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Herein we report that the lipid kinase sphingosine kinase-1 (SphK1) is instrumental in mediating andro-
gen-induced cell proliferation in osteoblasts. Dihydrotestosterone (DHT) triggered cell growth in steroid-
deprived MC3T3 cells, which was associated with a rapid stimulation of SphK1 and activation of both Akt
and ERK signaling pathways. This mechanism relied on functional androgen receptor/PI3K/Akt nongeno-
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Ostjeoblasts quences. Finally, SphK1 inhibition not only abrogated DHT-induced ERK activation but also blocked
An rogens - cell proliferation, while ERK inhibition had no impact, suggesting that SphK1 was critical for DHT signal-
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ERK1/2 ing yet independently of the ERK.
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Introduction estrogen signaling in breast cancer cells [11], while we demon-

Androgens are essential for skeletal development and mainte-
nance of bone metabolism throughout adult life. The central role
of estrogen and androgen deficiency on bone loss provided a major
stimulus to investigate the mechanism of the sex hormone actions
on the skeleton and significant improvements in the clinical man-
agement of patients with osteoporosis over the last two decades.
Androgens increase bone mass in specific skeletal compartments
enhancing osteoblast activity but inhibiting that of osteoclasts [1].

Sphingosine 1-phosphate (S1P) has emerged as a critical lipid
mediator playing a major role in cell proliferation, differentiation,
apoptosis or angiogenesis [2]. The balance between S1P and its
metabolic precursors ceramide and sphingosine is regarded as a
switch that could determine whether a cell proliferates or under-
goes apoptosis or growth arrest [3]. The master regulator of this
balance is sphingosine kinase-1 (SphK1), the enzyme converting
sphingosine into S1P, which has been established to be responsible
for S1P effects on cell proliferation and survival [4]. S1P has been
reported to trigger cell proliferation in various osteoblastic cell
models [5-10]. Regarding the relationship between sex steroids
and SphK1, previous reports have indicated that SphK1 mediates

Abbreviations: AR, androgen receptor; CSS, charcoal-stripped serum; DHT,
dihydrotestosterone; PI3K, phosphoinositide-3 kinase; SFM, serum-free conditions;
SphK1, sphingosine kinase-1.
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strate a crucial role for SphK1 in mediating the effects of androgens
in prostate cancer [12] supporting the idea that SphK1 could be a
crucial mediator of sex steroids biological effects in target tissues,
such as the bone.

The important role of androgens on bone homeostasis and the
emerging role of SphK1/S1P in regulating the effects of sex steroids
spurred us to determine whether SphK1 activity could play a part
in the crucial control of bone physiology exerted by androgens.

Materials and methods

Cell line and culture conditions. MC3T3-E1 mouse calvaria osteo-
blasts obtained from DSMZ (Germany) were cultured in o-MEM
(Lonza) supplemented with 5% fetal bovine serum (FBS). For exper-
iments, cells were plated at 10,000 cells/cm? and cultured for 48 h,
then medium was replaced by serum-free medium overnight to
starve the cells before the indicated treatments.

Reagents. FBS and charcoal-stripped serum (CSS) were from Hy-
clone (Perbio). 5a-Dihydrotestosterone (DHT), hydroxyflutamide
and bicalutamide were from Sigma. SKI-2 and LY294002 were from
Calbiochem. [y-3?P]-ATP was purchased from Perkin-Elmer and sil-
ica gel 60 high-performance TLC plates were from VWR.

Cell counting. Cells were harvested by trypsinization and resus-
pended in culture medium. Aliquots were diluted in Isoton II (Coul-
ter Corp.), and 200 pl duplicates were counted in a Coulter particle
counter and averaged.

MTT assay. Cell viability was assessed using the MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide) dye
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reduction assay [13]. Cells were incubated with MTT reagent
(5 mg/ml) for 3 h before solubilization (20% SDS in 50% N,N-
dimethylformamide), and formazan was quantified using a micro-
plate reader (Bio-Rad).

SphK1 assay. SphK1 activity was quantified as described previ-
ously [14] in presence of 50 uM sphingosine, 0.25% Triton X-100
and [y-3?P] ATP containing 10 mM MgCl,. The labeled S1P was sep-
arated by thin layer chromatography on silica gel 60 with 1-buta-
nol/ethanol/acetic acid/water (80:20:10:10, v/v) and visualized by
autoradiography. Activity was expressed as picomoles of S1P
formed/min/mg of protein.

Immunoblotting. Western blotting was carried out as previously
described [15]. Rabbit anti-SphK1 (gift from Dr. Pitson, Adelaide,
Australia), rabbit anti-Akt/phospho Ser473 (CST # 9271), rabbit
anti-MAPKinase p44/42 (CST # 9106) were used as primary anti-
bodies. Protein were detected by ECL detection system (Perbio)
using a HRP-conjugated anti-rabbit or anti-mouse secondary anti-
body. Equal loading was confirmed by the mouse anti-tubulin anti-
body (Sigma).

RNA interference. Transient interference was achieved by dou-
ble-stranded human SphK1-specific siRNA [16] or aleatory se-
quence siScr (Eurogentec). Transfection was performed using the
Lipofectamine 2000 reagent (Invitrogen) according to the manu-
facturer’s instructions.

Statistical analysis. The statistical significance of differences be-
tween the means was evaluated using the one-way analysis of var-
iance (ANOVA) test. All statistical tests were two-sided and the

level of significance was set at P < 0.05. Calculations were per-
formed using Instat (Graphpad Software). Densitometry quantita-
tion was determined using the Image] software.

Results
DHT stimulates proliferation of MC3T3-E1

The murine calvarial MC3T3-E1 osteoblasts express high levels
of AR [17,18] and are responsive to androgens [17,19,20]. As com-
pared to CSS medium, which is deprived of all steroids inducing
osteoblastic growth, the addition of DHT increased cell prolifera-
tion by approximately 90% at 96 h, which represented about 60-
70% of the growth rate observed in FBS (Fig. 1A). The proliferative
and prosurvival ERK1/2 and Akt pathways have been previously
associated with serum and DHT-induced osteoblastic growth or
survival [20-22]. Reflecting its effect on cell proliferation
(Fig. 1A), DHT treatment triggered both ERK1/2 and Akt phosphor-
ylation in steroid-deprived conditions (Fig. 1B). This effect was ra-
pid in accordance with a nongenotropic reported mechanism
[20,21].

DHT stimulates SphK1 through AR and the PI3 kinase/Akt pathway

We next investigated whether DHT could impact SphK1. Un-
der CSS conditions, the addition of DHT was associated with an
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Fig. 1. DHT stimulates growth signaling pathways and SphK1 activity in MC3T3-E1 osteoblasts. MC3T3-E1 cells were incubated in presence of 5% FBS, 5% CSS, or 5% CSS in
presence of 20 nM DHT. (A) Cell counting measurements were performed at the indicated times. Columns, mean of at least five independent experiments; bars, SD. The P
values between the means are as follows: P < 0.001; P < 0.05 (compared to CSS conditions). (B) Osteoblasts were incubated for 30 min with the indicated conditions and cell
lysates were assayed for phospho-ERK and phospho-Akt expression by Western blot analysis. Similar results were obtained in three independent experiments. (C) SphK1
activity was quantified from MC3T3-E1 cells incubated under 5% CSS conditions and treated with 20 nM DHT for the indicated times. Columns, mean of at least six
independent experiments; bars, SD. The P values between the means are as follows: ~ P < 0.001; “P<0.01; P < 0.05 (compared to T0). (D) Cell lysates from cells incubated for
30 min with or without 20 nM DHT were assayed for SphK1expression by Western blot analysis. Similar results were obtained in three independent experiments.
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Fig. 2. Androgen receptor and PI3K inhibition blocks cell growth and SphK1
stimulation induced by DHT. MC3T3-E1 cells were incubated in presence of 5% CSS
with or without hydroxyflutamide, bicalutamide or LY294002 in presence or not of
20 nM DHT for 72 h to assess cell proliferation by MTT test (A) or for 30 min to
quantify SphK1 activity (B). Columns, mean of three to five independent experi-
ments; bars, SD. The P values between the means are as follows: “P < 0.01; ns, non
significant.

early but pronounced activation of SphK1 peaking at 30 min
(>1.6-fold increase) after which SphK1 activity returned to basal
levels (Fig. 1C). Mirroring its activity, SphK1 expression was
strongly down-regulated in CSS-treated cells compared to FBS
conditions whereas DHT treated cells exhibited a significantly
higher expression yet not to the same extent as FBS treated cells
(Fig. 1D).

Nongenotropic effects produced by androgens have been shown
to involve the PI3K/Akt cascade through a direct interaction be-
tween membrane associated AR and PI3K in epithelial prostate
cells [23,24] and MC3T3-E1 osteoblasts [20]. As anticipated,
MC3T3-E1 cell proliferation response at 20 nM DHT was totally
blunted by AR antagonists hydroxyflutamide and bicalutamide
(Fig. 2A). Noteworthy, the DHT-triggered stimulation of SphK1
was also completely abolished in presence of the AR antagonists
(Fig. 2B). Similarly, the inhibition of PI3K activity by LY294002 sup-
pressed DHT-mediated cell proliferation (Fig. 2A) and SphK1 acti-
vation (Fig. 2B).
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Fig. 3. SphK1 inhibition prevents cell growth induced by DHT. MC3T3-E1 cells were
incubated in presence of 5% CSS with or without 1 pM SKI-2 in presence or not of
20 nM DHT for 30 min to quantify SphK1 activity (A) or for 72 h to assess cell
proliferation by MTT test (B). Columns, mean of three to five independent
experiments; bars, SD. The P values between the means are as follows:
""P<0.001; ns, non significant.

SphK1 is instrumental for the proliferative effect of DHT independently
of the ERK signaling

MC3T3-E1 osteoblasts were treated with SKI-2, a specific phar-
macological inhibitor of SphK1 [25], to determine whether SphK1
stimulation was instrumental for the action of androgens. As pre-
viously established in other cell systems [16,26], SKI-2 displayed
a dose-dependent inhibitory effect on SphK1 activity (data not
shown). A low micromolar concentration of SKI-2 abrogated the
stimulation of SphK1 by DHT (Fig. 3A). Cell proliferation stimulated
by DHT was also completely reversed when cells were co-treated
with 1 puM SKI-2 (Fig. 3B) thus suggesting that SphK1 activity
was indeed critical to mediate the effect of androgens. A similar re-
sult was obtained by SphK1 knock-down with siRNA targeted
against SphK1 (data not shown).

We next studied the relationship between the SphK1 and the
ERK1/2 pathways both stimulated upon androgen addition to
MC3T3-E1 osteoblasts. Interestingly, SphK1 inhibition with SKI-2
(Fig. 4A) or knock-down by siRNA (data not shown) could mark-
edly suppress ERK1/2 activation by DHT. On the contrary, the inter-
ruption of the ERK1/2 signaling pathway by the MEK inhibitor
UO0126 did not have any impact on SphK1-induced stimulation
by DHT (Fig. 4B) indicating that MEK/ERK1/2 cascade was down-
stream of SphK1. More importantly and in contrast to SphK1, the
MEK/ERK1/2 pathway was not essential to the growth stimulating
effects ascribed to DHT since the MEK inhibitor UO126 did not
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Fig. 4. The MEK/ERK cascade does not transmit DHT-induced osteoblast growth. (A)
MC3T3-E1 cells were incubated in presence of 5% CSS with or without 1 M SKI-2 in
presence or not of 20 nM DHT for 30 min. Cell extracts were assayed for phospho-
ERK and SphK1 expression by Western blot analysis. Similar results were obtained
in three independent experiments. MC3T3-E1 cells were incubated in presence of
5% CSS with or without 5 uM UO126 in presence or not of 20 nM DHT for 30 min to
quantify SphK1 activity (B) or for 72 h to assess cell proliferation by MTT test (C).
Inset, phospho-ERK1/2 expression in MC3T3-E1 cells incubated with 5 pM UO126
for 30 min under CSS conditions. Columns, mean of three to five independent
experiments; bars, SD. The P values between the means are as follows: ns, non
significant.

block DHT-induced cell proliferation in MC3T3-E1 cells (Fig. 4C)
despite the fact that ERK1/2 phosphorylation was strongly inhib-
ited by UO126 (Fig. 4C, inset).

Discussion

Compelling evidence has implicated the SphK1/S1P signaling in
mediating cell growth in response to a wide array of stimuli includ-
ing growth factors, cytokines, phorbol esters [27] but also sex ste-
roid such as estradiol [11]. Sex steroids are major mediators in
maintaining bone mass and preventing osteoporosis, the most pre-
valent degenerative disease in developed countries [28]. Andro-
gens have a dual function on bone metabolism since they can be
converted by aromatase to estrogens to inhibit bone resorption
[29] or bind to AR to elicit bone formation through osteoblast pro-
liferation [17,19,20].

The present study is the first demonstration that SphK1 is a
mediator of the proliferative effect of androgens in a noncancerous
cell line through a nongenotropic AR-dependent pathway. The ac-
tion of DHT not only relied on functional AR signaling and stimula-

tion of the PI3K/Akt cascade as recently reported in prostate cancer
cells [23,24] and MC3T3-E1 osteoblasts [20], but also on the down-
stream activation of SphK1. The blockade of SphK1 activity by AR
antagonists, PI3K and SphK1 inhibitors could potently inhibit both
SphK1 stimulation and proliferation induced by DHT hence sup-
porting the instrumental role of SphK1. Similar observations have
been made in the LNCaP prostate cancer cell model [12], suggest-
ing a canonical SphK1-dependent pathway in androgen-mediated
effects.

The mechanism by which SphK1 transmits cell proliferation in
response to DHT remains undefined but does not appear to involve
the MEK/ERK signaling pathway. Although SphK1 blockade pre-
vented ERK1/2 activation upon DHT treatment, the inhibition of
the MEK/ERK signaling did not impact cell growth thus suggesting
a ERK-independent signaling, in line with observations made in AR
transfected MC3T3-E1 model [30]. S1P may exert its effects either
intracellularly or extracellularly in a paracrine fashion through S1P
receptors present on the surface of the cell [2] as previously shown
with exogenous S1P in various osteoblastic models [5-10].

We therefore conclude that through a nongenotropic pathway,
SphK1 is a crucial mediator of DHT-proliferative effect on the
osteoblast and a key target in bone degenerative diseases and bone
metastasis.
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