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Androgen signaling in prostate smooth muscle cells (pSMCs) is critical for the maintenance of
prostate homeostasis, the alterations of which are a central aspect in the development of patho-
logical conditions. Testosterone can act through the classic androgen receptor (AR) in the cytoplasm,
eliciting genomic signaling, or through different types of receptors located at the plasmamembrane
for nongenomic signaling. We aimed to find evidence of nongenomic testosterone-signaling
mechanisms in pSMCs and their participation in cell proliferation, differentiation, and the modu-
lation of the response to lipopolysaccharide. We demonstrated that pSMCs can respond to tes-
tosterone by a rapid activation of ERK1/2 and Akt. Furthermore, a pool of ARs localized at the cell
surface of pSMCs is responsible for a nongenomic testosterone-induced increase in cell proliferation.
Through membrane receptor stimulation, testosterone favors a muscle phenotype, indicated by an
increase in smooth muscle markers. We also showed that the anti-inflammatory effects of testos-
terone, capable of attenuating lipopolysaccharide-induced proinflammatory actions, are promoted
only by receptors located inside the cell. We postulate that testosterone might perform pro-
homeostatic effects through intracellular-initiated mechanisms by modulating cell proliferation and
inflammation, whereas some pathological, hyperproliferative actions would be induced by
membrane-initiatednongenomic signaling inpSMCs. (Endocrinology159: 945–956, 2018)

Prostate smooth muscle cells (pSMCs) are stromal cells
of the prostate gland that, along with fibroblasts,

form the layer underlying the epithelial compartment (1).
Under normal conditions, these cells are involved in
the preservation of organ homeostasis by regulating the
adjacent epithelial cells through androgen-dependent
paracrine signaling (2). However, alterations in the mi-
croenvironment can induce changes in the pSMC phe-
notype that can affect stromal-epithelial interactions. We
previously demonstrated that pSMCs dedifferentiate
in response to lipopolysaccharide (LPS) to acquire a

myofibroblast-like secretory profile, contributing to
prostatic inflammation in vivo and in vitro (3, 4). Fur-
thermore, pSMCs lose their normal phenotype in re-
sponse to hormonal imbalance and inflammation during
benign prostatic hyperplasia (BPH) (5, 6) and prostate
cancer (7).

Androgens, especially testosterone and its metabolite,
dihydrotestosterone, are vital for prostate development
and function (8). pSMCs from rat ventral prostate ex-
press high levels of classic androgen receptors (ARs) (9),
and it has been demonstrated that cell morphology (10),
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as well as smooth muscle phenotype, are highly influ-
enced by circulating levels of testosterone (11). We have
reported an increase in the expression of smooth muscle
markers in correlation with testosterone concentration in
normal and inflammation-induced dedifferentiated cells
in vitro (12, 13). Previous reports have also indicated that
testosterone is capable of increasing prostate stromal cell
proliferation (13, 14), confirming the importance of
androgens as regulators of the cell cycle. Indeed, an-
drogen blockade is of particular medical interest for the
treatment of hyperproliferative conditions such as BPH
or prostate cancer. Conversely, we have shown that
testosterone prevents and reverts inflammation-induced
proliferation by dampening the inflammatory scenario,
leading to a decrease in nuclear factor kB (NF-kB) nuclear
translocation and, consequently, cytokine secretion (12,
13). The mechanisms that may help explain these dif-
ferential androgen effects on cell proliferation and in-
flammatory response have not been elucidated.

Classic androgen signaling is activated when testos-
terone is recognized by the cytosolic AR and the complex
migrates to the nucleus to bind androgen response ele-
ments (AREs) in the DNA (15). However, according
to accumulated evidence, androgens and other steroid
hormones can also signal through nonclassic (or non-
genomic) mechanisms (16). Different types of receptors,
including AR (17, 18), GPCR (19), and ZIP9 (20), induce
nongenomic signaling, which produces a rapid activation
of transduction pathways (18). Of note, prostate epi-
thelial cells (21–23) and uncharacterized cells from the
stromal compartment (24) respond to nongenomic an-
drogen actions. Many of these nongenomic pathways are
triggered by a population of ARs, which, likely after
palmitoylation in the cytosol, translocate to the plasma
membrane (25), behaving as strong activators of pro-
liferation in prostate epithelial cells (26–29), skeletal
muscle myoblasts (30), and breast cancer cells (25).
Strikingly, signaling through other membrane receptors
for testosterone inhibits cell proliferation in the prostatic
cancer epithelial cell line LNCaP (31).

Considering the diverse effects triggered by testosterone,
we hypothesized thatmore thanone signaling pathwaymay
be activated by this hormone on pSMCs. Our aim, there-
fore, was to determine the presence and functionality of
membrane androgen receptors (mARs) and nongenomic
androgen signaling in pSMCs.

Materials and Methods

Animals
Adult Wistar male rats (12 weeks old), weighing 250 to 350

g, were housed at the Animal Research Facility of the National
University of Córdoba, Córdoba, Argentina, in air-conditioned

quarters and under a controlled photoperiod (14 hours of light,
10 hours of darkness) with free access to commercial rodent
food and tap water. Animal care and procedures were con-
ducted following the recommendations of the guidelines of
National Institutes of Health for the care of and use of labo-
ratory animals. All animal experiments were approved by the
committee for the care and use of experimental animals of the
School of Medicine, National University of Córdoba.

Cell cultures and treatments
Prostate glands were obtained from six Wistar rats per

culture. Cell culture protocols have been described previously
(4). Briefly, tissues were minced and treated for 30 minutes
with a digestion solution containing 200 U/mL collagenase type
IA (Sigma-Aldrich, St. Louis, MO) in MCDB131 medium
(Sigma-Aldrich). Dispersed cells were seeded on six-well culture
plates and cultured inMCDB131 supplemented with 15%heat-
inactivated fetal bovine serum (FBS; Internegocios, Buenos
Aires, Argentina) in a humidified incubator at 37°C in a 5%
CO2 atmosphere. The culture medium was replaced every
2 days until confluence, after which cells were detached and
reseeded in double the number of plates. To differentiate
stromal cells into pSMCs, the medium was replaced by serum-
free MCDB131 supplemented with 5 mg/mL insulin, 5 mg/mL
transferrin, 5 ng/mL selenite, and 2 ng/mL tumor growth factor
b1 (TGFb1; Invitrogen, Waltham, MA) for 72 hours with re-
placement every 24 hours. After that, pSMCs were treated
with the following stimuli: testosterone (1027 M); membrane-
impermeable testosterone-3-(O-carboxymethyl)oxime and bovine
serumalbumin (BSA) conjugate (testosterone-BSA; Sigma-Aldrich);
or its vehicles for 24 or 48 hours. Before each experiment, a new
solution of testosterone-BSA was prepared and subjected to
treatment with 0.05 mg/mL dextran and 50 mg/mL charcoal
for 30 minutes to remove any potential contamination with
free testosterone, and later was centrifuged at 3000g for 10
minutes and filtered through 0.22-mm filters (MerckMillipore,
Billerica, MA) (31). For immunomodulation studies, the cells
were stimulated with 1 mg/mL LPS, LPS with testosterone, or
LPS with testosterone-BSA for 24 to 72 hours. For inhibitor
assays, we used 1025 M U0126 (Sigma-Aldrich), 1027 M
hydroxyflutamide (Sigma-Aldrich), or 1028 M 2-bromopalmitate
for 20 minutes before stimulation.

LnCap and PC3 cell lines were provided byDr. Chang from the
University of Rochester, Rochester, New York, and maintained in
Roswell ParkMemorial Institute 1640medium supplementedwith
10%FBS. Cells were stimulatedwith LPS 10mg/mL for 6 hours or
TNFa 5ng/mL for 24 hours and subjected to RNA extraction and
quantitative polymerase chain reaction (qPCR) analysis.

Immunofluorescence
After stimuli, pSMCs were washed with phosphate-buffered

saline (PBS) and fixed with 4% formaldehyde. Cell per-
meabilization was performed using 0.25% triton X-100 and
blockedwith PBS containing 5%BSA for 30minutes. Cells were
incubated overnight in a humidified chamber with the primary
antibodies listed in Table 1. Afterward, cells were washed three
times with PBS and incubated with Alexa 594 anti-mouse or
Alexa 594 anti-rabbit antibody for 1 hour at room temperature.
Incubation with 40,6-diamidino-2-phenylindole was used to
stain cell nuclei, and coverslips were mounted using fluo-
romount (Sigma-Aldrich). To validate the specificity of the
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Table 1. Antibody Table

Antibody Name
Technique

(Concentration) Target Antigen
Manufacturer,
Catalog No.

Species Raised in;
Monoclonal or

Polyclonal RRID Reference

Mouse Anti-Human
a–Smooth
Muscle Actin
Monoclonal Antibody

ICC (1:100); WB
(1:200)

a–Smooth muscle actin
human, mouse, rat

Leica Microsystems,
NCL-SMA

Mouse; monoclonal AB_442134 PMID:
3312298

Anti-Vimentin
Monoclonal Antibody

ICC (1:100); WB
(1:300)

Vimentin human Leica Microsystems,
NCL-L-VIM-V9

Mouse; monoclonal AB_564055 PMID:
2447807

Calponin 1 Monoclonal
Antibody
(CALP)

ICC (1:500); WB
(1:500)

Calponin 1 human Thermo Fisher
Scientific, MA5-
11620

Mouse; monoclonal AB_10983410 PMID:
16140947

NF-kB p65 antibody - ChIP
Grade

ICC (1:1000);
WB (1:1000)
FC (1:1000)

NF-kB p65 - ChIP grade
human, mouse, rat

Abcam, ab7970 Rabbit; polyclonal AB_306184

Androgen Receptor
antibody - ChIP grade

FC (1:200) N-terminus of the rat
androgen receptor

Millipore, 06-680 Rabbit; polyclonal AB_310214

Androgen Receptor
antibody

ICC (1:200); WB
(1:1000)

Androgen receptor
antibody - ChIP
grade human, mouse,
rat

Abcam, ab74272 Rabbit; polyclonal AB_1280747 PMID:
28609657

Ki-67 antibody ICC Ki-67 human BD Biosciences,
550609

Mouse; monoclonal AB_393778 PMID:
7520455

ERK 1 (K-23) antibody WB (1:500) ERK 1 (K-23) mouse, rat,
hamster, mouse, rat,
human, chicken, frog,
human

Santa Cruz
Biotechnology,
sc-94

Mouse; monoclonal AB_2140110 PMID:
19326470

ERK1/2 WB (1:200) ERK 1/2 antibody Santa Cruz
Biotechnology,
sc-292838

Rabbit; polyclonal AB_2650548

Phospho-p44/42 MAPK
(Erk1/2) (Thr202/
Tyr204) (197G2)
Rabbit mAb

WB (1:1000) Goat rabbit IgG (H+L)-HRP
conjugate

Cell Signaling
Technology,
4377S

Rabbit; polyclonal AB_331775 PMID:
24422540

Akt WB (1:300) Amino acids 71–184 of
Akt1 of human origin

Santa Cruz
Biotechnology,
sc-125829

Mouse; monoclonal AB_2224733

Phospho-Akt (Ser473)
antibody

WB (1:200) Ser473 Cell Signaling
Technology,
4060S

Rabbit; monoclonal AB_2315049 PMID:
23749404

Rabbit anti-Mouse IgG
(H+L) Cross-Adsorbed
Secondary Antibody,
Alexa Fluor 594

ICC (1:1000) Mouse IgG (H+L) cross-
adsorbed mouse

Thermo Fisher
Scientific,
A-11062

Rabbit; polyclonal AB_2534109 PMID:
28575672

Goat Anti-Rabbit IgG
(H+L) secondary
antibody, Alexa Fluor
647 conjugate

FC (1:1000) g-Immunoglobulins, H+L Thermo Fisher
Scientific,
A-21244

Goat; polyclonal AB_2535812

Goat Anti-Mouse IgG
(H+L) Secondary
Antibody, Alexa Fluor
488 conjugate

FC (1:1000) g-Immunoglobulins, H+L Thermo Fisher
Scientific,
A-11001

Goat; polyclonal AB_2534069

Donkey anti-rabbit IgG
(H+L) Secondary
Antibody, Alexa Fluor®
594 conjugate

ICC (1:1000) FC Rabbit IgG (H+L) rabbit Thermo Fisher
Scientific,
A21207

Donkey; polyclonal AB_141637 PMID:
24302627

Anti-Mouse Ig (Whole Ab)
Antibody, Biotin
Conjugated

ICC (1:100) Mouse Ig (whole Ab)
mouse

GE Healthcare,
RPN1001-2ML

Sheep; polyclonal AB_1062579

Peroxidase-AffiniPure
goat anti-mouse IgG
(H+L) (min3Hu,Bov,Hrs,
Rb,Sw Sr Prot) antibody

WB (1:2500) Mouse IgG (H+L) mouse Jackson Immuno
Research Labs,
115-035-146

Goat; polyclonal AB_2307392 PMID:
25474204

Goat anti-rabbit IgG
(H L)-HRP Conjugate
antibody

WB (1:5000) Goat rabbit IgG
(H+L)–HRP conjugate

Bio-Rad, 170-6515 Goat; polyclonal AB_11125142 PMID:
23515285

Abbreviations: Ab, antibody; ChIP, chromatin immunoprecipitation; ERK, extracellular signal-regulated kinase; FC, flow cytometry; H+L, heavy and light
chains; HRP, horseradish peroxidase; ICC, immunocytochemistry; Ig, immunoglobulin; IgG, immunoglobulin G; mAb, monoclonal antibody; MAPK,
mitogen-activated protein kinase; PMID, PubMed Identifier; RRID, Research Resource Identifier; WB, Western blot.
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immunostaining, controls were performed by applying the same
protocol but replacing the primary antibody with PBS con-
taining 1% BSA.

For mAR staining, nonpermeabilized live cells were in-
cubated with anti-AR overnight at 4°C before fixation. To
control the integrity of the plasma membrane during the pro-
tocol, anti-AR antibody was replaced by anti-p65 NF-kB (in-
tracellular protein). Concanavalin A-fluorescein isothiocyanate
(1:30 dilution; Sigma-Aldrich), a lectin that specifically binds to
the a-mannosyl saccharides expressed in the core structures of
membrane glycoproteins, was used as a membrane marker.
Images were then obtained using epifluorescent Axioplan mi-
croscopy (Zeiss, Oberkochen, Germany) or a confocal laser
scanning microscope (FluoView FV 1200; Olympus; Tokyo,
Japan). Images were processed using the FV10-ASW 1.6 viewer
or Image J (National Institutes of Health, Bethesda, MD)
software. To determine the number of mAR-positive cells, a
total of 3000 pSMCs were counted from three independent
cultures.

Analysis of cell surface proteins by cell
surface biotinylation

The cell surface proteins were isolated using the Pierce cell
surface protein isolation kit (Thermo Fisher Scientific, Wal-
tham, MA) according to manufacturer´s instructions. Briefly,
pSMCs from eight six-well plates were washed three times with
ice-cold PBS buffer and then incubated with the membrane-
impermeable sulfo-NHS-biotin at 4°C for 20 minutes. After
biotinylation, the cultures were washed three times with ice-cold
PBS and harvested with lysis buffer containing 1.25% Igepal
CA-630, 2 mM phenylmethylsulfonyl fluoride, 10 mg/mL leu-
peptin, and 10 mg/mL aprotinin (all from Sigma-Aldrich). The
cellular extracts were sonicated and incubated with avidin-
agarose beads for 2 hours at 4°C. Then, the extracts were
centrifuged at 500g for 10 minutes at 4°C, the supernatant was
separated, and the pellet was washed three times with 1 mL of
lysis buffer. The pellets from the eight culture plates were
concentrated and seeded in a single lane of a 12% acrylamide
gel. The surface protein fraction and the total homogenate were
analyzed by western blot using rabbit anti-AR. The cytosolic/
nuclear protein p65 was used as a control for purity of the
surface-protein fraction.

Flow cytometry
Cells from each culture were divided into two groups for

detection of either intracellular AR or mAR. For intracellular
AR, cells were detached by TrypLE Express (Invitrogen) and
fixed (Cytofix; BD Biosciences Pharmingen, San Diego, CA) for
20 minutes at 4°C, permeabilized with Perm/Wash buffer (BD
Biosciences), and incubated with anti-AR overnight at 4°C.
pSMCs were washed with Perm/Wash buffer followed by in-
cubation with secondary antibody conjugated to Alexa 647 for
1 hour at room temperature. Cells were washed, suspended in
filtered PBS, and analyzed by Cytoron absolute flow cytometer
(Ortho Diagnostic System, Raritan, NJ). For mAR detection,
after being detached from the culture plate, live cells were
washed with PBS containing 2% FBS and incubated overnight
at 4°C with anti-AR antibody. After washing, cells were in-
cubated with secondary antibody for 1 hour at 37°C and
consequently treated with Cytofix for 20 minutes, dispersed in
PBS, and analyzed by flow cytometry. Analysis was done with

Flowjob software (Tree Star, Ashland, OR). As negative con-
trol, cells were incubated with immunoglobulin G isotype in-
stead of the primary antibody. To control the integrity of the
plasma membrane during the protocol, primary antibody for
intracellular protein p65 was used instead of anti-AR.

Western blot
Cell were washed with ice-cold PBS and lysed with 120 mL

of lysis buffer (1.25% Igepal CA-630, 1 mM EDTA, 2 mM
phenylmethylsulfonyl fluoride, 10mg/mL leupeptin, and10mg/mL
aprotinin, 40 mg/mL sodium fluoride, 100 mg/mL sodium pyro-
phosphate, and PBS) per well. The lysate was centrifuged at
14,000g for 20 minutes at 4°C to pellet the Igepal CA-630–
insoluble material. Samples were incubated with loading buffer
(Tris buffer containing 0.5% glycerol, 0.1% sodium dodecyl
sulfate, 10% 2-mercaptoethanol, 0.002% bromophenol blue)
and heated at 95°C for 5 minutes. Proteins were separated on
12% sodium dodecyl sulfate–polyacrylamide gels and blotted
onto a Hybond-C membrane (Amersham Pharmacia, Buck-
inghamshire, UK). Membranes were blocked for 30 minutes
with Tris-buffered saline containing 0.1%Tween 20, 5%BSA.
Membranes were incubated overnight with primary antibodies
(Table 1) diluted in PBS containing 0.1% Tween 20, 1% BSA,
and afterward were washed three times with PBS containing
0.1% Tween 20. Membranes were incubated with anti-mouse
or anti-rabbit secondary antibodies conjugated to horseradish
peroxidase diluted in Tris-buffered saline containing 0.1%
Tween 20, 1% BSA, and revealed with an enhanced chem-
iluminescence detection system (ECL; Amersham Biosciences,
Buckinghamshire, UK). Emitted light was captured on hyper-
film (AmershamPharmacia) or theC-Digit blot scanner (Li-Cor,
Lincoln, NE), following the manufacturer’s instructions. The
densitometry analyses were performed by applying the Image J
software (National Institutes of Health, Bethesda, MD). The
relative expression was calculated via comparison with the
loading control and different treatments were relativized to
the control group (100%).

Proliferation assay
pSMCs grown on coverslips were stimulated with testos-

terone or testosterone-BSA in the presence or absence of in-
hibitors hydroxyflutamide or U0126 for 24 hours. Cells were
fixed with 4% formaldehyde and permeabilized with 0.5%
Triton X-100 for 10 minutes. Nonspecific immunoreactivity
was blocked with PBS containing 5% BSA for 30 minutes at
room temperature, and the cells were incubated overnight
with a monoclonal antibody against Ki67 at 4°C in a wet
chamber. After washing with PBS, cells were incubated with a
biotinylated anti-mouse secondary antibody. The coverslips
were washed again with PBS, and the pSMCs were incubated
with the avidin–biotin peroxidase complex (ABC; Vector,
Burlingame, CA) for 30 minutes at room temperature. The im-
munoreactivity forKi67was visualizedwith3,3-diaminobenzidine
tetrahydrochloride as chromogen. A total of 1,000 cells were
examined by light microscopy in randomly chosen fields of each
glass slide to establish the percentage ofKi67 immunoreactive cells.
Three slides were analyzed for each group, derived from the same
cell preparations.

To count the total cell number, we used an ADVIA 2120i
hematology system (Siemens, Berlin, Germany). After 48 hours
of stimuli, cells were detached from the plates using TrypLE
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Express and resuspended on 100 mL of PBS to be counted by
cytometry.

Total RNA extraction, complementary DNA
synthesis, and quantitative reverse transcription
polymerase chain reaction analysis

Total RNA was purified using the Direct-zol RNA miniprep
kit (Zymo Research, Irvine, CA) accordingly to manufacture´s
instruction. Thereafter, 1 mg of total RNA was used as a
template for reverse transcription using EpiScript Reverse
transcription (Epicentre, Madison, WI) with random hexamer
primers (Thermo Fisher Scientific). The complementary DNA
(cDNA) obtained was subjected to qPCR performed on an ABI
Prism 7500 detection system (Thermo Fisher Scientific) using
Power SYBR Green PCR Master Mix (Thermo Fisher Scien-
tific), as previously reported (32). The gene-specific primer sets
are described in Supplemental Table 1. Relative changes in gene
expression were calculated using the 2-DDCt normalized against
the housekeeping gene GAPDH. For each pair of primers, a
dissociation plot resulted in a single peak, indicating that only
one cDNA species was amplified. Amplification efficiency for
each pair of primers was calculated using standard curves
generated by serial dilutions of cDNA obtained from unsti-
mulated pSMCs (33).

Enzyme-linked immunosorbent assay
To quantify interleukin-6 and TNFa secretion, cells were

grown for 24 to 72 hours in 1 mL of MCDB131 medium in one
of the following conditions: 1 mg/mL LPS, 1027 M LPS plus
testosterone, or 1027 M LPS plus testosterone-BSA or its ve-
hicles. Media were collected, centrifuged at 4°C at 14,000 rpm
for 15 minutes, and stored at220°C. Cytokines were measured
by commercially available sandwich enzyme-linked immuno-
sorbent assay kits (BD Biosciences), according to the manufac-
turer’s instructions.

Statistical analysis
All experiments were replicated at least three times with

independent cell cultures. Data from three or more independent
groups were analyzed using analysis of variance with Tukey as
the posttest. Differences between two means were considered as
statistically significance when P , 0.05. Statistical testing and
calculation of western blot data were performed using the
InfoStat (Faculty of Agricultural Sciences, National University
of Córdoba, Córdoba, Argentina) statistical program.

Results

ARwas localized at the plasma membrane of pSMCs
To determine the presence of the AR at the plasma

membrane, we applied immunofluorescence staining to
nonpermeabilized pSMCs. Positive staining was ob-
served with a confocal laser microscope at the surface of
intact cells [Fig. 1(a)]. Additionally, the colocalization of
AR with the plasma membrane marker concanavalin
A was detected and corroborated by Image J analysis,
thus confirming its membrane localization [Fig. 1(a)].
To verify that the plasma membrane was impermeable to
the antibody during the protocol, labeling for p65 was

performed in the same conditions; as expected, no specific
fluorescence was detected (not shown).

By western blot analysis, we determined AR was
present in the purified plasma membrane fraction [Fig.
1(b)]; its localization at the cell surface was seen by
immunofluorescence. Antibodies against p65 (part of
the NF-kB complex) were used to control the absence of
intracellular proteins in the membrane fraction [Fig. 1(b)].

We next determined the percentage of cells that
expressed mAR. Flow cytometry showed a population
(mean 6 standard error) of 18.87% 6 2.43% of cells
expressing mAR [Fig. 1(c)]. Accordingly, cell count for
concanavalin A and AR by immunofluorescence yielded
17.88% 6 5.34% double-positive cells. Flow cytometry
and immunostaining for p65 (exclusively intracellular
expression) confirmed the integrity of the plasma mem-
brane during the protocol [Fig. 1(c)].

mAR activation induced cell proliferation through
mitogen-activated protein kinase signaling

Stimulation of pSMCs for a short time with testos-
terone or with the nonpermeable testosterone-BSA resulted
in an increase in ERK1/2 phosphorylation [Fig. 2(a)]. The
incubation with the inhibitor of protein palmitoylation 2-
bromopalmitate prevented ERK phosphorylation after
testosterone-BSA stimuli [Fig. 2(b)], demonstrating that
palmitoylation is necessary for AR surface localization
and membrane-initiated signaling in pSMCs. Addition-
ally, testosterone and testosterone-BSA produced phos-
phorylation of Akt [Fig. 2(c)], indicating the activation of
different signaling pathways by nongenomic androgen
signaling.

Cell proliferation was evaluated by the nuclear ex-
pression of Ki67 and by total cell count. In line with
previous reports (13), testosterone induced a substantial
increase in cell proliferation. Interestingly, when the
stimulation took place specifically through mAR by
testosterone-BSA, a higher level of proliferation was
observed as compared with testosterone-treated cells
[Fig. 2(d)]. The AR inhibitor hydroxyflutamide and the
ERK inhibitor U0126 prevented testosterone-BSA–
stimulated proliferation [Fig. 2(d)], indicating the in-
volvement of both AR and ERK signaling in this process.
In agreement with the results obtained with Ki67 immu-
nolabeling, membrane androgen stimuli significantly in-
creased total cell number [Fig. 2(e)].

Because mAR stimulation resulted in higher pSMC
proliferation, we wondered if intracellular AR activation
might trigger both pro- and antiproliferative signals. The
expression of the antiproliferative growth factor TGFb1
was measured as a candidate for the differential effect
of testosterone on cell proliferation. As shown in Fig.
2(f), only testosterone induced a substantial increase in
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Figure 1. Localization of the AR at the cell surface of pSMCs. (a) pSMCs were analyzed by confocal laser microscopy using an antibody for AR
(red), with specific staining displaying at the cell surface. Con-A was used as a membrane marker (green). By using the colocalization plugin from
Image J, colocalization sites between AR and the cell membrane were determined (white pixels). (b) Concentrated biotin-isolated cell surface
proteins from eight six-well plates were run on acrylamide gels. AR was detected on the cell surface fraction and on the whole-cell homogenate
as a single band; the intracellular protein p65 was present in total homogenate but absent in the membrane fraction, discarding contamination
with cytosolic proteins. (c) Permeabilized and nonpermeabilized pSMCs were analyzed by flow cytometry using anti-AR antibodies. This representative
result of nonpermeabilized cells shows a population of 16.9% positive for surface AR. The average of three independent experiments indicated that
the percentage of cells with surface AR is 18.87% 6 2.43%. Flow cytometry for NF-kB showed no positive staining in nonpermeabilized cells. Data
are reported as mean 6 standard error from three independent experiments. Con-A, concanavalin A–fluorescein isothiocyanate; IgG, immunoglobulin
G; SSC, side scatter.
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tgfb1 mRNA. Our results indicate that membrane-
initiated androgen signaling induced pSMC prolifera-
tion through mAR and ERK phosphorylation, whereas
intracellular ARs increased TGFb1 expression, which
could be responsible for the modulation of cell prolif-
eration (34).

It is well known that ARs need to bind AREs to
regulate AR expression (35). Considering that pSMCs
can respond to testosterone-BSA, we wondered if non-
genomicmembrane signaling could induce changes in AR
expression. We observed a substantial increase in re-
ceptor expression only when cells had been stimulated
with testosterone [Supplemental Fig. 1(a)]. qPCR analysis
also indicated that testosterone must enter the cell to
modify AR mRNA levels [Supplement Fig. 1(b)]. This

result suggests that membrane-stimulated nongenomic
androgen signaling does not participate in AR regulation.

Nongenomic androgen signaling favored the
smooth muscle phenotype

Our group previously reported that androgens can
modulate the pSMC phenotype (12, 13). Hence, we
determined the participation of mARs in this process.
We evaluated the expression of smooth muscle cell
markers including a–smooth muscle actin and calponin,
and the mesenchymal marker vimentin. A significant
increase in mRNA levels for both smooth muscle markers
and a decrease in vimentin mRNA expression were
found 6 hours after stimulation with either testosterone
or testosterone-BSA [Fig. 3(a)]. Protein expression of

Figure 2. Testosterone signaling through mAR induced kinase phosphorylation, leading to cell proliferation. (a) pSMCs were stimulated for 20 or
30 minutes with testosterone, or for 30 minutes with TBSA or its control vehicles. A significant increase in ERK phosphorylation was observed in
all treatments. *P , 0.05 vs C. (b) Inhibitors of palmytoilation (i.e., 2-bromopalmitate) and ERK phosphorylation (i.e., U0126), applied 20 minutes
before stimulation with TBSA, prevented ERK phosphorylation. *P , 0.05 vs TBSA; #P , 0.05 vs C. (c) Total cell homogenates were also analyzed
for Akt phosphorylation; a significant increase was observed after T20, T30, and TBSA stimulation. *P , 0.05 vs C. (d) Immunocytochemistry for
Ki67 was performed to determine cell proliferation after 24 hours of stimuli with testosterone or TBSA. The inhibitors for AR (i.e., HF) and for
ERK phosphorylation (i.e., U0126) prevented TBSA-induced proliferation. *P , 0.05 vs C; #P , 0.05 vs testosterone. (e) pSMCs were stimulated
with testosterone or TBSA for 48 hours and the total number of cells was measured. Only TBSA stimulation induced a higher number of cells.
*P , 0.05 vs C. (f) pSMCs were stimulated for 6 hours for qPCR analysis, Tgfb1 mRNA increased only after testosterone stimulation. *P , 0.05
vs C. Data are reported as mean 6 standard error from three independent experiments. Analysis of variance with Tukey posttest was used. C,
control vehicle; HF, hydroxyflutamide; T, testosterone; T20, testosterone stimulation for 20 minutes; T30, testosterone stimulation for 30 minutes;
TBSA, testosterone–bovine serum albumin; TBSA30, testosterone–bovine serum albumin stimulation for 30 minutes.
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phenotypicmarkers followed the same pattern asmRNA,
as demonstrated by western blot [Fig. 3(b)] and immu-
nocytochemistry [Fig. 3(c)]. These findings indicate that
membrane-initiated androgen signaling on pSMCs favors
the muscle phenotype.

Intracellular AR signaling was necessary for
androgen modulation of pSMC response to LPS

pSMCs react against bacterial compounds such as
LPS through the receptor TLR4. Once activated,
TLR4-dependent signaling pathways induce nuclear
translocation of NF-kB, secretion of proinflammatory

cytokines, and cellular proliferation and dedifferentiation
(4). Because testosterone has been reported to dampen
this response (13), we addressed the involvement of
mAR activation by costimulating pSMCs with LPS and
testosterone-BSA. As expected, LPS induced the secre-
tion of interleukin-6 and TNFa, whereas testosterone
downregulated this response. By contrast, coincubation
of LPS with testosterone-BSA had no effects on cytokine
secretion compared with LPS alone, indicating that mAR
signaling does not participate in this anti-inflammatory
role of testosterone [Fig. 4(a) and 4(b)]. In linewith results
from our laboratory (13), LPS also induced a rapid

Figure 3. Nongenomic androgen signaling induced the smooth muscle phenotype. pSMCs were stimulated with testosterone, TBSA, or its
control vehicle for (a) 6 hours for qPCR analysis, and (b) 24 hours for western blot or (c) immunofluorescence. (a) Testosterone and TBSA
increased the expression of mRNA levels for the smooth muscle markers Acta2 and Cnn1 while decreasing mesenchymal marker Vim mRNA.
*P , 0.05 vs C. (b, c) Protein expression determined by western blot and immunofluorescence also revealed an increase in CALP and ACTA2,
and a decrease in VIM. *P , 0.05 vs C. Data are reported as mean 6 standard error from three independent experiments. Analysis of variance
with Tukey posttest was used. C, control vehicle; mRNA, messenger RNA; T, testosterone; TBSA, testosterone–bovine serum albumin.
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translocation of NF-kB to the nucleus, and its coincu-
bation with testosterone downregulated this response. In
contrast, the coincubation with testosterone-BSA did not
significantly modify the number of NF-kB–positive nuclei
induced by LPS [Fig. 4(c)]. These data indicate that the
modulation of the inflammatory response by testosterone
is due to cytosolic androgen signaling.

Consistently, testosterone downregulated LPS- and
TNFa–induced mRNA expression of TNF, IL6, IL1B,
CCL2, CXCL5, IL1A, CXCL1, and IL19 in the LNCaP
prostatic cell line, which expresses the classic intracel-
lular AR, whereas testosterone-BSA did not exert effects
on inflammatory-induced cytokine levels (Supplemental
Fig. 2). To reinforce the concept of the need for intracellular

Figure 4. Modulation of inflammation by testosterone occurred through intracellular AR. pSMCs were stimulated with LPS, LPS+T, LPS+TBSA,
or their control vehicles for 24 to 72 hours. (a, b) The secretion of IL-6 and TNFa was quantified by enzyme-linked immunosorbent assay in
supernatants. The presence of testosterone inhibited the secretion of both proinflammatory cytokines, whereas TBSA did not alter the LPS-
induced TNFa and IL-6 levels. (c) Immunofluorescence for p65 (red) was performed on pSMCs treated with LPS, LPS+T, or LPS+TBSA or their
vehicles for 30 minutes. LPS stimulation induced NF-kB nuclear localization, which was modulated only by testosterone. Data are reported as
mean 6 standard error from at least three independent experiments. *P , 0.05 vs control; #P , 0.05 vs LPS; **P , 0.01 vs C; ##P , 0.01 vs
LPS (analysis of variance with Tukey posttest). C, control vehicle; LPS+T, lipopolysaccharide plus testosterone; LPS+TBSA, lipopolysaccharide plus
testosterone–bovine serum albumin; T, testosterone; TBSA, testosterone–bovine serum albumin.
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classic signaling for androgen anti-inflammatory actions,
we used the PC3 prostatic cell line, which does not express
intracellular AR. Stimulating PC3 with testosterone or
testosterone-BSA resulted in a lack of modulation of LPS-
induced cytokine expression (Supplemental Fig. 2).

Discussion

In the current study, we demonstrated that rat pSMCs
expressed mARs capable of activating nongenomic-
androgen signaling triggered by testosterone. In addition,
we provide evidence for protein palmitoylation as one of
themechanisms involved in the translocation of the AR to
the cell membrane, as well as for the activation of ERK
and Akt as mediators of downstream noncanonical ef-
fects. Furthermore, proliferation and differentiation of
pSMCs can be induced by signaling through receptors
located at the plasma membrane, with mAR activation
resulting in higher levels of cell proliferation than in-
tracellular AR stimulation. On the other hand, modula-
tion of AR expression and the immunoregulatory/anti-
inflammatory effects of testosterone in pSMCs seem to
be mediated mainly by stimulation of the cytosolic AR.

Evidence of nongenomic androgen signaling has been
described in a variety of cells induced by receptors lo-
cated at or near the plasma membrane, such as AR (17,
18), GPCR (19), SHBGR (36), and ZIP9 (20). Different
studies have evaluated nongenomic effects on prostatic
cells, including prostatic cancer epithelial cell lines
LNCaP (37) and DU145 (23), as well as in primary
cultured human stromal cells (24). LNCaP cells respond
to a nonpermeable analog of testosterone by signal-
ing through PI3K (21) and the Src-MEK-ERK-CREB
pathway (27). Likewise, in primary cell cultures of unchar-
acterized human prostatic stromal cells, dihydrotestoster-
one induces ERK phosphorylation, enhances activity of the
transcription factor Elk-1 (38), and can also induce EGFR-
dependent calcium mobilization and MMP signaling (39).
In comparison with these studies, our results focused on
normal prostatic muscle cells, which are normally com-
mitted to homeostatic stromal-epithelial interactions (2).
We demonstrate that, as for other stromal prostatic cells
(24), pSMCs can respond to testosterone by a nongenomic
mechanism inducing phosphorylation of ERK and Akt. In
addition, the presence of AR at the cell surface of pSMCs
was confirmed by different strategies, which is consistent
with AR localization at the cell surface of LNCaP cells (22).
The mechanism by which ARs migrate from the cytoplasm
to the cell surface and bind to the plasma membrane is
not fully understood. However, palmitoylation of amino
acids in the E-domain of the AR has emerged as one of
the mechanisms for surface localization and anchorage
(25). Our data provide additional evidence about the

participation of AR palmitoylation in pSMC membrane-
initiated androgen signaling.

It is widely accepted that androgen signaling through
the AR is crucial for prostate development and mainte-
nance, because castration promotes a rapid and robust
regression of the gland (8). At the cellular level, androgens
stimulate epithelial cell proliferation, but little is known
about the behavior of pSMCs under a microenvironment
with androgen manipulation. This is striking considering
that pSMCs play a central role in orchestrating prostate
homeostasis in normal and in pathological conditions.
We previously demonstrated that testosterone increases
proliferation of pSMCs in vitro (13). Of note, non-
genomic androgen stimulation initiated by mAR seems
to be a stronger promoter of cell proliferation than
classic AR. We hypothesize that testosterone may in-
duce classic intracellular AR-mediated mechanisms that
could partially compensate the highly proliferative effects
incited by membrane receptors. In fact, cytosolic AR
activation induced more TGFb expression than mAR-
initiated signaling. In normal conditions, a dynamic
equilibrium would be generated between the effects of
intracellular AR and those of the mAR, leading to ho-
meostasis. Thus, changes in this equilibrium could tilt the
balance from a homeostatic proliferation to a patho-
logical state that could be crucial in the development and
progression of BPH or prostate cancer.

Androgens promote pSMC differentiation by regu-
lating the miodifferentiator complex Srf/Myocd (12).
Moreover, stimulation with testosterone induced an in-
crease of mRNA for muscle markers a–smooth muscle
actin, calponin, and Lmod1 dose dependently (12), in-
dicating that androgens maintain a differentiated state on
pSMCs. The activation ofmARs reproduces this response
by stimulating nongenomic testosterone pathways. Al-
though the mechanisms by which mARs control mio-
differentiation are unknown, we propose a possible
interaction between mAR signaling cascades and the
SRF/Myocd pathway.

Inflammation of the prostate gland induces pSMC
dedifferentiation in vivo (3, 4) and in vitro (3, 4). Tes-
tosterone counteracts LPS-induced dedifferentiation by
favoring an anti-inflammatory response (13, 40). Results
obtained in the current study indicate that LPS effects
cannot be modulated through nongenomic signaling.
Indeed, after costimulation of TLR4 (the LPS receptor)
and mAR, pSMCs maintained the activation of NF-kB
and the levels of proinflammatory cytokines induced by
LPS. Cytosolic AR has been reported to suppress NF-kB
directly (41), with this mechanism being likely respon-
sible for the homeostatic anti-inflammatory effects of
testosterone that are crucial for normal reproductive
functions.
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After the discovery of nongenomic androgen signaling,
it became evident that testosterone could induce two
independent cellular responses: activating ARE-regulated
genes through cytosolic AR or ARE-independent genes
regulated by other transcription factors when signaling
through membrane receptors. These two pathways can
also cross-talk in physiological conditions, leading to
complex signaling mechanisms (42). Independent stim-
ulation of nongenomic signaling has been related to
different processes, including proliferation (28), apo-
ptosis (20, 23), and cytoskeleton rearrangements (37) in a
variety of cells. However, few reports elucidated differ-
ential outcomes of androgenic signaling through mem-
brane vs cytosolic receptors. In this context, our results
suggest that the final response executed by an androgen-
targeted cell will be determined by the signaling activated
by the AR.

In pSMCs, testosterone seems have some hyper-
proliferative, pathological effects induced by the mAR,
whereas, through classic intracellular mechanisms, it
could have a prohomeostatic role, including the in-
hibition of NF-kB signaling and the activation of anti-
proliferative molecules as TGFb. Therefore, if these
differential effects could be verified in human pSMCs, it
would provide an important therapeutic target to block
undesired effects of testosterone while preserving their
homeostatic/anti-inflammatory actions. These findings
will certainly encourage the development of new strate-
gies through which the androgen signaling could be
deliberately modified, and these findings pave the way for
further research in the treatment of prostatic diseases.
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Universidad Nacional de Córdoba, Pabellón de Biologı́a
Celular, E. Barros esq. Enfermera Gordillo 1 piso Ciudad
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