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kinase mediated by the induction of low-
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ABSTRACT Osteopontin (OPN) is an osteogenic marker protein. Osteoblast functions are
affected by inflammatory cytokines and pathological conditions. OPN is highly expressed in
bone lesions such as those in rheumatoid arthritis. However, local regulatory effects of OPN
on osteoblasts remain ambiguous. Here we examined how OPN influences osteoblast re-
sponses to mechanical stress and growth factors. Expression of NO synthase 1 (Nos1) and
Nos2 was increased by low-intensity pulsed ultrasound (LIPUS) in MC3T3-E1 cells and primary
osteoblasts. The increase of Nos1/2 expression was abrogated by both exogenous OPN
overexpression and recombinant OPN treatment, whereas it was promoted by OPN-specific
siRNA and OPN antibody. Moreover, LIPUS-induced phosphorylation of focal adhesion kinase
(FAK), a crucial regulator of mechanoresponses, was down-regulated by OPN treatments.
OPN also attenuated hepatocyte growth factor-induced vitamin D receptor (Vdr) expression
and platelet-derived growth factor-induced cell mobility through the repression of FAK activ-
ity. Of note, the expression of low-molecular weight protein tyrosine phosphatase (LMW-
PTP), a FAK phosphatase, was increased in both OPN-treated and differentiated osteoblasts.
CD44 was a specific OPN receptor for LWW-PTP induction. Consistently, the suppressive in-
fluence of OPN on osteoblast responsiveness was abrogated by LMW-PTP knockdown. Taken
together, these results reveal novel functions of OPN in osteoblast physiology.
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INTRODUCTION

Osteoblasts, which are derived from mesenchymal stem cells, have
multiple roles in bone metabolism by producing various types of
polypeptidic factors. Bone matrix proteins such as osteopontin
(OPN), bone sialoprotein (BSP), and osteocalcin (OCN) are pro-
duced by mature osteoblasts in the process of bone formation and
tissue mineralization (Staines et al., 2012; Neve et al., 2013). Osteo-
blasts also synthesize receptor activator of nuclear factor x-B ligand
(RANKL) and osteoprotegerin for the regulation of osteoclastic ac-
tivities in bone resorption (Walsh and Choi, 2014). We have also
showed that osteoblasts stably express several chemokines for
guiding the migration and activation of immune cells (Bandow et al.,
2007; Maeda et al., 2015).
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FIGURE 1: OPN attenuates the effects of LIPUS on osteoblasts. (A) MC3T3-E1 Tet-on cells,
stably transfected with pTRE2Hyg-OPN, were incubated in regular medium with or without

2 pug/ml DOXY for 48 h or in osteogenic differentiation medium for 10 d. Cell lysates were
analyzed for OPN protein expression by Western blotting. Significant difference from the
control by Student’s t test (*p < 0.01). (B) Three independent MC3T3-E1 cell clones with
inducible expression of OPN were incubated with or without 2 pg/ml DOXY for 48 h and either
unstimulated or stimulated with LIPUS for 20 min. After additional incubation for 2 h, total RNA
was isolated and reverse transcribed. The gene expressions of Nos1 and Nos2 were analyzed by
real-time PCR. The same experiments were performed at least three times, with consistent
results. Relative mRNA expression levels in comparison with ribosomal protein L 13a (Rpl/13a)
are shown. Error bars represent SD. Significant difference from the control by Student’s t test
(*p < 0.01) (C-E) MC3T3-E1 cells (C, D) and mouse primary osteoblasts (E) were treated with
100 ng/ml recombinant OPN protein for 6 h (C), followed by LIPUS stimulation (D, E) and
analysis as in B. (F) MC3T3-E1 cells and mouse primary osteoblasts were stimulated by LIPUS

for 20 min, followed by incubation for 6 h and analysis as in B.

OPN is a 33-kDa glycoprotein belonging to small integrin-bind-
ing ligand N-linked glycoprotein (SIBLING) family and is recognized
as a major marker of osteogenic differentiation (Kruger et al., 2014).
Increased expression of OPN is found in the lesions of bone metas-
tasis (Carlinfante et al., 2003), rheumatoid arthritis (Ohshima et al.,
2002), and periodontitis (Kido et al., 2001), and is suggested as a
pathological predictor of bone disorders (lwadate et al., 2014; Hou
et al., 2015). The involvement of OPN in bone diseases has been
partly explained by OPN-induced migration, differentiation, and
functional activation of osteoclasts (Miyauchi et al., 1991; Faccio
et al., 1998) and T-lymphocytes (Xu et al., 2005; Chen et al., 2010).
Physiological functions of osteoblasts are influenced by a wide range
of exogenous factors, such as growth factors, inflammatory cyto-
kines, bacterial infections, oxygen concentration, and mechanical
stress (Neve et al., 2011). The consequent dysfunctions of osteo-
blasts frequently lead to pathological processes of bone metabolic
diseases through uncontrolled bone remodeling. On the other hand,
reports have shown that osteoblast or osteocyte-derived SIBLING
family proteins, including BSP and dentin matrix protein 1 (DMP1),
modulate osteoblast functions through their receptor signaling
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Primary osteoblasts those observed in differentiated osteoblasts

(Figure 1A). Low-intensity pulsed ultrasound
(LIPUS) is a mechanical stress that has been
used as a clinical application to promote
bone fracture healing (Padilla et al., 2014).
Therapeutic potency of LIPUS is partly ex-
plained by nitric oxide (NO) production from
osteoblasts, which orchestrates the balance
of bone remodeling action between osteo-
blasts and osteoclasts (Reher et al., 2002;
Wang et al., 2004). We found that LIPUS-in-
duced NO synthase 1 (Nos1) and Nos2
mRNA expression is significantly inhibited by
OPN overproduction (Figure 1B). We then
examined the effects of recombinant OPN
on LIPUS stimulation of MC3T3-E1 cells and
primary osteoblasts. OPN treatment did not affect other osteogenic
marker gene expressions, including alkaline phosphatase (Alp), bone
sialoprotein (Bsp), and osteocalcin (Ocn), in undifferentiated MC3T3-
E1 cells (Figure 1C). Pretreatment by recombinant OPN had suppres-
sive effects on NosT and Nos2 inductions by LIPUS (Figure 1, D and
E). In addition, we examined the effects of LIPUS on Opn expression
in MC3T3-E1 cells and primary osteoblasts. LIPUS stimulation pro-
moted Opn mRNA expression only in primary osteoblasts (Figure 1F).
Conversely, we examined OPN effects on the mechanorespon-
siveness of osteoblasts with the inhibition of endogenous OPN
protein. MC3T3-E1 cells were cultured in osteogenic differentiation
medium for sufficient secretion of OPN from osteoblasts. The OPN-
specific small interfering RNA (siRNA) was transfected on day 10 to
decrease OPN production (Figure 2A). The OPN knockdown signifi-
cantly promoted LIPUS-induced NosT and Nos2 expression (Figure
2B). Moreover, treatment by neutralizing anti-OPN antibody efficiently
increased the basal level of Nos1 and LIPUS-induced levels of Nos1
and Nos2 in both MC3T3-E1 cells (Figure 2C) and primary osteoblasts
(Figure 2D). These results suggest that OPN negatively regulates
LIPUS-induced expression of NosT and Nos2 in osteoblasts.
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FIGURE 2: LIPUS-induced gene expression of Nos? and Nos2 was enhanced by blocking OPN. (A) MC3T3-E1 cells
were induced to differentiate in osteogenic differentiation medium for 10 d. The differentiated cells were transiently
transfected with either OPN or control siRNA. The knocking down of OPN protein expression was confirmed by
immunoblotting. Significant difference from the control by Student’s t test (*p < 0.01). (B) After the treatment of OPN
siRNA or control siRNA, LIPUS-induced Nos1 and Nos2 expressions were analyzed by real-time RT-PCR. The same

experiments were performed at least three times, with consistent results.

Relative mRNA expression levels in

comparison with Rpl13a are shown. Error bars represent SD. Significant difference from the control by Student’s t test
(*p < 0.05, **p < 0.01). (C, D) Differentiated MC3T3-E1 cells (C) or primary osteoblasts (D) were treated with 20 ng/ml
neutralizing anti-OPN antibody for 3 h. After the pretreatment, cells were stimulated with LIPUS and analyzed as in B.

OPN attenuates LIPUS-induced FAK phosphorylation
FAK is a cytoplasmic protein tyrosine kinase that has been reported
to play an important role in the mechanical stress signaling path-
way of osteoblastic cell lines and primary cultured osteoblasts
(Pommerenke et al., 2002; Boutahar et al., 2004; Young et al., 2009;
Wang etal., 2011). FAK activation also has been reported in MC3T3-
E1 cells treated with ultrasound stimulation (Wang et al., 2004). We
confirmed  significant LIPUS-induced phosphorylation of FAK
(Y576/577) in the vector control MC3T3-E1 cells (Figure 3A). Of
note, LIPUS-induced FAK phosphorylation was significantly inhib-
ited by the induction of OPN overexpression (Figure 3A). Consis-
tently, treatment with recombinant OPN also attenuated LIPUS-in-
duced FAK phosphorylation in MC3T3-E1 cells (Figure 3B).
Conversely, transient knockdown of OPN expression in differen-
tiated MC3T3-E1 cells increased the phosphorylated level of FAK
after LIPUS treatment (Figure 3C). We then pretreated MC3T3-E1
cells with dasatinib, a specific Src inhibitor that reduces Y576/577
FAK phosphorylation, and found that it significantly decreased LI-
PUS-induced Nos1, Nos2, and c-fos mRNA expression (Figure 3D).
These results raised the possibility that OPN might inhibit LIPUS-in-
duced gene expression of NosT and Nos2 through the down-regu-
lation of FAK activity.

OPN inhibits osteoblast responses to hepatocyte growth
factor and platelet-derived growth factor through the
repression of FAK activity

Because OPN efficiently repressed FAK activation by LIPUS, we next
examined whether OPN influences osteoblast responses to other
types of stimuli. Because previous studies reported that hepatocyte
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growth factor (HGF; Tsai et al., 2012) and platelet-derived growth fac-
tor (PDGF; Ren et al., 2012) induced FAK phosphorylation in osteo-
blast cell lines, we analyzed the effects of OPN on HGF- and PDGF-
induced FAK phosphorylation in osteoblasts. FAK was rapidly
phosphorylated at Y576/577 by HGF and PDGF proteins, and the
phosphorylation levels were significantly inhibited by the induction of
OPN expression (Figure 4, A and B). Similarly, treatment with recom-
binant OPN protein suppressed the effects of HGF and PDGF on FAK
phosphorylation (Figure 4, C and D). Although HGF and PDGF treat-
ments did not induce Nos1 or Nos2 expression (unpublished data), a
previous report that HGF facilitated the differentiation of human
bone marrow—derived stem cells into the osteoblastic phenotype by
the up-regulation of vitamin D receptor (VDR) expression (Chen et al.,
2012) prompted us to analyze the effects of OPN on Vdr expression
in immature osteoblasts stimulated with HGF. We found that HGF
significantly elevated the mRNA level of Vdrin MC3T3-E1 cells, which
was suppressed by DOXY-induced overexpression of OPN (Figure
4E). Consistent with this result, treatment with recombinant OPN also
attenuated the Vdr gene expression induced by HGF (Figure 4F).
We subsequently measured suppressive effects of OPN on PDGF
in a cell-spreading assay. PDGF has been reported to stimulate cell
spreading and migration of osteoblasts through FAK-induced G-
protein—coupled receptor kinase—interacting protein 1 (GIT-1) acti-
vation (Ren et al., 2012). MC3T3-E1 cells were pretreated with PDGF
for 30 min and seeded on fibronectin-coated dishes to quantify cell
areas at 60 min. PDGF stimulation significantly increased the eosin-
stained cytoplasmic area of osteoblasts, which was abrogated by
OPN treatment (Figure 4G). These results were consistent with the
reduced FAK phosphorylation in the presence of OPN protein.

Molecular Biology of the Cell
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FIGURE 3: OPN suppresses LIPUS-induced gene expression by inhibiting FAK Y576/577
phosphorylation. (A) MC3T3-E1 Tet-on OPN cell lines were incubated with or without 2 pg/ml
DOXY for 48 h and either unstimulated or stimulated with LIPUS for 20 min. The prepared cell
lysates were separated by SDS-PAGE, and Western blotting was performed with the indicated
antibodies. Significant difference from the control by Student'’s t test (*p < 0.01). (B) MC3T3-E1
cells were treated with 100 ng/ml recombinant OPN protein for 6 h. After OPN treatment, cells
were stimulated by LIPUS and analyzed as in A. (C) MC3T3-E1 cells were cultured in osteogenic
differentiation medium for 10 d. Cells were treated with anti-OPN antibodies for 2 h, followed
by stimulation of LIPUS for 20 min and analyzed as in A. (D) MC3T3-E1 cells were pretreated
with 10 uM dasatinib (a FAK Y576/577-specific inhibitor) for 6 h, followed by 20 min of LIPUS
stimulation and analysis as in A. (E) After treatment with dasatinib and LIPUS as in D, cells were
additionally incubated for 2 h. Total RNA was isolated for real-time PCR analysis. The same
experiments were performed at least three times with consistent results. Relative mRNA
expression levels in comparison with Rpl13a are shown. Error bars represent SD. Significant

induction was similar to that of Opn (Figure
5H). These results raised the possibility that
OPN might down-regulate FAK activity by
dephosphorylation via induction of LMW-
PTP expression in osteoblasts.

To examine how the increased expres-
sion of LMW-PTP affects osteoblast re-
sponses to mechanical stress and cytokines,
we established MC3T3-E1 Tet-on Flag-
tagged LMW-PTP cells. In this inducible cell
line, LIPUS-induced FAK phosphorylation
was strongly inhibited in the presence of
DOXY (Figure 6A). Similarly to LIPUS stimu-

difference from the control by Student’s t test (*p < 0.01).

Conversely, functional OPN inhibition by OPN-specific siRNA or
anti-OPN neutralizing antibody significantly up-regulated HGF and
PDGF-induced FAK phosphorylation (Figure 4, H and I). It also up-
regulated HGF-induced Vdr expressions in mature osteoblasts
(Figure 4, J and K). Taken together, these data indicate that OPN
suppresses cellular responses of osteoblasts not only to mechanical
stress but also to cytokines such as HGF and PDGF via inhibition of
FAK activity.

OPN inactivates FAK through the induction of LMW-PTP

FAK activity is down-regulated by various tyrosine phosphatases,
including LMW-PTP, src homology region 2 domain-containing
phosphatase-2 (SHP-2), and protein tyrosine phosphatase contain-
ing proline-glutamine-serine-threonine-rich motifs (PTP-PEST;
Miao et al., 2000; Lyons et al., 2001; Rigacci et al., 2002; Giannoni
et al., 2003; Zheng et al., 2011; Lee et al., 2015). LMW-PTP is a
ubiquitously expressed 18-kDa tyrosine-specific phosphatase
(Raugei et al., 2002), which dephosphorylates FAK in fibroblasts
(Rigacci et al., 2002) and T-cells (Giannoni et al., 2003). We found
that Lmw-ptp mRNA expression was highly induced by treatment
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lation, HGF- and PDGF-induced FAK phos-

phorylation was significantly suppressed by
LMW-PTP overexpression (Figure 6, B and C). Furthermore, LIPUS-
induced Nos1/Nos2 expression and HGF-induced Vdr expression
were significantly attenuated by induced expression of LMW-PTP
(Figure 6, D and E).

We then prepared siRNA against LMW-PTP to explore its in-
volvement in OPN-induced suppression of FAK activation. Transient
transfection with LMW-PTP siRNA efficiently inhibited LMW-PTP
protein expression in MC3T3-E1 cells (Figure 6F). At 24 h after
siRNA transfection, we treated cells with recombinant OPN, fol-
lowed by 6 h incubation and LIPUS stimulation. We found that LI-
PUS-induced FAK phosphorylation was enhanced, whereas the in-
hibitory effect of OPN on FAK phosphorylation was negated by the
LMW-PTP knockdown (Figure 6G). LMW-PTP siRNA transfection
similarly abrogated the suppressive effect of OPN on HGF-induced
FAK phosphorylation (Figure 6H). We also found that LIPUS-induced
Nos1 mRNA levels were further increased by LMW-PTP knockdown
in MC3T3-E1 cells (Figure 6l1) and primary osteoblasts (Figure 6J). Of
note, the suppressive influence of OPN on the LIPUS-induced Nos1
expression was abrogated by LMW-PTP knockdown (Figure 6, | and
J). These results indicated that LMW-PTP is an OPN-inducible

Role of OPN in osteoblast physiology | 1329
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FIGURE 4: OPN inhibits HGF- and PDGF-induced cellular events associated with FAK
phosphorylation. (A, B) MC3T3-E1 Tet-on OPN cell lines were incubated with or without 2 pg/ml
DOXY for 48 h and untreated or treated with either HGF (15 ng/ml) for 20 min or PDGF

(10 ng/ml) for 10 min. The prepared cell lysates were separated by SDS-PAGE, and Western
blotting was performed with the indicated antibodies. Significant difference from the control by
Student’s t test (*p < 0.01). (C, D) MC3T3-E1 cells were treated with 100 ng/ml recombinant OPN
protein for 6 h, followed by stimulation and analysis as in A and B. (E) MC3T3-E1 Tet-on OPN cell
lines were treated with DOX for 48 h, followed by stimulation with HGF for 2 h. HGF-induced Vdr
expression was evaluated by real-time RT-PCR. The same experiments were performed at least
three times, producing consistent results. Relative mRNA expression levels in comparison with
Rpl13a are shown. Error bars represent SD. Significant difference from the control by Student’s
ttest (*p < 0.01). (F) MC3T3-E1 cells were pretreated with OPN for 6 h and analyzed as in E.

(G) MC3T3-E1 cells were treated with OPN for 3 h, followed by stimulation with 10 ng/ml mouse
recombinant PDGF for 30 min. Cells were seeded on fibronectin-coated dishes and fixed with
10% formaldehyde at 60 min. Cells were stained to visualize the cytoplasm by eosin solution. Ten
attached cells were randomly selected to measure the cell-spreading area using ImageJ software.
Error bars represent SD. Statistical significance was determined by Student's t test (*p < 0.01).
(H, 1) MC3T3-E1 cells were cultured in osteogenic differentiation medium for 10 d. The
differentiated cells were transfected with OPN siRNA, stimulated by HGF or PDGF, and analyzed
as in A and B. (J, K) Differentiated MC3T3-E1 cells were treated with OPN-specific siRNA or
anti-OPN antibody, followed by HGF stimulation and analysis as in E and F.

phosphatase that down-regulates the FAK-induced cellular re-
sponses in osteoblasts.

and CD44 (Zoller, 2011) are coexpressed in
osteoblasts. To determine which OPN re-
ceptor is functionally involved in LMW-PTP
induction in osteoblasts, we used cyclic RGD
peptide, which blocks the binding of OPN at
o integrin, as well as neutralizing antibodies
against CD29 (integrin asBq) and CD44. We
found that the blockade of CD44 specifically
suppressed OPN-induced Lmw-ptp mRNA
and protein expression, whereas the two
other blockers had no significant effects on
LWM-PTP (Figure 7, A and B). We also con-
firmed the binding of OPN to CD44 by im-
munoprecipitation (Figure 7C). This result
suggests that OPN-induced LMW-PTP ex-
pression is especially mediated through
CD44.

OPN suppresses the effects of
mechanical stimulation on human
mesenchymal stem cells

Finally, we examined the suppressive effects
of OPN on the response to mechanical stress
in UE6E7-16, a human mesenchymal stem
cell line. Pretreatment by recombinant hu-
man OPN had suppressive effects on FAK
phosphorylation by LIPUS (Figure 8A). Con-
sistently, OPN treatment increased LMW-PTP
expression in UE6E7-16 cells. Next UE4E7-
16 cells were differentiated into osteoblastic
cells in osteogenic differentiation medium to
induce OPN secretion. After differentiation
for 10 d, UE6E7-16 cells highly expressed
Opn and Lmw-ptp mRNAs (Figure 8B). Treat-
ment of the differentiated UE4E7-16 cells by
neutralizing anti-OPN antibody efficiently in-
creased the both basal and LIPUS-induced
levels of Nos1 (Figure 8C). These results sug-
gest that a negative regulatory effect of OPN
is observed in human mesenchymal stem
cells as in mouse counterparts.

DISCUSSION

OPN, also called secreted phosphoprotein 1
(SPP1), was initially identified as an extracel-
lular matrix protein that had inhibitory effects
on the formation and growth of hydroxyapa-
tite crystals in bone matrix and other organs
(Sodek et al., 2000). Osteoblasts are the ma-
jor source of OPN in bone tissue. Although
the expression of OPN is generally recog-
nized as a middle-stage marker of osteo-
genic differentiation (Kruger et al., 2014),
skeletal analysis of Opn-knockout mice

showed that OPN is not essential for normal mouse development
and osteogenesis (Rittling et al., 1998). Of note, however, a more

detailed study using Fourier-transformed infrared microspectroscopy

CD44 is a specific OPN receptor for LMW-PTP induction

OPN interacts with a variety of cell surface receptors, including
several integrins (on/f1, oyBs, oPs, oPs, and oasPq) and CD44
(Kazanecki et al., 2007; Wang and Denhardt, 2008). Histologically,
OPN and its receptors, 0— and B-integrin subunits (Lim et al., 2005),
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and infrared imaging indicated that bone mineral content and size
were significantly increased in Opn-knockout mice (Boskey et al.,
2002), indicating an essential regulatory role of OPN in bone me-
tabolism. The precise roles of OPN in osteoblastic functions remain
ambiguous. Our present findings indicate that OPN has suppressive
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Our findings show that OPN negatively reg-
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FIGURE 5: Stimulation with OPN increased the expression of LMW-PTP in osteoblasts.

(A-D) MC3T3-E1 cells (A, C, D) and primary osteoblasts (B) were stimulated with HGF, OPN, or
PDGF for 1 or 3 h. Gene expression was analyzed by real-time RT-PCR. The same experiments
were performed at least three times with consistent results. Relative mRNA expression levels in
comparison with Rpl13a are shown. Error bars represent SD. Significant difference from the
control by Student’s t test (*p < 0.01). (E) MC3T3-E1 and MC3T3-E1 Tet-on OPN cell lines were
incubated with or without 2 pg/ml DOXY for 24 or 48 h. The gene expression of Lmw-ptp was
analyzed as in A. (F) MC3T3-E1 cells and primary osteoblasts were stimulated by OPN for 6 h.
LMW-PTP protein expression was analyzed by Western blotting. Significant difference from the
control by Student'’s t test (*p < 0.01). (G) MEFs and NIH-3T3 cells were stimulated with OPN for
1 or 3 h. The same analysis was performed as in D. (H) MC3T3-E1 cells were induced to
differentiate by the addition of ascorbic acid and B-glycerophosphate for the indicated days.
Gene expression of Lmw-ptp and Opn during osteogenic differentiation was examined by

real-time RT-PCR.

effects on osteoblast physiology in autocrine/paracrine manners by
increasing the expression of LMW-PTP.

Various regulatory factors are involved in the proper develop-
ment and maintenance of bone structure. It was previously reported
that PDGF stimulates osteoblast migration and bone formation by
inducing the tyrosine phosphorylation of GIT1 (Ren et al., 2012).
Moreover, Chen et al. (2012) demonstrated that HGF induces osteo-
blastic differentiation of MSCs by increasing the expression of VDR.
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disrupted (Kim et al., 2007), suggesting that
FAK might be essentially in maintaining the
integrity of bone tissues. Indeed, our pres-
ent data confirm that FAK becomes phos-
phorylated by various exogenous stimuli,
including mechanical stress, HGF, and PDGF
(Figures 3A and 4, A and B). Furthermore, a
specific FAK inactivation significantly inhib-
ited LIPUS-induced mRNA expression of
Nos1, Nos2, and c-fos (Figure 3D), indicat-
ing that FAK is an essential signal mediator
of LIPUS.

Of note, our present data indicate that
the inhibitory effects of OPN on osteoblast
functions are specifically mediated by the
inactivation of FAK signaling (Figures 3 and 4). FAK is dephosphory-
lated by various protein tyrosine phosphatases, such as SHP-2 (Lee
et al., 2015), PTP-PEST (Lyons et al., 2001), and LMW-PTP (Rigacci
et al., 2002). We showed that endogenous and exogenous OPN
stimulation significantly increased gene and protein expression of
LMW-PTP (Figure 5). On the other hand, Shp-2 and Ptp-pest mRNA
expression was not affected by OPN treatment (Figure 5C). FAK
inactivation by LMW-PTP has been reported to impair fibroblast
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FIGURE 6: LMW-PTP is involved in OPN-induced inactivation of osteoblast reactions.
(A-C) MC3T3-E1 Tet-on Flag-LMW-PTP cell lines were incubated with or without 2 pg/ml DOXY
for 48 h and either untreated or treated with LIPUS, recombinant HGF (15 ng/ml), or PDGF

(10 ng/ml) for the indicated time.

The levels of total and phosphorylated FAK were evaluated by

Western blotting. Significant difference from the control by Student'’s t test (*p < 0.01).
(D) MC3T3-E1 Tet-on Flag-LMW-PTP cells were incubated with DOXY for 48 h and stimulated with

LIPUS for 20 min. After additional incubation for 2 h, total RNA was isolated and reverse
transcribed. Gene expression of Nos1 and Nos2 was analyzed by real-time PCR. The same
experiments were performed at least three times with consistent results. Relative mRNA
expression levels in comparison with Rpl13a are shown. Error bars represent SD. Significant

difference from the control by Student’s t test (*p < 0.01). (E) MC3T3-E1 Tet-on Flag-LMW-PTP
cell lines were treated with DOXY for 48 h, followed by stimulation by HGF for 2 h. Real-time PCR

analyses were performed as in D.

(F-J) MC3T3-E1 cells (F-I) and primary mouse osteoblasts

(J) were transiently transfected with either LMW-PTP siRNA or control siRNA. Inhibitory effects of
LMW-PTP siRNA on protein expression (F) were examined by Western blotting. After transfection,

cells were treated with recombinant OPN for 6 h, followed by stimulation by LIPUS (G, |, J) or HGF

(H). Phosphorylation of FAK (G, H) and NosT mRNA expression (I, J) was analyzed as in A and D.
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migration (Rigacci et al., 2002) and T-cell ad-
hesion (Giannoni et al., 2003). To our knowl-
edge, the present study is the first report
showing the relationship between OPN and
LMW-PTP in a broad range of osteoblast
functions. Of interest, Lmw-ptp expression
was gradually increased and correlated well
with Opn expression during osteogenic dif-
ferentiation (Figure 5, D and E), indicating a
possible regulatory involvement of LMW-
PTP in the process of osteoblast differentia-
tion. A previous study reported that Src is
inactivated by increased expression and ac-
tivity of LMW-PTP during osteoblast differ-
entiation (Zambuzzi et al., 2008). The Src-
FAK signaling pathway might be regulated
by OPN-induced LMW-PTP expression in
differentiated osteoblasts.

OPN treatment also increased Lmw-ptp
mRNA in fibroblasts similarly to in osteo-
blasts (Figure 5G), demonstrating that this
OPN effect is not limited to osteoblasts.
Several studies showed that the elevated
OPN expression affects physiological func-
tions of fibroblasts. For example, increased
OPN expression modified adhesive proper-
ties and integrin-mediated signal transduc-
tion in NIH-3T3 cells (Chambers et al., 1992).
Paracrine signaling by tumor-derived OPN
reprogramed normal fibroblasts into tumor-
promoting inflammatory fibroblasts (Sharon
et al., 2015). Given that FAK signaling com-
plexes are known to play an integral role in
fibroblastic functions such as cell prolifera-
tion, collagen synthesis, and wound healing
(Rustad et al., 2013), OPN-induced LMW-
PTP expression might regulate FAK-associ-
ated molecular events in fibroblasts.

We found that PDGF-induced FAK phos-
phorylation (Figure 6C) and cell spreading
(unpublished data) were significantly im-
paired by LMW-PTP overexpression, indi-
cating that LMW-PTP might negatively reg-
ulate PDGF-induced physiological functions
of osteoblasts through the dephosphoryla-
tion of FAK. However, a previous study indi-
cated that LMW-PTP dephosphorylates
PDGF receptor and reduces the growth rate
of fibroblasts in response to PDGF stimula-
tion (Chiarugi et al., 1998). Therefore it is
possible that LMW-PTP inhibits osteoblast
responses to PDGF via direct dephosphory-
lation of PDGF receptor rather than FAK.

Expressional regulation of LMW-PTP
was reported in myogenic and neurogenic
differentiation of C2C12 myoblasts and
PC12 phenochromocytoma cells, respec-
tively (Fiaschi et al., 2001). Cell differentia-
tion up-regulated the expression and enzy-
matic activity of LMW-PTP in each cell line
(Fiaschi et al., 2001). Consistent with this
previous report, we found that LMW-PTP
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FIGURE 7: CD44 is involved in the induction of LMW-PTP expression
by OPN. (A) MC3T3-E1 cells were treated with 10 uM cyclic RGD
peptide (an integrin oyB3-specific antagonist), anti-CD29 neutralizing
antibody, or anti-CD44 neutralizing antibody for 6 h, followed by OPN
stimulation at 100 ng/ml for 3 h. Lmw-ptp mRNA induction was
analyzed by real-time RT-PCR. The same experiments were performed
at least three times with consistent results. Relative mRNA expression
levels in comparison with Rpl13a are shown. Error bars represent SD.
Significant difference from the control by Student's t test (*p < 0.01).
(B) After treatment as in A, LMW-PTP protein expression was
analyzed by Western blotting. (C) MC3T3-E1 cells were stimulated by
100 ng/ml OPN for 1 h. Cells were further incubated in PBS with

50 mM BS3 for 20 min at room temperature. Immunoprecipitation
was performed with anti-OPN antibody. Precipitates and lysate from
MC3T3-E1 cells (positive control) were separated by SDS-PAGE,
followed by detection using anti-CD44 antibody.

expression gradually increased in osteoblastic differentiation (Figure
5E). LMW-PTP expression also increased by cell-cell contact in
C2C12 (Fiaschi et al., 2001) and NIH-3T3 cell lines (Berti et al., 1994).
Our and previous results strongly suggest that LMW-PTP plays im-
portant roles in physiological processes that require cell growth ar-
rest, including cell confluency and differentiation. Further investiga-
tion of regulatory mechanisms of LMW-PTP expression, including its
gene regulatory region, is needed for better understanding of the
relationship between LMW-PTP expression and cell differentiation.
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FIGURE 8: OPN attenuates the effects of LIPUS on human
mesenchymal stem cells. (A) UEGE7-16 cells were incubated with
recombinant human OPN for 6 h and stimulated by LIPUS for 20 min.
Cell were lysed in PLC lysis buffer. Cell lysates were separated by
SDS-PAGE, and Western blotting was performed with the indicated
antibodies. Significant difference from the control by Student's t test
(*p < 0.01). (B) UE6E7-16 cells were induced to differentiate in
osteogenic differentiation medium for 10 d. Gene expression was
analyzed by real-time PCR. The same experiments were performed at
least three times with consistent results. Relative mRNA expression
levels compared with RPL13a are shown. Error bars represent SD.
Significant difference from the control by Student’s t test (*p < 0.01).
(C) UEGE7-16 cells were induced to differentiate as in B. Cells were
treated with anti-OPN antibodies for 2 h, followed by LIPUS
stimulation for 20 min, and incubated for 2 h. NosT mRNA expression
was analyzed by real-time PCR.

Finally, our present findings might provide insight into the clinical
effectiveness of LIPUS for bone diseases. We showed that both en-
dogenous overexpression and exogenous addition of OPN signifi-
cantly suppressed LIPUS-induced expression of Nos? and Nos2,
which are regulatory synthases for NO production (Figure 1). Be-
cause the therapeutic effect of LIPUS has partly been explained by
ultrasound-induced NO synthesis by osteoblasts (Reher et al., 2002),
our results suggest that osteoblast responses to mechanical stress
such as LIPUS might vary, depending on the local tissue concentra-
tion of OPN. This might explain why LIPUS treatment has variable
clinical effects on bone fracture healing.
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In summary, we demonstrated that OPN suppresses osteoblast
responses to mechanical stress and cytokines, including HGF and
PDGF. These OPN-induced effects are mediated through FAK inac-
tivation by the induction of LMW-PTP. These results suggest possi-
ble new OPN-targeted clinical approaches to chronic bone meta-
bolic disorders such as osteoporosis. This study also provides new
insights into the molecular mechanisms by which OPN affects os-
teoblast physiology.

MATERIALS AND METHODS

Reagents and antibodies

Recombinant mouse and human OPN was purchased from Pepro-
tech (Rocky Hill, NJ). Recombinant mouse HGF was provided by
Mitsubishi Tanabe Pharma (Osaka, Japan). Recombinant mouse
PDGF-AA was purchased from Prospec (Rehovot, Israel). Dasat-
inib, a specific FAK'Y576/577 inhibitor, was purchased from Focus
Biomolecules (Plymouth Meeting, PA). Cyclo owf3-integrin bind-
ing cyclic RGD peptide was from Anaspec (Fremont, CA). Anti-
mouse CD29 neutralizing antibody was from Biolegend (San
Diego, CA). Anti-mouse CD44 neutralizing antibody was from BD
Biosciences (San Jose, CA). Antibodies recognizing total and
phosphorylated (Y575/576) forms of FAK were obtained from Cell
Signaling Technology (Danvers, MA). Antibodies against OPN
and B-actin were from Santa Cruz Biotechnology (Santa Cruz, CA).
M2 anti-Flag antibody was from Sigma-Aldrich (St. Louis, MO).
The antibody against LMW-PTP was purchased from R&D systems
(Minneapolis, MN).

Cell culture

MC3T3-E1, a mouse osteoblastic cell line, was obtained from RIKEN
Cell Bank (Tsukuba, Japan) and maintained in Eagle’s a-MEM
(WAKO) containing 10% fetal bovine serum (FBS), 50 U/ml penicil-
lin, and 50 mg/ml streptomycin. NIH-3T3, a mouse fibroblastic cell
line, was obtained from RIKEN Cell Bank and maintained in D-MEM
(WAKQ) containing 10% FBS, 50 U/ml penicillin, and 50 mg/ml
streptomycin. UE6GE7-16, a human mesenchymal stem cell line, was
obtained from RIKEN Cell Bank and maintained in Poweredby10
medium (Glycotechnica, Yokohama, Japan). Primary osteoblasts
were isolated from newborn mouse calvariae. Briefly, calvariae were
excised under aseptic condition, rinsed twice with ice-cold phos-
phate-buffered saline (PBS), and incubated in enzyme solution (PBS
containing 0.25% collagenase | and 0.125% trypsin) with agitation.
After consecutive enzyme treatment (6 x 20 min), the fourth, fifth,
and sixth supernatants were centrifuged. The pellets were resus-
pended in a-MEM for cell culture. MEFs were prepared from 14-d
postcoital C57BL/6 mouse embryos as previously described (Coats
et al., 1999). Osteogenic differentiation of MC3T3-E1, primary os-
teoblasts, and UE6E7-16 was induced by the addition of 280 pM -
ascorbic acid 2-phosphate trisodium and 5 mM B-glycerophosphate
in the culture medium.

Tet-on inducible expression system

The establishment of the MC3T3-E1 pEF1a-Tet-on cell line has
been described (Matsuguchi et al., 2009). The coding cDNAs for
mouse OPN and LMW-PTP were amplified by reverse transcription
PCR (RT-PCR) with specific primers using total RNA from C57BL/6
mouse primary osteoblasts as the template. After the confirmation
of the DNA sequences, these cDNAs were cloned into pEFBOS-
Flag (Matsuguchi et al., 2001) vector, producing pEFBOS-Flag-
mOPN and pEFBOS-Flag-mLMW-PTP, respectively. The cDNA in-
serts of these plasmids were recloned into pTRE2-Hyg vector
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(Clontech Laboratories), producing inducible expression plasmids
pTRE2-Hyg-Flag-OPN and pTRE2-Hyg-Flag-LMW-PTP, respectively.
pTRE2-Hyg-Flag-OPN and pTRE2-Hyg-Flag-LMW-PTP were stably
transfected into the MC3T3-E1 pEF1a-Tet-on cell line by HilyMax
(Dojindo, Kumamoto, Japan). After selection with 0.15 mg/ml hy-
gromycin B, the isolated resistant clones were tested for inducible
protein expression from the inserted cDNAs with 2 ug/ml DOXY.
Three individual cell lines with good inducible protein expression
were analyzed for each construct.

Ultrasound application

Cells were stimulated using a LIPUS-generating system (Teijin
Pharma, Tokyo, Japan) as previously described (Kusuyama et al.,
2014). The LIPUS signal consisted of a series of 1.5-MHz, 200-ps
burst sine waves at 1.0 kHz and was delivered at 30 mW/cm?. The
pattern and intensity of the LIPUS signal were essentially the same
as used in clinical practice and animal model experiments.

RNA interference

Chemically synthesized siRNA duplexes specific for murine LMW-
PTP: (CCAUUGAGCAGCUCACUCA)ITAT and Ur(GAGUGAGC-
UGCUCAAUGG)dTAT were purchased from Sigma-Aldrich. OPN-
specific and nontargeting control siRNA duplexes (Control siRNA-A)
were from Santa Cruz Biotechnology. The duplex siRNAs were trans-
fected using HilyMax according to manufacturer’s instructions.

Gene symbol Primer (5’-3’)

mNos1 TATGTGGCAGAAGCTCCAGA
TCGATCGGCTGGATTTAGGA
mNos2 ATGGAGCATCCCAAGTACGA
TGCCCATGTACCAACCATTG
mc-fos GGCAATAGCGTGTTCCAATTA
AATGAACATTGACGCTGAAGG
mVdr CGTGCAGACGTAAGTACAGG
CGGTTCCATCATGTCCAGTG
mLmw-ptp GCCCATAAGGCAAGACAGATTA
TCATAGCTCCCAAGTAGCTCA
mShp-2 GTGGAGAGAGGGAAGAGCAA
CCGACCTTAGAGAGTTTGAGC
mPtp-pest CAATGGGGAGGACAACTTCG
AACTCGGCTGTGATCAAATGG
hRpl13a AGGTGCAGGTCCTGGTG
GTTGATGCCTTCACAGCGTA
hNos1 CCACACCCATAAACCAGTCG
GTAGGGACTGAGCCGTGAG
hOpn CATCACCTGTGCCATACCAG
TTGGAAGGGTCTGTGGGG
hLmw-ptp GCCCGGCAATTACCAAA
TGTGGATCATAGCTCCCAAG

TABLE 1: Primers used in this study.
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Quantitative PCR analysis

The isolation of total RNA and quantitative PCR were conducted as
previously described (Kusuyama et al., 2014). The primer sequences
are listed in Table 1. The unlisted primers were previously described
(Bandow et al., 2010; Kusuyama et al., 2014).

Protein cross-linking and immunoprecipitation

MC3T3-E1 cells were stimulated by 100 ng/ml OPN for 1 h. Cells
were further incubated in PBS with 50 mM bis(sulfosuccinimidyl)
suberate (BS3), an amine-to-amine cross-linker, for 20 min at room
temperature. The cell lysates were prepared in PLC lysis buffer and
incubated with OPN antibody for 2 h at 4°C, followed by incuba-
tion with protein A-Sepharose beads (GE Healthcare Biosciences,
Piscataway, NJ) for an additional 1 h. The beads were washed
three times in ice-cold PLC lysis buffer, suspended in SDS sample
buffer, and heated at 95°C for 10 min. The eluted proteins were
applied to SDS-PAGE and analyzed by Western blotting.

Western blot analysis

For Western blot analyses, total cellular lysate preparation and im-
munoblotting procedures were performed as previously described
(Kusuyama et al., 2014). The same experiments were performed
three times, producing consistent results. Relative protein expres-
sion levels in comparison with B-actin were quantitatively analyzed
using ImageJ software. Error bars represent SD.

Cell-spreading assays

Cells were incubated with normal medium for 12 h and serum-
starved medium for 6 h and then suspended in normal medium.
Cells were seeded on fibronectin-coated dishes with or without
PDGF and OPN treatment and fixed with 10% formaldehyde at
60 min. Cells were stained to visualize the cytoplasm by eosin solu-
tion. Ten attached cells were randomly selected for measurement of
cell-spreading area using ImageJ software. Statistical analysis was
performed using Student's t test.
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