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ABSTRACT
The osteoclast (OC) is a major player in the pathogenic bone destruction of inflammatory bone diseases such as rheumatoid arthritis and
Langerhans cell histiocytosis. Recently, it was shown that immature dendritic cells (iDC) fuse faster and more efficiently than monocytes in
forming OC‐likemultinucleated giant cells (MGCs), and that osteopontin (OPN) is involved in the pathogenesis of inflammatory bone diseases. In
this study, we hypothesized that OPN is a key factor for generation of OC‐likeMGCs from iDCs.We used an in vitro culture system to differentiate
iDCs, derived from monocytes obtained from the blood of healthy donors, into OC‐like MGCs. We evaluated OPN levels and expression of OPN
receptors during the course of differentiation. OPN has an arginine‐glycine‐aspartic acid (RGD)motif, and protease cleavage reveals a SVVYGLR
motif. The concentrations of both full‐length and cleaved forms of OPN increased during the course of OC‐like MGC formation. Expression of
OPN RGD‐ and SVVYGLR‐recognizing receptors also increased at later stages. We analyzed whether blocking OPN binding to its receptors
affected OC‐like MGC formation. Monocytes treated with OPN siRNA were able to differentiate into iDCs effectively; however, differentiation of
these iDCs into OC‐likeMGCswas significantly reduced. The formation of OC‐likeMGCswas not significantly reduced by RGD synthetic peptide.
By contrast, SVVYGLR synthetic peptide caused a significant reduction. These data suggest that the cleaved form of OPN plays a critical role in
driving iDC differentiation into OC‐like MGCs in the early phase of differentiation, in an autocrine and/or paracrine fashion. J. Cell. Biochem.
115: 585–595, 2014. � 2013 Wiley Periodicals, Inc.
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Osteoclasts (OC) are bone‐resorbing giant polykaryon cells that
differentiate from mononuclear macrophage/monocyte‐lineage

hematopoietic precursors. Upon stimulation by cytokines, such as
macrophage colony‐stimulating factor (M‐CSF) and receptor activator of
NF‐kB ligand (RANKL), OC precursor cells migrate and attach onto the
bone surface. There they fuse with each other to form multinucleated
giant cells (MGCs) and mediate bone resorption [Teitelbaum, 2000].

Osteopontin (OPN) plays an important role physiologically in bone
remodeling, especially in bone resorption, bymodulating OC function
[Chellaiah et al., 2003; Standal et al., 2004]. OPN contains the
classical cell‐binding motif arginine‐glycine‐aspartic acid (RGD) that

binds cell surface RGD‐recognizing integrins such as avb1, avb3,
a5b1, and CD44 variant (v) 6 [Hu et al., 1995; Gao et al., 2003]. RGD‐
recognizing integrins are expressed by a variety of cells including
fibroblasts, smooth muscle cells, endothelial cells, epithelial cells, and
immune cells [Uede, 2011]. OPN can be cleaved by proteases,
including thrombin and plasmin, which exposes a serine‐valine‐
valine‐tyrosine‐glycine‐leucine‐arginine (SVVYGLR) motif [Yoko-
saki et al., 1999]. This motif is recognized by non‐RGD‐recognizing
integrins such as a4b1 expressed by T cells and macrophages, and
a9b1 expressed by fibroblasts, neutrophils, macrophages, smooth
muscle cells, and OCs [Smith et al., 1996; Green et al., 2001].
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OCs play a major role in the pathogenic bone destruction of
rheumatoid arthritis (RA) and Langerhans cell histiocytosis (LCH)
[Redlich et al., 2002; da Costa et al., 2005]. Recently, it was revealed
that immature dendritic cells (iDC) fuse more quickly and efficiently
than monocytes to form OC‐like MGCs in the inflammatory
environment [Rivollier et al., 2004]. This suggests that iDC‐derived
OCs may be directly involved in the osteolytic lesions observed in
inflammatory bone diseases such as RA or LCH. OPN is implicated in
the pathogenesis of RA [Yumoto et al., 2002; Yamamoto et al., 2007]
and LCH [Prasse et al., 2009; Allen et al., 2010].

Based on these findings, we hypothesized that OPN is a key factor
in the formation of OC‐like MGCs from iDCs. In this study we found
that OPN, particularly after cleavage, plays a critical role in the
formation of OC‐like MGCs from iDCs in an autocrine and paracrine
manner.

MATERIALS AND METHODS

MONOCYTE PURIFICATION AND IDC DIFFERENTIATION
Monocytes and iDCs were defined by the expression of CD14 and
CD1a, respectively [Chapuis et al., 1997]. PBMC were obtained from
healthy adult volunteer donors. Informed consent was obtained from
them. The ethics committee, Jichi Medical University School of
Medicine approved this study. A positive selection of CD14þ cells was
performed by adding MACS colloidal superparamagnetic microbeads
conjugated with monoclonal anti‐human CD14 Abs (IgG2a),
(Miltenyi Biotec, Tokyo, Japan) to freshly prepared PBMC preparation
in MACS buffer according to the manufacture0s instructions. Briefly,
after incubation of cells and microbeads (15min at 4°C), cells were
washed with MACS buffer, resuspended, and loaded onto the top of
the separation column. Trapped CD14þ PBMC were eluted with a
sixfold amount of coldMACS buffer. Usingflow cytometry, the purity
of the CD14þ cells was evaluated at 98.8� 0.4%.

Purified monocytes were used to generate monocyte‐derived iDCs
in vitro, as previously described [Rivollier et al., 2004]. Briefly,
monocytes were seeded at 106 cells/ml and maintained in RPMI 1640
(Life Technologies, Paisley, UK) supplemented with 10mM N‐2‐
hydroxyethylpiperazine‐N0‐2‐ethanesulfonic acid (HEPES), 2mM L‐
glutamine, 100U/ml penicillin and 100mg/ml streptomycin (Life
Technologies), 10% heat‐inactivated fetal calf serum (FCS; Biological
Industries, Beit Haemek, Israel), 50 ng/ml human recombinant (h)
granulocyte‐macrophage colony‐stimulating factor (GM‐CSF), and
500U/ml h IL‐4 (PeproTech, Rocky Hill, NJ). After 5 days in culture,
more than 90% of the cells were iDCs as assessed by CD1a labeling.

OC‐LIKE MGC FORMATION AND TRAP ASSAY
iDCs were seeded at 1,600 cells/mm2 in 48‐well plates, into which a
sterilized glass coverslip was placed, ina‐minimum essential medium
(a‐MEM) (Life Technologies) supplemented with 10% FCS, 2mM L‐
glutamine, 100 U/ml penicillin, and 100mg/ml streptomycin in the
presence of 25 ng/ml M‐CSF and 100 ng/ml RANKL (PeproTech,
Rocky Hill, NJ). During the course of differentiation, we harvested
culture supernatants and various cells including monocytes, iDCs,
and various differential stages of OC‐like MGCs at day 4 (OC4), day 8
(OC8), and day 12 (OC12). Tartrate‐resistant acid phosphatase (TRAP)

activity, a signature marker for OCs, was assessed using a leukocyte
acid phosphatase kit (Sigma–Aldrich) at day 12. Nuclear DNA was
stained with 10mg/ml Hoechst 33342 (Sigma–Aldrich) for 30min at
37°C and fixed with 15% formol.

SUPPRESSION OF OPN BY RNA INTERFERENCE
Suppression of OPN expression was performed by RNA interference
using specific small interfering RNA oligonucleotides (siRNA)
(ccaaguaaguccaacgaaaTT). Control siRNA sequence was acucuau-
cugcacgcugacTT. siRNAs were transfected into human monocytes or
monocyte‐derived iDCs using Lipofectamine RNAiMAX (Life Tech-
nologies). Transfected monocytes or iDCs were cultured to form OC‐
like MGCs as described above. The number of OC‐like MGCs (TRAP‐
positive and strictly more than two nuclei) was counted on day 7 of
OC differentiation.

INHIBITION OF MGC FORMATION WITH SYNTHETIC PEPTIDES
DERIVED OPN INTERNAL SEQUENCE
In order to examinewhether the interaction of OPN and its receptors is
involved in MGC formation, we used synthetic peptides (RGD and
SVVYGLR) to both RGD‐recognizing and SVVYGLR‐recognizing
integrins. RGD and SVVYGLR peptides interfere with the binding of
OPN to RGD‐ and non RGD (a4b1 and a9b1) integrins, respectively
[Storgard et al., 1999; Green et al., 2001]. MGCs were differentiated
from iDCs, in the presence of 10mg/ml RGD or RGE (control) peptides
(Abbiotec, San Diego, CA), or 1mg/ml SVVYGLR or GRVLYSV
(control) peptides (GenScript, Piscataway, NJ). The number of OC‐like
MGCs (TRAP‐positive and strictly more than two nuclei) was counted
on day 7 of OC differentiation.

IMMUNOFLUORESCENCE AND MICROSCOPY
Monocytes and iDC were attached to slide glass by cytospin.
Monocytes, iDC and cells cultured on glass coverslips (OC4, OC8,
OC12) were first fixed with 4% paraformaldehyde for 30min at 4°C.
The slide glass or the glass coverslips were incubated in normal goat
serum for 30min at 30°C, followed by primary antibody (polyclonal
rabbit anti‐human OPN antibody (IgG), (Abcam, Cambridge, UK),
polyclonal rabbit anti‐human CD1a antibody (Sigma–Aldrich, St.
Louis, MO), monoclonal mouse anti‐human CD44v6 antibody (IgG1),
(Leica, Newcastle upon Tyne, UK), monoclonal mouse anti‐human
avb3 antibody (IgG1), (Hycult Biotech, Uden, The Netherlands), and
monoclonal mouse anti‐human a9b1 antibody (IgG1), (Abcam) for a
further overnight at room temperature. Rabbit IgG (SP137), (Abcam)
and mouse IgG1 (MOPC21), (Affinity BioReagents, Golden, CO) was
used as substitute isotype control. After washing with PBS, the
appropriate secondary antibody (Alexa Fluor 488 goat anti‐mouse
IgG (Hþ L), Alexa Fluor 488 goat anti‐rabbit IgG (Hþ L), or Alexa
Fluor 555 goat anti‐mouse IgG (Hþ L) (Molecular Probes, Inc.,
Eugene, OR) was applied for 30min at 30°C. Nuclear DNAwas stained
by DAPI (40‐6‐diamidino‐2‐phenylindole). The cells were analyzed
using an Olympus AX80 microscope equipped with an 40�/0.85 NA
or a 100�/1.35 oil iris NA objective lens, an Olympus DP70 camera,
and Olympus DP controller software (Olympus Co. Ltd., Tokyo,
Japan). The number of CD1a positive cells anda9b1 positive cells was
counted on monocyte, iDC, and day 4, 8, 12 of OC differentiation.
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QUANTIFICATION OF IMMUNOFLUORESCENCE
Images collected using the Olympus DP controller software were
analyzed for immunofluorescence intensity using Adobe Photoshop
Elements, version 11 (Adobe Systems Incorporated, Tokyo, Japan) as
follows. Using the magic wand tool in the “Select” menu of
Photoshop, the cursor was placed on a9b1‐positive cytoplasm. The
tolerance level of the magic wand tool was adjusted so that the entire
positive cytoplasm was selected automatically. The mean staining
intensity was calculated as follows: intensity score (IS)¼mean of
brightness of selected cells0 red channel score (in arbitrary units, AU)
using Adobe Photoshop Elements, version 11 [Murakami et al., 2013].

RELATIVE QUANTITATIVE RT‐PCR
Levels of OPN, CD44v6, integrin av, and integrin a9 mRNA were
measured by relative quantitative real‐time reverse transcription
polymerase chain reaction (RT‐PCR) using the 7500 Fast System
(Applied Biosystems, Foster City, CA); b‐actin was used as an internal
standard. Briefly, RNA was isolated from the harvested cells using an
RNeasy kit (Qiagen, Hilden, Germany), reverse transcribed, and PCR
amplified using a One Step PrimeScript RT‐PCR Kit (Takara Bio,
Shiga, Japan), with TaqMan Gene Expression Assay primers for
human OPN (Hs00959010), integrin av (Hs00233808), integrin a9
(Hs00979865), CD44v6 (Hs01075854), and b‐actin (Hs99999903).
Data were analyzed using the 2�DDCt method.

MEASUREMENTS OF THE FULL‐LENGTH AND THE CLEAVED FORMS
OF OPN IN THE CELL SUPERNATANT
We measured the amounts of the full‐length OPN in the cell culture
supernatant with human osteopontin ELISA kit (R&D Systems,
Minneapolis, MN) and the cleaved forms of OPN with human
osteopontin N‐half assay kit (IBL, Gunma, Japan), which can
specifically measure the N‐terminal OPN fragment cleaved by
thrombin. N‐terminal OPN fragments expose a cryptic epitope,
SVVYGLR, which is recognized by a9b1 integrin. Thus, the presence
of high amounts of N‐half OPN indicates the involvement of a9b1
integrin in OC‐like MGC differentiation.

FLOW CYTOMETRIC ANALYSIS
We used directly conjugated antibodies, FITC‐anti‐CD14 (M5E2), PE‐
anti‐CD1a (HI149), FITC‐IgG2a (G155‐178), and PE‐IgG1 (MOPC‐21)
(BD Pharmingen, Tokyo, Japan). Cells were suspended in PBS
supplemented with 10% FCS (FACS buffer) and stained with
appropriate concentrations of antibodies for 15min on ice, then
washed with FACS buffer. Cells were analyzed using a BD LSR
cytometer and CellQuest software (BD, Tokyo, Japan).

DETERMINATION OF VIABILITY AND APOPTOSIS
For floating cells, we analyzed the proportion of viable and apoptotic
cells using flow cytometry. The number of floating cells was counted,
cellswere suspended inbindingbuffer (BDPharmingen, Tokyo, Japan),
and cell suspensions were incubated with Annexin V‐PE and 7‐AAD
(BD Pharmingen, Tokyo, Japan) for 15min at room temperature. Cells
were analyzed using a BD LSR Fortessa cell analyzer and FlowJo
software (Tree Star, San Carlos, CA). Unstained cells were used as
negative controls. Viable cells were defined as double negative for
Annexin V and 7‐AAD, and apoptotic cells were defined as AnnexinV

positive and 7‐AAD negative. For analysis of adherent cells, cells
cultured on glass coverslips were stained by 0.4% trypan blue to count
viable cells. To detect apoptotic cells, terminal deoxynucleotidyl
transferase mediated dUTP nick end labeling (TUNEL) stain was
performed. Cells were fixed with 4% paraformaldehyde for 30min at
4°C. The glass coverslips were incubated with permeabilization buffer
for 2min at 4°C, followed by FITC‐labeled terminal deoxynucleotidyl
transferase (TdT) enzyme for90minat 37°C.DNAwas stained byDAPI.
The cells were analyzed using an Olympus AX80 microscope.

QUANTIFICATION OF CASPASE‐3 ACTIVITY
Caspase‐3 activity was quantified using an ApoAlert Caspase‐3
colorimetric assay kit (Clontech, Tokyo, Japan). This assay uses the
spectrophotometric detection of the chromophore p‐nitroaniline
(pNA) after its cleavage by caspases from the labeled caspase‐specific
substrates. 1.5� 105 cells were harvested at each stage (OC1, OC3, and
OC7), and resuspended in 50ml of lysis buffer and incubated for
10min at 4°C. Cell suspension were centrifuged at 15,000 rpm for
10min. Twenty‐five microliters of the supernatants were added to
25ml of 2� reaction buffer, and then incubated with caspase‐3
substrate, aspartic acid‐glutamic acid‐valine‐aspartic acid (DEVD)‐p‐
nitroaniline (pNA), for 60min at 37°C. The chromophore pNA was
measured at 405 nm in Benchmark Plus microplate reader (BIO‐RAD,
Tokyo, Japan). We constructed a standard curve for each assay run
using pNA in the concentration range of 0–200mM, and converted
optical density of each sample into pNA concentration.

MEASUREMENT OF INTRACELLULAR REACTIVE OXYGEN SPECIES
PRODUCTION
Reactive oxygen species (ROS) activity was quantified using an
OxiSelect Intracellular ROS assay kit (Cell Biolabs, San Diego, CA).
Briefly, 1.5� 105 cells were harvested at each differentiation stage
(Mo, iDC, OC1, OC3, and OC7), and then incubated with 100ml of 20,
70‐dichlorodihydrofluorescin diacetate (DCFH‐DA) at 37°C for
60min. Cells were washed twice with PBS, and lysed by cell lysis
buffer. Fluorescence was measured at 480 nm excitation/530 nm
emission in Wallac 1420 ARVO MX (Perkin Elmer, Yokohama,
Japan). We constructed a standard curve for each assay run using 20,
70‐dichlorodihydrofluorescein (DCF) in the concentration range of 0–
10mM, and converted fluorescence intensity into DCF concentration.

INHIBITION OF ROS GENERATION
We used diphenyleneiodonium chloride (DPI) (Enzo Life Sciences,
Lausen, Switzerland) orN‐acetyl‐L‐cysteine (NAC) (Sigma–Aldrich) as
ROS inhibitors. DPI was dissolved in Dimethyl sulfoxide (DMSO). NAC
was dissolved ina‐MEM, and pHwas adjusted to 7.4 by the addition of
NaOH. Monocytes or iDCs were incubated with 100nM DPI or 20mM
NAC for 60min at 37°C, and washed twice with medium. Pretreated
monocytes were cultured with GM‐CSF and IL‐4 for 5 days, and
pretreated iDCs were cultured with M‐CSF and RANKL for 7 days.

STATISTICAL ANALYSIS
The paired t‐test was used to analyze the difference between groups;
P< 0.05 was considered significant. All error bars in this study
represent the standard error mean of the mean (SEM). Statistical
analyses were performed using Microsoft Excel software.
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RESULTS

OPN PRODUCTION IS INCREASED DURING THE COURSE OF OC‐LIKE
MGC FORMATION FROM IDCs
The production of OPN mRNA and protein was investigated over the
course of OC‐like MGC formation from iDCs in vitro. First, we

obtainedmonocytes from the blood of healthy adult volunteer donors
and from them generated iDCs and then OC‐like MGCs using an in
vitro culture system (Fig. 1A). During the course of differentiation, we
harvested culture supernatants and various cells including mono-
cytes, iDCs, and various differential stages of OC‐like MGCs at day 4
(OC4), day 8 (OC8), and day 12 (OC12). Monocytes had no detectable

Fig. 1. OPN production in the course of OC‐like MGC formation from iDCs in vitro. A: Schema of experimental design. Monocytes were purified from the peripheral blood of
healthy adult volunteer donors. Monocyte‐derived immature dendritic cells were generated in vitro by culturing for 5 days with GM‐CSF/IL‐4. Osteoclasts were generated in vitro
by culturing iDCs for 12 days withM‐CSF/RANKL. Cells and supernatants were harvested from the starting population of monocytes, the resultant iDCs, and OC‐likeMGCs on day 4,
day 8, and day 12 of culture. B: OPN mRNA expression measured by relative quantitative RT‐PCR (data shown are the mean of experiments with cells from five donors). Error bars
represent mean� SEM. C: Immunofluorescence staining with anti‐OPN antibody (green) and DAPI (blue) performed on Mo, iDC, OC4, OC8, and OC12. Bars: 20mm. D: Full‐length
and cleaved OPN in the cell culture supernatants of OC differentiation from iDCs (independent experiments with cells from eight donors). Error bars represent mean of the eight
experiments� SEM. GM‐CSF, granulocyte‐macrophage colony‐stimulating factor; iDC, immature dendritic cell; M‐CSF, macrophage colony‐stimulating factor; MGC,
multinucleated giant cell; Mo, monocyte; OC: osteoclast; OC4, OC‐like MGCs on day 4; OC8, OC‐like MGCs on day 8; OC12, OC‐like MGCs on day 12; OPN, osteopontin; RANKL,
receptor activator of NF‐kB ligand; siRNA, small interfering RNA.
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OPN mRNA, but the level expressed by iDCs was exceeded by
differentiation stage OC8 (Fig. 1B). To characterize the OPN‐
producing cells further, we performed immunofluorescence staining
on samples of each cell population (monocytes, iDCs, OC4, OC8, and
OC12). Monocytes and iDC were attached to slide glass by cytospin.
OC4, OC8, and OC12 were cultured on glass coverslips. In accordance
with the increase in OPN mRNA expression found over the course of
culture, production of OPN increased with differentiation: monocytes
did not produce OPN, iDCs started to produce relatively small
amounts, and OC12 produced the highest levels of OPN (Fig. 1C). The
concentration of both the full‐length and the cleaved forms of OPN in
the cell supernatant steadily increased during the course of OC‐like
MGC formation (Fig. 1D).

EXPRESSION OF OPN RECEPTORS DURING THE COURSE OF OC‐LIKE
MGC GENERATION FROM iDCs
Next, we investigated the expression of receptors for OPN, specifically
avb3 integrin, CD44v6, and a9b1 integrin, during the course of OC‐
like MGC formation. The mRNA levels of avb3 integrin, CD44v6, and
a9b1 integrin increased and peaked at OC8 or OC12 (Fig. 2A),
following a similar pattern to OPN production. CD44v6 mRNA was
highly expressed by monocytes; however, its expression by iDCs was
low. To characterize OPN receptor‐expressing cells further we
examined avb3‐, CD44v6‐, and a9b1‐expressing OC12 for TRAP
and OPN expression using immunofluorescence staining. Further-
more, to know whether iDCs remain at the end of culture, OC12, and
whether the remaining iDCs are involved in the formation of OC‐like

Fig. 2. OPN receptor expression during the course of OC‐like MGC formation from iDCs and characterization of avb3‐, CD44v6‐, and a9b1‐expressing cells. A: Expression of
integrin av mRNA (receptor for full‐length OPN), CD44v6 mRNA (receptor for full‐length OPN), and integrin a9 mRNA (receptor for cleaved OPN) measured by relative
quantitative RT‐PCR (data shown are the mean of experiments with cells from five donors). Error bars represent mean� SEM. B: Detection of avb3, CD44v6 (receptors for full‐
length OPN), and a9b1 (receptor for cleaved OPN) by immunofluorescence staining (green) of OC12. Nuclei were stained with DAPI (blue). TRAP activity was assessed on the same
glass coverslips. Bars: 20mm. Data shown are representative of ten experiments. C: Detection of OPN (green) and its receptor (red) by double immunofluorescence staining. Nuclei
were stained with DAPI (blue). Bars: 20mm. Data shown are representative of 10 experiments. DAPI, 40 ,6‐diamidino‐2‐phenylindole; TRAP, tartrate‐resistant acid phosphatase.
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MGCs, we stained iDC marker, CD1a. Cells expressing avb3 were both
TRAP‐ and OPN‐positive but CD1a‐negative, and some were
multinucleated but with no more than four nuclei (Figs. 2B,C
and 3A), suggesting that they were not fully mature OC‐like MGCs.
CD44v6‐expressing cells were also TRAP‐positive, and most were
typical MGCs (Fig. 2B), suggesting that they were mature OC‐like
MGCs. On the other hand, a9b1‐expressing cells were both OPN‐ and
CD1a‐positive but TRAP‐negative with a single nucleus, and some
were spindle shaped with processes characteristic of iDCs (Figs. 2B,C
and 3A). Using fluorescence intensity scoring, we showed that cells
expressing a9b1 existed before the start of OC differentiation and
some iDCs expressed a9b1 integrin weakly but, while its expression
became stronger during the course of OC‐likeMGC formation (Fig. 3B,
Supplementary Fig. S1). The number ofa9b1‐ and CD1a‐positive cells
did not increase (Fig. 3C,D). These data indicate that some remaining

iDCs express a9b1 integrin strongly instead of the increased number
of a9b1‐positive cells. This suggests that a9b1‐ and CD1a‐positive
cells might have some role in OC‐like MGCs formation.

OC‐LIKE MGC FORMATION IS SUPPRESSED BY DOWN‐REGULATION
OF OPN
To study the role of OPN in OC‐like MGC formation, we down‐
regulated the expression of OPN by transfection with OPN siRNA at
the initial monocyte stage, or at the iDC stage (Fig. 4A). First, we
generated iDCs frommonocytes that had been transfected with either
OPN siRNA or control siRNA. There was no difference in efficacy of
differentiation of monocytes into iDCs between monocytes trans-
fected with OPN siRNA or control siRNA, as judged by the expression
of CD1a (Supplementary Fig. S2). Next, we prepared two types of
iDCs, one derived from monocytes that had been treated with OPN

Fig. 3. The relationship between OPN receptors and CD1a. A: Detection of CD1a (green) and OPN receptors (red) by double immunofluorescence staining, Nuclei were stained with
DAPI (blue). Bars: 20mm. Data shown are representative of 10 experiments. B: Immunofluorescence data providing the IS of a9b1 expressed. The mean staining intensity was
calculated as follows: IS, mean of brightness of selected cells0 red channel score (in arbitrary units, AU) using Adobe Photoshop Elements, version 11. Data shown are the mean of
experiments with cells from three donors. Error bars represent mean� SEM. C: Number of a9b1‐positive cells per 1� 106 cells (data shown are the mean of experiments with cells
from three donors). D: Number of CD1a‐positive cells per 1� 106 cells (data shown are the mean of experiments with cells from three donors). IS, intensity score.
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siRNA (Fig. 4C,E), and the other derived from non‐treated monocytes,
which were treated with OPN siRNA at the iDC stage (Fig. 4D,F).
Subsequently both types of iDCs were cultured for a further 7 days.
Cells and supernatants were recovered at day 1, 3, and 7 and thus
these cells were referred to as OC1, OC3, and OC7, respectively. The
numbers of OC‐like MGCs were counted on day 7 (OC7). With the
exception of OC1, the concentration of full‐length and cleaved forms
of OPN in the supernatant of cells differentiated from both types of
iDCs was reduced in OPN siRNA‐transfected cells compared to cells
transfected with control siRNA (Supplementary Fig. S3). Neverthe-
less, OPN mRNA expression was efficiently reduced by OPN siRNA

treatment (Fig. 4C,D). By the end of culture on day 7, there was a
significant reduction in MGC formation by iDCs derived from
monocytes treated with OPN siRNA (Fig. 4E), while OPN siRNA‐
treated iDCs derived from non‐treated monocytes were able to
generate MGCs (Fig. 4F). These data suggest that OPN plays a role in
the early phase of OC and/or MGC differentiation, specifically during
the differentiation of monocytes to iDCs.

MGC FORMATION IS REDUCED BY SVVYGLR PEPTIDES
To investigate the type of OPN receptor involved in MGC formation,
we used two different synthetic peptides, corresponding to internal

Fig. 4. The effect on MGC formation from iDC of down‐regulating OPN with siRNA and inhibiting OPN binding. A: To study the role of OPN on OC‐like MGC generation, OPN
expression was down‐regulated by transfection of OPN siRNA into monocytes or iDCs derived from non‐treatedmonocytes. B: To identify the type of OPN receptor involved inMGC
generation, two different synthetic peptides, RGD or SVVYGLR, were included in the culture medium during the differentiation of iDCs into OC‐like MGCs. C, D: OPN mRNA levels
measured by relative quantitative RT‐PCR in OC‐likeMGC generated from (C) siRNA‐transfected monocytes (data shown are themean of experiments with cells from ten donors) or
(D) siRNA‐transfected iDCs (data shown are the mean of experiments with cells from ten donors). E, F: Number of MGCs differentiated from (E) iDCs generated from siRNA‐
transfected monocytes (data shown are the mean of experiments with cells from ten donors) or (F) siRNA‐transfected iDCs (data shown are the mean of experiments with cells from
ten donors). The number of MGCs was counted at OC7. G: Number of MGCs differentiated from iDCs in the presence of 10mg/ml RGE (control) or RGD peptides (data shown are the
mean of experiments with cells from five donors). H: Number of MGCs differentiated from iDCs in the presence of 1mg/ml GRVLYSV (control) or SVVYGLR peptides (data shown are
the mean of experiments with cells from six donors). MGCs were counted at OC7. Error bars represent mean� SEM. OC1, OC‐likeMGCs on day 1; OC3, OC‐like MGCs on day 3; OC7,
OC‐like MGCs on day 7; sup, supernatants.
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sequences of OPN, namely RGD, which binds RGD‐recognizing
integrins including avb3 and a5b1, and SVVYGLR, which is
recognized by a4b1 and a9b1. These peptides were added to the
culture medium during the differentiation of iDCs into OC‐like MGCs
(Fig. 4B). No obvious effect on MGC formation by RGD peptide
compared to the RGE control peptide was observed (Fig. 4G).
However, MGC formation was significantly reduced by SVVYGLR
peptide as compared to the GRVLYSV control peptide (Fig. 4H),
suggesting that a4b1 and/or a9b1 integrin receptors play a pivotal
role in MGC formation.

OPN DID NOT AFFECT VIABILITY AND APOPTOSIS IN OC‐LIKE MGC
FORMATION
OPN is known to confer resistance to apoptosis [Tuck et al., 2007;
Yamaguchi et al., 2013]. In inflammatory bone diseases, osteolytic
lesions can be treated with bisphosphonates [Morimoto et al., 2011],
which induce OC apoptosis [Abe et al., 2012]. Based on these reports,
we hypothesized that OPN promote the survival and inhibit the
apoptosis of OC precursor cells or OCs, consequently OC‐like MGC
formation is increased. We evaluated whether OPN affects cell
viability and apoptosis in the course of OC‐likeMGC formation, using
OPN siRNA‐transfected or control siRNA‐transfected monocyte‐
derived iDC. We determined cell viability and apoptosis by flow
cytometry for floating cell and trypan blue stain and TUNEL stain for
tightly adhering cells. Additionally, we performed Caspase‐3 activity
assay. Caspase‐3 is an active cell‐death protease involved in the
execution phase of apoptosis, where cells undergo morphological
changes such as DNA fragmentation, chromatin condensation, and
apoptotic body formation [Porter and Janicke, 1999]. The number of
viable cell and apoptotic cell, and caspase‐3 activity were not affected
by down‐regulation of OPN (Fig. 5A–C).

OXIDATIVE STRESS IS NOT INVOLVED IN OPN PRODUCTION DURING
THE COURSE OF OC‐LIKE MGC FORMATION
In view of previous reports demonstrating that reactive oxygen
species (ROS) may play a significant role as second messengers for
the expression of osteopontin in mice [Umekawa et al., 2009; Lyle
et al., 2012], it is an interesting issue whether ROS is linked to OPN
production in human primary cells. To answer this question, we
examined intracellular ROS activity and OPN production with or
without ROS inhibitor of diphenyleneiodonium chloride (DPI) or N‐
acetyl‐L‐cysteine (NAC) in our culture system. DPI is a competitive
inhibitor of flavin‐containing cofactors and a very potent inhibitor
of NADPH oxidase [Hancock and Jones, 1987]. NAC, in contrast,
acts as a scavenger of ROS regardless of the source of production
[Aruoma et al., 1989]. ROS was already generated at the
differentiation into iDCs from monocytes, and came up to the
highest levels at OC7 (Fig. 6A). As previous research has indicated
[Del Prete et al., 2008], iDC differentiation from monocyte was
suppressed when monocytes were pretreated with ROS inhibitor
(Supplementary Fig. S4). We next treated iDCs with a non‐cytotoxic
concentration of DPI (100 nM) or NAC (20mM), and evaluated the
effect of ROS inhibitors on OPN production. Although ROS activity
was significantly suppressed at OC7 (Fig. 6B), OPN production was
not decreased (Fig. 6C,D). Because OPN is also known to reduce
intracellular ROS during hypoxia/reperfusion to protect cells

from oxidative injury [Denhardt et al., 1995], we examined
intracellular ROS activity with or without down‐regulation of
OPN during the course of OC‐like MGC formation. The down‐
regulation of OPN did not affect intracellular ROS activity
(Supplementary Fig. S5).

Fig. 5. Viability and apoptosis in the course of OC‐like MGC differentiation
from iDC of down‐regulating OPN with siRNA. A: Number of viable cells. B:
Number of apoptotic cells. C: Quantification of caspase‐3 activity. We detected
pNA as cleavage product by caspase‐3. Data shown are the mean of experiments
with cells from four donors. Error bars represent mean� SEM. pNA, p‐
nitroaniline.
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DISCUSSION

In this study, we found that during the course of OC‐like MGC
formation from iDC, a large amount of OPN (both mRNA and protein)
was produced, the cultured cells expressed OPN receptors, and
inhibiting OPN expression suppressed OC‐like MGC formation. These
results indicate that OPN plays an important role in OC‐like MGC
formation from iDCs.

All cells expressed OPN during the course of OC‐like MGC
formation from iDCs in vitro. On the other hand, OPN receptors that
recognize full‐length OPN were expressed on TRAP‐positive and
CD1a‐negative multinucleated cells, while the a9b1 integrin
receptor, which recognizes the cleaved form of OPN, was expressed
on TRAP‐negative and CD1a‐positive mononuclear cells. This
indicates that full‐length OPN stimulates cells that have differentiat-
ed into OC‐like MGCs, while the cleaved form of OPN stimulates cells
that have retained the character of iDCs. MGC formation from iDCs
transfected with OPN siRNA was not suppressed, but that from iDCs
generated from OPN‐transfected monocytes was significantly sup-
pressed. The differentiation of monocytes into iDCs was not itself
influenced by OPN suppression. This indicates that OPN is crucial for
OC‐like MGC formation during the early phase, although OPN levels
in OC1 cell culture supernatants were not significantly different
between OPN siRNA‐ and control siRNA‐transfected cells. There is a
possibility that a critical OPN level for iDC fusion and OC‐like MGC

formation exists in the early phase of culture. MGC formationwas not
suppressed by the RGD peptide, which interferes with the interaction
of full‐length OPN with its receptor, but was significantly suppressed
by SVVYGLR peptide, which interferes with the interaction of the
cleaved form of OPN with its receptor. These findings suggest that
cleaved OPN has a key role in stimulating iDC to differentiate into OC‐
like MGCs in an autocrine manner.

OPN has been known as a multi‐functional secreted phosphogly-
coprotein, which is involved not only in bone resorption by OCs but
also in the immune defense system and autoimmune disease.
Recently, an increasing number of reports describe the association
between OPN and the inflammatory bone disease of RA and LCH. In
mouse models of collagen‐induced arthritis, OPN deficiency prevents
development of the disease [Yumoto et al., 2002] and anti‐OPN
antibody, which blocks the interaction of OPN with its integrins,
significantly inhibits disease development [Yamamoto et al., 2007].
Bronchoalveolar lavage cells from patients with pulmonary LCH
spontaneously produce abundant amounts of OPN and OPN over-
expression in rat lungs induces lesions similar to pulmonary LCH,
with marked alveolar and interstitial accumulation of Langerhans
cells [Prasse et al., 2009]. Furthermore, OPN is highly overexpressed in
T cells and LCH cells of the LCH lesion [Allen et al., 2010].

T cells and antigen‐presenting cells, such as DCs andmacrophages,
secrete OPN causing autocrine or paracrine stimulation that results in
the secretion of other pro‐inflammatory cytokines. This pro‐

Fig. 6. The relation between ROS activity and OPN production. A: ROS activity during the course of MGC formation. We detected DCF as oxidized product by intracellular ROS. B:
The effect of ROS inhibitor at OC7. C: Full‐length OPN in the supernatants at OC7 differentiated from DPI‐ or NAC‐treated iDC. D: Cleaved OPN in the supernatants at OC7
differentiated from DPI‐ or NAC‐treated iDC. Data shown are the mean of experiments with cells from four donors. Error bars represent mean� SEM. DCF, 20 , 70‐
dichlorodihydrofluorescein; a‐MEM, a‐minimum essential medium; DMSO, Dimethyl sulfoxide; DPI, diphenyleneiodonium chloride; NAC, N‐acetyl‐L‐cysteine.
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inflammatory action is more strongly induced by cleaved than full‐
length OPN [Uede, 2011]. For example, it was reported that the
production by vascular smooth‐muscle cells of free radicals related to
oxidative stress was greater in response to cleaved OPN than in
response to full‐length OPN [Lai et al., 2006]. The adhesive ability of
the cleaved OPN is also enhanced in comparison to that of full‐length
OPN [Gao et al., 2004]. Cleaved OPN and its receptors (the a4b1 and
a9b1 integrins) are involved in the neutrophil infiltration and hepatic
injury in inflammatory liver diseases [Diao et al., 2004]. Additionally,
the cleaved form of OPN plays a critical role in RA [Morimoto
et al., 2010; Uede, 2011], while a role for the cleaved form of OPN in
LCH has not been revealed. In this paper, we demonstrate the role of
cleaved OPN in the formation of OC‐like MGCs from iDCs. Cleaved
OPN could therefore plausibly play a role in the pathogenesis of both
RA and LCH in which OCs are intimately involved [Redlich
et al., 2002; da Costa et al., 2005].

OPN did not affect viability and apoptosis in OC‐like MGC
formation, suggesting OPN directly acts as a signal mediator for OC‐
like MGC formation. ROS activity increased during OC‐like MGC
formation, however, we could not discover any relation between ROS
activity and OPN production.
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