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Clinical practice reveals that osteoporotic women treated with BPs
(bisphosphonates) show an increased bone mass density and a re-
duced risk of fractures. However, the mechanisms leading to these
beneficial effects of BPs are still poorly understood. We hypo-
thesized that ZOL (zoledronic acid), a potent third-generation BP,
may induce the expression of proteins associated with the bone-
forming potential of osteoblastic cells such as BSP (bone sialo-
protein). Expression of BSP gene is up-regulated by hormones
that promote bone formation and has been associated with de novo
bone mineralization. Using real-time reverse transcriptase–PCR
and Western-blot analysis, we demonstrated that ZOL increased
BSP expression in Saos-2 osteoblast-like cells. Nuclear run-on
and mRNA decay assays showed no effect at the transcriptional
level but a stabilization of BSP transcripts in ZOL-treated cells.
ZOL effect on BSP expression occurred through an interference

with the mevalonate pathway since it was reversed by either meva-
lonate pathway intermediates or a Rho GTPase activator. We
showed that ZOL impaired membrane localization of RhoA in
Saos-2 cells indicating reduced prenylation of this protein. By the
use of small interfering RNAs directed to RhoA and Rac1, we
identified both Rho GTPases as negative regulators of BSP ex-
pression in Saos-2 cells. Our study demonstrates that ZOL induces
BSP expression in osteoblast-like cells through inactivation of
Rho GTPases and provides a potential mechanism to explain the
favourable effects of ZOL treatment on bone mass and integrity.
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INTRODUCTION

BPs (bisphosphonates) are synthetic compounds capable of sup-
pressing bone resorption in vivo. These PPi analogues are prefer-
entially taken up by the skeleton, where they are potent inhibitors
of bone resorption mediated by osteoclasts. For this reason, BPs
have become the most important class of drugs used to treat dis-
eases involving excessive osteoclast activity, such as Paget’s
disease, osteolytic bone disease, hypercalcaemia of malignancy
and postmenopausal osteoporosis (see [1] for a review). Several
structurally related BPs have been synthesized to optimize their
anti-resorptive effects. The most potent BPs, such as ZOL (zole-
dronic acid) and risedronate, contain a nitrogen atom within a het-
erocyclic ring. In the early years of BPs’ use, the efficacy of these
compounds was supposed to depend entirely on the inhibition of
osteoclastic activity. Later, several studies showed that cells from
the osteoblastic lineage represent an alternative target for BPs
[2–6]. Moreover, the use of BPs in animal models of bone meta-
bolism demonstrated that these components have marked effects
on bone formation and other parameters of osteogenesis [3,7,8].
Recently, Reinholz et al. [9] reported that BPs have direct effects
on bone-forming human fetal osteoblast cells. In contrast with less
potent BPs, ZOL inhibited osteoblast proliferation and favoured
their differentiation in culture. This switch from a proliferating
stage of development to a non-proliferating state occurred with an
increase in the rate of bone formation as measured by an in vitro
mineralization assay [9].

Although all the above-mentioned studies support the notion
that BPs enhance bone formation, a direct effect of these com-
pounds on the expression of proteins playing a pivotal role in
bone matrix maturation process, such as BSP (bone sialoprotein),
has not been investigated yet. BSP constitutes 12 % of the non-
collagenous proteins in the mineral compartment of human bone
and is synthesized by skeletal-associated cell types, including
hypertrophic chondrocytes, osteoblasts, osteocytes and osteo-
clasts [10–12]. Studies on the developmental expression of BSP in
rat bones have revealed that high expression of BSP mRNA cor-
relates with de novo bone formation [13]. Furthermore, BSP
expression is spatiotemporally linked to the formation of miner-
alized matrix by bone-forming cells in vitro [14–17]. These
studies, together with the demonstration that BSP induces
hydroxyapatite crystallization from physiological concentrations
of calcium and phosphate in a cell-free system [18], imply that
BSP may play a key role in new bone matrix formation and its
subsequent mineralization.

To explore the potential role of ZOL in bone formation, we ex-
amined the effect of ZOL on BSP expression by osteogenic cells.
Because of its bone-inducing activity, Saos-2 human osteo-
sarcoma cell line is considered to be a model of an osteoblastic
cell’s ability to secrete bone-related molecules including BSP
[19,20]. In the present study, we show that ZOL induces BSP ex-
pression at both mRNA and protein levels in Saos-2 cells. We also
demonstrate that the biochemical mechanism of this effect occurs
through the inhibition of prenylation of Rho GTPases.

Abbreviations used: BP, bisphosphonate; BSP, bone sialoprotein; CNF-1, cytotoxic necrotizing factor-1; DRB, 5,6-dichloro-1-β-D-ribofuranosylbenz-
imidazole; FOH, farnesol; FPP, farnesyldiphosphate; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GGOH, geranylgeraniol; GGPP, geranyl-
geranyldiphosphate; RT, reverse transcriptase; siRNA, small interfering RNA; ZOL, zoledronic acid.
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EXPERIMENTAL

Cell culture

Human osteosarcoma Saos-2 cells (85-HTB; A.T.C.C.) were
cultured in Dulbecco’s modified Eagle’s medium (Invitrogen,
Carlsbad, CA, U.S.A.) containing 10 % (v/v) fetal bovine serum
(ICN, Costa Mesa, CA, U.S.A.) at 37 ◦C in a humidified atmo-
sphere of 5 % CO2 and passaged weekly using 0.5 g/l trypsin in
Hanks balanced salt solution without Ca2+ and Mg2+, containing
0.2 g/l EDTA (Invitrogen). This cell line has been well char-
acterized as osteoblast-like cells by the criteria of increased
alkaline phosphatase activity, cAMP response to parathyroid hor-
mone, osteonectin production, specific receptors for 1,25-dihy-
droxyvitamin D3, matrix vesicle-like release and osteogenic
potentials [20]. Saos-2 cells were dispensed at a density of approx.
0.8 × 106 in 75 cm2 culture flasks (Nunc, Roskilde, Denmark) and
were allowed to reach 50 % of confluence before addition of ZOL
or its vehicle for the indicated times. For mRNA stability experi-
ments, Saos-2 cells were exposed to 65 µM DRB (5,6-dichloro-
1-β-D-ribofuranosylbenzimidazole; ICN) after stimulation with
ZOL to arrest transcription. Control and ZOL-treated RNA
samples were collected initially (0 h) and at 8, 16 and 24 h after
DRB addition for quantitative real-time PCR analysis.

Total RNA isolation and real-time RT
(reverse transcriptase)–PCR analysis
Total RNA was isolated from Saos-2 cells by using RNeasy
columns (Qiagen Sciences, MD, U.S.A.) according to the manu-
facturer’s instructions. First-strand cDNA was synthesized using
2 µg of total RNA in 20 µl of RT reaction mixture contain-
ing 0.2 µg of pd(N)6 random hexamer (Amersham Biosciences,
Little Chalfont, Bucks., U.K.), 2 mM of each deoxynucleotide
triphosphate (Eurogentec, Seraing, Belgium), 1× first-strand
buffer [50 mM Tris/HCl (pH 8.3), 75 mM KCl, 3 mM MgCl2]
(Invitrogen), 10 mM dithiothreitol (Invitrogen), and 100 units of
SuperScriptTM II RNase H RT (Invitrogen). The RT reaction was
performed at 42 ◦C for 50 min before a 15 min inactivation step at
70 ◦C. Quantitative real-time PCR was performed in triplicate
using the ABI Prism 7700 Sequence Detection System (PE
Applied Biosystems, Foster City, CA, U.S.A.) according to the
manufacturer’s instructions. BSP primers and TaqMan probes
were designed using the primer design software Primer Express
(PE Applied Biosystems) as follows: BSP forward 5′-TGCC-
TTGAGCCTGCTTCCT-3′, BSP reverse 5′-CTGAGCAAAATT-
AAAGCAGTCTTCA-3′, BSP probe FAM-5′-CCAGGACTG-
CCAGAGGAAGCAATCA-3′-TAMRA. The TaqMan GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) control reagents kit
(PE Applied Biosystems) was used for GAPDH detection. cDNA
samples (100 ng each) were mixed with 100 nM of each primer
and TaqMan Universal PCR Master Mix containing 1 × PCR
buffer, 5.5 mM MgCl2, 0.8 mM dNTPs mix, 100 nM probe and
1 unit of AmpliTaq Gold® thermostable DNA polymerase (PE
Applied Biosystems) in a total volume of 25 µl. The PCR was
conducted using the following parameters: 94 ◦C for 10 min,
and 45 cycles at 94 ◦C for 45 s, 57 ◦C for 45 s and 72 ◦C for
30 s, and 72 ◦C for 2 min after the last cycle. Quantitative real-
time PCR was performed for BSP and normalized to the copies
of GAPDH mRNA from the same sample, except for half-life
experiments, which were normalized to 18 S rRNA (PE Applied
Biosystems). Acquired data were analysed by Sequence Detector
software version 1.9 (PE Applied Biosystems).

Nuclear run-on transcription assays
To determine the effects of ZOL on BSP gene transcription,
nuclear run-on analysis was performed as described by Overall

and Sodek [21] with some modifications. Briefly, Saos-2 cells
were cultured to 50 % confluence in 75 cm2 flasks for 48 h in
the presence or absence of 20 µM ZOL. Cell layers were scraped
from the flasks and nuclei isolated by centrifugation and washed.
Nascent transcripts were radiolabelled by incubation of the nuclei
in transcription run-on buffer containing ribonucleotides [1 mM
ATP, 1 mM CTP, 1 mM GTP, 3.5 µM UTP and 125 µCi [32P]UTP
(3000 Ci/mmol; ICN)] for 45 min at 32 ◦C. The nuclei were lysed
and the [32P]RNA precipitated and collected by centrifugation.
Equal amounts of [32P]RNA (1 × 106 c.p.m.) from each sample
were hybridized to blotted BSP and GAPDH cDNAs and control
plasmid DNA (pUC18) that had been immobilized on to a nylon
membrane Hybond-N+ (Amersham Biosciences). Blots were
hybridized at 42 ◦C for 96 h and washed with 0.1 × SSC (7.5 mM
NaCl/15 mM sodium citrate)/0.1 % SDS at 55 ◦C. Hybridization
of nascent transcripts to different cDNAs was visualized by
autoradiography.

Production of antiserum against human BSP

A bacterial recombinant fragment of human BSP (amino acids
158–301) was made by PCR using the B6-5g plasmid [22] as
template. The forward oligonucleotide included the NdeI restric-
tion site as well as an in-frame cysteine residue. The reverse oligo
included a BamHI restriction site. The PCR product was cloned
into the NdeI and BamHI sites of a pET-15b expression vector
(Novagen, Madison, WI, U.S.A.) and expressed in BL-21 (DE3)
Escherichia coli cells. The recombinant protein was purified
on a His-bind resin (Novagen) according to the manufacturer’s
instructions, conjugated through the cysteine residue to activated
keyhole limpet haemocyanin (Pierce, Rockford, IL, U.S.A.) and
injected into mice. Monoclonal antibodies were produced using
standard mouse hybridoma technology under an established ani-
mal protocol at an AAALAC-approved facility. Recombinant full-
length human BSP, made using human marrow fibroblasts and a
BSP-expressing adenovirus construct [23], was used to select
positive clones. The final monoclonal antibody, LFMb-24, was
purified on a Protein G column, isotyped as an IgG1 and adjusted
to 1 mg/ml concentration.

Western-immunoblot analysis

After treatment with ZOL, cell layers were rinsed three times
with PBS and solubilized in 1 % SDS. Protein concentrations of
the samples were determined by utilizing BCA Protein Assay kit
(Pierce). Equal amounts of cellular protein were electrophoresed
on 10 % SDS/polyacrylamide gel under reducing conditions and
then transferred to a PVDF Western-blotting membrane (Roche,
Mannheim, Germany). Membranes were blocked with blocking
solution [50 mM Tris/HCl, 150 mM NaCl, 5 % (w/v) non-fat dry
milk and 0.1 % Tween 20] for 2 h at room temperature (∼ 22 ◦C),
and incubated with 10 µg/ml LFMb-24 mouse anti-human BSP
monoclonal antibody for 2 h at room temperature. For some
experiments, membranes were incubated with 0.8 µg/ml mouse
anti-RhoA monoclonal antibody (26C4; Santa Cruz Biotech-
nology, Santa Cruz, CA, U.S.A.), 0.3 µg/ml mouse anti-Rac1
monoclonal antibody (clone 23A8; Upstate Biotechnology, VA,
U.S.A.) or 0.7 µg/ml mouse anti-α-tubulin monoclonal antibody
(clone B-5-1-2; Sigma). After washing, blots were incubated with
0.4 µg/ml peroxidase-conjugated rabbit anti-mouse immunoglo-
bulins (Dako, Glostrup, Denmark) for 30 min. Blots were washed
again and incubated in ECL® detection reagent (Amersham
Biosciences).

Rho translocation assay

A Rho translocation assay was performed as described pre-
viously [24]. Briefly, Saos-2 cells were incubated in a lysis
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buffer containing 50 mM Hepes (pH 7.4), 50 mM NaCl, 1 mM
MgCl2, 2 mM EDTA, 1 mM PMSF, 10 µg/ml leupeptin,
1 mM Na3VO4, 5 mM NaF, 1 mM dithiothreitol and 0.1 % Triton
X-100 for 5 min on ice. The cell lysates were centrifuged at
24 000 g for 15 min. After collecting the supernatant as the cyto-
sol fraction, the pellet was resuspended in 1 % Triton X-100 in the
lysis buffer and centrifuged at 24 000 g for 15 min. The super-
natant was then collected as the membrane fraction. Equal
amounts (10 µg) of protein from each fraction were electro-
phoresed on 12.5 % SDS/polyacrylamide gel under reducing con-
ditions followed by immunoblotting with anti-RhoA antibody as
described above.

siRNA (small interfering RNA) transfection

RNAs (21 nt) were chemically synthesized and purified by
reversed-phase HPLC (Eurogentec, Liège, Belgium). To inhibit
RhoA and Rac1 synthesis, we used respectively the 5′-GAAGU-
CAAGCAUUUCUGUCTT-3′ and 5′-GACAGAAAUGCUUGA-
CUUCTT-3′ and the 5′-GUUCUUAAUUUGCUUUUCCTT-3′

and 5′-GGAAAAGCAAAUUAAGAAC-3′ oligoribonucleotide
sets [25]. The 5′-CUUACGCUGAGUACUUCGATT-3′ and
5′-UCGAAGUACUCAGCGUAAGTT-3′ oligoribonucleotides
from GL3 Luciferase gene were used as siRNA unrelated control.
Each pair of oligoribonucleotides was annealed at a concentration
of 20 µM in 200 mM NaCl and 100 mM Tris/HCl (pH 7.5).
Transfection was performed using the calcium phosphate method
in 100 mm Petri dishes with a final concentration of 20 nM
siRNA. Total RNA and protein were isolated from Saos-2 cells
48 h post-transfection.

Statistical analysis

For all experiments, mRNA level fold induction is relative to
control values, which were set to a value of 1. Both one-way
ANOVA and Student’s t test (unpaired) were used to compare
differences between experimental conditions. To calculate the
half-life of mRNA, BSP mRNA decay was analysed by linear
regression of the percentage RNA remaining at each time-point of
DRB treatment. For all tests, P � 0.05 was considered statistically
significant. Stat View 4.0 software (Abacus Concepts, Berkeley,
CA, U.S.A.) was used for statistical analysis.

RESULTS

ZOL enhances BSP expression at the protein and mRNA
levels in Saos-2 cells

We used Saos-2 human osteoblast-like cells to examine the effects
of ZOL on BSP expression. It has been previously suggested that
the confluency status of Saos-2 cells may influence the expression
of bone-related genes such as BSP [20] and bone morphogenetic
proteins 1, 2 and 6 [26]. Therefore we avoided the interfer-
ence of cell density by using preconfluent Saos-2 cells expressing
a basal level of BSP in all the experiments. Saos-2 cells were
treated with concentrations ranging from 5 to 30 µM ZOL for
48 h. The expression of BSP was examined by Western-blot
analysis using a monoclonal antibody (LFMb24) directed against
human BSP. Treated cells showed a dose-dependent increase in
BSP protein levels relative to non-treated cells. Protein loading
was normalized using both a total protein assay and a monoclonal
anti-α-tubulin antibody (Figure 1A). Densitometric analysis re-
veals that the amount of BSP in cells stimulated with ZOL
(20 µM) during 48 h was 2.6-fold higher than in control cells
(results not shown). Then, BSP mRNA expression was quantified
using the real-time RT–PCR technique. Consistent with the induc-
tion at the protein level, the maximum stimulatory effect (3-fold)

Figure 1 ZOL up-regulates BSP expression at both protein and mRNA levels
in Saos-2 cells

(A) Western-blot analysis of BSP expression in Saos-2 cells was performed using LFMb-24
mouse anti-human BSP monoclonal antibody. The cells were cultured in the presence of ZOL,
concentrations ranging from 5 to 30 µM, during 48 h. Equal loading of total protein extracts
(20 µg/lane) was assessed using an anti-α-tubulin antibody. (B) ZOL-induced changes in
BSP mRNA levels in Saos-2 cells are given as fold-induction relative to untreated control
cells. Total RNA from control and ZOL-treated cultures was analysed using real-time RT–PCR.
The levels of BSP mRNA were normalized for variations in GAPDH mRNA levels. (C) Time-course
study of BSP mRNA level in Saos-2 cells exposed to 20 µM ZOL for 24, 48 and 72 h. BSP
mRNA levels of treated cells (+) at the different time points are represented as fold-induction
relative to untreated cells (−) at 24 h and normalized for variations in GAPDH mRNA levels.
Each experiment was performed three times with similar results. *P < 0.005 and **P < 0.0001
represent significant difference compared with control cell cultures.

of ZOL on BSP mRNA level was reached at a concentration of
20 µM and after 48 h of treatment (Figure 1C). We observed that
ZOL increased the steady-state level of BSP mRNA in a dose-
(Figure 1B) and time-dependent manner that was significantly
different (P < 0.005) from the up-regulation attributable to cell
density (Figure 1C).

ZOL up-regulates BSP expression by mRNA stabilization
in Saos-2 cells

To determine whether the increase in BSP mRNA levels by ZOL
was caused by changes in mRNA stability, we calculated the rate
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Figure 2 ZOL increases BSP mRNA stability in Saos-2 cells

DRB (65 µM), a transcription inhibitor, was added to ZOL-treated and -untreated cell cultures,
and RNA was extracted at 0, 8, 16 and 24 h. The steady-state levels of BSP mRNA were analysed
using real-time RT–PCR, normalized to 18 S rRNA, expressed as the percentage of the initial 0 h
control and plotted as a function of time. The decay of (A) BSP mRNA and (B) GAPDH mRNA in
Saos-2 cells. The half-lives of BSP and GAPDH mRNA were calculated by linear extrapolation.
Each experiment was performed three times with similar results.

of decay of BSP transcripts after transcriptional arrest. Subcon-
fluent Saos-2 cells were treated with DRB, a specific RNA poly-
merase II inhibitor [27], and the decrease in specific mRNA
levels over a 24 h period was recorded. The levels of BSP
mRNA from control and ZOL-treated cultures were quantified and
normalized with respect to ribosomal 18 S using real-time RT–
PCR analysis. As shown in Figure 2(A), the levels of BSP mRNA
decreased less rapidly in ZOL-treated cells when compared with
that in control cells after DRB exposure. The half-life of BSP
mRNA was approx. 14 h in control cells and it was estimated,
by linear extrapolation, to be approx. 27 h in ZOL-treated cells,
indicating that the ZOL-induced increase in steady-state BSP
mRNA level mainly reflects an increased BSP transcript stability.
This prolongation of BSP mRNA half-life was specific because
the half-life of GAPDH transcripts, used as control (evaluated to
be approx. 24 h), was not significantly changed by ZOL treatment
(Figure 2B).

ZOL has no effect on the transcription rate of BSP gene

Our demonstration of a ZOL regulation of BSP gene expression
through a post-transcriptional mechanism does not exclude the
possibility of an effect at the transcriptional level. Therefore we
next examined the effects of ZOL on the rate of BSP gene trans-
cription by performing a nuclear run-on assay. Transcriptionally
active nuclei were isolated from Saos-2 cells maintained for 48 h

Figure 3 ZOL has no effect on BSP gene transcription rate in Saos-2 cells

(A) After 48 h of treatment with ZOL (20 µM), nuclear run-on assay was performed by labelling
nascent transcripts in vitro with [α-32P]UTP, and by hybridizing the radiolabelled RNA to
immobilized cDNAs for BSP, GAPDH and vector DNA pUC18. (B) Total RNA isolated from
the treated and non-treated cells was analysed by real-time RT–PCR to control ZOL-induced
up-regulation of BSP mRNA steady-state level. ZOL-induced changes in BSP mRNA levels in
Saos-2 cells are given as fold-induction relative to untreated control cells and normalized for
variations in GAPDH mRNA levels. These results are representative of three separate experiments.
**P < 0.0001 represents significant difference compared with control cell cultures.

in the absence (control cells) or presence of 20 µM ZOL. The
nascent transcripts were hybridized to filter-bound BSP and
GAPDH cDNAs, and pUC18 plasmid DNA was used as negative
control. Nuclear run-on hybridization signals revealed compar-
able transcription rates in treated Saos-2 cultures in comparison
with control cultures, for both BSP and GAPDH genes
(Figure 3A). Thus ZOL did not increase the rate of BSP gene
transcription, whereas ZOL-induced up-regulation of BSP mRNA
steady-state level was effective (Figure 3B).

ZOL-stimulated BSP expression occurs through the inhibition
of geranylgeranylation and not farnesylation

Previous studies have demonstrated that ZOL is capable of inter-
fering with the mevalonate pathway of many cell types, including
osteoblastic cells. ZOL inhibits the synthesis of FPP (farnesyl-
diphosphate) and GGPP (geranylgeranyldiphosphate), two meva-
lonate pathway intermediates, and as a consequence decreases
prenylation of small GTPases like Ras and Rho [28]. Therefore we
next explored the possibility that ZOL-induced BSP expression
is related to an alteration of prenylation. To determine which
isoprenoid intermediate in the mevalonate pathway could parti-
cipate in the regulation of BSP mRNA expression, Saos-2 cells
were treated with 20 µM ZOL in the presence of 20 µM GGOH
(geranylgeraniol) or 20 µM FOH (farnesol). Co-treatment with
FOH did not significantly reverse the effects of ZOL on BSP
mRNA expression (Figure 4A). In contrast, co-treatment with
GGOH completely reversed the ZOL-induced up-regulation of
BSP mRNA expression (P < 0.0001) (Figure 4B). Treatment with
either FOH (20 µM) or GGOH (20 µM) alone did not alter the
basal BSP mRNA level when compared with control. These
results suggest that BSP mRNA expression is negatively regulated
by a geranylgeranylated protein rather than a farnesylated protein.
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Figure 4 GGOH, and not FOH, reverses ZOL-mediated BSP up-regulation
in Saos-2 cells

(A) Saos-2 cells were cultured with ZOL (20 µM) in the presence or absence of FOH (20 µM)
for 48 h. (B) Saos-2 cells were cultured with ZOL (20 µM) in the presence or absence of GGOH
(20 µM) for 48 h. Steady-state levels of BSP mRNA were analysed using real-time RT–PCR
and normalized for variations in GAPDH mRNA levels. The expression of BSP mRNA is given
as fold-induction relative to untreated control cells (cont). Experiments were performed three
times with comparable results. *P < 0.005 and **P < 0.0001 represent significant difference
compared with ZOL-treated cells.

Rho GTPases intervene in ZOL-induced BSP gene up-regulation

Since Rho GTPases need to be geranylgeranylated to be active
at the cell membrane, the potential contribution of Rho in BSP
mRNA up-regulation was investigated. We tested the effect of the
E. coli CNF-1 (cytotoxic necrotizing factor-1), which is known to
activate directly and specifically Rho GTPases [29]. Co-treat-
ment with ZOL (20 µM) and CNF-1 (200 ng/ml) completely
reversed ZOL-mediated up-regulation of BSP mRNA (Figure 5),
suggesting that the ZOL effect on BSP expression occurs through
a Rho-inhibitory mechanism. Furthermore, treatment with CNF-1
(200 ng/ml) alone decreased BSP mRNA expression by approx.
80% when compared with non-treated cells, indicating that direct
activation of Rho GTPases leads to the down-regulation of BSP
mRNA expression.

ZOL impairs RhoA membrane localization in Saos-2 cells

The geranylgeranylation of the small GTPases is essential
for their membrane translocation from the cytosol [30]. We exam-
ined the effect of ZOL on the translocation of RhoA protein from
the cytosol to the membrane in Saos-2 cells after separation of
cytosolic and membrane fractions. In untreated cells, equivalent
amounts of RhoA are present in both fractions. Treatment of
Saos-2 cells with ZOL (20 µM) decreased membrane localization
of RhoA with a reciprocal concomitant increase in RhoA in

Figure 5 CNF-1, an activator of Rho GTPases, is capable of reversing
ZOL-induced BSP mRNA up-regulation

Saos-2 cells were cultured with ZOL (20 µM) alone or in combination with CNF-1 (200 ng/ml)
for 48 h. Steady-state levels of BSP mRNA were analysed using real-time RT–PCR and
normalized for variations in GAPDH mRNA levels. The expression of BSP mRNA is given
as fold-induction relative to non-treated control cells (cont). The figure is representative of three
separate experiments with similar results. *P < 0.005 and **P < 0.0001 represent significant
difference compared with ZOL-treated cells.

Figure 6 ZOL prevents RhoA protein translocation from the cytosol to the
cell membrane in Saos-2 cells

(A) Saos-2 cells were treated with ZOL (20 µM) for the indicated times and (B) in the presence
or absence of GGOH (20 µM) or FOH (20 µM) for 48 h. Cells were extracted and separated
into membrane and cytosolic fractions to detect RhoA by immunoblotting as described in the
Experimental section. These results are representative of three independent experiments.

the cytosol (Figure 6A). ZOL clearly attenuated the trans-
location from the cytosol (inactive form) to the plasma membrane
(active form) in a time-dependent manner. This inhibition of
translocation from the cytosol to the membrane became evident
after 24 h of ZOL treatment and reached a maximum at 48 h
(Figure 6A). Co-treatment with GGOH (20 µM), but not FOH
(20 µM), reversed the effects of ZOL and completely restored
the amount of cytosolic and membrane-associated RhoA to basal
levels (Figure 6B).

Direct inhibition of RhoA up-regulates BSP mRNA expression

Our results demonstrate that ZOL is capable of inhibiting RhoA
geranylgeranylation in Saos-2 cells. Therefore it is reasonable
to hypothesize that blocking RhoA expression should lead to an
increase in BSP expression. We used siRNA targeting specifically
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Figure 7 RhoA and Rac1 silencing induce BSP mRNA expression

(A) Saos-2 cells were transfected with calcium phosphate alone (cont), a siRNA targeting RhoA
(RhoA), a siRNA targeting Rac1 (Rac1) or a siRNA targeting GL3 Luciferase (Luc). Cells were
lysed 48 h post-transfection and analysed by immunoblotting with a specific antibody to RhoA
or Rac1 to control RhoA and Rac1 protein synthesis blockade. Anti-α-tubulin antibody was
used for normalization. (B) Saos-2 cells were transfected as described above and total RNA
was extracted 48 h post-transfection. Steady-state levels of BSP mRNA were analysed using
real-time RT–PCR and normalized for variations in GAPDH mRNA levels. BSP mRNA expression
is given as fold-induction relative to control. Each experiment was performed three times with
similar results. *P < 0.005 represents significant difference compared with control cell cultures.

either RhoA or control GL3 luciferase gene (Luc). Western-
blot analysis of cells transfected with these siRNAs revealed
that the RhoA-specific siRNA (20 nM) inhibited RhoA protein
expression to undetectable levels, whereas Luc siRNA (20 nM)
was ineffective (Figure 7A). In agreement with the hypothesis, the
total repression of RhoA synthesis in Saos-2 cells significantly
increased (2.5-fold) the level of BSP mRNA in comparison with
non-transfected cells (P < 0.005). Luc siRNA transfection did
not alter BSP mRNA basal level of expression (Figure 7B). To
investigate further the role of Rho GTPases in the regulation
of BSP expression, we also used an siRNA directed against
Rac1 (Figure 7A). The blocking of Rac1 expression induced
a significant increase in BSP mRNA level (Figure 7B). These
results indicate that Rho GTPases are negative regulators of BSP
gene expression in osteoblast-like cells. Our findings demonstrate
that ZOL acts as an enhancer of BSP expression through the
suppression of Rho GTPase geranylgeranylation.

DISCUSSION

BPs are a very important family of pharmacological agents with
major clinical and socioeconomic impacts. Their initial and still
main clinical field of prescription is the prevention of excessive
bone destruction. Investigations aiming to elucidate the mecha-
nisms of action of BPs have been mainly related to bone resorption
inhibition through a direct or indirect inhibition of osteoclast
formation and activity. Few studies have addressed the potential
impact of BPs on osteogenesis [31,32]. Recently, it has been
shown that BPs directly regulate proliferation and differentiation
of osteoblast cells. In fact, BPs increase the expression of
type I collagen and stimulate alkaline phosphatase activity, two

markers of osteoblastic cell differentiation [33], in normal human
osteoblasts [9,34,35] and MC3T3 osteoblast-like cells [36].
Recent clinical data indicate that ZOL, one of the latest BPs, has a
positive effect on bone mineral density comparable with other
nitrogen-containing BPs in postmenopausal osteoporosis [37].
Histomorphometric studies performed for assessing the quality of
bone after ZOL [38] or alendronate [39,40] treatments showed a
positive bone balance at the tissue level that could justify the obser-
ved increase in bone mineral density. In the present study, we de-
monstrated that ZOL stimulates the expression of BSP, a key bone
matrix glycoprotein involved in the maturation of bone matrix.

BSP is a highly glycosylated and sulphated phosphoprotein al-
most exclusively found in mineralized connective tissues. In these
tissues, high levels of BSP are coincident with de novo bone
formation suggesting that BSP functions in early bone matrix pro-
cesses. BSP is up-regulated by glucorticoids and bone morpho-
genetic proteins that support bone formation and down-regulated
by factors which promote bone resorption such as 1,25-dihydroxy-
vitamin D3 (see [41] for a review). We found that ZOL increases
BSP expression at the mRNA and protein levels in human Saos-2
osteoblast-like cells. This observation is in accordance with the
recent in vitro studies demonstrating that ZOL enhances the dif-
ferentiation and thus the osteogenic potential of osteoblasts in
culture [9,34]. Indeed, it is well established that BSP expression
in osteoblasts is linked to the differentiation process leading to
mineralization [17,42].

In the present study, we show that ZOL increased the half-life
of BSP mRNA and did not affect BSP gene transcriptional rate.
Varghese and Canalis [43] have recently shown that alendronate
increased the steady-state level of collagenase 3 mRNA in
osteoblast cells because it prolonged its half-life, although they
did not provide a mechanism of action. This study and our results
suggest that the increase in mRNA stability may be an important
mechanism for BP-regulated gene expression in osteoblasts. The
concentrations used in this study are relevant in vivo since it has
been estimated that concentrations of BPs in the space under
resorbing osteoclasts might reach up to 10−3 mol/l [44].

Biochemical studies describing the mechanism of action of
BPs demonstrate that nitrogen-containing BPs such as ZOL
act by inhibiting FPP synthase in the mevalonate pathway, the
biosynthetic pathway for cholesterol and isoprenoid lipids such
as FPP and GGPP [45–47]. FPP and GGPP are required for post-
translational prenylation of several classes of proteins including
the family of small GTPases Ras, Rho and Rac proteins, which
are important signalling proteins that regulate a variety of cell
processes including control of cytoskeletal organization, cell mor-
phology, integrin signalling and apoptosis (see [48] for a review).
Statins are inhibitors of the HMG-CoA (3-hydroxy-3-methyl-
glutaryl-CoA) reductase, which is the rate-limiting step of
the mevalonate pathway. Both statins and ZOL interfere with the
mevalonate pathway and one common consequence of their action
at the cellular level is a deficiency in key prenylated proteins
such as Rho GTPases. Interestingly, pitavastatin, a newly devel-
oped HMG-CoA reductase inhibitor, increased BMP (bone
morphogenetic protein)-2 and osteocalcin mRNA through the
inhibition of Rho–Rho-kinase pathway [49].

In the present study, we have shown that the effect of ZOL on
BSP expression was overcome by the addition of GGOH (used
by the cells for protein geranylgeranylation) but not by FOH
(which restores protein farnesylation). Hence it appears that
although ZOL can prevent both geranylgeranylation and farnesy-
lation of proteins, loss of geranylgeranylated proteins is of greater
consequence than farnesylated proteins for BSP expression in
osteoblastic cells. van Beek et al. [47] have previously demo-
nstrated that protein geranylgeranylation is more important than
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protein farnesylation to explain ZOL anti-resorptive action on
osteoclastic cells. This is consistent with the known role of
geranylgeranylated proteins such as Rho, Rac and Rab in the
processes that are fundamental to osteoclast cell activity and
survival [46,50]. The role of small GTPases in the functioning
of osteoblasts is less well documented. In the present study, we
did demonstrate the importance of Rho GTPases in ZOL-mediated
regulation of BSP expression in osteoblast cells. Indeed, Saos-2
cells co-treated with ZOL and CNF-1, a specific activator of Rho
GTPases, completely reversed the up-regulation of BSP mRNA
by ZOL. Furthermore, the use of CNF-1 alone was sufficient to
diminish significantly BSP mRNA. These findings indicate that
up-regulation of BSP expression by ZOL occurs by inhibiting Rho
GTPases. Moreover, BSP gene expression appears to be under the
direct control of Rho GTPases since their activation induces
the down-regulation of BSP mRNA levels in Saos-2 cells.

Prenylation of small GTPases is required for their normal mem-
brane localization and function [30,51]. We show in this study
that ZOL impairs RhoA translocation from the cytosol to cell
membrane in Saos-2 cells. The time course of ZOL effects on Rho
prenylation demonstrates a total disappearance of RhoA from the
membrane after 48 h, which coincides with the maximal increase
in BSP mRNA level. Furthermore, we demonstrated that the
lack of either RhoA or Rac1 expression significantly stimulated
the expression of BSP mRNA. This observation confirms the
importance of Rho GTPases in the direct regulation of BSP gene
expression in Saos-2 cells. The mechanism(s) by which Rho
GTPases decrease the stability of BSP mRNA, however, remains
to be elucidated. In a study demonstrating the stabilization of the
endothelial nitric oxide synthase mRNA by mevastatin, the re-
searchers propose that Rho-mediated cytoskeletal changes may
affect the stability of mRNAs [52]. Indeed, previous reports indi-
cate that mRNA localization in the cytoplasm is an important
component of gene expression regulation and requires cyto-
skeletal systems of both microtubules and microfilaments [53,54].
Considering the major role played by Rho GTPases in the organi-
zation of the cytoskeleton it is probable from these results and
our findings that Rho-mediated cytoskeletal changes affect BSP
mRNA stability in osteogenic cells.

In conclusion, we demonstrate for the first time that ZOL
induces an up-regulation of BSP expression in osteoblast-like
cells through the inactivation of Rho small GTPases. Our findings
propose a potential mechanism to explain the increased bone min-
eralization and density observed in BP-treated patients. Further-
more, this study identifies ZOL as a regulator of gene expression
and it is probable that it may also affect the expression of several
other genes. The identification of such regulated genes will help
in the understanding of the effects of ZOL in both osseous and
non-osseous cells.
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34 Fromigué, O. and Body, J. J. (2002) Bisphosphonates influence the proliferation and the
maturation of normal human osteoblasts. J. Endocrinol. Invest. 25, 539–546

35 Viereck, V., Emons, G., Lauck, V., Frosch, K. H., Blaschke, S., Grundker, C. and Hofbauer,
L. C. (2002) Bisphosphonates pamidronate and zoledronic acid stimulate osteoprotegerin
production by primary human osteoblasts. Biochem. Biophys. Res. Commun. 291,
680–686

36 Igarashi, K., Hirafuji, M., Adachi, H., Shinoda, H. and Mitani, H. (1997) Effects of
bisphosphonates on alkaline phosphatase activity, mineralization, and prostaglandin E2
synthesis in the clonal osteoblast-like cell line MC3T3-E1. Prostaglandins Leukot.
Essent. Fatty Acids 56, 121–125

37 Theriault, R. L. (2003) Zoledronic acid (Zometa) use in bone disease. Expert Rev.
Anticancer Ther. 3, 157–166

38 Pataki, A., Muller, K., Green, J. R., Ma, Y. F., Li, Q. N. and Jee, W. S. (1997) Effects of
short-term treatment with the bisphosphonates zoledronate and pamidronate on rat bone:
a comparative histomorphometric study on the cancellous bone formed before, during,
and after treatment. Anat. Rec. 249, 458–468

39 Balena, R., Toolan, B. C., Shea, M., Markatos, A., Myers, E. R., Lee, S. C., Opas, E. E.,
Seedor, J. G., Klein, H., Frankenfield, D. et al. (1993) The effects of 2-year treatment
with the aminobisphosphonate alendronate on bone metabolism, bone histomorphometry,
and bone strength in ovariectomized nonhuman primates. J. Clin. Invest. 92,
2577–2586

40 Chavassieux, P. M., Arlot, M. E., Reda, C., Wei, L., Yates, A. J. and Meunier, P. J. (1997)
Histomorphometric assessment of the long-term effects of alendronate on bone quality
and remodeling in patients with osteoporosis. J. Clin. Invest. 100, 1475–1480

41 Ganss, B., Kim, R. H. and Sodek, J. (1999) Bone sialoprotein. Crit. Rev. Oral Biol. Med.
10, 79–98

42 Bianco, P., Riminucci, M., Bonucci, E., Termine, J. and Gehron Robey, P. (1993) Bone
sialoprotein (BSP) secretion and osteoblast differentiation: relationship to
bromodeoxyuridine incorporation, alkaline phosphatase, and matrix deposition.
J. Histochem. Cytochem. 41, 183–191

43 Varghese, S. and Canalis, E. (2000) Alendronate stimulates collagenase 3 expression
in osteoblasts by posttranscriptional mechanisms. J. Bone Miner. Res. 15,
2345–2351

44 Sato, M., Grasser, W., Endo, N., Akins, R., Simmons, H., Thompson, D. D., Golub, E.
and Rodan, G. A. (1991) Bisphosphonate action. Alendronate localization in rat bone and
effects on osteoclast ultrastructure. J. Clin. Invest. 88, 2095–2105

45 Luckman, S. P., Hughes, D. E., Coxon, F. P., Graham, R., Russell, G. and Rogers, M. J.
(1998) Nitrogen-containing bisphosphonates inhibit the mevalonate pathway and prevent
post-translational prenylation of GTP-binding proteins, including Ras. J. Bone
Miner. Res. 13, 581–589

46 Fisher, J. E., Rogers, M. J., Halasy, J. M., Luckman, S. P., Hughes, D. E., Masarachia,
P. J., Wesolowski, G., Russell, R. G., Rodan, G. A. and Reszka, A. A. (1999) Alendronate
mechanism of action: geranylgeraniol, an intermediate in the mevalonate pathway,
prevents inhibition of osteoclast formation, bone resorption, and kinase activation
in vitro. Proc. Natl. Acad. Sci. U.S.A. 96, 133–138

47 van Beek, E., Lowik, C., van der Pluijm, G. and Papapoulos, S. (1999) The role of
geranylgeranylation in bone resorption and its suppression by bisphosphonates in fetal
bone explants in vitro: a clue to the mechanism of action of nitrogen-containing
bisphosphonates. J. Bone Miner. Res. 14, 722–729

48 Machesky, L. and Hall, A. (1996) Rho: a connection between membrane receptor
signalling and the cytoskeleton. Trends Cell Biol. 6, 304–310

49 Ohnaka, K., Shimoda, S., Nawata, H., Shimokawa, H., Kaibuchi, K., Iwamoto, Y. and
Takayanagi, R. (2001) Pitavastatin enhanced BMP-2 and osteocalcin expression by
inhibition of Rho-associated kinase in human osteoblasts. Biochem. Biophys.
Res. Commun. 287, 337–342

50 Coxon, F. P., Helfrich, M. H., Van’t Hof, R., Sebti, S., Ralston, S. H., Hamilton, A. and
Rogers, M. J. (2000) Protein geranylgeranylation is required for osteoclast formation,
function, and survival: inhibition by bisphosphonates and GGTI-298. J. Bone Miner. Res.
15, 1467–1476

51 Casey, P. J. (1995) Protein lipidation in cell signaling. Science 268, 221–225
52 Laufs, U. and Liao, J. K. (1998) Post-transcriptional regulation of endothelial nitric oxide

synthase mRNA stability by Rho GTPase. J. Biol. Chem. 273, 24266–24271
53 Bassell, G. and Singer, R. H. (1997) mRNA and cytoskeletal filaments. Curr. Opin.

Cell Biol. 9, 109–115
54 Nasmyth, K. and Jansen, R. P. (1997) The cytoskeleton in mRNA localization and cell

differentiation. Curr. Opin. Cell Biol. 9, 396–400

Received 9 March 2004/14 July 2004; accepted 23 August 2004
Published as BJ Immediate Publication 23 August 2004, DOI 10.1042/BJ20040380

c© 2004 Biochemical Society


