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Abstract
Matricellular proteins play a unique role in the skeleton as regulators of bone remodeling, and the
matricellular protein osteonectin (SPARC, BM-40) is the most abundant non-collagenous protein in
bone. In the absence of osteonectin, mice develop progressive low turnover osteopenia, particularly
affecting trabecular bone. Polymorphisms in a regulatory region of the osteonectin gene are
associated with bone mass in a subset of idiopathic osteoporosis patients, and these polymorphisms
likely regulate osteonectin expression. Thus it is important to determine how osteonectin gene dosage
affects skeletal function. Moreover, intermittent administration of parathyroid hormone (PTH) (1-34)
is the only anabolic therapy approved for the treatment of osteoporosis, and it is critical to understand
how modulators of bone remodeling, such as osteonectin, affect skeletal response to anabolic agents.
In this study, 10 week old female wild type, osteonectin-haploinsufficient, and osteonectin-null mice
(C57Bl/6 genetic background) were given 80 μg/kg body weight/day PTH(1-34) for 4 weeks.
Osteonectin gene dosage had a profound effect on bone microarchitecture. The connectivity density
of trabecular bone in osteonectin-haploinsufficient mice was substantially decreased compared with
that of wild type mice, suggesting compromised mechanical properties. Whereas mice of each
genotype had a similar osteoblastic response to PTH treatment, the osteoclastic response was
accentuated in osteonectin-haploinsufficient and osteonectin-null mice. Eroded surface and
osteoclast number were significantly higher in PTH-treated osteonectin-null mice, as was endosteal
area. In vitro studies confirmed that PTH induced the formation of more osteoclast-like cells in
marrow from osteonectin-null mice compared with wild type. PTH treated osteonectin-null bone
marrow cells expressed more RANKL mRNA compared with wild type. However, the ratio of
RANKL:OPG mRNA was somewhat lower in PTH treated osteonectin-null cultures. Increased
expression of RANKL in response to PTH could contribute to the accentuated osteoclastic response
in osteonectin-/- mice, but other mechanisms are also likely to be involved. The molecular
mechanisms by which PTH elicits bone anabolic vs. bone catabolic effects remain poorly understood.
Our results imply that osteonectin levels may play a role in modulating the balance of bone formation
and resorption in response to PTH.
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Introduction
The “matricellular” protein family consists of extracellular matrix glycoproteins that play a
predominant role in the modulation of cell-matrix interactions, as well as contributing to matrix
organization. These proteins are expressed at high levels in development and in response to
injury, generally induce cell de-adhesion, and interact with cell surface receptors, extracellular
matrix, growth factors, cytokines and proteases [1]. Recent studies demonstrate that
matricellular proteins play a unique role in the skeleton as regulators of bone remodeling.
Matricellular proteins important in bone include osteopontin, bone sialoprotein, tenascin C,
thrombospondins 1 and 2, and osteonectin or SPARC (secreted protein acidic and rich in
cysteine; BM-40). These proteins interact with the extracellular matrix, regulating bone matrix
deposition, assembly, and mineralization. Selected matricellular proteins have been shown to
interact with growth factors, cytokines and proteases, modulating the binding of growth factors
to receptors and promoting the activation of metalloproteinases [reviewed in 2,3]. Further, the
interaction of matricellular proteins with cell surface molecules, including integrins and their
associated proteins, modulates signaling from down stream effectors [2,4,5]. The process of
bone remodeling allows the skeleton to respond to mechanical and physiologic stresses, and
matricellular proteins play an important role in skeletal remodeling induced by fracture repair,
unloading, and estrogen depletion [2].

Although widely expressed in mammalian tissues, the matricellular protein osteonectin is the
most abundant noncollagenous protein in bone [3,6]. In the absence of osteonectin, mice
develop progressive low turnover osteopenia. Trabecular bone volume is dramatically
decreased, while cortical bone has compromised matrix quality [7,8]. In vivo, osteonectin-null
mice have decreased osteoblast and osteoclast numbers and surface, as well as decreased bone
formation rate. Further, osteonectin suppresses adipogenesis, and in vitro studies indicate that
osteonectin promotes osteoblastic commitment, differentiation, and survival [3,9,10].

We found that marrow stromal cells from wild type and osteonectin-null mice were not different
in their ability to produce cAMP in response to parathyroid hormone (PTH) in vitro, however
this response to PTH was attenuated in cultured osteonectin-null osteoblastic cells [10].
Nonetheless, the role of osteonectin in PTH-stimulated bone remodeling in vivo remains
unknown. Since intermittent administration of the amino-terminal fragment of PTH(1-34) is
the only anabolic therapy approved for the treatment of osteoporosis, it is critical to understand
how modulators of bone remodeling, such as osteonectin, may affect skeletal response to
anabolic agents [11].

Our previous studies of osteonectin-null mice showed that osteonectin is critical for normal
bone remodeling. However, the impact of osteonectin-haploinsufficiency on skeletal biology
has not yet been determined. It is known that osteonectin expression is decreased in osteoblasts
from patients with osteogenesis imperfecta [12,14]. Further, haplotypes consisting of 3 single
nucleotide polymorphisms (SNPs) in the 3′ untranslated region (UTR) of the osteonectin gene
have been associated with bone mass in a subset of idiopathic osteoporosis patients [14]. The
3′ UTR regulates mRNA stability, trafficking, and translation, and it is likely that these 3′ UTR
SNPs differentially regulate osteonectin expression [15,16]. Therefore, it is important to
determine how osteonectin gene dosage affects skeletal function. In this study, we
characterized the response of wild type (+/+), osteonectin-haploinsufficient (+/-) and
osteonectin-null (-/-) mice to intermittent treatment with PTH(1-34). The goal of this study
was to determine the impact of osteonectin gene dosage on the response of the skeleton to an
anabolic therapy.
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Methods and Materials
Animals

The osteonectin-/- mice used in these studies were back crossed 8 times into the C57/Bl6 genetic
background [10]. Wild type mice of similar genetic background were also maintained.
Osteonectin+/- mice were generated by crossing wild type and osteonectin-/- animals. Mice
were maintained under standard non-barrier conditions and had access to mouse chow and
water ad libitum. Female mice received intraperitoneal injections of calcien (10 mg/kg) and
demeclocycline (30 mg/kg) 10 and 3 days prior to euthanasia, respectively [17]. Femurs and
vertebrae were dissected and fixed in 70% ethanol. Studies were performed only on females
because females experience greater age-related bone loss than males [18]. All studies were
approved by the Institutional Animal Care and Use Committee at the University of Connecticut
Health Center.

For the intermittent PTH administration protocol, 10 week old female mice were injected
subcutaneously with 80 μg/kg/day rhPTH(1-34) (PTH) (Bachem, Torrance, CA) or vehicle
alone (2% heat-inactivated osteonectin-/- mouse serum in acidified saline [0.1N]). Mice were
treated 5 days per week, for 4 weeks [19]. Mice were weighed weekly, and the dose of PTH
was adjusted as required.

Bone Mineral Density (BMD)
Whole body BMD and BMC (bone mineral content) (excluding the skull) at baseline and after
4 weeks of PTH treatment was measured by DEXA (PIXImus, GE-Lunar, Madison, WI). Using
the “region of interest” tool with the PIXImus software, BMD and BMC for the diaphysial
region of the left femur, and for L3+L4 vertebrae were also determined. 7-8 mice per group
were analyzed.

microCT Analysis
Trabecular morphometry within the metaphyseal region of distal femurs and centrum of the
third lumbar vertebrae (L3), and cortical morphometry of femora at mid-diaphysis, was
quantified using conebeam micro-focus X-ray computed tomography (μCT40, Scanco Medical
AG, Bassersdorf, Switzerland). Serial tomographic images were acquired at 55 kV and 145
μA, collecting 1000 projections per rotation at 300 msec integration time. Three-dimensional
16-bit grayscale images were reconstructed using standard convolution back-projection
algorithms with Shepp and Logan filtering, and rendered within a 12.3 mm field of view at a
discrete density of 578,704 voxels/mm3 (isometric 12 μm voxels). Segmentation of bone from
marrow and soft tissue was performed in conjunction with a constrained Gaussian filter to
reduce noise, applying a hydroxyapatite-equivalent density threshold of 470 mg/cm3.
Volumetric regions for trabecular analysis were selected within the endosteal borders to include
the central 80% of vertebral height and secondary spongiosa of femoral metaphyses located
960 μm (6% of length) from the growth plate and extending 1 mm proximally. Trabecular
morphometry was characterized by measuring the bone volume fraction, trabecular thickness,
trabecular number, trabecular spacing, and trabecular connectivity density, calculated as a
function of the three-dimensional Euler number normalized to volume. Cortical morphometry
in the femur was quantified within a 600 μm long segment (50 serial sections) extending distally
from the diaphyseal mid-point between proximal and distal growth plates. Cross-sectional
measurements included average periosteal area (cortical bone + marrow), endosteal area
(marrow), and cortical bone area. 7-8 mice per group were analyzed.
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Histomorphometry
Undecalcified femurs were embedded in methyl methacrylate. 5 μm thick longitudinal sections
were cut on a microtome (Polycut S, Leika Heidelberg, Germany) and stained with toluidine
blue (pH 6.4). Static parameters of bone structure, formation and resorption were measured at
the distal metaphyses (magnification × 250), 195 μm from the growth plate, in a total of 20
fields using an OsteoMeasure morphometry system (Osteometrics, Atlanta, USA). The ratio
of osteoblast number to osteoclast number (ObN/BPm/OcN/BPm) was calculated for each
mouse, and group means are reported. Dynamic bone parameters were obtained from unstained
10 μm sections examined by fluorescent light microscopy (Nikon, Tokyo, Japan). The mineral
apposition rate was expressed in micrometers per day, and bone formation rate was expressed
per unit of bone surface. The terminology and units used are those recommended by the
Histomorphometry Nomenclature Committee of the American Society for Bone and Mineral
Research. 4-8 mice per group were analyzed.

In vitro osteoclast-like cell formation
Marrow cells were harvested from the femur and tibia of female mice at 6-8 weeks of age.
Cells were plated at 1.55 × 105 cells/cm2 and cultured in αMEM containing 10% heat-
inactivated fetal bovine serum (FBS, Atlanta Biologicals, Norcross, GA) for up to 6 days. Cells
were re-fed with fresh medium and test compounds on day 3 [20]. Cells were treated with 0,
1, or 10 nM rhPTH(1-34) or with 0, 1, 10 or 30 ng/ml RANKL (receptor activator of NF-kB
ligand; recombinant mouse; R & D Systems, Minneapolis, MN) in the presence of 30 ng/ml
M-CSF (macrophage colony stimulating factor; recombinant mouse; Sigma, Saint Louis, MO).
Formation of osteoclast-like (OCL) cells was determined by staining for TRAP (tartrate-
resistant acid phosphatase) activity (leukocyte acid phosphatase kit; Sigma). TRAP-positive
cells containing more than 3 nuclei were scored as OCL. RNA was isolated from cultures using
Nucleospin columns (BD Biosciences, Palo Alto, CA), and levels of RNA for RANKL, OPG
(osteoprotegerin), and 18S rRNA were determined by qRT-PCR (Applied Biosystems, ABI
Prism 7300, Foster City, CA). The relative standard curve method was used to determine the
quantity of target transcripts, and mRNA levels for RANKL and mOPG were normalized to
18S. For determination of OCL formation, 6 replicate wells per group were used, and each
experiment was repeated at least twice, with comparable results. For determination of RNA
levels, 3 replicates were used, and the experiment was performed twice, with comparable
results.

Data analysis
Data are presented as mean ± SEM. Data were analyzed by Student’s t test or one-way ANOVA
with Bonferroni post-hoc test as appropriate.

Results
BMD and BMC

At 10 weeks of age (i.e. base line), osteonectin-/- mice had significantly lower whole body
BMD compared with osteonectin+/- or wild type mice (44.2 ± 0.3 vs. 45.9 ± 0.4 and 46.8 ± 0.4
mg/cm2, respectively; p ≤ 0.01). Wild type and osteonectin+/- mice treated with PTH for 4
weeks had a 13% increase in whole body BMD, whereas PTH treated osteonectin-/- mice had
whole body BMD values similar to those observed in vehicle treated mice (Figure 1A).
However, significant increases in bone mineral content (BMC) were observed in both wild
type and osteonectin-/- mice treated with PTH (Figure 1B). Examination of cortical bone in the
diaphysis of the femur showed that PTH treatment increased BMD and BMC in mice of each
genotype, although the greatest fold change was observed in osteonectin-/- mice (Figure 1C
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and D). There was a trend toward a PTH-induced increase in BMD and BMC in the cortical
and trabecular bone of vertebrae in mice of each genotype (Figure 1E and F).

Vertebrae
At 10 weeks of age, osteonectin-/- mice had significantly lower trabecular bone volume
compared with osteonectin+/- or wild type mice (Figure 2B, Table 1). From 10 to 14 weeks of
age, trabecular bone volume did not significantly change in vehicle treated wild type and
osteonectin+/- mice. In contrast, osteonectin-/- mice lost vertebral bone volume during this
interval, due to a decrease in trabecular number (Table 1, Figure 2B and D). Trabecular
connectivity density decreased in vehicle treated mice of each genotype between 10 and 14
weeks of age (Figure 2E). However bone microarchitecture was most strikingly compromised
in the absence of osteonectin, as connectivity density was decreased by ∼50% in
osteonectin-/- mice. Overall, these data indicate that the young osteonectin-/- mice lose
trabecular bone faster than wild type mice.

PTH treatment caused a modest (1.2 to 1.3 fold), but significant increase in vertebral trabecular
bone volume in mice of each genotype between 10 to 14 weeks of age (Table 1). This resulted
in a 30-40% net gain in bone volume for PTH treated wild type and osteonectin+/- mice, due
primarily to increases in trabecular number (Figures 2B and 2D, Table 1). However, a net
increase in trabecular bone volume during this interval was not seen in PTH treated
osteonectin-/- mice, since the vehicle-treated animals lost a substantial amount of bone, and
PTH treatment only abrogated this loss (Figure 2B, Table 1). Further, PTH treatment
dramatically improved connectivity density in wild type and osteonectin+/- mice, increasing
this parameter compared with vehicle treated mice and with the 10 week baseline. In contrast,
connectivity density was decreased by 14 weeks in osteonectin-/- mice, regardless of PTH
treatment (Figure 2E, Table 1).

Femur - Trabecular Bone
In the femur, mice of each genotype had a decrease in trabecular number from 10 to 14 weeks
of age (Figure 3C, Table 2). However, this effect was more pronounced in osteonectin+/- and
osteonectin-/- mice, contributing to decreases in trabecular bone volume (Figure 3A, Table 2).
The trabecular connectivity density was unchanged between 10 and 14 weeks in wild type
mice, but this parameter was decreased nearly 50% in osteonectin+/- and osteonectin-/- mice
(Figure 3D). Overall, data from femur and vertebrae confirm that young osteonectin+/- and
osteonectin-/- mice lose trabecular bone faster than wild type mice.

Although PTH increased trabecular bone volume in the femur of mice of each genotype, the
net increase in trabecular bone volume with PTH was significantly diminished in
osteonectin-/- mice compared with wild type (p<0.05) (Figure 3A, Table 2). As seen in the
vertebrae, PTH protected wild type and osteonectin+/- mice from loss of trabecular number
from 10 to 14 weeks of age, but this effect was not seen in osteonectin-/- mice (Figure 3C,
Table 2). Similarly, PTH did not significantly improve connectivity density in osteonectin-/-

mice (Figure 3D, Table 2)

Next, histomorphometry was used to analyze bone remodeling and structural parameters in the
femur, comparing vehicle and PTH treated mice at 14 weeks of age (Table 3). 10 week old
mice were not examined by histomorphometry in this study. In mice of each genotype, PTH
increased trabecular bone volume and trabecular number in by 1.3 to 1.6 fold, and increased
osteoblast number and surface by 1.6 to 2 fold (Table 3). However, significant differences in
mineral apposition rate (MAR) and bone formation rate (BFR) were not detected in PTH treated
mice of any genotype (Figure 4A, Table 3). Rather, a significant increase in osteoid volume
and mineralization lag time was observed in PTH treated mice of each genotype, and the fold
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increase in these parameters was highest in osteonectin-/- mice (Figure 4B and 4C, Table 3).
Thus, PTH treatment increased osteoblast number and matrix synthesis, but this matrix was
not mineralizing appropriately.

In contrast to effects on bone formation parameters, the impact of PTH on bone resorption
parameters was distinctly different with osteonectin genotype. PTH increased eroded surface
∼2 fold in osteonectin+/- and -/- mice, compared with a 1.2 fold increase in wild type (Figure
4E, Table 3). PTH had similar effects on osteoclast number. Indeed, the ratio of osteoblasts to
osteoclasts was increased in PTH-treated wild type mice, but not in osteonectin+/- and -/- mice,
due to primarily to increases in osteoclast number (Figure 4D and Table 3).

Femur - Cortical Bone
At 10 weeks of age, overall cortical bone area was similar in mice of each genotype (Table 4).
However, osteonectin-/- mice had decreased periosteal and endosteal dimensions compared
with wild type animals (p<0.05 vs wild type). Between 10 and 14 weeks of age, bone area in
vehicle treated wild type and osteonectin+/- mice was significantly increased, but a significant
increase in this parameter was not seen in osteonectin-/- mice (Table 4). At 14 weeks of age,
vehicle treated osteonectin-/- mice continued to display lower periosteal and endosteal area,
contributing to the lower bone area compared with wild type animals (Table 4).

PTH significantly increased cortical bone area in mice of each genotype by 21-26% (Figure
5A, Table 4). However, the mechanisms underlying these changes in bone area were different
with genotype. In wild type mice, there was a trend toward increased periosteal area and
decreased endosteal area with PTH treatment. In osteonectin+/- mice, PTH caused a significant
increase in periosteal area, and a trend toward decreased endosteal area. In contrast, PTH
significantly increased periosteal area, with a trend toward increased endosteal area in
osteonectin-/- mice. The increase in endosteal area with PTH treatment suggests higher
osteoclastic activity in cortical bone of osteonectin-/- mice.

Osteoclast formation in vitro
The preceding in vivo data suggest that osteonectin-null mice may have increased osteoclastic
activity in the basal state and in response to intermittent PTH treatment. To confirm that
osteonectin-/- mice make greater numbers of osteoclastic cells in response to PTH, bone marrow
from wild type, osteonectin+/- and -/- mice was cultured with increasing doses of PTH for 6
days, and multinucleated, TRAP-positive cells were scored (Figure 6). Treatment with 1 nM
PTH caused a 5 fold increase in the formation of osteoclast-like cells in marrow of all genotypes
(although the increase was significant only for osteonectin-/-). However, treatment of
osteonectin+/- and -/- marrow with 10 nM PTH resulted in the generation of significantly greater
numbers of osteoclastic cells compared with wild type, ∼9 and ∼12 fold respectively (Figure
6).

A principal mechanism by which PTH stimulates osteoclastogenesis is by increasing the
expression of RANKL and decreasing expression of OPG [21,22]. To determine whether
marrow cells from wild type and osteonectin-/- mice exhibit differences in the regulation of
RANKL and OPG by PTH, RNA was extracted from bone marrow cells cultured with
increasing doses of PTH for 6 days. We chose to only examine wild type and osteonectin-/-

cells because the osteonectin+/- cells appear to have an intermediate phenotype. RNA levels
for RANKL, OPG, and 18S rRNA were determined by real time RT-PCR. Basal levels of OPG
and RANKL mRNA, normalized for 18S, were not significantly different between wild type
and osteonectin-/- marrow cultures (for OPG: 2.83 ± 0.85 and 1.58 ± 0.31 respectively, for
RANKL: 1.04 ± 0.17 and 0.63 ± 0.04 respectively). PTH decreased the expression of OPG
mRNA in wild type cells at all doses tested, but this inhibitory effect was diminished
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osteonectin-/- cultures (Table 5). In contrast, a significant increase in RANKL mRNA was only
observed in wild type cells treated with the highest dose of PTH, whereas PTH induced higher
levels of RANKL mRNA in osteonectin-/- marrow cultures at all doses tested. PTH treatment
dramatically increased the ratio of RANKL:OPG mRNA in both wild type and osteonectin-/-

marrow cells. However, this increase was less pronounced in osteonectin-/- cells, because OPG
mRNA levels remained comparatively high in this group (Table 5).

To determine whether osteonectin-/- bone marrow cells were more responsive to RANKL, cells
were cultured with 0, 1, 10 or 30 ng/ml RANKL in the presence of 30 ng/ml M-CSF for 5 days,
and formation of osteoclast-like cells was quantified. Osteoclast formation was not detected
in the absence of RANKL, but 1 ng/ml RANKL stimulated osteoclast formation in all cultures.
Compared with 1 ng/ml, the 10 ng/ml dose of RANKL significantly increased osteoclast-like
cell number by 1.4 fold in both wild type and osteonectin-/- cells (p<0.01 vs 1 ng/ml). However,
the 30 ng/ml RANKL dose did not significantly increase osteoclast formation relative to the
10 ng/ml dose in any of the cultures. Since osteonectin-/- bone marrow cells do not appear to
be differentially responsive to RANKL, we determined whether wild type and osteonectin-/-

marrow may contain a different number of osteoclastic precursors. For these experiments,
50,000 marrow cells were cultured for 5 days with 30 ng/ml each RANKL and M-CSF, doses
known to drive all potential osteoclast precursors to form osteoclast-like cells [23]. We found
that wild type marrow produced 195 ± 15 osteoclastic cells, whereas osteonectin-/- marrow
produced 239 ± 10, suggesting, at most, a ∼20% increase in osteoclast precursors in the mutant
marrow (p=0.03).

Discussion
This study provides 3 novel insights into the function of the matricellular protein osteonectin
in the skeleton. First, we find that although young (i.e. 10-14 week old) osteonectin+/- mice
have trabecular bone volume and cortical bone parameters similar to that of wild type mice,
osteonectin gene dosage has a profound effect on bone microarchitecture. The connectivity
density of trabecular bone in the vertebrae and femur of osteonectin+/- mice is substantially
decreased compared with that of wild type mice, suggesting compromised mechanical
properties (Figures 2 and 3). Second, we found that young osteonectin+/- and osteonectin-/-

mice lose trabecular bone faster than wild type mice (Figures 2 and 3). This is note worthy
because healthy, young adult women and men exhibit substantial, early-onset trabecular bone
loss, and the underlying mechanisms remain unexplained [24]. It is possible that osteonectin
levels may play a role in this phenomenon. Third, we demonstrate that whereas wild type,
osteonectin+/-, and osteonectin-/- mice display a similar osteoblastic response to intermittent
PTH treatment, the osteoclastic response to PTH is accentuated in osteonectin+/- and -/- mice
(Figure 4). This observation highlights a previously unknown function of osteonectin, to
regulate osteoclast formation in vivo and in vitro. Overall, these data indicate that osteonectin
impacts response to bone remodeling stimuli.

In our earlier characterization of the skeletal phenotype of osteonectin-/- mice, we concluded
that the low turnover osteopenia observed in vivo resulted primarily from defects in bone
formation rate, since osteoclastic parameters were decreased in conjunction with osteoblastic
parameters [7]. Further, our in vitro studies support the idea that osteonectin-/- osteoblasts do
not fully differentiate and function normally [3,8]. Although we previously showed that
osteonectin-/- osteoblasts synthesize less cAMP in response to stimulation with PTH, it is
important to consider that the biologic response of bone cells to PTH is regulated at multiple
levels and mediated by multiple signaling pathways. Whereas coupling of PTH1R (PTH/PTH
related peptide receptor) to Gαs leads to the stimulation of adenylyl cyclase and down stream
signaling via protein kinase C, its coupling to Gαq leads to stimulation of phospholipase C,
and its coupling to Gα12/Gα13 leads to stimulation of phospholipase D [25,26]. Further,
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responsiveness to PTH is modulated by expression level of the PTHR1 itself and by the
recycling of the receptor, regulated by G protein-coupled receptor kinases and β-arrestins
[27-29]. The molecular mechanisms by which PTH regulates bone formation and resorption
in osteonectin-/- mice warrant additional study.

Using intermittent PTH as a remodeling challenge in vivo, our data indicate that the osteoblastic
response to PTH is comparable or even increased in osteonectin-/- mice (Tables 3 and 4).
Despite this response, osteonectin-/- mice fail to obtain a significant increase in BMD with
intermittent PTH, owing to increased osteoclastic activity. In trabecular bone of the femur, the
fold increase in osteoclast number and eroded surface with PTH treatment is greater in
osteonectin+/- and -/- mice (Figure 4). In cortical bone of osteonectin-/- mice, PTH treatment
significantly increased periosteal area, further indicating more osteoclastic activity (Figure 5).
The decrease in trabecular number and the increase in trabecular spacing with age in normal
female C57Bl/6 mice indicate complete removal of trabecular plates, a process requiring
aggressive bone resorption (Tables 1 and 2) [18]. This process occurs at a faster rate in the
osteonectin+/- and -/- mice, further suggesting increased osteoclastic response in these mutant
animals.

Our in vitro data indicate that PTH treated osteonectin-/- bone marrow cells express more
RANKL mRNA compared with wild type, although the relative ratio of RANKL:OPG mRNA
is actually lower in PTH treated osteonectin-/- marrow cultures (Table 6). Increased expression
of RANKL in response to PTH could contribute to the increased osteoclast formation and
activity in osteonectin-/- mice. However, other mechanisms, possibly modulating the amplitude
of response to RANKL signaling, are likely to be involved [30].

Although osteonectin mRNA it is expressed by some myelo-macrophage cell lines and
lymphoma cells, to our knowledge, osteonectin has not been reported to be expressed by
osteoclasts [31]. Thus, other mechanisms whereby osteoclast formation is increased in
osteonectin-/- mice may involve the direct interaction of extracellular osteonectin with
osteoclasts or osteoclast precursors, and the effect of the osteonectin-null mutation of the
phenotype of marrow stromal cells and osteoblasts, which support osteoclast development.

Our in vitro data suggest a modest increase in osteoclast precursors in the marrow of
osteonectin-/- mice. It is note worthy that osteonectin can interact with pre-B cells, which have
the potential to influence osteoclast formation and activity [31]. Abnormalities in immune
function have been described in osteonectin-/- mice in the C57Bl/6 genetic background,
particularly in the B cell compartment [32,33]. Osteoblasts support B cell commitment and
differentiation [34]. In the bones of osteonectin-/- mice, B cell differentiation and targeting may
be abnormal, contributing to increased osteoclastic commitment and activity.

Osteoblasts and marrow stromal fibroblasts regulate osteoclast formation through membrane-
associated proteins as well as soluable proteins, and one cell surface molecule important for
osteoclast differentiation is VCAM-1 (vascular cell adhesion molecule-1; CD106) [35,36].
Recently, osteonectin was shown to interact with VCAM-1 and cause cytoskeletal
rearrangement in endothelial cells [33]. It is possible that the interaction of osteonectin with
VCAM-1 on stromal cells and osteoblasts in normal bone marrow may prevent the interaction
of VCAM-1 with α4β1 integrin on osteoclast precursors, potentially attenuating
osteoclastogenesis [36].

There are a limited number of studies describing the role of matricellular proteins in bone
remodeling. Unlike osteonectin, other matricellular proteins important in the skeleton,
including osteopontin, bone sialoprotein and thrombospondin 2, are documented integrin
binding proteins [2]. When osteopontin-null mice were treated with intermittent PTH(1-34),
the increase in whole body BMD was accentuated due to enhanced of bone formation rate and

do Reis et al. Page 8

Bone. Author manuscript; available in PMC 2009 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



decreased osteoclast formation [37]. Similarly, in response to ovariectomy and skeletal
unloading, osteopontin-null mice display decreased bone resorption compared with wild type,
and the mutant mice do not lose bone [38,39]. Thrombospondin-2-null mice also fail to lose
bone in response to ovariectomy, due to increased osteoblastogenesis and decreased bone
resorption [40]. Further, these mice display altered cortical bone formation response when
stimulated with mechanical loading [41]. The response of other matricellular protein-mutant
mice to bone remodeling challenges has not yet been reported, and the results obtained from
our study of osteonectin-/- mice appear to be unique.

The skeleton is a dynamic environment, consisting of bone matrix and an array of cells
including osteoblasts, osteocytes, osteoclasts, stromal cells, and cells in the hematopoietic
niche. Proteins that modulate the function, growth and survival of each of these cellular
components have the capacity to modify the balance between bone formation and resorption.
In vivo studies strongly suggest that matricellular proteins have the potential to regulate both
arms of the bone remodeling process, and our data indicate that osteonectin levels alter the
response of the skeleton to intermittent PTH therapy. The molecular mechanisms by which
PTH elicits bone anabolic vs. bone catabolic effects remain poorly understood [11]. Our data
imply that osteonectin levels may play a role in modulating the balance of formation and
resorption in response to PTH.
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Figure 1.
Percent change in BMD and BMC (vs. 10 week baseline) in vehicle and PTH treated wild type,
osteonectin+/- and osteonectin-/- mice. A. Whole body BMD; B. Whole body BMC; C. Femoral
diaphysis BMD; D. Femoral diaphysis BMC; E. Vertebral (L3+L4) BMD; E. Vertebral (L3
+L4) BMC. * = significantly different from corresponding vehicle treated, p ≤ 0.05.
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Figure 2.
Trabecular bone parameters in vertebrae of vehicle and PTH treated wild type, osteonectin+/-

and osteonectin-/- mice. A. Representative microCT images from 14 week old mice. Percent
change (vs. 10 week baseline) in B. Trabecular bone volume; C. Trabecular thickness; D.
Trabecular number; E. Trabecular connectivity density. * = significantly different from
corresponding vehicle treated, p ≤ 0.02. # = significantly different from vehicle treated wild
type, p ≤ 0.02.
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Figure 3.
Trabecular bone parameters in femur of vehicle and PTH treated wild type, osteonectin+/- and
osteonectin-/- mice. Percent change (vs. 10 week baseline) in A. Trabecular bone volume; B.
Trabecular thickness; C. Trabecular number; D. Trabecular connectivity density. * =
significantly different from corresponding vehicle treated, p ≤ 0.02. # = significantly different
from vehicle treated wild type, p ≤ 0.02.
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Figure 4.
Histomorphometric evaluation of trabecular bone parameters in femur of vehicle and PTH
treated wild type, osteonectin+/- and osteonectin-/- mice. A. Mineral appostition rate; B.
Mineralization lag time; C. Osteoid volume; D. Ratio of osteoclast number to osteoblast
number; E. Eroded surface. * = significantly different from vehicle treated, p ≤ 0.05.
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Figure 5.
Cortical bone parameters in femur of vehicle and PTH treated wild type, osteonectin+/- and
osteonectin-/- mice. Percent change (vs. 10 week baseline) in A. Bone area; B. Periosteal area;
C. Endosteal area. * = significantly different from corresponding vehicle treated, p ≤ 0.02.
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Figure 6.
Formation of osteoclast-like cells in bone marrow from wild type, osteonectin+/- and
osteonectin-/- mice cultured in vitro with increasing doses of PTH for 6 days. * = significantly
different from corresponding wild type, p ≤ 0.05.
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