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ABSTRACT: The purpose of this study was to determine the effects of bone sialoprotein (BSP) overexpres-
sion in bone metabolism in vivo by using a homozygous transgenic mouse line that constitutively overexpresses
mouse BSP cDNA driven by the cytomegalovirus (CMV) promoter. CMV-BSP transgenic (TG) mice and
wildtype mice were weighed, and their length, BMD, and trabecular bone volume were measured. Serum
levels of RANKL, osteocalcin, osteoprotegerin (OPG), TRACP5b, and PTH were determined. Bone histo-
morphometry, von Kossa staining, RT-PCR analysis, Western blot, MTS assay, in vitro mineralization assay,
and TRACP staining were also performed to delineate phenotypes of this transgenic mouse line. Compared
with wildtype mice, adult TG mice exhibit mild dwarfism, lower values of BMD, and lower trabecular bone
volume. TG mice serum contained increased calcium levels and decreased PTH levels, whereas the levels of
phosphorus and magnesium were within normal limits. TG mice serum also exhibited lower levels of osteo-
blast differentiation markers and higher levels of markers, indicating osteoclastic activity and bone resorption.
H&E staining, TRACP staining, and bone histomorphometry showed that adult TG bones were thinner and
the number of giant osteoclasts in TG mice was higher, whereas there were no significant alterations in
osteoblast numbers between TG mice and WT mice. Furthermore, the vertical length of the hypertrophic zone
in TG mice was slightly enlarged. Moreover, ex vivo experiments indicated that overexpression of BSP
decreased osteoblast population and increased osteoclastic activity. Partly because of its effects in enhancing
osteoclastic activity and decreasing osteoblast population, BSP overexpression leads to an uncoupling of bone
formation and resorption, which in turn results in osteopenia and mild dwarfism in mice. These findings are
expected to help the development of therapies to metabolic bone diseases characterized by high serum level
of BSP.
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INTRODUCTION

THERE ARE THREE major ways in which bone may be
formed or modified: osteogenesis, modeling, and re-

modeling. Osteogenesis is the initiation of bone formation
on soft fibrous tissues (intramembranous ossification) or
cartilage (endochondral ossification) during embryonic de-
velopment or at the sites of injury. Modeling occurs after
initial bone formation is established when large changes in
the bone shape and structure are needed to adapt to the
rapid growth in childhood. During this process, bone for-
mation and bone resorption occur at different locations and
the bone morphology is altered.(1) In contrast, remodeling
occurs on existing bone surfaces but does not cause large
changes in bone structure at a given site. During bone re-
modeling, bone resorption and bone formation are in a
homeostatic equilibrium. Although old bone tissue is con-
tinuously replaced by new bone, there are no changes in
bone morphology.(2) During the processes of both model-

ing and remodeling, it is important to maintain a certain

balance between bone resorption by osteoclasts(3) and bone

formation by osteoblasts(4) to achieve either normal bone

development or bone homeostasis. A variety of cytokines,

extracellular matrix proteins, and hormones have been

shown to regulate osteoclastic and/or osteoblastic activities.

Among these factors, RANKL, its cellular receptor,

RANK, and the decoy receptor, osteoprotegerin (OPG),

have been identified as the key regulators of physiological

and pathological bone remodeling.(5–12) On binding to its

receptor RANK in osteoclasts, RANKL induces osteoclast

differentiation and activation, which in turn increases bone

resorption.(6–12) In contrast, OPG inhibits bone resorption

by osteoclasts through negatively regulating the binding be-
tween RANKL and RANK.(5) A higher ratio of RANKL-
to-OPG has been associated with a variety of bone diseases
characterized by excessive bone loss, which include post-
menopausal osteoporosis, rheumatoid arthritis, periodontal
disease, or tumor-associated bone loss.(9–12) Therapeutic in-
hibition of excessive bone resorption in these patients and
in some animal models for these pathologies has been re-The authors state that they have no conflicts of interest.
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ported on administration of a RANKL antibody or by
downregulating the ratio of RANKL-to-OPG expression
levels.(9–12)

Bone sialoprotein (BSP) is a major noncollagenous
extracellular matrix protein in bone produced by osteo-
clasts, osteoblasts, osteocytes, and hypertrophic chondro-
cytes.(13–16) In vitro studies have suggested that BSP may
function at several steps in bone modeling and remodeling.
In addition to its ability to nucleate hydroxyapatite crystal
formation and promote mineralization,(17,18) BSP was also
reported to induce cell adhesion(19,20) and increase osteo-
clastogenesis and bone resorption.(21–24) Furthermore, al-
though BSP expression is coincident with de novo bone
formation(14,15) and ectopic calcification,(25–27) high BSP
level in serum under pathological conditions has been as-
sociated with excessive bone resorption. For example, BSP
expression was detected in many malignant tumor cells with
a tendency of metastasis to bone and high serum BSP level
was reported in patients suffering from osteotropic cancers
and tumor-associated bone loss.(25,28–33) Several metabolic
bone diseases characterized by excessive bone resorption,
including postmenopausal osteoporosis, Paget’s disease, an-
kylosing spondylitis, and rheumatoid arthritis have also
been associated with abnormally high BSP level in serum or
synovial fluid.(34–37) In contrast, treatments aimed at reduc-
ing excessive bone loss in postmenopausal women or pa-
tients with Paget’s disease have been reported to decrease
serum BSP level.(38,39) Although BSP expression in soft
tissues and high serum BSP level are apparently associated
with ectopic calcification and pathological bone remodel-
ing, the effects of BSP overexpression in a transgenic mouse
model remain unclear. In this study, we developed a trans-
genic mouse line that constitutively overexpresses BSP to
investigate the effects of excessive BSP level on bone mod-
eling and remodeling in vivo.

MATERIALS AND METHODS

Generation of CMV-BSP transgenic mice

Full-length murine BSP cDNA was subcloned into pRc/
CMV vector (Invitrogen). The 2310-bp transgene fragment
was cleaved out from the resulted CMV-BSP plasmid and
microinjected into CB6F1 mouse embryos. Southern hy-
bridization using tail DNA confirmed the integration of the
transgene into the mouse genome, and slot blot analysis was
performed to identify homozygous transgenic mice (named
as CMV-BSP transgenic mice, data not shown). PCR was
also performed to confirm the presence of the transgene.
Mice were maintained and used in accordance with recom-
mendations in the Guide for the Care and Use of Labora-
tory Animals prepared by the Institute on Laboratory Ani-
mal Resources, National Research Council (DHHS Publ.
NIH 86–23, 1985) and by guidelines established by the In-
stitutional Animal Care and Use Committee of the Tufts-
New England Medical Center (Boston, MA, USA).

Structural parameters determination, DXA bone

densitometry, µCT assay, and dry ash bone weight

of femurs

CMV-BSP mice and wildtype mice were weighed (g),
and their body length (nose-to-anus distance) and tail

length (anus-to-tip of tail distance) were measured (mm) at
4 days, 4 wk, and 8 wk after birth. Mice were also autora-
diographed using a Faxitron X-Ray MX-20 (Faxitron X-
ray, Wheeling, IL, USA). Areal BMD (aBMD) of femurs
and lumbar vertebral bones was assessed by DXA in 8-wk-
old animals using a LUNARPIXIMUS densitometer
(Lunar, Madison, WI, USA). The femurs from 8-wk-old
CMV-BSP and wildtype mice were also scanned by �CT on
a GE eXplore Locus Micro CT scanner. The following pa-
rameters were measured: bone volume, bone surface, and
surface-to-volume ratio. At a 3D level, the following calcu-
lations were made as previously published(40): relative bone
volume over total bone volume (BV/TV), trabecular num-
ber (Tb.N), trabecular thickness (Tb.Th), and trabecular
separation (Tb.Sp). The diameter of spheres filling the
structure was taken as Tb.Th, the thickness of the marrow
spaces as Tb.Sp, and the inverse of the mean distances of
the skeletal structure was calculated as Tb.N. To determine
the dry ash weight, the femurs were collected from 4-day- to
8-wk-old mice, and longitudinal length of the femurs was
measured. Bones were placed in tared silica crucibles in a
Barnstead/Thermolyne muffle furnace, dried to a constant
weight at 110°C, and incinerated at 600°C for 48 h. Results
were expressed as a ratio of ash weight to dry weight as a
measurement of mineralization.(41,42)

Serum biochemistries

Blood samples were allowed to clot for 2 h and centri-
fuged at 3000 rpm for 10 min at room temperature. Serum
was separated from the clot and frozen at −70°C. Levels of
RANKL, osteocalcin (OC), OPG, TRACP5b, and PTH in
serum were determined by ELISA with a Quantikine M
mouse RANKL immunoassay kit (R&D Systems), a mouse
osteocalcin EIA kit (Biomedical Technologies), an OPG
ELISA kit (ALPCO; Diagnostics), a mouse TRACP5b
ELISA kit (IDS), and the mouse intact PTH EIA, respec-
tively. Levels of calcium, phosphorus, magnesium, and al-
kaline phosphatase (ALP) activity in serum were measured
by colorimetric assays with a QuantiChromTM Calcium as-
say kit, a QuantiChromTM Phosphate assay kit, a Quanti-
ChromTM Magnesium assay kit, and a QuantiChromTM
ALP assay kit from BioAssay Systems, respectively (Hay-
ward, CA, USA).

H&E staining, von Kossa staining, and

TRACP histochemistry

Bone and soft tissues isolated from 4-day-, 6-wk-, and
8-wk-old CMV-BSP and wildtype mice were weighed (g)
and fixed in 10% formalin for 24 h. Bone tissues were de-
calcified in 10% EDTA (pH 7.4) for 14 days at 4°C and
equilibrated in PBS at 4°C for 1 day to remove the EDTA.
All the bone and soft tissues were dehydrated in an ascend-
ing series of ethanol, cleared in xylene, and embedded in
paraffin. Tissue sections, 6 �m in thickness, were mounted
on glass slides, and H&E staining was performed. Ectopic
calcification was monitored with a von Kossa stain kit from
Diagnostic BioSystems by following the manufacturers’ in-
structions (Pleasanton, CA, USA). Briefly, well-fixed par-
affin-embedded soft tissues isolated from CMV-BSP mice
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and wildtype mice were cut at 6 �m, and deparaffinized

slides were hydrated through alcohols. After rinsed with

distilled water, the slides were treated in 5% Silver Nitrate

for 60 min with exposure to an UV light. The slides were

rinsed with distilled water, treated in 5% sodium thiosulfate

for 2–3 min, and stained with Nuclear Fast Red Stain for 5

min. The slides were dehydrated, cleared, mounted in para-

mount (Fisher Scientific), and microscopically examined.

To quantify the number of TRACP-stained osteoclasts in

vivo, TRACP staining was performed as previously de-

scribed.(43) Briefly, femurs isolated from 10-wk-old CMV-

BSP and wildtype mice were fixed in 10% formalin for 24 h

and decalcified in 10% EDTA (pH 7.4) for 14 days at 4°C.

Serial sections, 6 �m thick, were prepared and mounted on

glass slides. The sections were stained for TRACP activities

using a leukocyte acid phosphatase staining kit according to

the manufacturer’s instruction (Sigma). After incubation

for 1 h at 37°C, the sections were counterstained with meth-

yl green.

Bone histomorphometry

After H&E staining and TRACP staining, digital images

were taken with a Nikon Eclipse E600 microscope and ana-

lyzed by Spot Advanced software (Diagnostic Instruments,

Sterling Hights, MI, USA). In the trabecular area of the

femoral epiphyses, the percentage of bone surface covered

by cuboidal osteoblast (Ob.S/BS) and the ratio of osteo-

blast number to bone surface (Ob.N/BS, N/mm) were ob-

tained from H&E-stained sections at 400-fold magnifica-

tion. In the same area for bone resorption parameters, the

percentage of trabecular osteoclast surface to bone surface

(Oc.S/BS, %) and the ratio of osteoclast number to bone

surface (Oc.N/BS, N/mm) were obtained from the measure-

ment of TRACP-stained sections at 200-fold magnification.

H&E-stained sections were also used to determine calvarial

thickness and proximal tibial growth plate parameters.

Measurements included determination of growth plate ver-

tical height (top of resting zone to bottom of calcified car-

tilage), growth plate width (the width of the horizontal

plane through the middle section of the growth plate), and

the height of the zone occupied by hypertrophic chondro-

cytes and proliferative chondrocytes. The measurements of
the growth plate height were performed in the central two
thirds of the growth plate sections and were measured at
equally spaced intervals parallel to the chondrocyte col-
umns using SPOT Advanced Image software (Diagnostic
Instruments). The total number of columns in the growth
plate was also counted. Column density was expressed as
the number of columns per millimeter of growth plate. For
all samples, measurements were made on two nonconsecu-
tive sections, and columns were defined as being composed
of at least five chondrocytes. The number of proliferative
and hypertrophic cells were counted in 10 longitudinal col-
umns per growth plate and averaged for each growth plate
(proliferative chondrocytes were defined by a height of <6
�m, whereas hypertrophic chondrocytes were defined by a
height of >6 �m).

RT-PCR analysis

Freshly isolated RNA was reverse transcribed with a
SuperScript first-strand synthesis kit (Invitrogen, Carlsbad,
CA, USA), and the resulting cDNA was amplified using the
Platinum PCR supermix (Invitrogen). The sequences of the
primers for amplification of mouse BSP were 5�-
GGAGGGGGCTTCACTGAT-3� and 5�-AACAATCC-
GTGCCACCA-3� and for mouse GAPDH were 5�-ATC-
ACTGCCACCCAGAAGAC-3� and 5�-ATGAGGTC-
CACCACCCTGTT-3�. Images of the amplified products in
1% agarose gels were captured with an UVP Bioimaging
system and processed by Adobe Photoshop 6.0 (Adobe
Systems, San Jose, CA, USA) and Scion Image Beta 4.02
(Scion Image, Frederick, MD, USA). GAPDH amplifica-
tion was performed for normalization purposes.

Western blot analysis

Western blot analysis and image quantification were per-
formed essentially as described.(21) Two different anti-BSP
antibodies were used with comparable results (data not
shown): a rabbit anti-human BSP antibody (1:2500) against
the full-length human recombinant protein (Chemicon,
Temecula, CA, USA) and a rabbit anti-human BSP anti-
body (1:200) against a peptide containing amino acids 108–
122 of the human protein (ALPCO). Results shown in this
manuscript were obtained with the anti-BSP antibody from
Chemicon. Before Western blot analysis, serum samples
from wildtype and CMV-BSP mice were concentrated five
times with Microcon centrifugal YM-30 filter devices from
Millipore (Bedford, MA, USA). Analysis was performed
with at least three serum samples per time point, and
known amounts of recombinant human BSP (ALPCO)
were also used as control. Mouse anti-GAPDH antibody
(Santa Cruz Biotechnologies, Santa Cruz, CA, USA) or
mouse anti-� actin antibody (Sigma) were used for normal-
ization. The secondary antibodies were horseradish peroxi-
dase (HRP)-linked goat-anti rabbit IgG (US Biological,
Swampscott, MA, USA) or HRP linked goat-anti mouse
IgG secondary antibody (Abcam, Cambridge, MA, USA).
Blots were visualized using ECL chemiluminescence re-
agents from Pierce Biotechnology (Rockford, IL, USA).

MTS assays of calvarial cells and

macrophage-colony stimulating factor–treated bone

marrow–derived monocytes/macrophages cells

Murine osteoclast precursor cells in the form of bone
marrow–derived monocytes/macrophages (BMMs) and
murine osteoblast precursor cells in the form of calvarial
cells were isolated from 6- to 8-wk-old mice as previously
described.(21,44) Cells were cultured at a density of 3000
viable cells/well on 96-well plates, and the number of viable
cells was determined by the CellTiter 96 Aqueous nonra-
dioactive cell proliferation assay (MTS assay; Promega,
Madison, WI, USA). In these assays, calvarial cells were
cultured in �-MEM supplemented with 10% heat-
inactivated FBS (HIFBS), 2 mM L-glutamine, 100 U/ml
penicillin, and 100 �g/ml streptomycin, whereas BMM cells
were cultured in �-MEM supplemented with 10% HIFBS,
2 mM L-glutamine, 100 U/ml penicillin, 100 �g/ml strepto-
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mycin, and 10 ng/ml macrophage-colony stimulating factor
(M-CSF; Peprotech, Rocky Hill, NJ, USA). The quantity
of formazan product that is directly proportional to the
number of viable cells was measured by the absorbance at
405 nm.

In vitro osteogenic differentiation and

mineralization of calvarial cultures

For in vitro osteogenic differentiation, confluent calvarial
cells were treated with 10 nM dexamethasone and 50 �g/ml
of ascorbic acid. �-glycerophosphate (10 mM) was added
after nodules formed 2 wk later. Quantitative determina-
tion of ALP was performed in cell lysates by colorimetric
assay of enzyme activity using an ALP kit from BioAssay

system (Hayward, CA, USA) as recommended by the

manufacturer. The optical density of the yellow product

paranitrophenol was determined spectrophotometrically at
405 nm. Protein concentration of the cell lysates was mea-
sured with a BCA Protein Assay Kit (Pierce, Rockford, IL,
USA), and ALP activity was expressed as paranitrophenol
produced in nmol/min/mg of protein. Detection and quan-
tification of bone nodule formation was performed by aliza-
rin red-S histochemical staining. Briefly, cells were fixed
with 4% phosphate-buffered formalin and rinsed three
times with water. Cells were treated with a 2% (weight/
volume) solution of Alizarin red-S stain at pH 4.0 (Sigma,
St Louis, MO, USA) for 10 min and washed with 1× PBS
for 15 min with gentle agitation. Digital images of the dif-
ferent stainings were taken at ×10 magnification. Bone nod-

FIG. 1. Generation of a ho-
mozygous CMV-BSP trans-
genic mouse line that exhibits
constitute overexpression of
BSP. (A) Map of CMV-BSP
transgenic construct. (B( RT-
PCR analysis of BSP and
GAPDH expression levels in
soft and mineralized tissues of
4-day-old (4D) and 6-wk-old
(6 WK) wildtype (WT) and
CMV-BSP transgenic (TG)
mice. (C) Western blot analy-
sis of BSP expression in differ-
ent tissues of 6-wk-old (6 WK)
CMV-BSP transgenic and
wildtype mice. Immunoreac-
tion for GAPDH was used as a
loading control. Experiments
shown in B and C were per-
formed three times with simi-
lar results. (D) Western blot
analysis of BSP in serum of
CMV-BSP transgenic and
wildtype mice at 6 wk after
birth. Estimation of the levels
of BSP in serum of CMV-BSP
and wildtype mice was per-
formed by comparing the im-
munoreaction obtained with
serum samples and with
known amounts of human re-
combinant BSP (human rBSP,
ALPCO). Serum samples were
collected from 4-day-old (4D),
4-wk-old (4 WK), 8-wk-old (8
WK), and 12-wk-old (12 WK)
mice. Results of BSP concen-
tration in serum are expressed
as the mean of three different
experiments performed with
different serum samples. Fold-
increase is defined as the in-
crease in BSP levels in TG
vs. WT.
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ule number was counted in six different fields of each well
and in three independent experiments.

Assessment of number of TRACP+ multinucleated

cells and bone resorption in vitro

Osteoclast differentiation and bone resorption pits were
identified and quantified essentially as previously de-
scribed,(21) with minor modifications. Briefly, red-stained
TRACP+ cells with 5 or less nuclei and 10 or more nuclei
(multinucleated cells [MNCs]) were identified using the
�-ASSAY TRACP staining kit from Kamiya Biomedical
Company (Seattle, WA, USA) in BMM cultures from wild-
type and CMV-BSP mice treated with 10 ng/ml M-CSF and
50 ng/ml RANKL for 5 or 9 days. Digital images were
analyzed with a Nikon Eclipse E600 microscope and Spot
Advanced software. Results were expressed as TRACP+

MNCs per well. To evaluate bone resorption pit formation,
cultures were performed on hydroxyapatite discs (BD Bio-
Coat Osteologic; BD Biosciences, Ontario, Canada) or den-
tin discs (ALPCO) for 7 days as previously described.(21)

To measure the areas of resorption lacunae on the osteo-
logic discs, cells were removed with domestic bleach, and
digital images of the discs were taken under dark-field mi-
croscopy with a Nikon Eclipse E600 microscope and Spot
Advanced software. To measure the areas of resorption
lacunae on the dentin discs, cells were removed with do-
mestic bleach and discs were stained with 1% toluidine blue
in 0.5% sodium tetraborate solution for 10 minutes and
photographed under brightfield microscopy. Resorbed area
on the digital images of osteologic or dentin discs were
measured with the Scion Image Beta 4.02 software (Scion,
Frederick, MD, USA) and expressed as percent resorbed
area � (resorbed area per disc/total disc area) × 100.

Statistical analysis

Generally results are shown as the mean ± SE of the
number of experiments or number of mice except those
specifically indicated in the legends. One-way ANOVA was
used to test significance using the software package Origin
6.1 (OriginLab, Northampton, MA, USA). Values of p <
0.01 or 0.05, as specifically indicated in the legends, were
considered statistically significant.

RESULTS

CMV-BSP transgenic mice express

BSP constitutively

To determine the effects of high BSP expression levels on
bone metabolism in vivo, a homozygous transgenic mouse
line was created in which constitutive mouse BSP overex-
pression was driven by the CMV promoter (Fig. 1A, CMV-
BSP mice). Semiquantitative RT-PCR (Fig. 1B) and West-
ern blot analyses (Fig. 1C) confirmed that BSP expression
levels in mineralized tissues isolated from CMV-BSP mice
were higher than those from wildtype mice. Furthermore,
BSP expression was detected in all soft tissues isolated from
CMV-BSP mice. Additional Western blot analyses were
performed to estimate the levels of intact BSP in concen-
trated serum samples of CMV-BSP and wildtype mice by

comparison with known concentrations of recombinant
BSP (Fig. 1D). Because of the unavailability of mouse re-
combinant BSP for these studies, human recombinant BSP
was used as a standard, and therefore the absolute levels of
BSP calculated using this method should be considered as a
rough estimate. Based on this estimated analysis, BSP was
found within the range of 50–120 ng/ml in serum samples of
CMV-BSP mice and ∼5 ng/ml in those from wildtype mice
(Fig. 1D). Although intact BSP level in serum was sig-
nificantly higher in CMV-BSP mice than in wildtype mice
at all ages studied (Fig. 1D), it was significantly decreased
in serum samples from 8- and 12-wk-old mice compared
with those from younger mice (4-day- or 4-wk-old mice;
Fig. 1D).

Adult CMV-BSP transgenic mice exhibit mild

dwarfism, a lack of ectopic calcification, lower

values of BMD, and lower trabecular bone volume

compared with wildtype mice

To evaluate the effects of BSP overexpression on gross
skeletal phenotypes, structural parameters were monitored
in wildtype and CMV-BSP mice at different ages. At 4 days
after birth, no difference in body weight was detected be-
tween CMV-BSP and wildtype mice. In contrast, the body
weight of CMV-BSP mice at 4 and 8 wk of age was lower
than that of the wildtype mice, which indicated a retarda-
tion of postnatal development resulted from BSP overex-
pression (Table 1). Longitudinal skeletal growth was also
altered in transgenic mice at 4 and 8 wk of age, as indicated
by their lower body, tail, and femur lengths (Table 1). DXA
results indicated that both femoral and lumbar vertebral
areal BMD was reduced in CMV-BSP mice compared with
wildtype mice (Table 1). �CT scan analysis also showed a
decreased BMD (28.88%) in CMV-BSP mice compared
with wildtype mice. The total trabecular volume (BV/TV)
in CMV-BSP mice was decreased by 19.89%, and the tra-
becular number (Tb.N) decreased by 46.35% compared
with the wildtype mice. Trabecular thickness (Tb.Th) was
25.28% lower in CMV-BSP mice than in wildtype mice,
whereas trabecular separation (Tb.Sp) was increased by
40.80% in CMV-BSP mice compared with wildtype mice
(Table 1). Mineral content determined as the percentage of
femoral ash weight to dry weight was significantly de-
creased in CMV-BSP mice at 4 and 8 wk of age but not at
4 days after birth (Table 1). The weights of different soft
tissues including heart, lung, liver, kidney, and brain were
not significantly different between wildtype and CMV-BSP
mice at the 4-day, 6-wk, and 8-wk time points (data not
shown). We were not able to find soft tissue mineralization
in either CMV-BSP or wildtype mice (up to 8 wk of age,
data not shown) by whole body X-ray, soft tissue X-ray, or
von Kossa stainings.

CMV-BSP mice exhibit a downregulation in serum

markers of osteoblastic function and an

upregulation in markers of osteoclastic activity

compared with wildtype mice

We next measured the levels of several markers of bone
remodeling and of calcium/phosphate homeostasis in the

VALVERDE ET AL.1780



serum of wildtype and CMV-BSP mice. CMV-BSP mice

showed significantly higher levels of calcium and lower lev-

els of PTH than wildtype mice at 4 days, 4 wk, and 8 wk of

age (Table 2). However, no changes in the levels of phos-

phate and magnesium were detected between the two

groups at all the time points examined (Table 2). Together

with serum ALP activity, serum OC level has long been

used as a marker for osteoblast activity and new bone for-

mation.(45,46) Our results showed that these markers of os-

teoblastic function were significantly lower in CMV-BSP

mice than in the wildtype mice. In contrast, serum levels of

active TRACP5b, an enzyme that is released from osteo-

clasts during bone resorption,(47) were significantly higher

in CMV-BSP mice than in the wildtype mice. In addition,

soluble RANKL levels were increased whereas levels of

OPG were decreased in serum samples of CMV-BSP mice

compared with those of wildtype mice.

Histomorphometric analysis of CMV-BSP

mouse bones

Histological analysis of bone tissues from 4-day-, 6-wk-

and 8-wk-old wildtype and CMV-BSP mice showed that

calvarial bones derived from CMV-BSP mice were thinner

than those from wildtype mice (Fig. 2). Histomorphometric

analysis quantitatively confirmed these findings (Table 3).

Mandibles of CMV-BSP mice were characterized by thin-

ner supporting bone and more osteoclasts located in the

molar root area (Fig. 2). No significant difference in the

vertical length of proximal tibial growth plate was detected

between CMV-BSP and wildtype mice (Table 3). However,

compared with the wildtype mice, CMV-BSP mice exhib-

ited an expanded hypertrophic zone with more layers of

hypertrophic cells (Table 3), whereas in 8-wk-old CMV-

BSP mice, the proliferative zone vertical length was de-

creased. Furthermore, the growth plate width was also de-

creased in 6- and 8-wk-old CMV-BSP mice compared with

the wildtype controls (Table 3). In addition, the newly

formed bone in secondary spongiosa showed a more porous

pattern with enlarged bone marrow spaces and an increased

number of multinucleated giant osteoclasts. Furthermore,

the secondary calcification center of the tibia was charac-

terized by the presence of bone tissue with osteoporotic

features, including the presence of less bone trabeculae and

numerous osteoclasts (Fig. 2). TRACP staining further con-

firmed the increased number of TRACP+ osteoclasts in the

trabecular area of the femoral epiphyses isolated from

10-wk-old CMV-BSP mice compared with the wildtype

mice (Fig. 3A), as indicated by the results of Oc.N/BS

(Fig. 3B) and Oc.S/BS (Fig. 3C). In the trabecular area of

the femoral epiphyses, the percentage of bone surface cov-

ered by cuboidal osteoblast (Ob.S/BS) and the ratio of os-

teoblast number to bone surface (Ob.N/BS, N/mm) were

also determined. However, no statistical significance

in these osteoblastic parameters was observed between

CMV-BSP mice and their control wildtype mice (Figs. 3D

and 3E).
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Ex vivo experiments to determine possible

differences in osteoclastic activity between wildtype

and CMV-BSP transgenic mice

BMM cells were cultured in the presence of M-CSF or
M-CSF and RANKL to induce the proliferation or differ-
entiation, respectively. Expression of BSP mRNA was ∼2.5-
fold higher in cultures established from transgenic mice
than in those from wildtype mice under both experimental
conditions (Fig. 4A). MTS assays indicated that in M-CSF–
treated BMM cultures, the living cell numbers were similar
in wildtype and CMV-BSP cultures (Fig. 4B). However,
when BMM cells were induced to differentiate into osteo-
clasts by M-CSF and RANKL, the number of TRACP+

MNCs was higher in cultures derived from the transgenic

mice (Fig. 4C). The higher numbers of differentiated cells in
transgenic cultures than in the wildtype cultures were ob-
served both on day 5 and day 9 after the initiation of the
treatment. Considering that large osteoclasts with 10 or
more nuclei have been reported to resorb bone more effi-
ciently in vitro than small osteoclasts with 5 or less nu-
clei,(48) we determined the numbers of TRACP+ MNCs
containing 5 or less nuclei and 10 or more nuclei, respec-
tively. Our results showed that cell cultures derived from
CMV-BSP mice contained increased number of larger os-
teoclasts compared with those from wildtype mice (Fig.
4C). In addition, M-CSF/RANKL-treated cells cultured on
hydroxyapatite and dentin slices showed ∼3-fold higher
bone resorption area than those from the wildtype mice
(Fig. 4D).

FIG. 2. H&E staining of bone
tissues from CMV-BSP trans-
genic and wildtype mice. The
calvarial bones of 4-day-old,
6-wk-old, and 8-wk-old CMV-
BSP mice were thinner and less
developed than those of wild-
type mice. More reverse lines
were seen, indicating a faster
remodeling in CMV-BSP than
in wildtype mice. Mandibular
bone (b) in 4-day-old CMV-
BSP mice was generally thinner
than that in wildtype mice of
the same age. Many osteoclasts
were present in the root area of
molar teeth (t) in 6-wk-old
transgenic mice. The alveolar
bone (b) that supported the
tooth (t) attracted many osteo-
clasts (arrows) on its surface as
can be seen in a representative
8-wk-old transgenic mouse. At
the same location in a represen-
tative wildtype mouse, the al-
veolar bone (b) was lined up by
osteoblasts (arrows). In the sec-
ondary spongiosa beneath the
epiphyseal cartilage (arrows) of
tibias of 6-wk-old transgenic
mice, the newly formed bone
showed a more porous pattern
(b) and an increased number of
multinucleated giant osteo-
clasts compared with those of
wildtype mice. Enlarged bone
marrow spaces (*) were present
in secondary center of ossifica-
tion of the tibia. In the second-
ary center of ossification of
tibias from 8-wk-old CMV-BSP
mice, bone tissue showed oste-
oporotic features including less
bone trabeculae and the pres-
ence of numerous osteoclasts.
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Ex vivo experiments to determine putative

differences in osteoblastic functions between

wildtype and CMV-BSP mice

Osteoblast precursor cells in the form of primary cal-
varial cell cultures were established from 4-day-old wild-
type and transgenic mice. In both osteogenic medium and
nonosteogenic medium, the expression of BSP mRNA was
found to be significantly higher in cultures established from
transgenic than in those from wildtype mice (Fig. 5A). In
addition, as indicated by MTS assay, living cell number of
transgenic calvarial cells cultured in nonosteogenic medium
was lower than those obtained from WT mice (Fig. 5B).
ALP activity, an early marker of osteoblastic differentia-
tion,(49) was found to be significantly higher in cell lysates
from transgenic cultures (Fig. 5C). Furthermore, on in-
duction of osteogenic differentiation, calvarial cells from
transgenic mice formed a higher number of mineralized
bone nodules than those from wildtype mice (by 2.6-fold;
Fig. 5D).

DISCUSSION

In this study, we described for the first time the effects of
BSP overexpression on bone metabolism using a CMV-
BSP transgenic mouse model in which constitutive BSP
overexpression was driven by a CMV promoter. As a result
of BSP overexpression in all the tissues of this mouse
model, the serum levels of intact BSP in CMV-BSP mice
were >10-fold higher than those in the wildtype mice. How-
ever, despite expression of BSP in all the soft tissues, no
ectopic calcification was detected in the adult transgenic
mice. Although some studies associated BSP with ectopic
calcification,(25–27) recent reports have suggested that ex-
pression of BSP may not be sufficient to promote ectopic
calcification.(50,51) These recent reports, together with our
results that CMV-BSP mice lacks ectopic calcification, sug-
gest that increasing the BSP level alone is not sufficient to
induce ectopic calcification in the tissues that do not express
BSP under physiological conditions (i.e., liver, kidney, peri-
odontal ligament).

In our study, adult transgenic mice overexpressing BSP
were characterized by their reduced aBMD and trabecular
bone volume in femurs and lumbar vertebral bones com-
pared with those in wildtype mice. This phenotype ap-
peared to be, at least in part, caused by the effects of BSP
overexpression in increasing bone resorption by increasing
osteoclastic activity. In agreement with this hypothesis, we
detected higher levels of the specific osteoclastic marker
TRACP5b, higher RANKL to OPG ratio, and higher cal-
cium in the serum of CMV-BSP mice than in that of wild-
type mice. Furthermore, ex vivo studies with osteoclast pre-
cursor cells indicated that transgenic cultures differentiated
more efficiently in the presence of RANKL and MCSF and
exhibited an increased ability to resorb dentin or hydroxy-
apatite compared with wildtype cultures. These results were
also consistent with our previous findings that human re-
combinant BSP and soluble RANKL act synergistically to
increase bone resorption in vitro.(21) Moreover, in cell cul-
tures treated by M-CSF and RANKL, we found that the
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amount of large osteoclasts with 10 or more nuclei was
higher in transgenic cultures than in wildtype cultures. As
indicated by several in vivo and in vitro studies, large os-
teoclasts with 10 or more nuclei are more active bone re-
sorbers than small osteoclasts with 5 or less nuclei.(48,52–54)

Other in vivo bone resorption parameters, the percentage
of trabecular osteoclast surface to bone surface (Oc.S/BS,
%) and the ratio of osteoclast number to bone surface
(Oc.N/BS, N/mm) were also increased in transgenic mice
compared with those in wildtype mice, which further con-
firmed the ability of BSP to increase osteoclastic activity
and bone resorption in vivo.

In our study, we also found that living cell number of
transgenic calvarial cells cultured in nonosteogenic medium
was lower than those obtained from WT mice, the reason
for which could be a lower proliferation rate and a higher
apoptosis rate. The reduced living calvarial cell number ob-
served in BSP overexpressing cell cultures seemed to be
coupled with an accelerated osteogenic differentiation as
indicated by the higher ALP activity of transgenic cultures.
Our results suggested that transgenic-derived calvarial cell
cultures were characterized by a more differentiated phe-
notype compared with cells derived from wildtype mice.
Osteoblastic cultures from transgenic mice also exhibited

FIG. 3. TRACP staining
showed an increased number of
TRACP+ osteoclasts in the tra-
becular area of the femoral
epiphyses isolated from 10-wk-
old CMV-BSP mice compared
with the wildtype mice. (A)
TRACP staining sect ions
showed thinner trabecular bone
and increased TRACP+ osteo-
clasts in CMV-BSP group. GP,
growth plate; T.b., trabecular
bone; BM, bone marrow; ar-
rowhead, TRACP+ osteoblasts.
Photographs were taken at ×40
magnification. (B and C) Bone
area covered by bone-resorbing
osteoclasts. Oc.S/BS, osteoclast
surface/bone surface; Oc.N/BS,
osteoclast number/bone sur-
face. (D and E) Bone area cov-
ered by cuboidal osteoblasts.
Ob.S/BS, osteoblast surface/
bone surface; Ob.N/BS, osteo-
blast number/bone surface.
Data are presented as mean ±
SE of four different samples
(*p < 0.05, CMV-BSP vs. wild-
type).
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more bone nodule formation than those from wildtype mice
when the osteogenic differentiation assay was performed
on confluent cultures that did not require a proliferative
phase to reach confluency. Consistent with a decreased
pool of osteoblast caused by lower proliferation rate or
higher apoptosis rate in transgenic mice, osteoblast differ-
entiation markers such as ALP activity and OC levels were
lower in serum samples of transgenic than in those of wild-
type mice. However, the percentage of bone surface cov-
ered by cuboidal osteoblast (Ob.S/BS) and the ratio of os-
teoblast number to bone surface (Ob.N/BS, N/mm) were
similar in transgenic mice and wildtype mice, which may be
the overall effects of decreased osteoblasts and decreased
trabecular bone volume.

Taken together, our findings indicated that BSP overex-
pression leads to an uncoupling of bone formation and re-
sorption partly because of its effects in enhancing osteoclas-
tic activity and decreasing osteoblast population. These

findings were consistent with the recently published paper
characterizing the phenotypes of BSP knockout mice. In
this paper, Malaval et al.(55) reported that BSP-null mice
showed shorter hypomineralized bones, high trabecular
bone mass with low turnover rate, impaired bone nodule
formation, and retarded osteoclast differentiation. In our
CMV-BSP transgenic mice, although decreased cell popu-
lation in the osteoblast lineage may partly contribute to the
decreased BMD of the transgenic mice, the overall effect of
BSP overexpression in decreasing bone formation in vivo
was not prominent. However, these findings showed that
the coupling and balance between bone resorption and
bone formation is broken by BSP overexpression in this
transgenic mouse model. In agreement with a role of BSP in
leading to uncoupled bone resorption and bone formation,
histological analysis showed that bones of transgenic mice
appeared thinner than those from wildtype mice at different
time points. In addition, tibias of transgenic mice showed an

FIG. 4. Analysis of popula-
tion growth, osteoclast differen-
tiation, and induction of bone
resorption pits in vitro by os-
teoclast-like cells from CMV-
BSP transgenic and wildtype
mice. (A) BMMs were isolated
from 6- to 8-wk-old wildtype
(WT) and transgenic mice
(TG). Cells were cultured in the
presence of 10 ng/ml M-CSF or
10 ng/ml M-CSF and 50 ng/ml
RANKL for 5 days and sub-
jected to semiquantitative RT-
PCR analysis. Levels of BSP
expression were normalized
with those of GAPDH. Data
are presented as mean ± SE of
four different cultures. (*p <
0.01 TG vs. WT at each treat-
ment). (B) Cells were cultured
on 96-well plates in the pres-
ence of 10 ng/ml M-CSF for dif-
ferent times, and the living cell
numbers were determined by
MTS assay. (C) Cells were also
cultured on 96-well plates in the
presence of 10 ng/ml M-CSF
and 50 ng/ml RANKL for 5
(5D) or 9 days (9D) to evaluate
their differentiation by TRACP
staining. Data are presented as
mean ± SE of four different cul-
tures. (*p < 0.01 TG vs. WT at
each time-point). (D) Cells
were cultured on hydroxyapa-
tite slices or dentin slices for 7
days (7D) to evaluate their abil-
ity to form resorption pits in
vitro. Data are presented as
mean ± SE of three different
cultures. (*p < 0.01 TG vs. WT).
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expanded hypertrophic zone at all time points examined
and exhibited lower amount of trabecular bone in second-
ary spongiosa that correlated with a delay in the longitudi-
nal skeletal growth in 6- and 8-wk-old transgenic mice. Be-
cause distal hypertrophic chondrocytes need to undergo
apoptosis to be replaced by trabecular bone and bone mar-
row,(56) we speculate that BSP may inhibit this process by
inhibiting the apoptosis of the hypertrophic chondrocytes
based on our previous findings that BSP inhibits apoptosis
in cultures of mature osteoclasts.(21) In addition, the prolif-
erative zone vertical length was decreased in 8-wk-old
CMV-BSP mice compared with that in wildtype mice,
which indicated that the proliferation of chodrocytes was
inhibited in adult transgenic mice.

To summarize, phenotypic analysis of our CMV-BSP
transgenic mouse model indicated that BSP overexpression
results in the imbalance between bone resorption and bone
formation. Our results provide a plausible molecular
mechanism for the excessive bone loss observed in a variety

of bone pathologies characterized by their high serum levels

of BSP and RANKL-to-OPG ratio. In future studies, the

CMV-BSP animal model could be used to test whether

antibodies against BSP would decrease pathological bone

loss and to develop BSP-based therapeutic approaches to

treat patients with metabolic bone diseases characterized by

their high levels of BSP in serum, which may not be suitable

for the available antiresorptive therapies.
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FIG. 5. CMV-BSP calvarial
cultures exhibit a lower popula-
tion growth rate and higher
mineralization potential than
the cultures derived from wild-
type mice in vitro. Calvarial cell
cultures isolated from the cal-
varia of 4-day-old wildtype and
transgenic mice were cultured
in either osteogenic medium or
nonosteogenic medium for 2
wk. (A) Semiquantitative RT-
PCR analysis showing the lev-
els of BSP. Levels of BSP ex-
pression were normalized with
those of GAPDH. Data are
presented as mean ± SE of four
different cultures. (*p < 0.01 vs.
WT in nonosteogenic media;
#p < 0.01 vs. TG in nonosteo-
genic media; &p < 0.01 vs. WT
in osteogenic media). (B) Popu-
lation growth rate of cells cul-
tured in nonosteogenic media
was determined by the MTS as-
say. (C) ALP activity of cells
cultured in osteogenic or non-
osteogenic media. (*p < 0.01 vs.
WT in nonosteogenic media;
#p < 0.01 vs. TG in nonosteo-
genic media; &p < 0.01 vs. WT
in osteogenic media). (D)
Alizarin red staining of cal-
varial cells cultured in osteo-
genic media for 2 wk. Numbers
of bone nodules per well (of
6-well plates) were counted.
Data are presented as mean ±
SE of four different cultures
(*p < 0.01, TG vs. WT).
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