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Abstract
Objective—Type IIB procollagen is characteristic of cartilage, comprising 50% of the
extracellular matrix. The NH2-propeptide of type IIB collagen, PIIBNP, can kill tumor cells via
binding to integrins αVβ3 and αVβ5. As osteoclasts rely on αVβ3 integrins for function in bone
erosion, we sought to determine whether PIIBNP could inhibit osteoclast function.

Methods—We undertook in vitro and in vivo experiments to evaluate both osteoblast and
osteoclast function in the presence of recombinant PIIBNP. Adhesion of osteoclasts to PIIBNP
was analyzed by staining of attached cells with crystal violet. PIIBNP-induced cell death was
evaluated by cell counting Trypan Blue stained cells. The mechanism of cell death was evaluated
by DNA fragmentation, TUNEL staining and western blotting to detect cleaved caspases. To
determine the role of αVβ3 integrin, osteoclasts were pretreated with αV or β3 integrin specific
siRNA before the treatment with PIIBNP. To explore PIIBNP function in vivo, a
lipopolysaccharide-induced mouse calvaria lysis model was employed.

Results—Osteoclasts adhered to PIIBNP via an RGD-mediated mechanism. When osteoclasts
were plated on extracellular matrix proteins, PIIBNP induced apoptosis of osteoclasts via caspase
3/8 activation. Osteoblasts and macrophages were not killed. Reduction of αV or β3 integrin levels
on osteoclasts by siRNA reduced cell death in a dose-dependent manner. In vivo, PIIBNP could
inhibit bone resorption.

Conclusion—We conclude that PIIBNP can inhibit osteoclast survival and bone resorption via
signal transduction through the αVβ3 integrins. Because of this property and the cell specificity,
we propose that PIIBNP may play a role in vivo in protecting cartilage from osteoclast invasion
and also could be a new therapeutic strategy for decreasing bone loss.
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Introduction
200 million people worldwide suffer from diseases that result in bone loss (1). Osteoporosis
causes low bone mass and increases bone fragility that leads to osteoporotic fracture, largely
a problem of elderly women (2). Bone loss is due to the action of osteoclasts, cells of
hematopoietic origin with the unique capacity to resorb bone (3). Osteoclasts play a major
role in several common skeletal diseases including osteoporosis (4), inflammatory osteolysis
(5) and bone destruction due to bone metastasis (6). In all these circumstances, increased
number and activity of osteoclasts leads to an abnormally high bone resorption rate.

Integrins are heterodimeric integral membrane glycoproteins consisting of various
combinations of alpha and beta subunits that are expressed on the cell surface and bind to
extracellular ligands. In addition to cell/matrix attachment, integrins play the role of
extracellular receptors leading to intracellular signal transduction (7, 8). The integrin αVβ3,
known as the vitronectin receptor, is highly expressed on osteoclasts and plays a critical role
in many aspects of osteoclast biology (9, 10, 11). Osteoclasts also express other integrins at
lower levels, such as the collagen/laminin receptor α2β1 and the vitronectin/fibronectin
receptor αvβ1 (12). Many integrins bind to an Arg-Gly-Asp (RGD) consensus sequence
found in a variety of extra cellular matrix (ECM) proteins (13). Bone contains a variety of
RGD-containing proteins including thrombospondin, fibronectin, vitronectin, osteopontin
and bone sialoprotein (14, 15, 16, 17, 18) and the interaction of osteoclast integrins,
particularly αVβ3, with the RGD domain in bone matrix proteins plays an important role in
bone resorption (19, 20).

In cartilage and the cartilaginous growth plate, type IIB collagen is the most abundant
cartilage protein representing 50% of the protein and 80–95% of the total collagen content
(21). Unique to this collagen, are the presence of adjacent RGD sequences encoded in exon
6 of the NH2-propeptide of the COL2A1 gene (22). Like other fibril-forming collagens,
types I, III, V and XI, type IIB collagen is synthesized as a procollagen form (23) that is
secreted from the cell into the extracellular matrix where extension propeptides (NH2-
propeptides and COOH-propeptides) are removed by specific proteinases before the mature
molecules are incorporated into fibrils in matrix (23). The N-propeptide of type IIB
procollagen is removed from each collagen molecule by the N-proteinase, ADAMTS-3(24).
Recently, we reported that PIIBNP binds to cells via αVβ3 and αVβ5 integrins and kills
chondrosarcoma and other tumor cells and retards tumor growth in vivo (25). In other
preliminary studies we have shown that it also inhibits angiogenesis (26) and the migration
and survival of a breast cancer cell line (27). The expression of αVβ3 is limited to a small
number of cell types such as endothelial cells, synovial cells, osteoclasts and some tumors
(28, 29). As osteoclasts function via attachment to αVβ3, we speculated that PIIBNP might
play a role in osteoclast survival and function. In this study, we analyzed the function of
PIIBNP in bone cells and show that PIIBNP inhibits osteoclast, but not osteoblast or
macrophage function and survival.

Materials and Methods
Cells

Mouse monocytic RAW 264.7 cells and mouse osteoblastic MC3T3-E1 cell lines were
purchased from American Type Culture Collection. The cells were maintained in alpha-
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minimum essential medium (α-MEM) (Thermo Fisher Scientific, Pittsburgh, PA)
supplemented with 10% fetal bovine serum (FBS) (Invitrogen, Carlsbad, CA) and 100 U/ml
of penicillin–streptomycin at 37° C in a humidified atmosphere of 5% CO2.

Primary bone marrow macrophages were prepared as previously described (28). Primary
osteoblasts were isolated from 1-day-old newborn C57BL/6J mouse calvaria after five
routine sequential digestions with 0.1% collagenase (Sigma-Aldrich, St.Louis, MO).
Osteoblasts released in digestions 3-5 were pooled and cultured in α-MEM supplemented
with 10% FBS at 37° C in a humidified atmosphere of 5% CO2.

Differentiation of osteoclasts
RAW 264.7 cell line—1.5 × 106 RAW 264.7 macrophage cells were cultured with 100 ng/
ml of receptor activator of nuclear factor kappa-B ligand (RANKL) in 10% FBS (Pepro
Tech, Rocky hill, NJ) in 10 cm tissue culture dishes for 4 days to allow differentiation into
osteoclasts. After 4 days culture, differentiated osteoclasts (RAW-osteoclasts) were used for
various experiments with continued culture in the presence of 100 ng/ml of RANKL and
10% FBS. Apoptosis experiments were done in the absence of serum.

Primary cells—1.5 × 106 bone marrow macrophages were prepared from bone marrow as
described (30), and cultured in 10 cm culture dishes for 5 days with 100 ng/ml of RANKL
and 20 ng/ml of macrophage colony stimulating factor (M-CSF) (Cell Science tech, Canton,
MA) for differentiation into osteoclasts.

After differentiation of RAW or primary osteoclasts, RNA was isolated for RT-PCR or cell
lysates were prepared for western blotting. The expression of β3 integrins and TRAP
staining (Sigma-Aldrich) were performed to confirm differentiation and function of
osteoclasts.

RT-PCR analysis
Total RNA was purified from cells cultured using the RNeasy Mini Kit (Qiagen, Valencia,
CA). cDNAs were synthesized from 1 μg of total RNA using the SuperScript First-Strand
Synthesis System (Invitrogen) in a volume of 20 μl. One microliter of these cDNAs was
then amplified with primers specific for αV integrins (forward, 5′-ATTGGGAGTAC
AAGGAAACC-3′; reverse, 5′-CCGCTTGGTGATGAGATGATT -3′), and β3 integrin
(forward, 5′-ACTGCAACTGT ACTACACGCAC-3′; reverse, 5′-
AGTAGCTTCCAGATGA GCAGAG-3′). After 30 cycles of 94° C (30 seconds), 60° C (30
seconds), and 72° C (30 seconds), 10 μl of PCR products were separated in a 1.5% agarose
gel containing 0.5 μg/ml ethidium bromide. Real-time PCR was performed on an ABI Prism
7500 Sequence Detection system using Sybr Green PCR Master mix (Applied Biosystems)
and following the manufacturer's protocols. Primer sequences used in this study were the
same as described above described.

Preparation of cell lysates
Cells were washed 3 times with PBS and lysed in hypotonic lysis buffer (25 mM Tris, 1%
NP-40, 150 mM NaCl, 1.5 mM EGTA) supplemented with protease inhibitors (Roche
Diagnostics, Indianapolis, IN) on ice for 30 minutes (min) (31). The lysates were
centrifuged at 15,000 rpm for 20 min to remove cellular debris and the supernatants were
collected. Proteins were quantified by the Bradford method with protein assay reagent
(BioRad, Hercules, CA), and diluted to an equal concentration with hypotonic buffer.
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Western blotting
Each sample of cell lysate was mixed with 6× electrophoresis sample buffer (BioRad) and
electrophoresed in a 4%-15% polyacrylamide gradient gel (BioRad) and transblotted onto
PVDF membrane (Invitrogen). The membranes were blocked in 5% milk/PBS -0.1% Tween
20 for 1 hour (h) and incubated with primary antibodies at 4°C overnight followed by
reaction with secondary antibodies coupled to horseradish peroxidase

The primary antibodies used were rabbit anti-αV integrin polyclonal antibody (Santa Cruz
Biotechnology, Santacruz, CA), rabbit anti-β3 integrin polyclonal antibody (Santa Cruz
Biotechnology), rabbit anti-active caspase 3 polyclonal Ab (Sigma Aldrich), rabbit anti-
caspase 8 polyclonal antibody (Cell Signalling Technology, Danvers, MA), mouse anti-
caspase 9 monoclonal antibody (Cell Signalling Technology). Horseradish peroxidase
(HRP) conjugated goat anti-rabbit IgG Ab (GE Healthcare, Picataway, NJ) or HRP
conjugated rabbit anti-mouse IgG antibody (GE Healthcare) was used as a secondary
antibody, and the signals were visualized by ECL plus reagent (GE Healthcare). The
expression of proteins was determined by semi-quantification of digitally captured image
using the Image J software. Actin was used as a control to estimate protein loading on the
gel.

Site-directed mutagenesis
Recombinant fusion protein GST- exons 3-8 (PIIBNP), mutant GST-exons 3-8 (mPIIBNP),
RGDRGD to RADRGD, have been described previously (25) with one exception. That is, in
this study, we used RGDRGD mutated to RADRGD instead of mutating both RGD's as we
found that the first RGD was the active triplet (Z. Wang, J. Bryan, L. Sandell, unpublished
data). Site-directed mutagenesis was performed using Quick Change Kit (Stratagene,
Santacruz, CA) to mutate the –RGDRGD- sequence to –RADRGD- (mPIIBNP) in PIIBNP.
The mutated plasmid was confirmed by DNA sequence and transformed into BL21 (DE3)
host strain to express mutated PIIBNP as described by (32). GST fusion proteins were
prepared and isolated as described (25). Each batch of recombinant fusion protein was tested
for purity and function.

Adhesion assay
96 well EIA/RIA plates were incubated with 100 μl/well of various concentrations of GST-
NH2-propeptides or 10 μg/ml of bovine type I collagen (Sigma-Aldrich), human fibronectin
(Promega, Madison, WI) or rat vitronectin (Sigma-Aldrich) overnight at 4° C. The plates
were incubated with 0.5% BSA for 1.5 h at 4°C. Cells were lifted by scraping and
resuspended in 2 × 104 cells in 100 μl of serum free α-MEM, and replated on various
substrates for 1.5 h at 37° C. In some cases, GST, GST-PIIBNP, or RGD (GRGDNP), RAD
(GRADNP) peptides (Calbiochem, Darmstadt, Germany) were added to cells prior to
incubation. Attached cells were stained with 100 μl of 0.5% (w/v) crystal violet/25% (v/v)
methanol. After gentle washing, the incorporated dye was dissolved in 0.1 M sodium citrate/
50% (v/v) ethanol and measured by spectrophotometry (540 nm).

Assessment of cell death
5 × 104 cells were replated in 24-well plates coated with 10 μg/ml of type I collagen,
fibronectin, or vitronectin. After plating cells for 3 h, RAW 264.7 macrophages, RAW-
osteoclasts and MC3T3-E1 osteoblasts were treated with GST, GST-PIIBNP or GST-mutant
PIIBNP for 16 h without serum. Primary bone marrow macrophages, osteoclasts and
osteoblasts were treated for 24 h without serum. The number of dead cells was measured by
counting trypan blue staining cells in the medium and on the plate separately. The number of
cells detached was measured by counting cells separately in the medium and in the wells.

Hayashi et al. Page 4

Bone. Author manuscript; available in PMC 2012 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



TUNEL staining
5× 103 RAW 264.7 osteoclasts were cultured in 8-well chamber slides (Nunc Roskilde,
Denmark) coated with 10 μg/ml of type I collagen. After plating cells for 3 h, the cells were
treated with GST or GST-PIIBNP for 16 h without serum. The cells were fixed with 4%
neutral buffered formalin for 10 min and apoptotic cells were determined using TUNEL
assay kit (Wako, Japan) according to the manufacturer's protocol.

DNA laddering
After treatment with GST or PIIBNP, 3.0 × 106 cells were resuspended in Hank's balanced
salt solution and fixed in 70% ethanol at -20°C. The DNA was extracted in phosphate-citrate
buffer for 3 h, treated with NP-40 and RNase for 30m, and added proteinase K for an
additional 30 min. The DNA was electrophoresed on 1.5 % agarose gel containing 0.5 μg/ml
ethidium bromide.

Knock down of αv and β3 integrin in osteoclasts by siRNA
αv and β3 integrin siRNA and non-specific random siRNA control (Santa Cruz
Biotechnology) were transfected into RAW-osteoclasts using HiPerFect Transfection
Reagent (Qiagen) according to the manufacturer's protocol with minor modifications.
Briefly, 50, 100 or 150 nM siRNA was formulated with liposomes, diluted in 150 μl of
serum free α-MEM and applied to 5×104 cells. After incubation for 6 h, the mixture was
replaced with α-MEM supplemented with 10% FBS and 100 ng/ml of RANKL, and
incubated for 24 before mRNA extraction. Prior to protein treatment, 5 × 104 cells were
replated in 24 well plates coated with the extracellular matrices with serum free α-MEM
after 24 h of siRNA transfection. After the replacement for 3 h, the cells were treated by 3
μM of GST and GST-PIIBNP for 16 h.

In vivo LPS injection
Eight week old C57BL/6J mice (n=12) were used in this experiment. PBS, 500 μg of
lipopolysaccharide (LPS) (Sigma-Aldrich), LPS + 10 nmol of GST, or LPS + 10 nmol of
PIIBNP were injected (total volume 50 μl) to the calvaria under anesthesia. Five days after
injection, the mice were sacrificed in a CO2 chamber. The entire calvarial bone was
dissected and fixed in 10% formalin for 24 h, decalcified by 14% EDTA for 7 days, and
embedded in paraffin. TRAP staining was performed as described previously (33). The
osteoclast index, which represents the number of osteoclasts per millimeter of trabecular
bone surface, was measured by Image J Software. The percentage of bone surface covered
by osteoclasts was also measured. These histomorphometric parameters adhere to the
recommended American Society of Bone and Mineral Research (34). The entire experiment
was repeated.

Collagen Type 1 Fragment Assay
Serum was collected from mice of LPS-induced bone resorption or PBS prior to sacrifice.
The level of type I collagen telopeptide fragment (CTX-1) was measured by ELISA
(Immuno Diagnostic Systems and Nordic Bioscience Diagnostics). ELISA was performed as
previously described (35).

Statistical analysis
All data were expressed as mean ± standard deviation (SD) unless otherwise indicated.
Statistical analysis was performed using one-way (Fig 1, Fig 3(b) (d), Fig 4(a), Fig 5(a), Fig
6) or two-way (Fig2, Fig3a, Fig4b and Fig5b) analysis of variance, with Tukey's post hoc
test for multiple comparsions of paired samples. Mann-Whitney U test was used for
comparisons between the two groups. P values less than 0.05 were considered significant.
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Results
PIIBNP adheres to osteoclasts via the RGD domain

To investigate whether the RGDRGD sequence in PIIBNP was used to adhere to osteoclasts,
we performed adhesion assays to recombinant proteins PIIBNP and mutant PIIBNP.
Adhesion assays performed with primary cells and cell lines of osteoclasts and osteoblasts
yielded identical results (Fig. 1a,b). Adhesion assays showed that RAW 264.7-derived
osteoclasts adhered to PIIBNP in a dose-dependent manner, (Fig. 1a, black columns). No
adhesion was observed with the mPIIBNP where first RGD was inactivated. The MC3T3-E1
osteoblast cell line did not adhere to the PIIBNP (Fig 1a, white columns). Undifferentiated
RAW macrophages did not adhere to PIIBNP (data not shown). The experiments with
primary cells demonstrated that osteoclasts adhered to PIIBNP (Fig 1b, black columns), but
not osteoblasts (Fig 1b, white columns). The attachment of PIIBNP and osteoclasts was
inhibited by the treatment of RGD peptide in a dose dependent manner, but not by the RAD
peptide (Fig 1c).

The adhesion assay was also performed on various protein substrates. Vitronectin is the
classic ligand for αVβ3 integrin, while type I collagen binds to α2β1 and is not RGD-
mediated, and fibronectin binds to αVβ3 and α5β1. As expected, osteoclasts did not adhere as
well to type I collagen as they did to fibronectin or vitronectin (Fig. 1d). The adhesion of
RAW 264.7-derived osteoclasts to vitronectin-coated plates was significantly reduced by the
treatment of 3 μM PIIBNP, but not adhesion to type I collagen or fibronectin coated plates
(Fig 1d). To confirm that the cells were adhering to integrins in the predicted manner, RGD
peptides were used to compete for binding of the osteoclasts to the matrices (Supplemental
Figure 1). Adhesion to type I collagen was not inhibited up to 500 μM RGD peptide because
the α2β1 and the α1β1, the primary type I collagen-binding integrins, are not RGD-dependent
(36). Binding to fibronectin was reduced by 100 μM RGD peptide while binding to
vitronectin was reduced by 10 μM as demonstrated previously (19) (Supplemental Figure 1).
These results suggest that PIIBNP competes for binding to vitronectin receptor, αVβ3
integrin, but does not compete with the receptors for binding to type I collagen or
fibronectin, which do not bind primarily via αVβ3.

PIIBNP induced cell death of osteoclasts, but not macrophages or osteoblasts
In order to test the effect of PIIBNP on cell survival, osteoclasts and osteoblasts were
cultured on various extracellular matrix molecules that have different integrin binding
properties: type I collagen, fibronectin and vitronectin-coated plates. PIIBNP induced cell
death of RAW 264.7-derived osteoclasts on all three matrices (Fig 2a), and mutant PIIBNP
did not induce cell death of RAW 264.7-derived osteoclasts on any matrix (Fig 2a). Under
these conditions, almost 60% of the cells died when treated with 3 μM of PIIBNP. 3 μM
PIIBNP did not induce cell death of RAW 264.7 macrophages nor the MC3T3-E1 osteoblast
cell line (Fig. 2a).

Experiments with primary osteoclasts demonstrated that almost 40% cell death was induced
by treatment of 3 μM of PIIBNP on type I collagen or fibronectin coated plates and almost
55% cell death on vitronectin coated plate (Fig 2b). PIIBNP did not induce cell death of
primary bone marrow macrophages nor primary osteoblasts (Fig 2b)

PIIBNP induced cell detachment when osteoclasts were treated on vitronectin-coated
plates, but not on fibronectin or type I collagen

In order to begin to determine the mechanism by which cell death occurs in osteoclasts, we
further investigated the role of cell detachment from the matrix. Cell death induced by cell
detachment is called anoikis and occurs rapidly after addition of the agent. However,
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PIIBNP did not induce cell detachment from type I collagen or fibronectin coated plates (Fig
3a). On vitronectin coated plates PIIBNP induced cell detachment and cell death of RAW
264.7-derived osteoclasts in a dose-dependent manner beginning as early as 1 h (Fig 3b).
Therefore, we conclude that anoikis plays a role in the cell death induced on vitronectin, but
not on type I collagen or fibronectin. These results strongly suggest that detachment would
not be necessary for the cell death signal in the complex matrix of bone in vivo.

PIIBNP induced apoptosis of osteoclasts on vitronectin, type I collagen and fibronectin
To analyze the mechanism of cell death, DNA fragmentation, TUNEL staining and
induction of caspase cleavage were tested. The DNA ladder assay showed that PIIBNP
induced DNA fragmentation of RAW 264.7-derived osteoclasts. The results did not depend
on the type of matrix and showed similar DNA fragmentation for type I collagen, fibronectin
and vitronectin (Fig 3c). Further evidence for apoptosis, TUNEL staining showed that
PIIBNP increased TUNEL positive cells to about 40 % on COL I without cell detachment
(Figure 3d). Immunoblotting for cleaved (activated) caspase 8 and caspase 3 showed that
PIIBNP induced apoptosis of RAW 264.7-derived osteoclasts via the caspase 8 and 3
pathway, not via the caspase 9 pathway (Fig 3e).

Apoptosis is dependent on the αV and β3 integrin
To determine the role of αVβ3 integrin in the induction of osteoclast death by PIIBNP, the
endogenous αV or β3 expression was reduced by incubation of the RAW-derived osteoclasts
with siRNA specific for αV or β3 mRNA. The various concentrations of αV and β3 integrin
siRNA showed that the expression of αV and β3 integrin mRNA was significantly decreased
in a dose-dependent manner, at each concentration: 50 nM, 100 nM and 150 nM siRNA (Fig
4a, 5a). Fig 4b and Fig 5b demonstrate inhibition of apoptosis on type I collagen and
vitronectin (Fig 4b) that was dependent on the extent of reduction of αV integrin expression.
Therefore, cell death is dependent on αV integrin expression. The same experiments were
conducted after inhibition of integrin β3 with similar results (Figure 5b). We also confirmed
that other constructs αV or β3 siRNA transfection reduced αV or β3 integrin expression, and
reduction of αV or β3 integrin inhibited PIIBNP-induced cell death (Supplemental Figure 2).
These results indicated the effects of αV or β3 siRNA transfection are not caused by off-
target effects.

PIIBNP inhibited bone resorption in vivo and decreased osteoclast number
Ultimately the ability of PIIBNP to inhibit bone resorption by osteoclasts must be shown in
vivo. Experiments in vitro showed that PIIBNP inhibits osteoclast survival on purified
matrices. To determine whether PIIBNP functioned in vivo where the bone matrix is a
complex mixture of osteopontin, type I collagen, thrombospondin, fibronectin, vitronectin,
and bone sialoprotein, we tested an established mouse model of lipopolysaccharide (LPS)-
induced bone resorption (37). The calvarial bones of mice were treated with injections of
PBS, LPS, LPS + GST or LPS + GST-PIIBNP. The calvarial bones of LPS + GST-injected
mice were eroded by osteoclasts, which can be observed to reside in resorption lacunae (Fig.
6a). In contrast, the calvaria of LPS + PIIBNP-treated animals were protected from bone
erosion: that is, the resorption area, indicated by the red osteoclast-specific TRAP staining,
was greatly reduced in the PIIBNP-treated animals (Fig 6a upper panels). To clarify the
evidence that PIIBNP inhibited LPS-induced apoptosis, we tested in situ TUNEL staining
for calvarial bones. The calvarial bones of LPS + GST-injected mice were eroded by
osteoclasts and TUNEL positive cells were not seen in the section. In contrast, the calvaria
of LPS + PIIBNP-treated animals were protected from bone erosion and TUNEL positive
cells were detected (Figure 6a lower panels).
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In order to quantify the changes in bone resorption, the number of osteoclasts per millimeter
of bone and the percentage of eroded bone surface covered by osteoclasts were counted and
shown in Fig 6b and c. The PIIBNP reduced osteoclast number by 60%. When osteoclasts
resorb bone in vivo, type I collagen fragments are released that can be measured in the
serum. Therefore, to confirm that there was an alteration in bone resorption at the
biochemical level, the serum level of the type I collagen telopeptide biomarker, CTX-I, was
measured and found to be reduced by 40% in mice treated with LPS + PIIBNP compared to
control mice (Fig 6d).

Discussion
We demonstrate here that the recombinant protein, PIIBNP, the NH2-propeptide moiety
released from type II procollagen during the normal course of biosynthesis, induces
apoptosis of osteoclasts via the caspase 3/8 pathway, and is a novel biological regulator of
bone resorption. The specificity of PIIBNP arises from its use of the cell integrin receptor,
αVβ3, an integrin that is expressed by a limited number of cells, including osteoclasts,
endothelial cells, synovial cells and some tumors (28, 29). In bone, the effect on cells is very
specific to osteoclasts and it does not affect circulating macrophages or osteoblasts.

In the classic model, integrin engagement by ECM ligands is necessary for survival, and the
loss of cell attachment to the ECM results in a caspase-dependent apoptosis known as
anoikis (38). Importantly, our studies indicate that, unlike RGD peptides, PIIBNP does not
function in bone only as a mediator of cell detachment or anoikis. This conclusion is
supported by the evidence that osteoclasts died by apoptosis whether cultured on vitronectin,
the classic αVβ3 ligand, but also fibronectin or type I collagen. PIIBNP did not detach cells
from type I collagen or fibronectin, but could still effect cell death in a β3 integrin-dependent
manner over a long time period. Therefore, unlike RGD peptides that act by rapid
detachment of cells from the matrix, PIIBNP is a unique protein moiety able to specifically
inhibit osteoclast function and cause cell death without the requirement for rapid cell
detachment.

The mechanism of action of PIIBNP is through the osteoclast integrin αVβ3. Two lines of
evidence support this conclusion. First, the expression of αVβ3 integrin is correlated with the
inhibitory activity of the PIIBNP and when the first RGD peptide is mutated to RAD,
inhibitory activity is abrogated. Undifferentiated RAW cells, bone marrow macrophages and
osteoblasts do not express αVβ3 integrin (Supplemental figure 3) and do not adhere to
PIIBNP. When bone marrow macrophages are differentiated with M-CSF and RANKL,
adhesion to PIIBNP is correlated with the expression of the αVβ3 integrin in the mature
osteoclast. Secondly, when αV or β3 integrin expression is reduced, induction of apoptosis
by PIIBNP is reduced.

Previously, we have shown that PIIBNP induced necrosis in a chondrosarcoma cell line
(25). We believe that the difference in cell type response to PIIBNP is important. Tumor
cells often are known to escape spontaneous and therapy-induced caspase activation due to
acquired mutations in the apoptotic machinery (39). In the hCh-1 tumor cell line used in the
previous publication (25), there is a mutation in the p53 gene (40).

A significant body of knowledge supports the function of αVβ3 integrin in bone resorption
and several blocking studies using antibodies and competitive ligands have established that
the αVβ3 integrin is critical for bone resorption in vitro and in vivo (41, 42). Several studies
based on results obtained with adhesion-blocking antibodies or RGD peptides have led to
antagonist-induced cell death (43, 44). Monoclonal antibody to αVβ3 integrin blocks the
osteoclast-mediated bone resorption in the thyroparathyroidectomized rat (45). RGD peptide
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mimetic and echistatin, an RGD-containing αVβ3 specific snake venom peptide, inhibited
bone loss in ovariectomized rodents (41). In comparison with these inhibitors, PIIBNP does
not rely on detachment-mediated cell death, but can affect cells over a longer period of time.

An important question that arises from this work is whether this function of PIIBNP is also
found in vivo? The articular cartilage is composed only of chondrocytes: osteoclasts,
osteoblasts and blood vessels are excluded from cartilage tissue. αVβ3 integrin is expressed
on a limited number of cell types that include angiogenic endothelial cells, some tumor cells,
vascular smooth muscle cells and osteoclasts (28, 29), but not in developing chondrocytes,
thereby potentially conferring resistance to cell killing by PIIBNP in cartilage in vivo (25).
Therefore, we speculate that type IIB NH2-propeptides, when liberated from the collagen
molecule during biosynthesis in developing cartilage, may be one of regulators that limits
the cell types in cartilage by inhibition of invasion by osteoclasts and endothelial cells, and
thus protects the tissue from invading and matrix-degrading osteoclasts and the vascularity
that promotes bone formation; however, this is yet to be proven.

In order to demonstrate function for PIIBNP on osteoclasts in vivo, we induced calvarial
osteolysis with lipopolysaccharide and treated with PIIBNP. Injection of GST PIIBNP, but
not GST alone, was able to reduce osteoclast number and the extent of eroded bone surface.
Thus, PIIBNP can function in vivo to reduce bone resorption. In conclusion, PIIBNP induces
osteoclast apoptosis and reduces bone resorption. These findings support a strategy whereby
PIIBNP could be considered as a potential therapeutic tool where the reduction of osteoclast
activity is required as in osteoporosis or inflammation-induced osteolysis, without
diminishing bone formation activity.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. PIIBNP adheres to osteoclasts via the RGD domain.

2. PIIBNP induced cell death of osteoclasts, but not macrophages or osteoblasts.

3. PIIBNP induced apoptosis of osteoclasts via αv and β3 integrins.

4. PIIBNP inhibited bone resorption in vivo and decreased osteoclast number.
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Figure 1.
(a) Adhesion of RAW-osteoclasts and MC3T3-E1 osteoblasts to GST, GST-PIIBNP and
GST-mutant PIIBNP. *indicates p<0.05 versus cells treated with 3 μM GST. (b) Adhesion
of primary osteoclasts and osteoblasts to GST, GST-PIIBNP and GST-mutant PIIBNP.
*indicates p<0.05 versus cells treated with 3 μM GST. (c) Effect of blocking of RGD or
RAD peptides on RAW-osteoclast adhesion to 0.5 μM PIIBNP. Each assay was performed
in triplicate wells and three independent experiments. *indicates p<0.05, and * * indicates
p<0.01 versus cells treated with individual concentrations of RAD peptides.
(d) Effect of PIIBNP on osteoclast adhesion to type I collagen (COL1), fibronectin (FN) and
vitronectin (VN) by PIIBNP. GST or GST-PIIBNP was added to RAW 264.7 osteoclasts
before the incubation. Each assay was performed in triplicate wells and three independent
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experiments. Columns represent mean ± S.D. *indicates p<0.05 versus cells treated with 3
μM GST.
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Figure 2.
(a) Percent cell death of differentiated RAW-osteoclasts and MC3T3-E1 osteoblasts on type
I collagen (COL1), fibronectin (FN) and vitronectin (VN) without serum after treatment of
GST, GST-PIIBNP and GST-mutant PIIBNP for 16 h. (b) Percent cell death of primary
osteoclasts and osteoblasts. Columns represent mean ± S.D. of percent of trypan blue stained
cells/ total cells in medium and on the plate. Each assay was performed in triplicate wells
and three independent experiments. *indicates p<0.05 versus cells treated with 3 μM GST.
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Figure 3.
(a) Percent of detached cells of differentiated RAW osteoclasts treated for 16 h without
serum on type I collagen (COL1), fibronectin (FN) and vitronectin (VN) by GST, GST-
PIIBNP and GST-mutant PIIBNP (mPIIBNP). Columns represent mean ± S.D. of percent
detached cells. (b) A time course experiment showing the kinetics of osteoclast detachment
by PIIBNP on vitronectin (VN) coated plates. Left panel shows percent detached RAW-
osteoclasts. Right panel shows percent cell death of RAW osteoclasts. Columns represent
mean ± S.D. of the percent detached cells (Left panel) and percent trypan blue stained cells
(Right panel). (c) DNA fragmentation in RAW-osteoclasts after 16 h of treatment with 3 μM
GST and GST-PIIBNP on type I collagen (COL1), fibronectin (FN) and vitronectin (VN)
coated plates. (d) Effect of GST-PIIBNP for apoptosis of osteoclasts on type I collagen.
Columns represent mean ± S.D. of TUNEL positive cells, at least 300 cells were counted by
a blinded observer in the same experiment. The results shown are the average of three
individual samples. (e) Effect of PIIBNP on caspases 8, 9 and 3 analyzed by Western
blotting. RAW-osteoclasts were treated for 16 h with 3 μM GST and GST-PIIBNP on type I
collagen (COL1) fibronectin (FN) and vitronectin (VN) coated plates. The results shown
represent three independent experiments. Each assay was performed in triplicate wells and
three independent experiments. *indicates p<0.05 versus (a) (d) cells treated with 3 μM GST
and (b) non (0h) treatment.
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Figure 4.
The dose-dependent effect of reduction of αV integrin by siRNA on PIIBNP-induced cell
death. (a) The expression levels of αV integrin mRNA were analyzed by realtime PCR.
Expression ratios of αv integrin (αv siRNA/ Control siRNA) are shown. (b) The panels show
percent cell death of RAW-osteoclasts without serum on type I collagen (COL 1) and
vitronectin (VN) after the treatment of GST, and GST-PIIBNP for 16 h. Three
concentrations of siRNA were used to reduce integrin expression. Columns represent mean
± S.D. of the percent of Trypan Blue stained cells/ total cells. Each assay was performed in
triplicate wells and three independent experiments. *indicates p<0.05 versus cells treated
with control siRNA.
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Figure 5.
The dose-dependent effect of reduction of β3 integrin by siRNA on PIIBNP-induced cell
death. (a) The expression levels of β3 integrin mRNA were analyzed by realtime PCR.
Expression ratios of αv integrin (β3 siRNA/ Control siRNA) are shown. (b) The panels show
percent cell death of RAW-osteoclasts without serum on type I collagen (COL 1) and
vitronectin (VN) after the treatment of GST, and GST-PIIBNP for 16 h. Three
concentrations of siRNA were used to reduce integrin expression. Columns represent mean
± S.D. of the percent of Trypan Blue stained cells/ total cells. Each assay was performed in
triplicate wells and three independent experiments. *indicates p<0.05 versus cells treated
with control siRNA.
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Figure 6.
Inhibition of osteoclast bone resorptive activity by PIIBNP in vivo. The calvarial bones were
harvested from mice treated with PBS, LPS, LPS + GST, and LPS + PIIBNP. (a) Upper
panels showed that the histological sections stained for TRAP and counterstained with
hematoxylin. Red cells are TRAP-stained osteoclasts. Lower panels showed that the
histlogical staining for in situ TUNEL staining and counterstained with methyl green. Black
arrow indicates TUNEL positive cells. The histological sections were fixed with 4% neutral
buffered formalin for 10 min and apoptotic cells were determined using TUNEL assay kit
(Wako) according to the manufacturer's protocol. Bar =100 μm. (b) Quantitation of
osteoclast numbers. Columns represent mean ± S.D. of the osteoclasts number/ mm2.
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(c) Percent of eroded surface occupied by osteoclasts. Columns represent mean ± S.D. of the
percentage of eroded bone surface length covered by osteoclasts. For each animal, the
sections with the largest diameter of bone marrow were used for calculations. (d)
Quantitation of serum type I collagen fragment (C-telopeptide, Ctx) at the time of sacrifice.
Columns represent mean ± S.D. of the Ctx concentration in serum. Each assay was
performed in triplicate wells and three independent experiments. *indicates p<0.05 versus
samples treated with LPS + GST.
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