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Osteoprotegerin (OPG)/osteoclastogenesis inhibitory factor regulates bone mass by inhibiting osteoclas-
tic bone resorption. mTOR, which is the mammalian target of rapamycin, is a kinase and central regulator
of cell growth, proliferation, and survival. By using Rapamycin, we studied whether mTOR pathway is
associated with OPG protein production in the mouse bone marrow-derived stromal cell line ST2. Rapa-
mycin markedly increased the level of soluble OPG in ST2 cells. This antibiotic treatment resulted in the

Keywords: suppression of phosphorylation of mTOR. Rapamycin had no effects on the proliferation, differentiation,
gl;gfprotegerin or apoptosis of the cells. Treatment with bone morphogenetic protein-4, which can induce OPG protein in
sT2 ST2 cells, also resulted in a decrease in the density of the phospho-mTOR-band, suggesting that the sup-
RANKL pression of the phospho-mTOR pathway is necessary for OPG production in ST2 cells. Thus, suitable sup-
Osteoblast pression of mTOR phosphorylation is a necessary requirement for OPG production in bone marrow
stromal cells.

© 2009 Elsevier Inc. All rights reserved.

Introduction for a new therapy for bone-destructive diseases by means of con-

Osteoprotegerin (OPG), which is known as osteoclastogenesis
inhibitory factor [1], is a soluble decoy receptor for osteoclast dif-
ferentiation factor as well as receptor activation of NF-«xB ligand
(RANKL). OPG inhibits osteoclastogenesis by interrupting cell-to-
cell signaling between stromal ST2 cells and osteoclast progeni-
tors; resulting in inhibition of the differentiation of osteoclasts
[1]. Transgenic mice that overexpress OPG show osteopetrosis
and lack osteoclasts [2]. Interestingly, OPG and RANKL in the alve-
olar bone stromal cells are associated with tooth eruption [3,4].
Since OPG mRNA is also present in gingival fibroblasts, periodontal
ligament cells, and pulp cells [5], the alteration of OPG might be
associated with the pathophysiology of bone-destructive diseases,
such as periodontal disease and rheumatoid arthritis [6]. In earlier
studies, we found an increase in the RANKL:OPG ratio in the syno-
vial fluid and gingival crevicular fluid from patients with bone-
destructive diseases, such as rheumatoid arthritis, periodontitis,
and osteoarthritis [6-8]. Especially, since we found a common phe-
nomenon, in these three inflammatory diseases, i.e., a decrease in
the OPG level, a reduction in OPG production might trigger the
pathophysiology and progression of bone-destructive diseases.
Although OPG is expressed in a wide variety of tissues, it remains
unclear how the expression of OPG is regulated. If the key signal
cascade for OPG production can be elucidated, it can open the door
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trolling OPG production.

The mammalian target of rapamycin (mTOR) is an evolutionally
conserved serine/threonine protein kinase implicated in a wide ar-
ray of cellular processes such as cell growth, proliferation, and sur-
vival [9,10]. The mTOR pathway has attracted broad scientific and
clinical interest, particularly in light of the ongoing clinical cancer
trials with mTOR inhibitors [11]. Rapamycin is a specific inhibitor
of mTOR, and it exerts suppressive effects on proliferation, inva-
sion, and metastasis and also induces apoptosis of tumor cells
[12]. However, there has been no focus of attention on whether
the mTOR signal cascade is involved in OPG production in osteo-
blastic cells.

To address these important issues described above, we pres-
ently studied whether the mTOR pathway is associated with OPG
protein production in the mouse bone marrow-derived stromal cell
line ST2. Interestingly, the present findings demonstrated that the
inhibition of mTOR by rapamycin markedly induced OPG protein in
the cells.

Materials and methods

Materials. Mouse bone marrow stromal cell line ST2 was ob-
tained from RIKEN Cell Bank (Ibaragi, Japan). Rapamycin was pur-
chased from Calbiochem (San Diego, CA, USA). o-Minimum
essential medium (o-MEM) was from Gibco-BRL Laboratories
(Grand Island, NY, USA), and fetal calf serum (FCS) from Cell Cul-
ture Laboratories (Cleveland, OH, USA). Anti-mTOR IgG and anti-
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phospho-mTOR IgG were obtained from Cell Signaling Technology
Inc. (USA). Recombinant human bone morphogenetic protein
(BMP)-4 was purchased from R&D systems (USA). All other chem-
icals used in this study were of analytical grade.

Cell culture. ST2 cells were cultured in plastic dishes containing
o-MEM supplemented with 10% FCS, 100 IU/ml penicillin, and
100 pg/ml streptomycin at 37 °C in air with 5% CO,, and were then
subcultured until they were almost confluent. Incubation with rap-
amycin was done in medium containing 0.1% FCS. Conditioned
medium was harvested from cultured cells and centrifuged to re-
move cell debris.

ELISA for mouse OPG. The amount of OPG secreted into the cul-
ture supernatant was measured by using an ELISA (R&D Systems,
USA).

ELISA for mouse RANKL. The concentration of RANKL in the lysed
cells was also determined by use of an ELISA (R&D Systems, USA),
as described below. ST2 cells were lysed in RIPA buffer containing
50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM so-
dium orthovanadate, 5 pig/ml leupeptin, 0.1 mM phenylmethyl sul-
phonyl-fluoride, 0.5% deoxycholic acid, 0.1% SDS, 1% Nonidet P40,
and phosphatase inhibitor cocktail-II (Sigma) and centrifuged at
14,000g for 10 min to remove insoluble materials. The content of
total protein was measured by using a DC-Bio-Rad protein assay
kit with bovine serum albumin as a standard.

Detection of mTOR and phospho-mTOR by Western blot analysis.
ST2 cells were lysed in RIPA buffer and centrifuged at 14,000g for
10 min to remove insoluble materials. The lysates were dissolved
in SDS electrophoresis buffer, and the proteins were separated on
SDS-polyacrylamide gels (12%) and subsequently electrotrans-
ferred to polyvinylidene difluoride (PVDF) membranes. After hav-
ing been blocked with PBS containing 0.05% Tween 20 and 5%
nonfat dry milk, the membranes were incubated overnight at
4°C with an antibody against either mTOR or phospho-mTOR;
and the bound antibodies were detected with the corresponding
secondary antibody conjugated to peroxidase (ECL Plus Western
Blotting Reagent Pack, Amersham Int., Buckinghamshire, England).
Blots were developed by using a chemiluminescence substrate,
Lumingen PS-3, from Amersham Int. (ECL plus Western Blotting
Detection System). Visualization of the bands in the PVDF mem-
brane was performed with an Amersham Polaroid system (ECL
mini-camera, Camera Luminometer for ECL).

Estimation of cell proliferation. Cell proliferation assays were per-
formed by detecting 5-bromo-2'-deoxyuridine (BrdU)-labeled DNA
with anti-BrdU monoclonal antibody (MoADb) labeled with peroxi-
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dase (Cell Proliferation ELISA, Roche, IN, USA). In short, ST2 cells
grown in a 96-well microtiter plate (3 x 103cells/well) were incu-
bated with different concentrations of Rapamycin (0-3000 nM) for
24 h at 37 °C in a humidified atmosphere (5% CO,), and were then
labeled with BrdU for 1 h. The amount of BrdU-labeled DNA was
quantified by ELISA.

Estimation of cellular DNA fragmentation. Cellular DNA fragmen-
tation was assayed by the detection of BrdU-labeled DNA frag-
ments in the cytoplasm of cell lysates by use of solid phase-
immobilized anti-DNA MoAb and anti-BrdU MoAb labeled with
peroxidase (cellular DNA fragmentation ELISA, Roche, IN, USA).
The cells were incubated in the presence of Rapamycin (0-
3000 nM) for 8 h at 37 °C in a humidified atmosphere (5% CO,).
The amount of BrdU-labeled DNA was quantified by ELISA.

Cell-cycle analysis with a fluorescence-activated cell sorter (FACS).
Cell-cycle analysis was made with a FACS and a cell-cycle analysis
kit (Cycle Test plus, Becton-Dickinson, San Jose, CA, USA), as de-
scribed previously [13].

Assessment of the osteoblastic phenotype. To assess the pheno-
type of the cultured cells, we examined alkaline phosphatase
(ALP) activity and responsiveness to parathyroid hormone (PTH).
ALP activity was determined by use of Blue-Phos substrate (micro-
well phosphatase substrate system: Kirkegaard & Perry Laboratory,
MD, USA). The response to PTH was determined by measuring the
amount of cAMP produced by the cells with or without exposure to
200 ng/ml human PTH (hPTH [1-34], Peptide Institute Inc., Japan)
for 15 min. The concentration of cAMP in the cells was measured
by use of an ELISA (Cayman Co., USA).

Statistical analysis. Data were presented as means + SD of 4-6
cultures/group. Each experiment was repeated three times. Differ-
ences between control and experimental treatment groups were
determined by using the paired Student’s t-test. Differences were
considered significant if P was <0.05.

Results

The treatment with rapamycin caused a marked concentration-
dependent increase in the OPG level in the ST2 cells (maximum at
100 nM, Fig. 1A), with the maximum level being fivefold higher
than the control. The elevation of OPG production occurred in a
time-dependent manner, reaching a plateau at 18 h (Fig. 1B). Fur-
ther, when we performed Western blotting of ST2 cell lysates by
using anti-phosphorylated mTOR antibody, Rapamycin (100 or
3000 nM) caused a decrease in the density of the phosphorylated
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Fig. 1. Induction of OPG in ST2 cells by rapamycin. (A) Concentration-dependent production of OPG. ST2 cells were cultured for 24 h in the presence of rapamycin (0-
3000 nM). Conditioned medium was harvested from the cultured cells, and the content of OPG in it was determined by ELISA. Values are expressed as mean + SD of six wells
(ng/ml). Each experiment was repeated three times, and the results shown are representative of these three independent experiments. (B) Time-dependent production of
OPG. Cells were incubated for the indicated times in the presence or in the absence of rapamycin (100 nM). The content of OPG in the conditioned medium was determined by
ELISA. Values are expressed as means * SD of six wells. (C) Western blot analysis of mTOR and phospho-mTOR expression in rapamycin-treated ST2 cells. The data are shown
for control ST2 cells (control, non-treated) and cells after rapamycin treatment (100 or 3000 nM) for 1 h. Equal amounts of the lysate protein were loaded in each well of the

gel.
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mTOR-band (Fig. 1C). In particular, rapamycin at 3000 nM com-
pletely inhibited the phosphorylation of mTOR.

Reciprocal gene expression of OPG and RANKL was demon-
strated in 1o, 25(OH),D3;/dexamethasone-treated ST2 [14]. How-
ever, no significant difference in the RANKL protein level was
found in ST2 cell lysates under a similar condition (Rapamycin:
100 nM, Fig. 2B).

It is widely known that the inhibition of mTOR has suppressive
effects on cell proliferation and inductive effects on apoptosis in
cells [12]. While rapamycin (3000 nM) caused substantial growth
arrest in the cells (P < 0.05, Fig. 3A), relatively low concentrations
of the antibiotic (30-300 nM) had no effect on the proliferation
in the cells. In addition, rapamycin (30-1000 nM) except at
3000 nM had no effect on apoptosis as evaluated by DNA fragmen-
tation ELISA (Fig. 3B).

Since osteoblast growth arrest is accompanied by differentia-
tion, we measured ALP activity and PTH-responsive cAMP produc-
tion in the ST2 cells to assess osteoblast differentiation. The control
ST2 cells had very low levels of ALP activity and a low response to
PTH in terms of producing cAMP. Exposure of the cells to rapamy-
cin (100 nM) for 2 days had no effect on ALP activity and induced
responsiveness for PTH-elicited cAMP (data not shown).

When a cell moves into a quiescent and/or terminally differen-
tiated state from G1, it clearly enters a different metabolic state. In
general, GO/G1 arrest in the cell cycle is induced by apoptotic stim-
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ulators and/or occurs in cells in the terminally differentiated state.
To evaluate whether rapamycin induce differentiation of the cells,
we performed cell-cycle analysis. FACS cell-cycle analysis demon-
strated that treatment with rapamycin (100 nM) did not result in
GO/G1 arrest in the ST2 cells (population rate: 61.8 £ 4.5% in con-
trol vs. 63.3 +4.9% in 100 nM Rapamycin). In contrast, a relatively
high concentration of rapamycin (3000 nM) induced substantial
GO/G1 arrest in the cells (82.2+7.5%; 'P<0.05 compared with
the control). Taken together, rapamycin (100 nM, suitable for
OPG production) had no effect on differentiation, proliferation, or
apoptosis of ST2 cells.

Since we previously reported that BMP-4 induced OPG produc-
tion in ST2 cells [15], we performed Western blot analysis to deter-
mine whether a common pathway is involved in OPG production.
Treatment with BMP-4 (10 ng/ml) resulted in a potent decrease
in the phosphorylation of mTOR, as shown in Fig. 4, suggesting that
suppression of the phospho-mTOR pathway is necessary for OPG
production in ST2 cells.

Discussion
The findings of the present study demonstrated that the expres-
sion of OPG is markedly induced by rapamycin in mouse bone mar-

row stromal cells. 10,,25-dihydroxyvitamin D3, interleukin-18, and
tumor necrosis factor-o all increase OPG production in human
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Fig. 2. Rapamycin-induced alteration of OPG level but not that of RANKL. (A) Cells were incubated for 24 h in the presence or in the absence of rapamycin (100 nM). The
content of OPG in the conditioned medium was determined by ELISA. Values are expressed as means + SD of six wells. P < 0.005 vs. control. (B) The RANKL content in the

extracts was determined by a commercially available ELISA.
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Fig. 3. (A) Effect of rapamycin on proliferation of ST2 cells. ST2 cells were incubated for 24 h in the presence of rapamycin (0-3000 nM). Cell proliferation was quantitatively
determined by using a cell proliferation ELISA. Values represent means + SD of four independent determinations performed. ‘P < 0.01 vs. control (rapamycin: 0 nM). (B)
Rapamycin-induced DNA fragmentation in ST2 cells ST2 cells were incubated for 8 h in the presence of rapamycin (0-3000 nM). Levels of apoptosis were quantitatively
determined by using a cellular DNA fragmentation ELISA. Values represent means + SD of four independent determinations performed. P <0.01 vs. control (Rapamycin:

0 nM).
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Fig. 4. (A) Induction of OPG in ST2 cells by hBMP-4. ST2 cells were cultured for 24 h in the presence of hBMP-4 (10 ng/ml). The conditioned medium was harvested from the
cultured cells, and the content of OPG in it was determined by use of an ELISA. Values are expressed as means * SD of six wells (ng/ml). Each experiment was repeated three
times, and the results shown are representative of these three independent experiments. P < 0.005 vs. control. (B) Western blot analysis of mTOR and phospho-mTOR
expression in hBMP-4-treated cells. The data are shown for control ST2 cells (control, non-treated) and cells after hBMP-4 treatment (10 ng/ml) for 1 h. Equal amounts of the

protein had been loaded into each well of the gel.

osteoblastic cells [16]. While transforming growth factor-g1, BMP-
2, and BMP-4 induce the expression of OPG mRNA and protein in
osteoblastic cells [15-17], the present study is the first to show
that a chemical compound, Rapamycin, caused a marked increase
in the level of OPG protein in ST2 cells.

Although there is no report on protein induction caused by the
suppression of phospho-mTOR, we demonstrated for the first time
the significance of mTOR in the rapamycin-induced OPG produc-
tion (Figs. 1 and 2). Although rapamycin (100 nM) induced OPG
production, it had no effect on cell-cycle GO/G1 arrest or prolifer-
ation of ST2 cells under similar conditions. Since rapamycin also
induced OPG protein in mouse osteoblastic cell line MC3T3-E1
(data not shown), this effect is not limited to ST2 cells. mTOR is
a serine/threonine kinase central to a complex intracellular signal-
ing pathway and is involved in diverse processes including cell
growth and proliferation, survival, angiogenesis, autophagy, and
metabolism. mTOR integrates input from multiple upstream sig-
nals, including growth factors and nutrients to regulate protein
synthesis. In general, the suppression of phosphorylation of mTOR
leads to the inhibition of protein synthesis associated with prolif-
eration and/or growth. Therefore, the present pathway (the sup-
pression of mTOR phosphorylation leading to OPG production) is
very unique. As was shown in Figs. 1 and 2, a relatively high con-
centration of rapamycin (3000 nM) resulted in the potent sup-
pression of phosphorylation of mTOR and reduced OPG
production in the ST2 cells, suggesting that suitable and sensitive
regulation of mTOR contributes to OPG production in the cells.
There is no study focusing on the relationship between OPG and
mTOR in osteoblastic cells except for one [18], which showed that
while thrombin profoundly induced protein synthesis of OPG, rap-
amycin exerted an inhibitory effect on the thrombin-induced OPG
synthesis.

In addition, our present data suggest a new risk to patients who
are administered of rapamycin. Chronic administration of it might
suppress the differentiation and activation of osteoclasts due to
overexpression of OPG, and thus lead to osteopetrosis.

Imbalances in the RANKL/OPG system have been related to the
pathogenesis of bone-destructive diseases [3,19,20]. Since we also
reported a decreased level of OPG in the synovial fluid from pa-
tients with rheumatoid arthritis, periodontitis, and temporoman-
dibular joint disorder [6-8], the locally produced OPG may play a
functional role in the negative feedback regulation of osteoclastic
bone resorption. OPG produced by osteoblasts is an important reg-
ulator of osteoclast development and function [21]. In addition,
OPG plays an important potential protective or detrimental role
in both vascular pathologies and tumorigenesis [22]. In light of

these findings taken together with our current ones, the negative
regulation of phosphorylation of mTOR enables control of bone for-
mation through OPG production, and rapamycin shows therapeutic
potential for bone-destructive diseases and other diseases.

In conclusion, the present results underline the importance of
mTOR kinase acting as a regulator of OPG production in ST2 cells.
The inhibition of mTOR kinase provides a crucial signaling trans-
duction mechanism that positively regulates OPG production,
and thus may positively affect bone formation as well.
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