (Ebersberg, Ger-
many). The same FITC-labeled antisense oligodeoxynucleotide was also
synthesized to control transfection efficiency. Transient transfection of
cells was performed by the addition of 1687 �m of the corresponding
oligonucleotide and incubation of cells for 24 h. Thereafter, cells were
washed and coincubated with the corresponding agents. Efficacy of
transfection was assayed by the corresponding FITC-labeled oligonu-
cleotide, and detection of iAR was performed by ligand binding assay,
as described previously (17).

Cell migration and adhesion

Cell migration was assayed by the in vitro wound-healing assay, as
described previously (18). Briefly, confluent monolayers of cells were
scratched with a pipette tip to create a cell-free area. Testosterone-BSA
(10�8, 10�7, and 10�6 m) was added, and wound closure was docu-
mented by photography of the same region at different times. The
cell-free gap was measured and reported. Adhesion of cells on collagen-
treated plates was performed as previously described (19, 20). Briefly,
subconfluent cultures (5 � 104 cells) preincubated for 2 h with testos-
terone-BSA were seeded on collagen I ELISA plates (Sigma-Aldrich) for
various periods of time. After washing, adherent cells were stained with
crystal violet in methanol and lysed with1% sodium dodecyl sulfate.
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Absorbance, linearly proportional to the number of attached cells, was
measured at 600 nm. Quantitation of migration and invasion of DU145
cells was performed in Transwell cell culture chambers provided with
8-�m pores (Costar, Cambridge, MA). Cells were pretreated with 10�7

m testosterone-BSA for 2 h, then they were added to the upper com-
partment of a Transwell cell culture chamber provided with a polycar-
bonate filter with 8-�m pores. Twenty-four hours later, filters were
stained with crystal violet. Attached cells were lysed with 30% acetic
acid, and absorbance (proportional to the number of cells) was counted
(21). In all experiments a fixed concentration of 10�7 m testosterone-BSA
was used, which was found to produce submaximal inhibition of cell
growth.

Animal experiments

Male BALB/c�/� nude mice (10 wk old) with intact gonads were
purchased from Harlan (San Pietro al Natisone, Italy). They were housed
in a sterile environment and fed ad libitum. One week after acclimatizing,
animals were injected in the back with 5 � 106 LNCaP cells diluted in
Matrigel (Sigma-Aldrich Corp.) in a total volume of 0.1 ml. After 4 wk,
macroscopic tumors had developed. Thereafter, animals were treated
with ip injections (three times per week for 4 wk) of testosterone-BSA
(4.8 mg/kg body weight, corresponding to a calculated circulating con-
centration of 5 � 10�7), diluted in PBS three times per week in a total
volume of 0.5 ml, as shown in Fig. 4. Tumors were measured with a
Vernier (Metrax, Rotweil, Germany) every week, and animals were
killed after 4 wk of treatment. Tumors were excised, measured, and
weighed, and pathology was analyzed. They were stained with hema-
toxylin-eosin and observed by the same pathologist. The labeled strepta-
vidin-biotin method with the SuperSensitive Biotin-Streptavidin Immu-
nodetection System (QA200-OX, Biogenex, San Ramon, CA) according
to the manufacturer’s instructions was used to immunostain formalin-
fixed and paraffin-embedded 3-�m-thick tissue sections for mitotic ac-
tivity with the mouse antihuman monoclonal antibody MIB-1 (M7240,
DakoCytomation; dilution 1:50). Fast Red was used as chromogen, and
Mayer’s hematoxylin was used for counterstaining. The indirect termi-
nal deoxynucleotidyltransferase-mediated deoxy-UTP nick end labeling
(TUNEL) enzymatic labeling technique was used to detect apoptotic
activity of the tumors, (in situ cell death detection kit with alkaline
phosphatase/AP, Roche, Mannheim, Germany), according to the man-
ufacturer’s instructions.

For toxicity studies, BALB/c�/� mice were treated with 4.8, 48, and
96 mg/kg body weight, achieving calculated plasma concentrations of
5 � 10�7, 5 � 10�6, and 10�5, every other day. Another group of animals,
injected with vehicle, was included in the study and served as the
control. After 1 month, animals were killed and weighed, and liver,
prostate, and testes were isolated. Slices were stained with hematoxylin-
eosin and examined by the same pathologist. All animal experiments
were approved by the Faculty of Medicine animal committee.

Statistical analysis

Statistical analysis was performed by parametric methods (t test or
ANOVA), using the Origin V5.0 (Microcal Software, Northampton, MA)
and the Systat V10.0 (SPSS, Inc., Chicago, IL) microcomputer programs.
In the figures, an asterisk indicates statistical significance at the 0.05 level
at least.

Results
In vitro effects

Activation of mAR decreases the growth of LNCaP human prostate
cancer cells. We incubated LNCaP cells with variable con-
centrations of testosterone-BSA and assayed cell number 72 h
later, taking into account the doubling time of this cell line
(�70 h). Testosterone-BSA induced a dose-dependent inhi-
bition of cell growth (Fig. 1A), with a 50% inhibitory con-
centration (IC50) of 5.08 � 1.3 nm, comparable to the affinity
of testosterone for membrane binding sites (9). Exposure of
LNCaP cells to free testosterone (10�7) induced a typical

increase in cell number (Fig. 1C). Such long incubation times
could not exclude the possibility of a dissociation of testos-
terone-BSA conjugate and a subsequent action of the free
steroid molecule. However, serial detection of free testos-
terone in the culture medium with a specific RIA was neg-
ative, confirming the stability of the conjugate. Additionally,
free testosterone bound to iAR would be expected to produce
an induction of cell proliferation and not the inhibition of cell
growth we observed. To exclude such an action, we per-
formed a number of additional experiments. 1) We intro-
duced into the cell medium a constant concentration of the
antiandrogen flutamide (10�6). This addition did not modify
the antiproliferative effect of testosterone-BSA, suggesting
the involvement of receptors different from the classical iAR
(Fig. 1A). Incubation of cells with flutamide alone did not
have any effect on cell proliferation (Fig. 1A) (2). After the
initial 24-h incubation, cells were washed with fresh medium
and deprived of testosterone-BSA, and the incubation was
continued in this medium for an additional 48-h period. The
decrease in cell proliferation persisted in this case also (Fig.
1B), but with a significantly lower IC50 (45.8 � 13.2 nm; P �
0.01). These findings suggest that the antiproliferative effect
of the conjugate persists at least 48 h after the elimination of
testosterone-BSA (3). We transiently transfected LNCaP cells
with iAR antisense oligonucleotides directed against the
CAG repeat region (bases 703–750) of iAR. Transfection with
this agent resulted in a 70% decrease in iAR expression,
confirmed by radioligand binding (Fig. 1C). Missense or
mismatched oligonucleotides did not modify the expression
of iAR. The antisense iAR manipulation did not significantly
affect the antiproliferative effect of testosterone-BSA (Fig.
1D), also suggesting the involvement of membrane andro-
gen-binding sites different from classical iAR. These data
indicate that in iAR-positive LNCaP cells, long-term incu-
bation in the presence of testosterone-BSA induces cell
growth inhibition, with an IC50 at the nanomolar level. This
effect appears to be iAR independent, probably involving the
activation of mAR.

Testosterone-BSA induces apoptosis of iAR-positive (LNCaP) and
iAR-negative (DU145) human prostate cancer cells. To test the
hypothesis that the decrease in cell number seen in the pres-
ence of testosterone-BSA might be due to apoptotic regres-
sion of prostate cancer cells, we quantitated apoptosis with
the ApoPercentage assay in LNCaP cells (Fig. 2, A and B).
Apoptosis was significantly higher (by 55 � 0.09% of control;
n � 8; P � 0.01) only after long (24- and 48-h) incubation
periods. The number of cells in mitosis after testosterone-
BSA incubation was not different from that of control cells,
suggesting that the antiproliferative effect of the agent is
mainly due to its proapoptotic properties. Flow cytometry
analysis of propidium iodide-stained cellular DNA con-
firmed this observation (data not shown). Quantitation of the
apoptotic proteins (Fig. 2C) revealed a strong increase in the
expression of Fas protein. Indeed, testosterone-BSA prein-
cubation for 24 h, followed by 48 h in the absence of the agent,
resulted in a 6-fold increase in Fas protein (6.59 � 0.57 of
control; n � 6; P � 0.001), whereas FasL was not significantly
affected by the treatment. Additionally, testosterone-BSA
provoked a slight, but significant, increase in anti-apoptotic
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FIG. 1. Antiproliferative effect of testosterone-BSA on LNCaP human prostate cancer cells. A, Cells were incubated with the indicated
concentrations of testosterone-BSA for 72 h in the absence or presence of 10�6 M flutamide. Results are presented as the ratio of the observed
effect in the presence of the agent divided by the proliferation of control cells, incubated in the absence of testosterone-BSA (mean � SEM of
three different experiments performed in triplicate). The effect of the antiandrogen flutamide alone is also presented. Cell growth was measured
with the MTT (3-[4,5-dimethlthiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay. B, LNCaP cells were incubated for 24 h in the presence of
the indicated concentrations of testosterone-BSA. Thereafter, in one case (f) incubation was followed for another 48 h, whereas in the other
(F) cells were washed with PBS, medium was replaced with fresh medium, deprived of testosterone-BSA, and incubation was continued for
48 h. At the end of the experiments, cell number was measured with the MTT assay. Results are presented as the ratio of the effect in the presence
of the agent divided by the proliferation of control cells, incubated in the absence of testosterone-BSA. Shown are the mean � SEM of four
independent experiments performed in triplicate. C, Time effect of testosterone (10�7 M) on LNCaP cell growth. Cells were incubated with
testosterone (10�7 M) for the indicated time periods. Cell number was assayed with the MTT method. Shown are the mean � SEM of three
independent experiments performed in triplicate. This figure presents relative growth, compared with that of control (nontreated) cells. D and
E, Effect of transient transfection with an antisense oligonucleotide against CAG repeat region (nucleotides 703–750) of the iAR. Transfection
per se induced a 20% decrease in cell growth. In that case, the effect of testosterone-BSA (10�7 M) was compared with that of cells transfected
with a missense oligonucleotide. The effect of the agent was assayed after 3 d. D, Number of iAR, assayed with a radioligand binding assay.
Shown are the mean � SEM of three independent experiments performed in triplicate. *, P � 0.01. E, Effect of the transient transfection on
testosterone-BSA-induced inhibition of cell growth. Shown are the mean � SEM of three independent experiments performed in triplicate. *,
P � 0.01 compared with the corresponding controls.
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Bcl-2 protein (2.03 � 0.48 of control; n � 5; P � 0.01). This
effect persisted when incubation was prolonged for 48 h
more in the absence of the drug, probably representing an
inherent rescue response of the cells to the apoptotic
challenge.

To explore the antiproliferative effect of mAR, we used
DU145 human prostate cancer cells. This cell line does not
express iAR (22), but strongly expresses mAR, as shown by
flow cytometry (Fig. 3A), confocal laser microscopy (Fig. 3B),
and radioligand binding (Kd � 9.45 nm; 361 fmol/mg pro-
tein; Fig. 3C). Testosterone-BSA induced a dose-dependent
decrease in DU145 cell proliferation (Fig. 3D), with an IC50
of 10.67 � 2.22 nm. It is of note that in DU145 cells the same
effect was seen with free, non-BSA-conjugated testosterone
(Fig. 3D). These findings strongly support the hypothesis that
the observed antiproliferative effect of testosterone-BSA is
unrelated to the presence of intracellular AR.

Interestingly, in DU145 cells not expressing iAR, both free
testosterone and testosterone-BSA induced apoptosis (Fig.

3E). Indeed, incubation of DU145 cells with 10�7 m free
testosterone or testosterone-BSA for 48 h resulted in a time-
dependent induction of apoptosis; the maximal effect was
seen at 48 h (64.3 � 1.16% and 90.7 � 1.05% of control,
respectively; n � 5; P � 0.01; Fig. 3E). Both testosterone and
DHT (probably due to their faster metabolism) showed a
lower apoptotic ratio with a longer incubation period (72 h)
compared with testosterone-BSA. These findings also sup-
port the hypothesis that the proapoptotic effect of testoster-
one-BSA is iAR independent and probably involves mAR.

The proapoptotic effect of testosterone is shared by its carboxy-
methyloxime derivative. To explore whether the action of tes-
tosterone-BSA was due to its action on membrane androgen
sites, or inversely, whether the chemical modification of the
molecule (through its esterification with a carboxymethyl-
oxime molecule), we incubated DU145 cells with testosterone
and testosterone-carboxymethyloxime (testosterone-CMO).
As shown in Fig. 4, both agents induced a time- and dose-

FIG. 2. Proapoptotic effect of testosterone-BSA on iAR-positive LNCaP human prostate cancer cells. A, Cells, stained by the ApoPercentage
kit, according to the manufacturer’s instructions. Apoptotic cells are stained in red. Control (BSA-treated) cells are shown at the left. Cells were
treated with testosterone-BSA (10�7 M) for 24 h, followed by incubation in normal medium for an additional 48 h. B, Quantitation of results
as the mean � SEM of three independent experiments. C, Quantification of proapoptotic and antiapoptotic proteins. Shown are the mean � SEM
of three independent experiments and a representative blot.
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related apoptosis of cells. Patterns of apoptosis were similar
with both agents: a 60% peak (58.2 � 1.66 increase after
testosterone; 57.8 � 5.77 increase after testosterone-CMO; not
significantly different) was observed after 12 h, and a gradual
decline of action was observed thereafter. Nevertheless, even
after 72-h incubation in the presence of 10�7 m testosterone
or testosterone-CMO, a significant increase over the control
value was apparent (31.1 � 3.9 and 30.6 � 3.9; P � 0.01 vs.
control). These results indicate that addition of CMO to the
molecule of testosterone does not modify its action on mem-
brane androgen-binding sites. Binding experiments (not
shown) revealed that testosterone and testosterone-CMO
displace radiolabeled testosterone with the same affinity.

Testosterone-BSA decreases iAR-negative DU145 human prostate
cancer cell migration, adhesion, and invasiveness. The adhesion
and motility of tumor cells through the extracellular matrix are
considered important steps in the invasive process. We thus

examined whether testosterone-BSA could affect these pro-
cesses. We used DU145 cancer cells, which possess mAR and
are devoid of iAR. Preincubation of cells with 10�7 m testos-
terone-BSA significantly inhibited (24 � 1.2; n � 8; P � 0.001)
within 4 h the adhesion of cells to type I collagen (Fig. 5A).
Furthermore, we used the in vitro wound-healing assay to as-
sess the effect of testosterone-BSA on cell migration. As de-
picted in Fig. 5B, testosterone-BSA induced an inhibition of
wound healing at 20 h by 60.4 � 7.3% of the control value (n �
18; P � 0.01). This effect was dose dependent (Fig. 5B, inset).
Quantitation of the effect of testosterone-BSA (10�7 m) on mi-
gration of DU145 cells using the Transwell migration assay (Fig.
5C) revealed a 70 � 13.1% inhibition of migration through the
filter 24 h after testosterone-BSA application (n � 8; P � 0.001).
Finally, the same concentration of testosterone-BSA (10�7 m)
inhibited by 42 � 15.6% (n � 10; P � 0.05) the invasion of DU145
cells in our Matrigel Transwell assay (Fig. 5D).

FIG. 3. Antiproliferative and proapoptotic effects of testosterone-BSA in iAR-negative DU145 human prostate cancer cells. A, Detection of
membrane androgen binding in iAR-negative DU145 cells by flow cytometry. The figure depicts a typical flow cytometric analysis of specific
testosterone-BSA-FITC conjugate (right curve) and corresponding BSA-FITC binding (left curve), performed as described previously (9). The
difference between the two curves represents specific testosterone-BSA binding. B, Representative confocal section of DU145 cells, incubated
for 10 min with testosterone-BSA-FITC. Note the peripheral membrane labeling of the cells. Under the same conditions, BSA-FITC did not show
any labeling of cells. C, Typical saturation binding of [3H]testosterone on membrane fractions of DU145 cells. Inset, Scatchard analysis of data.
The saturation binding was repeated three times with similar results. D, Effect of incubation for 3 d with testosterone (F) and testosterone-BSA
(f) on proliferation of DU145 cells. Shown are the mean � SEM of three independent experiments. E, Effects of testosterone and testosterone-BSA
on the apoptosis of DU145 cells. DU145 cells were incubated with 10�7 M testosterone (F), DHT (Œ), or testosterone-BSA (f) for 48 h. Apoptosis
was assayed with the ApopTag assay. The figure presents the apoptosis measured in the presence of the agents, divided by that in the
corresponding control (cells incubated in the absence of the agents). BSA had no effect on apoptosis. Shown are the mean � SEM of three different
experiments performed in quadruplicate.
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In vivo effects

Testosterone-BSA administration decreased tumor mass in LNCaP
cell-inoculated male nude mice. We tested the antitumoral, pro-
apoptotic actions of testosterone-BSA in vivo. For this pur-
pose we inoculated BALB/c�/� male nude mice with LNCaP
cells in Matrigel and, after the development of macroscopic
tumors, 1 month later treated them with ip injections (three
times per week for 4 wk) of testosterone-BSA (4.8 mg/kg
body weight, corresponding to a circulating concentration of
�5 � 10�7). Our results shown in Fig. 6A suggest that
testosterone-BSA produced a linear, time-related reduction
of tumor size, which became significant after 4 wk. Cypro-
terone acetate, a pure antiandrogen, coadministered with
testosterone-BSA (52.11 mg/kg body weight, 10�6 plasma
concentration) did not significantly alter the testosterone-
BSA-induced decrease in tumor size, suggesting that no ma-
jor dissociation of the conjugate and free hormone release
occurred. The volume distribution of excised tumors at the
end of the experiment (4 wk) is presented in Fig. 6B. The
intermittent administration of testosterone-BSA induced a
significant (P � 0.01) decrease in tumor volume (55.8 � 3.9
compared with 87.2 � 7.2 in control animals receiving only
BSA). The histological analysis of tumors showed that mi-

toses (Fig. 7C) predominated at the periphery of all tumors.
Apoptotic cells were present in significant numbers (Fig. 7B),
predominantly at the periphery of tumors of animals treated
with testosterone-BSA, whereas they were significantly less
in the animals treated with BSA alone (control). Cyproterone
acetate administration did not alter this pattern.

We also tested the toxicity of testosterone-BSA in nude
mice. A series of BALB/c�/� mice was treated with increas-
ing concentrations of testosterone-BSA (4.8, 48, and 96
mg/kg body weight, achieving plasma concentrations of 5 �
10�7, 5 � 10�6, and 10�5) repeatedly (three times per week)
for 4 wk . One month later, animals were killed and weighed,
and liver, prostate gland, and testes were dissected and ex-
amined for toxic (liver) or stimulatory effects (testes and
prostate). All animals supported the treatment remarkably
well. Body weight was not altered by the treatment at any
dose used, and neither organ presented any histological
modification. These findings suggest that testosterone-BSA
treatment in vivo is not toxic for the experimental animals,
and that dissociation of free testosterone from its BSA con-
jugate, if present, is minimal, because no sign of androgen-
inducted stimulation was found in target organs (prostate
and testes).

Discussion

In recent years a number of studies introduced the concept
of nongenomic steroid hormone actions to explain observa-
tions related to rapid steroid effects. The classical model of
steroid action involves binding to specific intracellular
steroid-binding proteins (receptors), translocation to the nu-
cleus, DNA binding, and activation of specific genes (23).
This sequence requires hours to be completed. According to
the Mannheim criteria (6), a nongenomic effect (proposed as
membrane-initiated steroid signaling) might occur within
minutes, being present in cells not expressing classical ste-
roid receptors and being insensitive to inhibitors of tran-
scription and translation. Furthermore, activation of these
receptors might be triggered by nonpermeable (e.g. BSA-
coupled) steroids, and it is, in most cases, insensitive to
steroid antagonists. Nongenomic steroid actions have been
reported for most prominent steroids (for recent reviews,
see Refs. 8 and 24). Although the nature of these membrane
steroid sites was elusive until recently, the identification of
a membrane progesterone receptor (25–28) and the isolation
of a membrane glucocorticoid-binding protein with homol-
ogies with �-opioid receptors (29) show that these pro-
teins might belong to the seven-transmembrane G protein-
coupled receptors.

Recently, we identified in the LNCaP human prostate can-
cer cell line, an androgen-specific membrane receptor (9) that
modifies, upon activation, actin cytoskeleton dynamics
within minutes through a specific signaling cascade (10). This
membrane receptor was also identified in human prostate
tumors, showing a higher expression on cancer cells (11).
Different mechanisms of action of membrane steroid recep-
tors have been reported. They include kinase regulation,
cyclic nucleotide modulation, and intracellular calcium
changes (2–5, 8, 24, 30–33) within minutes. In rare conditions
where the effects of the nongenomic actions have been de-

FIG. 4. Proapoptotic and binding affinity of testosterone-CMO on
DU145 prostate cancer cell apoptosis. DU145 prostate cancer cells
were incubated for the indicated time periods with 10�10 M (f) and
10�7 M (F) testosterone (top) and testosterone-CMO (bottom, F). Ap-
optosis, normalized for that of control cells (without the addition of
hormone), is presented as the mean � SEM of two different experi-
ments performed in triplicate.
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FIG. 5. Effect of testosterone-BSA on DU145 human prostate cancer cell migration and adhesion. A, Effect of testosterone-BSA (10�7 M)
preincubation on the adhesion of DU145 cells on collagen I. Subconfluent cultures (5 � 104 cells), preincubated for 2 h with testosterone-BSA,
were seeded on collagen I ELISA plates for various time periods. After washing, adherent cells were stained with crystal violet in methanol
and lysed with 1% sodium dodecyl sulfate. Absorbance, linearly proportional to the number of attached cells, was measured at 600 nm. The
left curve presents the time effect of testosterone-BSA compared with the corresponding control (mean � SEM of eight independent experiments
performed in triplicate). Right microphotographs depict typical cases of stained cells after incubation for 2 h. B, Effect of testosterone-BSA on
migration of DU145 cells. Cells were cultured for 24 h, then the confluent monolayer was scratched with a pipette tip to create a cell-free area.
Testosterone-BSA (10�8, 10�7, and 10�6 M) was added, and wound closure was documented by microphotography of the same region in different
periods of time. Curves show the diameter of scratch in control cells and after the addition of various concentrations of testosterone-BSA. The
inset presents the dose dependence of the phenomenon 20 h later (mean � SEM of three different experiments with five repetitions per
experiment). Pictures show the pattern of the initial scratch and the time-and dose-dependent healing. C, Quantitation of DU145 cell migration.
Cells were pretreated with 10�7 M testosterone-BSA for 2 h, then they were added to the upper compartment of a Transwell cell culture chamber,
provided with a polycarbonate filter with 8-�m pores. Twenty-four hours later, filters were stained with crystal violet. Attached cells were lysed
with 30% acetic acid, and absorbance (proportional to the number of cells) was counted. Shown are the mean � SEM of eight independent
experiments. *, P � 0.001. D, Inhibition of DU145 cell invasion by testosterone-BSA. Cells were cultured in the presence of 10�7 M testosterone-
BSA on the Matrigel (10 �g/well)-coated upper compartment of Transwell culture chambers, provided with an 8-�m pore size polycarbonate
filter. Forty-eight hours later, Matrigel was removed by scraping, and invaded cells, attached to the lower surface of the filter, were stained
with crystal violet and either photographed (as shown in the right photographs) or lysed with 30% acetic acid and counted (left graph). Shown
are the mean � SEM of 10 different assays. *, P � 0.05. In all cases, control cells were incubated in the presence of 10�7 M BSA.
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tected after long incubation times, discrepancies have been
found, indicating the possible participation of classical in-
tracellular steroid receptors also (reviewed in Ref. 8).

Prostate cancer seems a tissue of choice for the detection
of nongenomic actions of androgen. Indeed, in this tissue a
preferential expression of mAR has been detected (11) com-
pared with noncancerous cells, and a new mechanism of
action has been identified, involving actin cytoskeleton mod-
ification, through a specific signaling cascade (9, 10). In the
present work we explored the involvement of testosterone

membrane receptor activation in the control of human pros-
tate cell proliferation and growth. Our results suggest that
activation of membrane sites by a BSA-conjugated androgen
results in a strong and dose-dependent regression of prostate
cancer cells. This effect persists for more than 48 h, even after
withdrawal of BSA-conjugated androgen from the culture
medium. In contrast to previously described, long-term ef-
fects (34), this action was not antagonized by most effective
androgen antagonists, indicating that probably membrane
testosterone receptors are the mediator of this action. The

FIG. 7. Histological staining of tumor
slides from LNCaP cell-inoculated male
nude mice treated with testosterone-BSA.
Typical histological preparations from each
category (A, hematoxylin-eosin staining; B,
TUNEL assay; C, MIB-1 staining). In
TUNEL staining, apoptotic cells are
stained deep purple. Note that apoptosis
was more prominent in peripheral parts of
the tumors. In MIB-1 staining, dividing
cells are stained deep purple. No differences
were observed between control and treated
animals in the density or distribution of
mitotic cells.

FIG. 6. In vivo effects of testosterone-BSA in LNCaP cell-inoculated nude mice. A, Effect of testosterone-BSA administration on LNCaP-induced
tumor size in male nude mice. Each group consisted of seven mice. One month after inoculation, animals developed macroscopic tumors
Thereafter, testosterone-BSA (4.8 mg/kg body weight, achieving a calculated plasma concentration of �10�7 M) was administered three times
per week (arrows) for 4 wk . At the indicated time intervals, tumor size was measured with a Vernier. f, Tumor size at a given interval, compared
with the control (BSA-treated) animals. F, Another series of animals treated with the combination of testosterone-BSA with 52.1 mg/kg body
weight cyproterone acetate (achieving a calculated plasma concentration of �10�7 M). The mean tumor volume is presented. In the control group,
two animals died at the end of the first month. B, Distribution of the tumor volume at the end of the experiment. Animals were killed, tumors
were excised, and their exact volume was measured with a Vernier. Their volume (sphere) was calculated and depicted. Horizontal bars present
the mean of each group.
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involvement of this membrane site in the apoptotic effects of
testosterone-BSA was confirmed by the following observa-
tions. Testosterone-BSA was effective in an iAR-negative and
mAR-positive cell line (DU145) or after transfection of iAR-
positive LNCaP cells with an iAR antisense oligonucleotide,
which produced a dramatic decrease in the content of intra-
cellular AR. Finally, in iAR-negative DU145 cells, testoster-
one, testosterone-CMO, and testosterone-BSA effectively in-
duced the same antiproliferative and proapoptotic effects.

Apoptosis is triggered in LNCaP cells both in vitro and in
vivo after testosterone-BSA treatment. Testosterone-BSA
caused a strong elevation of the apoptotic Fas receptor, sug-
gesting its participation in the proapoptotic effects of this
agent. It is interesting that testosterone-BSA did not signif-
icantly alter the FasL protein. It is thus possible that activa-
tion of mAR may cause an increase in the sensitivity of
prostate cancer cells to the locally produced apoptotic signal,
FasL. Indeed, human prostate cancer cells, including the cell
lines LNCaP and DU145, express the FasL gene and produce
its end product (35–37). Furthermore, we showed that
testosterone-BSA, in parallel with its apoptosis-inducing ac-
tion, participated in the regulation of the antiapoptotic com-
ponent of the Bcl-2 family, Bcl-2 protein, causing its signif-
icant elevation. It is of note that other apoptosis-inducing
substances, such as rapamycin, up-regulate antiapoptotic
Bcl-2 proteins in human medullary thyroid carcinoma cell
lines (38). A similar phenomenon has been described in pheo-
chromocytoma PC12 cells, where prevention of apoptosis is
accompanied by decreased antiapoptotic Bcl-2 proteins (39).
Thus, it is possible that a temporal antiapoptotic, Bcl-2-
related mechanism is activated to counteract the stress sig-
nals generated by the apoptosis-inducing factors to rescue
cells from programmed death. Migration, adhesion, and in-
vasion of DU145 prostate cancer cells were decreased sig-
nificantly in testosterone-BSA-treated cells. Increased mobil-
ity and migration of malignant cells through the stroma are
initial processes in the invasiveness of tumor cells, facilitating
their spreading in distant sites (see Ref. 40 for a review).
Furthermore, increased attachment of cells to basement
membranes permit them to establish distant foci, generating
metastases in other organs (41). Our findings suggest that
activation of mAR may inhibit these processes.

The efficacy of testosterone-BSA in inhibiting human pros-
tate cancer cell growth was tested in vivo in male nude mice
inoculated with LNCaP cells. One month of treatment with
minimal doses of the agent (those producing 10�7 m in blood)
caused a 60% reduction of tumor size compared with that in
control animals. The curve describing the change in tumor
size was negatively linear and did not present a maximum
at the time tested. It is thus, possible that longer treatment
periods would produce a more significant reduction of tu-
mor size. Testosterone-BSA treatment resulted in apoptosis
of tumor cells and a reduction of cell proliferation. The agent
was nontoxic for the animals, even at concentrations 100
times higher than the effective ones. In this respect, testos-
terone-BSA could represent a new antitumoral agent for
prostate cancer, alone or in association with specific andro-
gen antagonists actually in use, to rule out the possibility of
acting as a growth-promoting factor, after possible dissoci-
ation of the conjugate and release of free hormone.

Prostate cancer generally starts as an androgen-dependent
tumor and evolves to androgen insensitivity. To have a re-
alistic chance to tackle the poor outcome of the advanced
disease, identification of alternative therapeutic approaches
is necessary. Our data provide the first evidence of an an-
titumoral effect of androgens in prostate cancer, acting
through the activation of mAR both in vitro and in vivo. The
preferential expression of these sites in prostate cancer (11)
and the efficacy in vitro and in vivo of testosterone-BSA com-
bined with its lack of toxicity point to a putative use of
membrane testosterone activators as a new class of antitu-
moral agents in the treatment of prostate cancer.
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