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Figure 2. Bacterial adhesion to the cell clump. A flow test
was performed with A actinomycetemcomitans LPS-
stimulated RAW 264.7 cells for 120 min, followed by S.
sanguinis SK36-GFP and S. sanguinis SK36 Apili-GFP.
Black and white bars indicate S. sanguinis SK36-GFP and
SK36 Apili-GFP, respectively.  *Significant difference
between mean of adhesion ratios of the groups assessed
by Tukey-Kramer HSD test (*p< 0.05).
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Figure 3. Interaction between S. sanguinis pili and ICAM-1. ICAM-1 was immobilized
directly on a QCM ceramic sensor chip soaked in PBS at 25°C. S. sanguinis SK36 (bold

black line) and S. sanguinis Apili (black line) organisms were applied to the equilibrated
solution as described in Materials and Methods.
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interaction enhances cell-to-cell aggregation, suggesting
that pili and ICAM-1 are involved in infective endocarditis
caused by S. sanguinis via interaction of these molecules.
It has been reported that S. sanguinis may be associated
with infective endocarditis (Ge et al., 2008; Herzberg et
al., 1992) and that periodontopathic bacteria are related
to coronary heart disease (Brodala et al., 2005; Sakurai et
al., 2007; Spahr et al., 2006). Njoroge et al. (1997)
showed that Porphyromonas gingivalis fimbriae are
required for adherence to and invasion of oral epithelial
cells, while another group reported that adhesion of
monocytes to vascular endothelial cells is an important
step in atherosclerosis (Libby et al., 2002). We consider
that our novel microchannel chip system provides the
ability to verify adhesion of periodontopathic bacteria
such as P. gingivalis with vascular endothelial cells.
Conclusively, in the present study, we found it to be quite
useful for in vitro observations of the process of adhesion
of bacteria to macrophage cell clumps.

ACKNOWLEDGEMENT

This work was supported by JSPS KAKENHI Grant
Number 25893217.

REFERENCES

Avandhanula V, Rodriguez CA, Ulett GC, Bakaletz LO, Adderson
EE (2006). Nontypeable Haemophilus influenzae Adheres to
Intercellular Adhesion Molecule 1(ICAM-1) on Respiratory
Epithelial Cells And Upregulates ICAM-1 Expression. Infect.
Immun. 74(2):830-838.

Barrau K, Boukamery A, Imbert G, Casalta JP, Habib G, Messana
T, Bonnet JL, Rubinstein E, Raoult D (2004). Causative
organisms of infective endocarditis according to host status. Clin.
Microbiol. Infect. 10(4):302-308.

Brodala N, Merricks EP, Bellinger DA, Damrongsri D, Offenbacher
S, Beck J, Madianos P, Sotres D, Chang YL, Koch G (2005).
Porphyromonas gingivalis Bacteremia Induces Coronary and
Aortic  Atherosclerosis in Normocholesterolemic  and
Hypercholesterolemic pigs. Arterioscler. Thromb. Vasc. Biol.
25(7):1446-1451,

Chen YY, LeBlanc DJ (1992).
from Streptococcus sobrinus 6715.
3746.

Douglas CW, Heath J, Hampton KK, Preston FE (1993). I[dentity of
viridans streptococci isolated from cases of infective
endocarditis. J. Med. Microbiol. 39(3):179-182.

Ge X, Kitten T, Chen Z, Lee SP, Munro CL, Xu P (2008).
Identification of Streptococcus sanguinis Genes Required for
Biofilm Formation and Examination of Their Role in Endocarditis
Virulence. Infect. Immun. 76(6):2551-2559.

Herzberg MC, MacFarlane GD, Gong K, Armstrong NN, Witt AR,

Erickson PR, Meyer MW (1992). The Platelet Interactivity
Phenotype of Strepfococcus sanguis Influences the Course of
Experimental Endocarditis. Infect. Immun. 60(11):4809-4818.

Inaba H, Amano A (2010). Roles of Oral Bacteria in

Genetic analysis of scrA and scrB
Infect. Immun. 60(9):3739-

81

Cardiovascular Diseases — From Molecular Mechanisms to
Clinical Cases: Implication of Periodontal Diseases in
Development of Systemic Diseases. J. Pharmacol. Sci. 113(2):
103-109.

Isoda T, Tsutsumi T, Yamazaki K, Nishihara T (2009).
Measurement of plaque-forming  macrophages activated by
lipopolysaccharide in a micro-channel chip. J. Periodont. Res.
44(5):609-615.

Libby P, Ridker PM, Maseri A (2002). Inflammation and
Atherosclerosis. Circulation. 105(9):1135-1143.

Li X, Kolltveit KM, Tronstad L, Olsen | (2000). Systemic Diseases
Caused by Oral Infection. Clin. Microbiol. Rev. 13(4):547-558.

Nishihara T, Fujiwara T, Koga T, Hamada S (1986). Chemical
composition and immunobiological properties of
lipopolysaccharide and lipid-associated proteoglycan from
Actinobacillus actinomycetemcomitans. J. Periodont. Res. 21(5):
521-530.

Njoroge T, Genco RJ, Sojar HT, Hamada N, Genco CA (1997). A
Role for Fimbriae in Porphyromonas gingivalis Invasion of Oral
Epithelial Cells. Infect. Immun. 65(5):1980-1984.

Okahashi N, Nakata M, Sakurai A, Terao Y, Hoshino T, Yamaguchi
M, Isoda R, Sumitomo T, Nakano K, Kawabata S, Ooshima T
(2010). Pili of Streptococcus sanguinis bind to fibronectin and
contribute to cell adhesion. Biochem. Biophys. Res. Commun.
391(2):1192-1196.

Okahashi N, Nakata M, Terao Y, Isoda R, Sakurai A, Sumitomo T,
Yamaguchi M, Kimura RK, Oiki E, Kawabata S, Ooshima T
(2011). Pili of Streptococcus sanguinis bind to salivary amylase
and promote the biofilm formation. Microb. Pathog. 50(3-4):148-
154.

Paik S, Senty L, Das S, Noe JC, Munro CL, Kitten T (2005).
Identification of Virulence Determinants For Endocarditis in
Streptococcus sanguinis by Signature-Tagged Mutagenesis.
Infect. Immun. 73(9):6064-6074.

Roberts GJ (1999). Dentists are innocent! “Everyday” bacteremia is
the real culprit: a review and assessment of the evidence that
dental surgical procedures are a principal cause of bacterial
endocarditis in children. Pediatr. Cardiol. 20(5):317-325.

Sakurai K, Wang D, Suzuki J, Umeda M, Nagasawa T, lzumi Y,
Ishikawa I, Isobe M (2007). High Incidence of Actinobacillus
actinomycetemcomitans Infection in Acute Coronary Syndrome.
Int. Heart. J. 48(6):663-675.

Shay K (2002). Infectious Complications of Dental and Periodontal
Diseases in the Elderly Population. Clin. Infect. Dis. 34(9):1215-
1223.

Spahr A, Klein E, Khuseyinova N, Boeckh C, Muche R, Kunze M,
Rothenbacher D, Pezeshki G, Hoffmeister A, Koenig W (2008).
Periodontal infections and coronary heart disease: role of
periodontal bacteria and importance of total pathogen burden in
the Coronary Event and Periodontal Disease (CORODONT)
study. Arch. Intern. Med. 166(5):554-559.

Telford JL, Barocchi MA, Margarit I, Rappuoli R, Grandi G (2006).
Pili in Gram-positive pathogens. Nat. Rev. Microbiol. 4(7):509-
519.

Tsutsumi T, Nakashima K, Isoda T, Yokota M, Nishihara T (2010).
Involvement of adhesion molecule in in vitro plaque-like
formation of macrophages stimulated with Aggregatibacter
actinomycetemcomitans lipopolysaccharide. J. Periodont. Res.
45(4):550-556.



Osteoarchritis and Cartilage 22 (2014) 111120

Osteoarthritis
and Cartilage

High molecular weight hyaluronic acid regulates osteoclast formation
by inhibiting receptor activator of NF-kB ligand through Rho kinase

CrossMark

W. Ariyoshi {, T. Okinaga 7, C.B. Knudson i, W. Knudson {, T. Nishihara {*

1 Division of Infections and Molecular Biology, Department of Health Promotion, Kyushu Dental University, Kitakyushu, Fukuoka, japan
{ Department of Anatomy and Cell Biology, The Brody School of Medicine, East Carolina University, Greenville, NC, USA

ARTICLE INFO

Article history:
Received 13 june 2013
Accepted 22 October 2013

Keywords:

Hyaluronic acid

Osteoclast

Receptor activator of NF-kB ligand
CD44

RhoA

SUMMARY

Objective: To determine the effects of high molecular weight hyaluronic acid (HMW-HA) on osteoclast
differentiation by monocytes co-cultured with stromal cells.
Methods: Mouse bone marrow stromal cell line ST2 cells were incubated with HMW-HA or 4-
methylunbeliferone (4-MU) for various times. In some experiments, cells were pre-treated with the
anti-CD44 monoclonal antibody (CD44 mAb) or Rho kinase pathway inhibitors (simvastatin or Y27632),
then treated with HMW-HA. The expression of receptor activator of NF-kB ligand (RANKL) was deter-
mined using real-time reverse transcription polymerase chain reaction (RT-PCR), western blotting, and
immunofluorescence microscopy, while the amount of active RhoA was measured by a pull-down assay.
To further clarify the role of HMW-HA in osteoclastogenesis, mouse monocyte RAW 264.7 cells were co-
cultured with ST2 cells pre-stimulated with 1,25(0H);Ds3. Osteoclast-like cells were detected by staining
with tartrate-resistant acid phosphatase (TRAP).
Results: HMW-HA decreased RANKL mRNA and protein expressions, whereas inhibition of hyaluronic
acid (HA) synthesis by 4-MU enhanced RANKL expression. Blockage of HA-CD44 binding by CD44 mAb
suppressed HMW-HA-mediated inhibition of RANKL. Pull-down assay findings also revealed that HMW-
HA transiently activated RhoA in ST2 cells and pre-treatment with CD44 mAb inhibited the activation of
RhoA protein mediated by HMW-HA. Moreover pre-treatment with Rho kinase pathway inhibitors also
blocked the inhibition of RANKL by HMW-HA. Co-culture system results showed that HMW-HA down-
regulated differentiation into osteoclast-like cells by RAW 264.7 cells induced by 1,25(OH),D3-stimulated
ST2 cells.
Conclusions: These results indicated that HA-CD44 interactions down-regulate RANKL expression and
osteoclastogenesis via activation of the Rho kinase pathway.

© 2013 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.

Introduction

polysaccharide, rather than substituted on a core protein, and
newly synthesized HA polymers of 2,500—25,000 repeating di-

Hyaluronan, or hyaluronic acid (HA), is an unsulfated long
polysaccharide chain comprised of repeating disaccharide units of
N-acetylglucosamine and glucuronic acid, and a major component
of the extracellular matrix (ECM). HA is present with a high mo-
lecular mass in mammalian bone marrow and connective tissues, as
well as skin, vitreous humor of the eye, cartilage, and umbilical cord
tissue. Unlike other glycosaminoglycans, it is synthesized as a free

* Address correspondence and reprint requests to: T. Nishihara, 2-6-1 Manazuru,
Kokurakita-ku, Kitakyushu 803-8580, Japan. Tel: 81-93-285-3050; Fax: 81-93-581-
4984.

E-mail addresses: arikichi@kyu-dent.acip (W. Ariyoshi), t-oki@kyu-dentacip
(T. Okinaga), knudsonc redu  (CB. Knudson), knudsonw@ecu.edy
(W. Knudson), tatsujin@kyu-dentacjp (T. Nishihara).

saccharides have a molecular mass ranging from 10310 kDa. The
roles of HA range from purely structural functions to regulation of
several cellular responses including proliferation, differentiation,
motility, adhesion and gene expression.’?

High molecular weight hyaluronic acid (HMW-HA) is clinically
used as a symptom- or disease-modifying drug for non-surgical
treatments of joints as well as cartilage diseases such as osteoar-
thritis (OA), as the efficacy of articular HA therapy for OA has been
demonstrated in animal experimental models®® and clinical tri-
als®’. Although the underlying mechanisms may be due to its
chondroprotective and anti-inflammatory effects, the precise roles
of HA in the pathogenesis of OA remain largely unknown.

Many connective tissue cells exhibit a large HA and
proteoglycan-rich pericellular matrix that is tethered to the cell
surface via interactions with the HA receptor CD44%, a

1063-4584/$ — see front matter © 2013 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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multifunctional transmembrane glycoprotein that exhibits exten-
sive molecular heterogeneity. The CD44 ectodomain is responsible
for the binding of HA, while the cytoplasmic domain regulates
specific signaling such as RhoA-activated Rho kinase®, Rho/Rac1-
specific guanine nucleotide exchange factors (p115RhoGEF'®,
Tiam1!!, and Vav2!?), c-Src kinase'®, and transforming growth
factor-B receptors'?. CD44 also directly binds to cytoskeletal pro-
teins such as ankyrin and ERM (ezrin, radixin, moesin).”®

Bone remodeling is a highly regulated process involving the
coordinated action of osteoblasts and osteoclasts. Osteoclasts
originate from hematopoietic precursors of a monocyte/macro-
phage lineage and differentiate into multinucleated giant cells
specialized to resorb bone by fusion of mononuclear progenitors'®.
It has also been shown that osteoclast precursors must interact
with osteoblasts/stromal cells to differentiate into mature osteo-
clasts’?, while osteoclast formation is induced in the presence of the
receptor activator of the NF-«B ligand (RANKL), a member of the
tumor necrosis factor (TNF) superfamily, which is expressed by
osteoblasts/bone stromal cells. RANKL interacts with the osteoclast
cell surface receptor RANK, which in turn recruits TNF receptor-
associated factors (TRAFs)™®, and plays a crucial role in the osteo-
clast differentiation axis.

It is possible that receptor-mediated effects of HA and de-
rivatives lead to changes in the metabolism of chondrocytes'?2°,
synoviocytes*??, and subchondral bone osteoblasts®’, and
several researchers have reported the involvement of HA in
osteoclast formation and resorption®*%”. In a previous study, we
demonstrated that low molecular weight HA (LMW-HA, molec-
ular weight <8 kDa) enhanced both osteoclast formation and
function in vitro?. However, scant attention has been given to the
effects of HMW-HA on osteoclast-supporting cells. In the present
study, we examined the effects of HMW-HA on osteoclasto-
genesis and found that it suppressed osteoclast formation via
down-regulation of RANKL in bone marrow derived osteoblastic/
stromal cells in vitro.

Methods
Reagents and antibodies

High molecular weight HA (HMW-HA, molecular weight
2,500 kDa) was supplied by Seikagaku Corp. (Tokyo, Japan), while
4-methylumberlliferone (4-MU) was purchased from Sigma-—
Aldrich (St. Louis, MO, USA). The anti-RANKL polyclonal antibody
was obtained from R&D Systems Inc. (Minneapolis, MN, USA), anti-
B-actin monoclonal antibody from Sigma—Aldrich and anti-RhoA
monoclonal antibody from Cell Signaling Technology Inc. (Bev-
erly, MA, USA).

Cell cultures

Mouse bone marrow stromal cells ST2 was obtained from Riken
Cell Bank (Ibaraki, Japan) and maintained in alpha-minimum
essential medium {(a-MEM; GIBCO, Grand Island, NY, USA) sup-
plemented with 10% fetal calf serum (FCS; Sigma—Aldrich), 100 U/
ml penicillin G (Meiji Seika Pharm Co., Tokyo, Japan), and 100 pg/ml
streptomycin (Wako Pure Chemical Industries, Osaka, Japan) at
37°C in an atmosphere of 5% CO,. ST2 cells were incubated with
HMW-HA or 4-MU for various times. For some experiments, cells
were pre-treated with the anti-CD44 monoclonal antibody (10 pg/
ml, Calbiochem, San Diego, CA, USA), simvastatin (10 uM, Sigma—
Aldrich), or Y27632 (10 pM, Calbiochem), then treated with HMW-
HA (50 pg/ml) in the continuing presence or absence of each
reagent.

Detection of cell surface HA and RANKL

ST2 cells were treated in 8-well chamber slides (5 x 10> cells/
well), then fixed with 4% paraformaldehyde in phosphate buffered
saline (PBS, pH 7.4) for 1 h, quenched with 0.2 M glycine in PBS, and
blocked with 1% bovine serum albumin (BSA, Sigma—Aldrich) in
PBS for 1 h. For HA detection, the cells were incubated with 2.0 ug/
ml of a biotinylated-HA binding protein (HABP) probe (Seikagaku
Corp.) overnight at 4°C. Following extensive washing, the cells were
incubated with 1 pg/ml neutravidin-fluorescein isothiocyanate
(FITC) (1:1,000) (Invitrogen, Carlsbad, CA, USA) in PBS containing
1% BSA for 1 h at 4°C.

For immunofluorescence analysis of RANKL, fixed cells were
incubated overnight with the anti-RANKL antibody (1:100), then
for 1 h at room temperature with FITC conjugated anti-goat IgG
(Santa Cruz Biotechnology, Santa Cruz, CA, USA). To visualize stress
fibers, cells were incubated with rhodamine phalloidin (Invitrogen)
for 20 min at room temperature, then washed, mounted in
mounting medium containing the nuclear stain, 4'6-diamidino-2-
phenylindole dihydrochloride (DAPI; Vector Laboratories Inc.,
Burlingame, CA, USA), and visualized using a Fluorescence Micro-
scope BZ-9000 (Keyence Corp. Osaka, Japan). Images were
captured digitally in real time and processed using BZ-1I imaging
software (Keyence Corp.).

Quantitative real-time reverse transcription polymerase chain
reaction (RT-PCR)

Total RNA was isolated from cells with TRIzol reagent (Invi-
trogen). Samples were reverse transcribed with g-Srcipt cDNA
Supermix reagents (Quanta BioSciences, Gaithersburg, MD, USA)
and amplified for 30 min at 42°C. For real-time RT-PCR, the PCR
products were detected using FAST® SYBR Green Master Mix
(Applied Biosystems, Foster City, CA, USA) using the following
primer sequences: Gapdh forward; 5-GACGGCCGCATCTTCTTGA-3/
and reverse; 5-CACACCGACCTTCACCATTTT-3/, and Rankl forward;
5'-GGCCAC AGCGCTTCTCA-3' and reverse; 5-CCTCGCTGGGCCA-
CATC-3'. Thermal cycling and fluorescence detection were per-
formed using a StepOne™ Real-Time System (Applied Biosystems).
Real-time RT-PCR efficiency for each primer set was calculated
according to the method of Rasmussen et al.>’ The fold increase in
copy numbers of mRNA was calculated as the relative ratio of the
Rankl gene to Gapdh, following the model of Pfaffl.%

Western blot analysis

Following incubation, total protein was extracted using Cell
Lysis Buffer (Cell Signaling Technology) containing a protease in-
hibitor cocktail (Thermo Fisher Scientific, Waltham, MA, USA) and
protein contents were measured using a DC protein assay kit (Bio-
Rad, Hercules, CA, USA). Twenty micrograms of total protein per
sample was loaded and separated on a Mini-PROTEAN TGX 4—15%
gradient SDS-PAGE gel (Bio-Rad), then transferred onto poly-
vinylidene difluoride membranes (Millipore Corp., Bedford, MA,
USA). Nonspecific binding sites were blocked by immersing the
membranes in 5% skim milk in PBS for 1 h at room temperature.
Membranes were subjected to incubation overnight with diluted
primary antibodies at 4°C, followed by horseradish peroxidase
(HRP) conjugated secondary antibodies for 1 h at room tempera-
ture. After washing the membranes, chemiluminescence was pro-
duced using ECL reagent (Amersham Pharmacia Biotech, Uppsala,
Sweden) and detected digitally with a GelDoc™ XR Plus System
(Bio-Rad). Goat anti-RANKL and mouse anti-B-actin were used as
the primary antibodies, while HRP-conjugated anti-goat IgG (Santa
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Cruz Biotechnology) and anti-mouse IgG (GE Healthcare, Little
Chalfont, UK) were used as secondary antibodies.

RhoA activity

The amount of active RhoA was measured by using a pull-down
assay with Rho Assay Reagent (Millipore Corp.), according to the
manufacturer's instructions. Briefly, treated cells were washed
twice in ice-cold PBS and lysed in lysis buffer (125 mM HEPES pH
7.5, 750 mM NaCl, 5% Igepal CA-630, 50 mM MgCl,, 5 mM EDTA, 10
% glycerol), then the lysates were clarified by centrifugation at
14,000 x g for 5 min. Thereafter, the supernatant was incubated
with Rhotekin-Rho binding domain beads for 45 min with gentle
agitation at 4°C, after which the beads were washed 3 times with
lysis buffer, followed by re-suspension in 40 pl of Laemmli reducing
sample buffer. Precipitated GTP-bound and total RhoA proteins
were then analyzed using western blotting analysis with an anti-
RhoA monoclonal antibody.

Osteoclast formation in co-culture system

Osteoclasts were detected by staining with tartrate-resistant
acid phosphatase (TRAP) using an Acid Phosphatase Leukocyte Kit
(Sigma—Aldrich). In brief, ST2 cells (5 % 10? cells/well) were plated
in a 96-well plate with ¢MEM containing 10% FBS and 1077 M
1,25(0H)»D3 (Sigma—Aldrich) in the presence or absence of HMW-
HA (50 pg/ml). The next day, mouse monocyte RAW 264.7 cells

A

(Riken Cell Bank, Ibaraki, Japan, 1 x 10% cells/well) were overlaid for
the co-culture system. After co-culturing for 7 days, adherent cells
were fixed and stained for TRAP activity, with TRAP-positive
multinucleated cells containing three or more nuclei counted un-
der a microscope as osteoclast-like cells.

Statistics analysis

All statistics analyses were carried out using JMP® software,
version 10.0.2 (SAS Institute Inc., Cary, NC, USA). Each of the data
groups was tested by using Shapiro—Wilk test and considered to
follow a Gaussian distribution when the P-value was greater than
0.05. The Levene's test of homogeneity was used to determine the
homogeneity of variance. All data were expressed as
mean - standard deviation and analyzed by one-way analysis if
variance (ANOVA) and if significant, followed by the suitable post-
test (Dunnett's or Tukey’s post-test).

Results
HMW-HA down-regulates RANKL expression

We examined the effects of HMW-HA on RANKL expression in
ST2 cells. The binding of HMW-HA (50 pg/ml) was monitored using
an HABP probe and time-dependent HA binding could be visualized
up to 3 h [Fig. 1(A)]. Primer sets for real-time RT-PCR amplification
and quantification of mouse Rankl and Gapdh were designed, and
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Fig. 1. Effect of HMW-HA on RANKL expression in ST2 cells. ST2 cells were incubated in the presence or absence of HMW-HA for varying times and in various concentrations. (A)
Cells were incubated with a biotinylated HABP probe and HA accumulation was visualized using neutravidin-FITC. Bars indicate 10 um. (B) Time course (ANOVA: P < 0.0001) and (C)
concentration dependency (ANOVA: P < 0.0001) of Rankl mRNA stimulation by HMW-HA was determined by real-time RT-PCR. Data shows the fold changes in Rankl mRNA copy
number values from independent samples of n = 3, and bars represent means with the standard deviation. Data were analyzed by Dunnett's test after one-way ANOVA. The asterisk
indicates P < 0.0001 in comparison to control without any treatment. (D) Whole cell lysates were subjected to SDS-PAGE and western blotting analyses, with the blots probed for

RANKL. Equivalent protein aliquots of cell lysates were also analyzed for B-actin.
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the amplification efficiency of each set was determined, allowing
for comparison of mRNA copy numbers between treated and
control cultures, which were normalized to Gapdh. After 0.5 h of
incubation with HMW-HA, there was a 26.4% decrease in Rankl
mRNA copy number as compared to the untreated control cells
[Fig. 1(B)]. This effect of HMW-HA was time-dependent, with
maximum inhibition observed at the 1-h time point (96.3% inhi-
bition). A concentration-dependent inhibition of Rankl by HMW-
HA was also shown [Fig. 1(C)], which reached a maximum at a
concentration of 50 pg/ml following 1 h of treatment (93% inhibi-
tion). As shown in [Fig. 1(D)], ST2 cell lysates from the control
cultures expressed immunoreactive RANKL protein, while treat-
ment with HMW-HA reduced RANKL protein expression in the ST2
cells for up to 48 h.

4-MU up-regulates RANKL expression

Next, we investigated whether the receptor-HA pathway has an
influence on the expression of RANKL in ST2 cells using 4-MU. It has
been reported that 4-MU inhibits HA synthesis and pericellular HA
matrix formation in cultured cells.?*>° We found a time-dependent
decrease in accumulation of endogenous HA for up to 6 h following
treatment with 4-MU (0.5 mM) [Fig. 2(A)]. Real-time RT-PCR also
revealed an 8.1-fold increase in Rankl mRNA copy number as
compared to the untreated control cells after 3 h of incubation with
HMW-HA [Fig, 2(B)]. This effect of 4-MU was time-dependent, with
maximum enhancement observed at the 6-h time point (12.1-fold

A

increase). In addition, 4-MU induced a concentration-dependent
stimulation of Rankl [Fig. 1(C)], with maximum stimulation
observed at a concentration of 0.5 mM at 6 h after treatment (9.5-
fold increase). Treatment with 4-MU also up-regulated RANKL
protein expression in ST2 cells for up to 48 h [Fig. 2(D)].

Changes in matrix interactions by HA affect RANKL accumulation

ST2 cells at all examined culture times exhibited a background
level of RANKL that was primarily localized on the cell surface
[Fig. 3(A)]. No immunofluorescent staining was seen with the sec-
ondary antibody alone [Fig. 3(B)]. After 24 h of treatment with
HMW-HA, RANKL protein accumulation was diminished [Fig. 3(C)].
On the other hand, after 24 h of treatment with 4-MU, RANKL levels
were substantially enhanced [Fig. 3(D)].

CD44 function-blocking monoclonal antibody reverses reduction of
RANKL expression induced by HMW-HA

To further examine the role of CD44 as an HA receptor in down-
regulation of RANKL, ST2 cells were pre-treated with the CD44
function-blocking monoclonal antibody for 2 h prior to stimulation
with HMW-HA. Treatment with the monoclonal antibody inhibited
exogenous HMW-HA binding after 1 h of incubation [Fig. 4(A)].
Also, pretreatment with the monoclonal antibody effectively
recovered the down-regulation of Rankl mRNA induced by 1 h of
treatment with HMW-HA [Fig. 4(B)]. Western blotting analysis
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Fig. 2. Effect of 4-MU on RANKL expression in ST2 cells. ST2 cells were incubated in the presence or absence of 4-MU for varying times and in various concentrations. (A) Cells were
incubated with a biotinylated HABP probe and HA accumulation was visualized using neutravidin-FITC. Coverslips were mounted in medium containing DAPI. Bars indicate 10 um.
(B) Time course (ANOVA: P < 0.0001) and (C) concentration dependency (ANOVA: P < 0.0001) of Rank! mRNA stimulation by 4-MU was determined by real-time RT-PCR. Data
shows the fold changes in Rank! mRNA copy number values from independent samples of n = 3, and bars represent means with the standard deviation. Data were analyzed by
Dunnett's test after one-way ANOVA. The asterisk indicates P < 0.0001 in comparison to control without any treatment. (D) Whole cell lysates were subjected to SDS-PAGE and
western blotting analyses, with the blots probed for RANKL. Equivalent protein aliquots of cell lysates were also analyzed for B-actin.
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Fig. 3. Effect of HA accumulation on RANKL expression in ST2 cells. ST2 cells were grown on chamber slides, then incubated in the (A) absence or presence (C) of 50 pg/ml of HMW-
HA, (D) or 0.5 mM of 4-MU for 24 h. Following treatment, the cells were fixed and immunostained using a polyclonal antibody to detect RANKL and rhodamine isothiocyanate-
phalloidin, Coverslips were mounted in medium containing DAPL (B) Control cells incubated with the secondary antibody alone. Shown are digital overlay images of red, green, and

blue fluorescence channels. Bars indicate 20 um.
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Fig. 4. Effects of CD44 function-blocking antibody on RANKL expression regulated by HMW-HA. ST2 cells were pretreated with or without 10 pg/ml of the CD44 function-blocking
monoclonal antibody (CD44 mAb) for 2 h, then incubated in the presence or absence of HMW-HA (50 pg/ml) for the indicated time periods. (A) Cells were incubated with a
biotinylated HABP probe and HA accumulation was visualized using neutravidin-FITC. Coverslips were mounted in medium containing DAPI. Bars indicate 10 pm. (B) Total RNA was
isolated, and reverse transcribed into cDNA, then PCR amplification was performed using primers specific for Rank! and Gapdh. Data shows the fold changes in Rankl mRNA copy
number values from independent samples of n = 3, and bars represent means with the standard deviation. Data were analyzed by Tukey's post-test after one-way ANOVA
(P < 0.0001). The asterisk indicates P < 0.0001 in comparison to treatment with HMW-HA. (C) Whole cell lysates were subjected to SDS-PAGE and western blotting analyses, with

the blots probed for RANKL. Equivalent protein aliquots of cell lysates were also analyzed for B-actin.
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revealed that the monoclonal antibody also recovered the down-
regulation of RANKL protein expression mediated after 24 h of in-
cubation with HMW-HA [Fig. 4(C)].

Interaction between HMW-HA and CD44 induces sequential
activation of RhoA protein

Recent findings indicate that the Rho kinase pathway has
important roles in bone metabolism.>'>* Therefore, we next
examined whether HMW-HA induces RhoA activation in ST2 cells.
RhoA activity was assessed by detecting GTP-loaded forms of the
protein using a pull-down assay. As shown in [Fig. 5(A)], HMW-HA
transiently activated RhoA in ST2 cells from 15 to 60 min, while
RhoA activity returned to the basal level at 120 min of HMW-HA
stimulation. Pre-treatment with the (D44 function-blocking
monoclonal antibody inhibited the activation of RhoA protein
mediated by HMW-HA stimulation for 30 min [Fig. 5(B)].

Rho/ROCK inhibitors attenuate down-regulation of RANKL
expression mediated by HMW-HA

To further examine the role of RhoA activation in HMW-HA-
mediated down-regulation of RANKL, ST2 cells were pre-treated
with a Rho inhibitor (simvastatin) or selective Rho-associated
protein kinase (ROCK) inhibitor (Y27632) for 24 h prior to stimu-
lation with HMW-HA. Pretreatment with these inhibitors effec-
tively blocked the down-regulation of RANKL mRNA [Fig. 6(A)] and
RANKL protein [Fig. 6(B)] by HMW-HA.

HMW-HA inhibits osteoclast formation supported by ST2 cells

To determine whether HMW-HA has an influence ton ST2 cell-
supported osteoclast formation, cells were treated with
1,25(0H),Ds3, which markedly stimulated Rankl mRNA expression
in the ST2 cells for up to 24 h, while the addition of HMW-HA
decreased the response of the cells to 1,25(0H),D3 [Fig. 7(A)]. As
shown in [Fig. 7(B)], the level of RANKL protein expression was
increased in ST2 cells at 48 h after stimulation with 1,25(0OH);D3
and that stimulation was down-regulated by addition of HMW-HA.
Western blotting analysis also revealed that pre-treatment with the
Rho/ROCK inhibitors attenuated the down-regulation of RANKL
protein in 1,25(0OH);D3-stimulated ST2 cells mediated by HMW-HA.

To further clarify the role of the HMW-HA in osteoclastogenesis,
we cocultured mouse monocytes (RAW 264.7 cells), as osteoclast
precursors with ST2 cells pre-stimulated with 125(0H),Ds. As
shown in [Fig. 7(C) and (D)], culturing with HMW-HA down-
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<
¢ 1.2
‘S’ 1.0{ &= = S S —
5 038 I
S 0.6/
“ 04 "
0
HMW-HA - + - + - +
(50 pg/mi) Simvastatin  Y27632
B (10 pM) (10 W)
HMW-HA
(s0pgmy -~ 5 - - F
RANKL
B-actin
Simvastatin ' Y27632
(10pM) (10 uM)

Fig. 6. Effects of RhoA/ROK inhibitors on RANKL expression regulated by HMW-HA.
ST2 cells were pretreated with simvastatin (10 pM) or Y27632 (10 uM) for 24 h,
then incubated in the presence or absence of HMW-HA (50 pg/ml) for the indicated
time periods. (A) Total RNA was isolated, and reverse transcribed into ¢cDNA, then PCR
amplification was performed using primers specific for Rankl and Gapdh. Data shows
the fold changes in Ranki mRNA copy number values from independent samples of
n = 3, and bars represent means with the standard deviation. Data were analyzed by
Tukey's post-test after one-way ANOVA (P < 0.0001). The asterisk indicate P < 0.0001
in comparison to treatment with HMW-HA. (B) Whole cell lysates were subjected to
SDS-PAGE and western blotting analyses, with the blots probed for RANKL. Equivalent
protein aliquots of cell lysates were also analyzed for B-actin.

regulated the differentiation of RAW 264.7 cells into osteoclast-like
cells induced by 1,25(0OH),Ds-~stimulated ST2 cells.

Discussion

Bone resorption has been reported to be increased in women
with progressive knee OA as compared to those with non-
progressive disease®. Furthermore, peripheral blood mono-
nuclear cells from patients with OA have been shown to exhibit
enhanced capacity to generate osteoclasts and higher levels of bone

HMW-HA HMW-HA

(56 pg/ml) Omin 15min 30min 60 min 120 min 180 min (50 yg/mi) * - *
GTP-RhoA
total RhoA

B-actin B-actin

Anti-CD44 mAb
{10 pg/mi)

Fig. 5. Effects of HMW-HA on RhoA activation in ST2 cells. (A) ST2 cells were incubated in the presence or absence of 50 pg/ml of HMW-HA for the indicated time periods. (B) ST2
cells were pretreated with or without 10 pg/ml CD44 mAb for 2 h, then incubated with HMW-HA (50 ug/ml) for 30 min. Whole cell lysates were subjected to SDS-PAGE and western
blot analyses, with the blots probed for anti-RhoA (total RhoA). Equivalent protein aliquots of cell lysates were also analyzed for B-actin. GTP-RhoA was isolated utilizing GST-
Rhotekin RBD, followed by SDS-PAGE and western blot analyses with the anti-RhoA antibody.
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ml) for the indicated times, Total RNA was isolated and reverse transcribed into ¢cDNA, then PCR amplification was performed using primers specific for Rankl and Gapdh. Data shows
the fold changes in Rankl mRNA copy number values from independent samples of n = 3, and bars represent means with the standard deviation. Data were analyzed by Tukey’s
post-test after one-way ANOVA (P < 0.0001). The asterisk indicates P < 0.0001 in comparison to treatment with 1,25(0H),;Ds. (B) ST2 cells were pretreated with simvastatin (10 pM)
or Y27632 (10 uM) for 24 h, then incubated with 1,25(0H),D3 (1077 M) in the presence or absence of HMW-HA (50 pg/ml) for 48 h. Whole cell lysates were subjected to SDS-PAGE
and western blotting analyses, with the blots probed for RANKL. Equivalent protein aliquots of cell lysates were also analyzed for f-actin. (C) ST2 cells were pre-treated with
1,25(0H),D3 (1077 M) in the presence or absence of HMW-HA (50 pg/ml) for 24 h, then co-cultured with RAW 264.7 cells for 6 days and stained for TRAP activity. Bars indicate
500 um. (D) The number of osteoclast-like cells was counted after the staining for TRAP activity. Data shows the number of osteoclast-like cells from independent samples of n = 3,
and bars represent means with the standard deviation. Data were analyzed by Tukey's post-test after one-way ANOVA (P < 0.0001). The asterisk indicates P < 0.0001 in comparison

to treatment with 1,25(0H),D5.

resorption in vitro®®, while inhibition of osteoclastic activity by
bisphosphonate was found to prevent bone and cartilage resorp-
tion in a rat degenerative joint disease model*®. Therefore, there is
great interest in identifying the effects of HMW-HA on osteoclas-
togenesis as a target for developing therapeutic agents to prevent
joint destruction in OA.

In the present study, we used a homogeneous clonal population
of mouse bone marrow stromal ST2 cells to elucidate the effects of
HMW-HA on induction of osteoclast differentiation. This cell line is
known to highly express RANKL in the presence of 1,25(0OH);D3 and
RANKL-expressing cells support the differentiation of splenic cells
into osteoclasts®”. The main advantage of the present system is that
it does not contain any pre-osteoclast cells, which may also be
targets of HMW-HA activities.

As shown in Figs. 1 and 3, RANKL mRNA and protein were
decreased by addition of HMW-HA, indicating that it has protective
effects against osteoclastogenesis. Chang et al. reported that HMW-
HA (1,300 kDa) decreased osteoclast formation by bone marrow-
derived macrophages and human peripheral blood monocytic
cells, but not by RAW 264.7 cells?”. In the study, they discussed that
the difference in effects of HMM-HA between RAW 264.7 cells and
primary osteoclast precursors may be ascribed to the independence
of RAW 264.7 cells on macrophage colony stimulating factor (M-
CSF) for proliferation and osteoclastic differentiation. Furthermore,
our results would suggest that suppression of osteoclastogenesis by
HMW-HA is also dependent on down-regulation of RANKL
expression in osteoblasts/stromal cells. In contrast to those find-
ings, Cao et al. reported that HMW-HA stimulated RANKL expres-
sion in bone marrow stromal cells*®, We have no ready explanation
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for these contrasting results, though it is possible that they reflect
differences in the cell species tested or variations in culture con-
ditions, including the presence or absence of serum.

The modified coumarin, 4-MU has been reported to specifically
inhibit HA synthesis and pericellular HA matrix formation in
cultured mammalian cells*”*%. Several studies have reported the
various biological effects of 4-MU on inflammatory response in
arthritis®®, tumourigenicity®®, and nerve injury?'. As shown in
Figs. 2 and 3, we found that 4-MU up-regulated RANKL expression,
and our observations suggest that inhibition of HA synthesis and
loss of cell-matrix interaction enhance osteoclast differentiation
and bone resorption. In addition, the effect of 4-MU on proliferation
of ST2 cells was examined using a WST-1 assay, though no effect on
cell growth up to 48 h was seen.

Another important finding of our study is that the HA receptor
CD44 is required for down-regulation of RANKL mediated by
HMW-HA. CD44 is one of the major HA binding proteins and
expressed in several types of cells, including osteoblasts*?, while
binding of HA to CD44 is known to be involved in onset of a
variety of biological activities. The monoclonal rat anti-CD44
antibody recognizes a determinant of the HA binding region
common to CD44 and its principal variant isoforms*® and that
antibody is routinely used in HA-related blocking experiments. As
shown in [Fig. 4(A)], pre-treatment with that CD44 function-
blocking monoclonal antibody resulted in significantly reduced
accumulation of exogenous HMW-HA in ST2 cells. We also found
that this antibody remarkably inhibited the effect of HMW-HA on
down-regulation of RANKL in ST2 cells [Fig. 4(B) and (C)]. On the
basis of these findings, we speculate that expression of CD44 in
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ST2 cells, which have the same lineage as osteoblasts, leads to
regulation of osteoclast formation and activation mediated by
HMW-HA.

Rho GTPases (RhoA, Racl, Cdc42) are members of the Rho
subclass of the Ras superfamily®?, and have a cycle between active
GTP-bound states and inactivate GDP-bound states in response to
external stimuli. In their active form, they regulate key signaling
pathways and control a variety of cellular activities, including
gene transcription, cytoskeleton reorganization, cell growth,
migration, and oncogenesis®. Previous studies have also found
that HA-CD44 binding induces RhoA signaling in head and neck
tumor cells*®, In the present study, addition of HMW-HA led to a
significant increase in the level of active GTP-bound RhoA
[Fig. 5(A)], while pre-treatment with the CD44 function-blocking
monoclonal antibody remarkably inhibited HMW-HA-induced
RhoA activation in ST2 cells [Fig. 5(B)]. These results demon-
strated that HA-CD44 interaction also induces RhoA signaling in
osteoblasts/stromal cells.

Recent findings indicate that the RhoA signaling pathway has
important roles in bone remodeling. For example, in osteoblast
survival®', the integrity of the actin cytoskeleton®, as well as
migration and differentiation®® are regulated by RhoA signaling.
Simvastatin has been reported to reduce the synthesis of mevalo-
nate by inhibiting hydroxymethylglutaryl (HMG)-CoA reductase,
finally leading to blockade of Rho GTPases by the effector proteins
ROCK¥. On the other hand, Y-27632, a pyridine derivative, was
discovered to particularly disrupt ROCK signaling®® and has been
widely investigated in various studies. We found that blockage the
RhoA/ROCK pathway by either simvastatin or Y-27632 prevented a
decrease in RANKL expression caused by exposure to HMW-HA
[Fig. 6]. These findings are consistent with a previous study, in
which the expression of constitutively active RhoA in osteoblastic
cells was shown to impair their ability to induce osteoclastogenesis
via suppression of RANKL mRNA in response to parathyroid hor-
mone or calcitol.*®

As a catabolic effect on bone, 12,25(0OH);D3 promotes osteo-
clastogenesis by up-regulating the expression of RANKL. In the
present study, administration of HMW-HA decreased RANKL
expression induced by 1¢,25(0OH);D3 [Fig. 7(A)], while simvastatin
and Y-27632 recovered that decreased expression in cells treated
with HMW-HA [Fig. 7(B)]. HMW-HA also prevented osteoclast
differentiation of co-cultured precursors supported by stromal cells
expressing RANKL [Fig. 7(C) and (D)]. These results suggest that
activation of RhoA/Rho kinase signaling by HMW-HA inhibits
RANKL in bone marrow stromal cells, thereby inhibiting osteo-
clastogenesis. Furthermore, 1¢,25(0H),D3 was reported to suppress
the gene expression of osteoprotegerin (OPG), which acts as a decoy
receptor for RANKL and prevents RANK—RANKL interaction, and
thus osteoclastogenesis®. In our study, HMW-HA recovered up-
regulation of RANKL expression, while the down-regulation of
OPG was mediated by 1a,25(0OH);D3; (data not shown). Bone
resorption is a multistep process initiated by the proliferation of
immature osteoclast precursors, which is followed by the
commitment of those cells to the osteoclast phenotype and
degradation of the organic and inorganic phases of bone by mature
resorptive cells. We previously reported that TRAP positive multi-
nucleated cells differentiated from RAW 264.7 cells by RANKL are
capable of bone resorption using calcium phosphate substrate
coated slides?®. From those results, the molecular mechanism for
the effect of HMW-HA on OPG expression and on osteoclast func-
tion are currently under investigation in our laboratory.

HA is known to be associated with several cell surface mole-
cules, such as CD44, receptor for hyaluronan-mediated motility
(RHAMM), toll-like receptor-4 (TLR4), and intercellular adhesion
molecule (ICAM-1). It has also been reported that RHAMM, TLR4,

and ICAM-1 are expressed in osteoblast stromal lineage cells.
Further study is needed to examine the correlations between
HMW-HA and other receptors regarding inhibition of osteoclast
formation, as well as signal transduction during osteoclastogenesis.

In conclusion, the present findings showed that HMW-HA in-
hibits the transcription of RANKL in stromal cells by activating the
RhoA/Rho kinase pathways. CD44-mediated signaling supports this
activation and is likely critical for certain cell types, such as stromal
cells. Furthermore, our results suggest that stromal cells have a
capacity to sense changes in cell surface HA-CD44 interactions,
resulting in regulation of bone metabolism. Whether analogous
effect of HMW-HA on osteoclast occurs in human cells or in vivo
animal model remains to be determined. Nonetheless, we consider
that these results provide a basis to understand why HMW-HA is
effective when used as treatment for OA.
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The Dectin 1 Agonist Curdlan Regulates Osteoclastogenesis
by Inhibiting Nuclear Factor of Activated T cells Cytoplasmic
1 (NFATc1) through Syk Kinase
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Background: Dectin 1 is found on myeloid lincage cells and contains an immunoreceptor tyrosine-based activation motif
from which signals are associated with bone homeostasis.

Results: The dectin 1 agonist curdlan suppresses osteoclastogenesis induced by receptor activator of NF-«B ligand (RANKL).
Conclusion: Curdlan regulates RANKL-induced osteoclastogenesis.

Significance: Curdlan could be a potential therapeutic candidate in treating osteoclast-related diseases.

Several immune system cell surface receptors are reported to Osteoclasts originate from hematopoietic precursors of the
be associated with osteoclastogenesis. Dectin 1, alectinreceptor  monocyte/macrophage lineage, which differentiate into multi-
for B-glucan, is found predominantly on cells of the myeloid nucleated, giant cells specialized to resorb bone by fusion of
lineage. In this study, we examined the effect of the dectin 1  mononuclear progenitors (1). Osteoclasts are unique in their
agonist curdlan on osteoclastogenesis. In mouse bone marrow  ability to resorb bone and play an important role in regulating
cells and dectin 1-overexpressing RAW 264.7 cells (d-RAWs), bone remodeling. Osteoclast precursors interact with osteo-
curdlan suppressed receptor activator of NF-xB ligand (RA  blasts and stromal cells to permit their differentiation into
NKL)-induced osteoclast differentiation, bone resorption, and  mature osteoclasts (2). Furthermore, osteoclast formation is
actin ring formation in a dose-dependent manner. This was induced in the presence of receptor activator of NF-«B ligand
achieved within non-growth inhibitory concentrations at the (RANKL),” a member of the TNF superfamily expressed by
early stage. Conversely, curdlan had no effect on macrophage — ©osteoblasts and bone stromal cells. RANKL interacts with the
colony-stimulating factor-induced differentiation. Further- Osteoclast cell surface receptor RANK, which, in turn, recruits
more, curdlan inhibited RANKL-induced nuclear factor of acti- ~ cytosolic TNF receptor-associated factors (3), prior to activa-
vated T cell cytoplasmic 1 (NFATc1) expression, thereby de-  tion of downstream signaling pathways. These signaling path-
creasing osteoclastogenesis-related marker gene expression, Way$ include ERK, p38 MAPK, NF-«B, and activator protein 1
(AP-1), c-jun, and c-fos. Finally, expression of the nuclear factor
latory transmembrane protein, cathepsin K, and matrix metal- of activated T cel’l cytoplasmic 1 (NFATc1), a key molecule for
lopeptidase 9. Curdlan inhibited RANKL-induced c-fos expres- Osteoclastogenesx.s:, lb induced (4). ) .
sion, followed by suppression of NFATcl autoamplification, Pattern Fecogmtlon receptor‘s recognize m?le?u‘la‘r signa-
without significantly affecting the NF-«B signaling pathway. We Fur es of microbes and’ play an 1mportan.t rolle in initiation of
also observed that curdlan treatment decreased Syk protein in immune responses to infection (5). Dectin 1 is a type Il mem-

d-RAWs. Inhibition of the dectin 1-Syk kinase pathway by Syk- }).;ande rece.pto6r cor;ltalmng 2 smgle‘exttracellulfl.r, Cl;tyP Z’ lei.tm—
specific siRNA or chemical inhibitors suppressed osteoclast - omain (6) and an immunoreceptor tyrosine-based activa-

formation and NFATcl expression stimulated by RANKL. In E)lgncgﬁonff(iFAif)’ 1ln Fgel,iyt;%a;n;c 21?;11 ('&(Ijlectln 1 1? f;):rnd
conclusion, our results demonstrate that curdlan potentially § of the mycloid lineage, including ocytes, macro-

hages, neutrophils, dendritic cells, and a subset of T cells in
+ o 't t l t * . . . ’ p . t i bl X . ) .
inhibits osteoclast differentiation, especially NFATc expres mice (8). It has been shown that dectin 1 is a major receptor for

the recognition of 8-1,3-linked and/or f-1,6-linked glucans
(B-glucans) (8, 9).

Dectin 1 is known to mediate its own signaling through its
cytoplasmic tail (10), and tyrosine residues within its receptor

including tartrate-resistant acid phosphatase, osteoclast stimu-

sion, and that Syk kinase plays a crucial role in the transcrip-
tional pathways. This suggests that the activation of dectin
1-Syk kinase interaction critically regulates the genes required
for osteoclastogenesis.

2The abbreviations used are: RANKL, receptor activator of NF-«B figand;

"To whom correspondence should be addressed: Div. of Infections and ITAM, immunoreceptor tyrosine-based activation motif; BMC, bone mar-
Molecular Biology, Dept. of Health Promotion, Kyushu Dental University, row cell; a-MEM, a-minimal essential medium; M-CSF, macrophage colony-
2-6-1 Manazuru, Kokurakita-ku, Kitakyushu, Fukuoka, Japan. Tel.: 81-93- stimulating factor; ANOVA, analysis of variance; TRAP, tartrate-resistant
285-3051; Fax: 81-93-581-4984; E-mail: arikichi@kyu-dent.acjp. acid phosphatase; SUMO, small ubiquitin-like modifier.
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Curdlan Regulates Osteoclastogenesis by Dectin 1

I'TAM motif are phosphorylated by Src family tyrosine kinases
through engagement with dectin 1. This is followed by recruit-
ment and activation of Syk, a nonreceptor tyrosine kinase (11—
13), with activation of several intracellular signaling pathways,
including NF-«B, MAPK, and NFAT (14).

The B-glucans, consisting of a backbone of polymerized
B-(1,3)-linked B-p-glucopyranosyl units and B-(1,6)-linked side
chains, are a major cell component of fungi and are also found
in plants and some bacteria (15). They are known to possess
anti-infection and antitumorigenic properties by possessing
the ability to activate leukocytes by stimulating their phagocytic
activity and the production of reactive oxygen intermediates
and inflammatory mediators, including TNF-« (16 ~19). How-
ever, the mechanism of 3-glucan-induced activity has not been
elucidated precisely because pathogen-derived components are
often contaminated by B-glucan preparations. Recently, curd-
lan, a linear nonionic homopolymer of p-glucose with 1,3 glu-
cosidic linkages, has been identified as a dectin 1-specific ago-
nist and has gained attention from the pharmaceutical industry
as an immunomodulatory drug delivery vehicle (20, 21).

Several cell surface receptors in the immune system are
reported to be associated with osteoclastogenesis. [ITAM-de-
pendent costimulatory signals, activated by multiple immuno-
receptors, are essential for the maintenance of bone homeosta-
sis (22). It has been demonstrated that Syk modulates osteoclast
function in vitro and in vivo (23-25). However, the direct effects
of B-glucans on osteoclastogenesis are largely unknown. In this
study, we examined the effect of curdlan, a linear homopolymer
of pb-glucose, on osteoclastogenesis. We also identified the pre-
cise mechanisms by which curdlan suppresses osteoclast for-
mation in vitro.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Curdlan was purchased from
Wako Pure Chemical Industries (Osaka, Japan) and diluted
with 0.1 N NaOH. Anti-NFATcl polyclonal antibody, anti-
I«B-a polyclonal antibody, and anti-RANK polyclonal antibody
were obtained from Santa Cruz Biotechnology (Santa Cruz,
CA), and anti-f3-actin monoclonal antibody was purchased
from Sigma-Aldrich (St. Louis, MO). Anti-c-fos monoclonal
antibody, anti-Syk polyclonal antibody, anti-phospho-Syk
monoclonal antibody, anti-c-jun monoclonal antibody, anti-
phospho-c-jun monoclonal antibody, and anti-histone H3
monoclonal antibody were purchased from Cell Signaling
Technology Inc. (Beverly, MA). Anti-dectin 1 polyclonal anti-
body was purchased from R&D Systems (Minneapolis, MN).

Cell Culture—Bone marrow cells (BMCs) were isolated from
femurs and tibias of 6-week-old male ddY mice (Kyudo Co.,
Ltd., Saga, Japan) and maintained in e-minimum essential
medium (a-MEM; Invitrogen) supplemented with 10% FCS
(Sigma-Aldrich), 100 units/ml penicillin G potassium salt
(Nacalai Tesque, Kyoto, Japan), and 100 ug/ml streptomycin
(Wako Pure Chemical Industries). Cells (4 X 10%) were cultured
with M-CSF (20 ng/ml, Peprotech, Rocky Hill, NJ) and RANKL
(40 ng/ml, Peprotech) in the presence or absence of curdlan on
48-well plates at 37 °C in 5% CO, for 4 days to generate mature
osteoclasts. All procedures were approved by the Animal Care
and Use Committee of Kyushu Dental University.
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To prepare the dectin 1 retrovirus vector, cDNA-encoded
mouse dectin 1 was cloned into the pFB-Neo plasmid (Agilent
Technologies, Inc., Santa Clara, CA). GP2-293 packaging cells
(Clontech Laboratories, Inc., Mountain View, CA) were trans-
fected by a plasmid mixture containing dectin 1/pFB-Neo and
pVSV-G (Clontech Laboratories, Inc.) with Lipofectamine LTX
(Invitrogen) in accordance with the protocol of the manufac-
turer. The culture supernatant of GP2-293 cells was harvested
as a retrovirus fluid for dectin 1 transfection. RAW 264.7 cells
(Riken Cell Bank, Tsukuba, Japan) were cultured with the virus
vector in the presence of 8 pg/ml Polybrene for 48 h. Cells
expressing dectin 1 (d-RAW) were maintained in ¢-MEM
containing 10% FCS, penicillin G (100 units/ml), streptomycin
(100 pg/ml), and G418 disulfate aqueous solution (50 mg/ml,
Nacalai Tesque). For the negative control of d-RAW cells, a
control virus vector without dectin 1 cDNA was used for infec-
tion (c-RAW). The expression of dectin 1 molecules on RAW
264.7 cells was examined by antibody staining using anti-mouse
dectin 1 (clone RH1, BiocLegend, San Diego, CA). Cells (1 X 10°
cells/well) were cultured for 7 days with RANKL (40 ng/ml) in
the presence or absence of curdlan on 96-well plates at 37 °C in
5% CO., to generate mature osteoclasts. In some experiments,
cells were treated with selective inhibitors of Syk kinase, picea-
tannol (Calbiochem, San Diego, CA) and BAY 61-3606 (Calbio-
chem), for 1 h prior to stimulation with RANKL in the presence
or absence of each inhibitor. Mouse bone marrow stromal cells,
ST2, were obtained from the Riken Cell Bank and maintained in
a-MEM supplemented with 10% FCS, 100 units/ml penicillin
G, and 100 mg/ml streptomycin at 37 °C in an atmosphere of 5%
CO,.

Evaluation of Osteoclast Differentiation—After culture,
adherent cells were fixed and stained with TRAP using a leuko-
cyte acid phosphatase kit (Sigma-Aldrich). TRAP-positive
multinucleated cells containing three or more nuclei were con-
sidered to be osteoclasts and were counted using a microscope.

Assessment of Actin Ring Formation—Mature osteoclasts
were prepared from BMCs by treatment with M-CSF (20
ng/ml) and RANKL (40 ng/ml) in the presence or absence of
curdlan for 5 days on 8-well chamber slides (Thermo Fisher
Scientific, Waltham, MA). In some experiments, d-RAWs were
cultured for 8 days with RANKL (40 ng/ml) in the presence or
absence of curdlan for 8 days on the chamber slides. Cells were
fixed with 4% paraformaldehyde in PBS for 60 min at 4°C,
quenched with 0.2 M glycine in PBS, and permeabilized using
0.2% Triton X-100 for 10 min at room temperature. After wash-
ing in PBS, cells were incubated with Alexa Fluor 488-phalloi-
din (Invitrogen) for 60 min at room temperature and then
washed, mounted in mounting medium containing nuclear
DAPI stain (Vector Laboratories Inc., Burlingame, CA), and
visualized using a BZ-9000 fluorescence microscope (Keyence
Corp., Osaka, Japan). Images were captured digitally in real
time and processed using BZ-II imaging software (Keyence
Corp.).

Assessment of Bomne Resorption—For the bone resorption
assay, BMCs were cultured for 7 days with M-CSF (20 ng/ml)
and RANKL (40 ng/ml) in the presence or absence of curdlan
on an Osteo Assay Stripwell Plate® (Corning Inc., NY).
d-RAWs were cultured for 10 days with RANKL (40 ng/ml) in
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FIGURE 1. Effect of curdlan on osteoclastogenesis in BMCs. A, mouse BMCs were incubated with M-CSF (20 ng/ml) and RANKL (40 ng/ml) in the presence or
absence of curdlan (12.5-50 pg/ml). Cells were cultured for 4 days and stained for TRAP activity. Scale bars = 500 pm. Ctr, control. B, the number of osteoclasts
was counted after staining for TRAP activity. Data show the number of osteoclasts from three independent samples, and error bars represent mean =+ S.D. Data
were analyzed by Dunnett’s test after one-way ANOVA. *#¥ p <0.0001 in comparison with the control without curdlan treatment. C, BMCs were incubated with
M-CSF (20 ng/ml) and RANKL (40 ng/ml) in the presence or absence of curdlan (12.5~50 pg/ml) on an Osteo Assay Stripwell Plate® for 7 days. Cells were
removed, and the resorption pits were visualized with light microscopy. Scale bars = 500 um. D, the pit areas were analyzed with ImagelJ software. Data show
the resorption area from three independent samples, and error bars represent mean == S.D. Data were analyzed by Dunnett's test after one-way ANOVA.*, p <
0.05; **, p < 0.01 in comparison with the control without curdlan treatment. E, BMCs were incubated with M-CSF (20 ng/ml) and RANKL (40 ng/ml) in the
presence or absence of curdian (12.5-50 pug/ml) for 5 days. Cells were fixed and stained for F-actin. Scale bars = 500 pm.

the presence or absence of curdlan. To quantitate resorption TCCGTTTC-3’ (reverse); trap, 5'-CTGCTGGGC CTACAA-
lacunae, cells were removed with 5% sodium hypochlorite, fol-  ATCATA-3" (forward) and 5'-GGGAG TCCTCAGATCC-
lowed by extensive washing with distilled water and air drying. ATAGT-3' (reverse); oc-stamp, 5'-CCGCAGCCTGACATTT-
In some experiments for a pit assay, BMCs were cultured with  GAG-3’ (forward) and 5 -TCTCCTGAGTGATCGTGTG-
M-CSF (20 ng/ml) and RANKL (40 ng/ml) in the presence or  CAT-3' (reverse); cathepsin k, 5'-TATGACCACTGCCTTC
absence of curdlan on dentin slices (Wako Pure Chemical CAATAC-3' (forward) and 5'-GCCGTGGCGTTA TACAT-
Industries). Cells on dentin slices were removed, and pits were  ACA-3' (reverse); and mmp9, 5 -TGAGCTGG ACAGCCAG-
stained with Mayer’s hematoxylin solution (Muto Pure Chem- ACACTAAA-3’ (forward) and 5'-T CGCGGCAAGTCTTCA-
icals Co., Ltd., Tokyo, Japan). The absorbed areas on the discs GAGTAGTT-3' (reverse). Thermal cycling and fluorescence
and dentin slices were observed under a microscope and quan-  detection were performed using a StepOne™ real-time system
tified using Image] software (National Institutes of Health, (Applied Biosystems). Relative changes in gene expression were
http://rsb.info.nih.gov). calculated using the comparative CT method. Total ¢cDNA
Quantitative Real-time RT-PCR—Total RNA was isolated abundance between samples was normalized using primers
from cells with an RNeasy mini kit (Qiagen Inc., Valencia, CA)  specific to the GAPDH gene.
according to the instructions of the manufacturer. RNA was Immunoblot Analysis—Total protein was extracted using cell
transcribed with g-Script cDNA Supermix reagents (Quanta lysis buffer (Cell Signaling Technology) containing a protease
BioSciences, Gaitherburg, MD) and amplified for 30 min at inhibitor mixture (Thermo Fisher Scientific) and a phosphatase
42 °C. For real-time RT-PCR, PCR products were detected inhibitor mixture (Nacalai Tesque). Protein contents were
using FAST SYBR® Green Master Mix (Applied Biosystems, measured using a DC protein assay kit (Bio-Rad). Total protein
Foster City, CA) using the following primer sequences: gapdh, (20 pg/sample) was loaded and separated on a 10-20%
5'-GACGGCCGCATCTTCTTGA-3' (forward) and 5'-CAC-  e-PAGEL (ATTO Corp., Tokyo, Japan) and then transferred to
ACCGACCTTCACCATTTT-3' (reverse); dectin 1,5'-CCTT-  PVDF membranes (Millipore Corp., Bedford, MA). Nonspe-
GGAGGCCCATTGC-3' (forward) and 5'-GCAACCACTAC-  cific binding sites were blocked for 30 min by immersing the
TACCACAAAGC A-3' (reverse); ufatcl, 5'-ACCACCTTTC- membrane in Blocking One (Nacalai Tesque) at room temper-
CGCAA CCA-3' (forward) and 5-GGTACTGGCTTCTCT  ature. Membranes were subjected to overnight incubation with
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FIGURE 2. Expression of dectin 1 in c-RAWs, d-RAWSs, BMCs, and ST2 cells.
A, total RNA was isolated from c-RAWSs, d-RAWSs, BMCs, and ST2, reverse-tran-
scribed into ¢<DNA, and then PCR amplification was performed using primers
specific for dectin 1 and Gapdh. Data show the fold changes in dectin T mRNA
copy number values from three independent samples. Error bars represent
mean * S.D. N.D. represents not detected. B, whole cell lysates from c-RAW,
d-RAW, and BMCs were subjected to SDS-PAGE and Western blotting analy-
ses, with the blots probed for dectin 1. Equivalent protein aliquots of cell
lysates were also analyzed for B-actin. C, mouse BMCs were incubated over-
night on culture dishesin a-MEM containing 10% FCS. After discarding adher-
ent cells, floating cells were incubated further with M-CSF (20 ng/ml) on Petri
dishes, BMCs became adherent after a 3-day culture and were used as oste-
oclast precursors. Osteoclast precursors were cultured further with M-CSF +
RANKL (40 ng/ml) in the presence or absence of curdlan (25 pg/ml) for 3 days.
Cells were stained for TRAP activity. Scale bars = 500 um. Ctr, control. D, the
number of osteoclasts was counted after staining for TRAP activity. Data show
the number of osteoclasts from three independent samples, and error bars
represent mean * S.D. Data were analyzed by Dunnett’s test after one-way
ANOVA. *** p < 0.0001 in comparison with control without curdlan
treatment.
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diluted primary antibodies at 4 °C, followed by HRP-conjugated
secondary antibodies for 60 min at room temperature. HRP-
conjugated anti-mouse and anti-rabbit IgG were used as sec-
ondary antibodies (GE Healthcare, Little Chalfont, UK). After
washing the membranes, chemiluminescence was produced
using ECL reagent (Amersham Biosciences, Uppsala, Sweden)
or Chemi-Lumi One Super (Nacalai Tesque) and detected dig-
itally with GelDoc XR Plus (Bio-Rad).

Nuclear Translocation of NFATcl—d-RAWSs were cultured
with or without curdlan (25 pg/ml) in the presence of RANKL
(40 ng/ml) for 6 h. Cultured cells were harvested and collected
by centrifugation at 300 X g for 5 min, and cell pellets were
treated with NE-PER nuclear and cytoplasmic extraction
reagents (Thermo Scientific) according to the instructions of
the manufacturer. Cell fractions were subjected to SDS-PAGE
and immunoblotted with antibody against NFATc1. In other
experiments, d-RAWs were cultured with or without curdlan
(25 wg/ml) in the presence of RANKL (40 ng/ml) for 3 h in
8-well chamber slides. Treated cells were fixed in 4% parafor-
maldehyde in PBS for 60 min at 4 °C and quenched with 0.2 m
glycine in PBS. Cells were permeabilized using 0.2% Triton
X-100 for 10 min at room temperature, followed by blocking
with 1% BSA (Sigma-Aldrich) in PBS for 30 min. After washing
in PBS, cells were incubated with anti-NFATcl (2.0 pg/ml)
antibody for 60 min at room temperature. After washing in
PBS, cells were incubated with Alexa Fluor 488 conjugated anti-
mouse secondary antibody (Invitrogen) and then washed,
mounted in mounting medium containing DAPI, and visual-
ized using a BZ-9000 fluorescence microscope. Images were

Curdian 100 ug/ml

Curdlan 80 pg/mi
ST At oo

o

£00000.

300000

200000

RANKL + Curdlan

100000

Pits area {pixelsifield)

[
RANKL RANKL
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FIGURE 3. Effect of curdlan on osteoclastogenesis in RAW 264.7 cells. A, c-RAWs and d-RAWs were incubated with RANKL (40 ng/ml) in the presence or
absence of curdlan (12.5-50 pg/ml). Cells were cultured for 7 days and stained for TRAP activity. Scale bars = 500 um. Ctr, control. B, the number of osteoclasts
was counted after staining for TRAP activity. Data show the number of osteoclasts from three independent samples, and error bars represent mean = S.D. Data
were analyzed by Dunnett’s test after cne-way ANOVA. **, p < 0.01; ***, p < 0.0001 in comparison with the control without curdlan treatment. C, d-RAWs were
incubated with RANKL (40 ng/ml) in the presence or absence of curdlan (25 g/ml) on an Osteo Assay Stripwell Plate® for 12 days. Cells were removed and the
resorption pits were visualized with light microscopy. Scale bars = 500 um. D, the pit areas were analyzed with ImagelJ software. Data show the resorption area
from three independent samples, and error bars represent mean = S.D. Data were analyzed by Student’s t test. **, p < 0.01 in comparison with the control
without curdlan treatment. £, d-RAWs were incubated with RANKL (40 ng/ml) in the presence or absence of curdlan (25 pg/ml) for 8 days. Cells were fixed and

stained for F-actin. Scale bars = 500 pm.
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FIGURE 4. Time course effect of curdlan on osteoclast formation in BMCs and d-RAWSs. A, BMCs were incubated with M-CSF (20 ng/ml) for 3 days and
cultured further with M-CSF + RANKL (40 ng/ml) in the presence or absence of curdlan (25 ug/ml) for 4 days (d). Cells were stained for TRAP activity. Scale bars =
500 pm. Ctr, control. C, d-RAWs were incubated with RANKL (40 ng/mli) in the presence or absence of curdlan (25 pg/ml). Cells were cultured for 7 days and
stained for TRAP activity. Scale bars = 500 um. The number of osteoclasts differentiated from BMCs (B) and d-RAWSs (D) was counted after the staining for TRAP
activity. Data show the number of osteoclasts from three independent samples, and error bars represent mean == S.D. Data were analyzed by Dunnett's test
after one-way ANOVA. *** p < 0.0001 in comparison with the control without curdlan treatment.

captured digitally in real time and processed using BZ-II imag-
ing software.

Immunofluorescence Analysis of Syk—d-RAWs were cul-
tured with or without curdlan (25 pg/ml) for the indicated
times in 8-well chamber slides. Treated cells were fixed in 4%
paraformaldehyde in PBS for 60 min at 4 °C and quenched with
0.2 M glycine in PBS. Cells were permeabilized using 0.2% 1ri-
ton X-100 for 10 min at room temperature, followed by block-
ing with 1% BSA in PBS for 30 min. After washing in PBS, cells
were incubated with anti-Syk polyclonal antibody (Santa Cruz
Biotechnology, 2.0 ug/ml) overnight at 4 °C. After washing in
PBS, cells were incubated with Alexa Fluor 488-conjugated
anti-rabbit secondary antibody (Invitrogen) and then washed,
mounted in mounting medium containing DAPI, and visual-
ized using a BZ-9000 fluorescence microscope (Keyence
Corp.). Images were captured digitally in real time and pro-
cessed using BZ-II imaging software.

Silencing of Syk Expression by Specific siRNA—siRNA target-
ing was used to knock down Syk expression in d-RAWSs. siRNA
against mouse Syk and siRNA were purchased from Santa Cruz
Biotechnology. A NEPA21 Super Electroporator (Nepa Gene
Co., Ltd., Chiba, Japan) was used to deliver siRNA into cells
according to the instructions of the manufacturer. In brief,
1.0 X 106 cells were suspended in 100 ul of a-MEM and trans-
fected with siRNA at a final concentration of 300 nm. Trans-
fected cells were immediately diluted with prewarmed a-MEM
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and cultured in 6-well plates for 24 h before stimulation with
RANKIL. Specific gene knockdowns were assessed by real-time
RT-PCR.

Statistical Analyses—All data were obtained from three inde-
pendent experiments, and each experiment was performed in
triplicate. Statistical analyses were carried out using JMP® soft-
ware, version 10.0.2 (SAS Institute Inc., Cary, NC). All data
were expressed as mean * S.D. and analyzed by one-way anal-
ysis of variance (ANOVA) followed by a suitable post test (Dun-
nett’s or Tukey’s) or Student’s £ test. p < 0.05 was considered to
be statistically significant.

RESULTS

Curdlan Inhibits Osteoclast Formation and Function in
BMCs—To determine whether curdlan affects osteoclast dif-
ferentiation, we first evaluated the osteoclast number by count-
ing TRAP-positive multinucleated cells. Curdlan inhibited
the differentiation of BMCs into osteoclast-like cells, mediated
by M-CSF and RANKL. As shown in Fig. 1, A and B, the effect
of curdlan was dose-dependent, with maximum inhibition
observed at a concentration of 50 pg/ml (91.1% inhibition).
Differentiated mature osteoclasts can resorb the mineral sub-
stratum on discs coated with calcium phosphate as well as den-
tin slices (26 -28). To determine whether curdlan affects oste-
oclast function, differentiated BMCs were cultured on an Osteo
Assay Stripwell Plate® with M-CSF and RANKL in the presence
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FIGURE 5. Time course effect of curdlan on osteoclast activity in BMCs. A, BMCs were incubated with M-CSF (20 ng/ml) and RANKL (40 ng/ml) in the presence
or absence of curdlan (25 pg/ml) on dentin slices for 7 days. Dentin slices were stained with Mayer’s hematoxylin after removal of cells. The resorption pits
were visualized by light microscopy. Scale bars = 200 um. Ctr, control. B, the pit areas were analyzed with ImageJ software. Data show the resorption area from
three independent samples, and error bars represent mean = S.D. Data were analyzed by Dunnett’s test after one-way ANOVA. *** p < 0.001 compared with
the controls without curdlan treatment. C, BMCs were incubated with M-CSF (20 ng/ml) and RANKL (40 ng/ml} using RedCell® for 5 days. Mature osteoclasts
were harvested and seeded on dentin slices, followed by treatment with or without curdlan (25 ug/ml) for an additional 2 days. Dentin slices were stained with
Mayer's hematoxylin after removal of cells. The resorption pits were visualized by light microscopy. Scale bars = 200 um. D, the pit areas were analyzed with
ImageJ software. Data show the resorption area from three independent samples, and error bars represent mean = S.D. F, mature osteoclasts were stimulated
by curdlan (25 wg/ml) for 1 day. Cells were fixed and stained for F-actin. Scale bars = 500 pm.

or absence of curdlan. Curdlan inhibited the stimulatory effect  and B). This effect of curdlan was dose-dependent, with maxi-
of M-CSF and RANKL on bone resorption in a dose-dependent  mum inhibition observed at 100 pg/ml (97.0% inhibition). On
manner up to 50 pwg/ml (Fig. 1, Cand D). The actin sealing ring  the other hand, curdlan slightly suppressed osteoclast forma-
in osteoclasts is essential for bone resorption. Therefore, we tionin c-RAWs, and significant inhibition was observed only at
visualized the actin cytoskeleton of differentiated BMCs byrho-  a dose of 100 pg/ml. Curdlan also inhibited RANKL-induced
damine-phalloidin staining. As shown in Fig. 1E, M-CSF and  bone resorption (Fig. 3, Cand D) and actin ring formation (Fig.
RANKL treatment induced well defined actin sealing ring for-  3E) in differentiated d-RAWs.
mation, with a higher-intensity ring height at the cell margin. Curdlan Has No Effect on M-CSF-induced BMC Differentia-
Conversely, curdlan significantly decreased the number of well  tion but Inhibits RANKL-induced Osteoclast Formation at an
defined actin rings and reduced their intensity. Curdlan had no  Early Stage—Osteoclastogenesis is a multistep process that can
effect on the proliferation of BMCs (data not shown). be separated into two major events: the proliferation of BMCs
Curdlan-Dectin 1 Interaction Inhibits Osteoclast Formation and their differentiation into osteoclast precursors, induced by
and Function in RAW Cells—Because the results from Fig. 1 ~M-CSF, and the subsequent differentiation of osteoclast pre-
suggested the potential relevance of curdlan in the regulation of  cursors into osteoclasts, induced by RANKL (29). To examine
osteoclastogenesis, we analyzed the expression of the curdlan-  which is the most important step to induce the suppressive
specific receptor dectin 1 in osteoclast precursors and stromal  effect of curdlan on osteoclastogenesis, we first investigated the
cells. We confirmed the expression of dectin 1 in osteoclast effect of curdlan on BMC differentiation induced by M-CSF.
precursor RAW 264.7 cells and BMCs (Fig. 2, 4 and B). In con-  Curdlan had almost no effect on M-CSF-induced osteoclast
trast, dectin 1 gene expression was not observed in stromal ST2  formation (Fig. 4, A and B, d1-4). To examine the precise effects
cells, suggesting that the target cells of curdlan in the regulation  of curdlan on BMC differentiation into osteoclast precursors
of osteoclastogenesis are osteoclast precursors cells, not osteo-  induced by M-CSF, the expression level of an M-CSF-induced
blasts/stromal cells. These data were supported by the result osteoclast precursor marker, RANK, was assessed by Western
that curdlan significantly suppressed osteoclast differentiation  blotting. However, curdlan had little effect on the expression of
from osteoclast precursors derived from BMCs (Fig. 2, Cand RANK induced by M-CSF (data not shown).
D). Therefore, the inhibitory effect of curdlan on the osteoclas- To determine the effect of curdlan on RANKL-induced dif-
togenesis of RAW 264.7 cells was evaluated in vitro. We found  ferentiation of osteoclast precursor cells into mature oste-
that curdlan had no effect on cell proliferation of c-RAWs and  oclasts, we examined the differentiation process of BMCs dur-
d-RAWs (data not shown). After 7 days of incubation with ing 8-day RANKL stimulation in the presence or absence of
curdlan (12.5 pug/ml), there was a 58.8% decrease in the number  curdlan. We observed that stimulation of curdlan strongly
of osteoclasts differentiated by RANKL in d-RAWSs (Fig. 3, A  inhibited RANKL-induced osteoclast differentiation during the
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early stage (days 4 - 6) of differentiation. However, curdlan had
no inhibitory effect on osteoclast differentiation at later stages
(days 6~8). In d-RAWS, treatment with curdlan during the
early stage (days 1-3) had an almost identical suppressive
effect on osteoclast differentiation induced by RANKL (Fig. 4, C
and D).

Curdlan Has Little Effect on Mature Osteoclast Bone Resorp-
tion and Actin Ring Formation—We investigated whether
curdlan inhibited osteoclast bone resorption. When BMCs
were cultured on dentin slices, mature osteoclasts caused
the resorption of lacunae and the formation of pits in the pres-
ence of M-CSF and RANKL. The number and area of pits on the
surface of the dentin slices were decreased markedly by the
addition of curdlan at the beginning of the assay (Fig. 5, A and
B). However, after M-CSF and RANKL stimulation for 6 days
on RedCell® (CellSeed Inc., Tokyo, Japan), mature osteoclasts
formed and were then seeded on dentin slices, followed by incu-
bation in the presence or absence of curdlan for an additional 2
days. Bone resorption pits and erosion areas showed no signif-
icant differences between the control slices and curdlan-treated
slices (Fig. 5, C and D). To investigate the effect of curdlan on
mature osteoclasts, we examined actin ring formation. Curdlan
exerted little effect on the actin ring formation of mature oste-
oclast (Fig. 5F).

Curdlan Inhibits RANKL-mediated NFATcl Expression via
Dectin 1—NFA'Tcl is a transcription factor essential for
RANKL-stimulated osteoclastogenesis (30). Therefore, we
investigated Nfatc! mRNA accumulation, which is related to
the autoamplification of NFATc1. After 72 h of incubation with
RANKL, there was a strong increase in Nfatcl mRNA copy
number compared with untreated cells. Culturing with curdlan
suppressed the stimulation of Nfatcl mRNA expression by
RANKL in d-RAWs (Fig. 6A). In contrast, curdlan had almost
no effect on expression levels of Nfatcl mRNA stimulated by
RANKL in ¢-RAWS. As shown in Fig. 6B, the level of NFATcl
protein expression was increased in d-RAWs 72 h after stimu-
lation with RANKL, and that stimulation was down-regulated
by the addition of curdlan. Similar results were obtained for
M-CSF and RANKL-induced NFATc1 protein expression in
BMCs (Fig. 6C).

Curdlan Negatively Regulates the Expression of Osteoclasto-
genic Genes—7To further substantiate the effect of curdlan on
osteoclastogenesis, we examined the expression levels of
mRNAs encoding osteoclast-related genes after 72 h of RANKL
stimulation in d-RAWSs. Consistent with the finding for oste-
oclastogenesis, the expression profiles revealed that osteoclast-
associated genes, including Trap (Fig. 7A), Oc-stamp (Fig. 7B),
Cathepsin K (Fig.7C), and Mmp9 (Fig. 7D), induced by RANKL,
were decreased significantly by curdlan.

Curdlan Inhibits the RANKL-mediated AP-1 Signaling Path-
way via Dectin-1—7To investigate the molecular mechanism by
which curdlan inhibits osteoclastogenesis, we evaluated the
effect of curdlan on the activation of NF-kB and AP-1, which is
required for induction of NFATcl, by Western blotting.
RANKL induced NF-«B activation, which was observed by
IkB-a degradation (Fig. 8A4). Furthermore, the levels of c-jun
phosphorylation (Fig. 8B, phospho-c-jun) and c-fos (Fig. 8C)
expression were elevated by RANKL. When d-RAWS were
SASBMB
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FIGURE 6. Effect of curdian on NFATc1 expression in RAW cells. c-RAWSs
and d-RAWs were incubated with or without curdlan (25 j1g/ml) in the pres-
ence of RANKL (40 ng/ml) for 72 h. A, total RNA was isolated and reverse-
transcribed into ¢cDNA, and then PCR amplification was performed using
primers specific for Nfatct and Gapdh. Data show the fold changes in Nfatc1
MRNA copy number values from three independent samples, and error bars
represent mean * S.D. Data were analyzed by Tukey's post test after one-way
ANOVA. #¥#* p < 0.0001 in comparison with treatment with RANKL; N.S., not
significant. B, whole cell lysates were subjected to SDS-PAGE and Western
blot analyses, with the blots probed for NFATc1. Equivalent protein aliquots
of cell lysates were also analyzed for B-actin. C, BMCs were incubated with or
without curdlan (25 pg/ml) in the presence or absence of M-CSF (20 ng/ml)
and RANKL (40 ng/ml) for 48 h. Whole cell lysates were subjected to SDS-PAGE
and Western blot analyses, with the blots probed for NFATc1. Equivalent pro-
tein aliquots of cell lysates were also analyzed for g-actin.

incubated with RANKL and curdlan, the level of c-fos expres-
sion was lower than in cells treated with RANKL alone. This
inhibitory effect of curdlan on RANKL-induced c-fos expres-
sion was not significant in ¢-RAWs. On the other hand, the
activation of c-jun or IkB-a protein induced by RANKL was not
affected by treatment with curdlan.

Curdlan Inhibits NFATcl Translocation to the Nucleus—
NFATc1, which is phosphorylated in the cell cytoplasm, is
translocated from the cytoplasm to the nucleus by calcineurin-
mediated dephosphorylation. Therefore, we investigated
whether RANKL-induced NFATc1 translocation is suppressed
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FIGURE 7. Effect of curdlan on RANKL-induced expression of osteoclasto-
genicgenes in d-RAWSs. d-RAWs were incubated with or without curdlan (25
wg/ml) in the presence of RANKL (40 ng/ml) for 72 h. Total RNA was isolated
and reverse-transcribed into ¢cDNA, and then PCR amplification was per-
formed using primers specific for Trap, Oc-stamp, Cathepsin K, Mmp39, and
Gapdh. Data show the fold changes in Trap (A), Oc-stamp (B), Cathepsin K (C),
and Mmp9 (D) mRNA copy number values from three independent samples,
and error bars represent mean = S.D. Data were analyzed by Tukey's post test
after one-way ANOVA. **, p < 0.01; *** p < 0.0001 in comparison with treat-
ment with RANKL.

by curdlan treatment. Nuclear translocation of NFATcl was
detected in d-RAWs treated with RANKL and was observed to
be down-regulated by the addition of curdlan. (Fig. 9, A and B).
Waestern blotting analysis revealed that NFATc1 in the nuclear
fraction was increased in cells following stimulation with
RANKL. When cells were incubated with both RANKL and
curdlan, the level of NFATc1 protein in the nucleus was lower
than in cells treated with RANKL alone (Fig. 9C).

Curdlan Inhibits Osteoclastogenesis via Degradation of Syk
Protein—To clarify the role of Syk on osteoclastogenesis, we
examined Syk expression in d-RAWSs incubated with curdlan by
immunoblot analysis. Surprisingly, time-dependent Syk degra-
dation was observed in the presence of curdlan up to 3 h,
whereas curdlan transiently phosphorylated Syk protein in
d-RAWSs from 15~ 60 min (Fig. 104). By immunofluorescence
analysis, d-RAWSs, at all examined culture times, exhibited a
background level of Syk that was localized primarily in the cyto-
plasm. Syk protein accumulation was also diminished by curd-
lan treatment up to 3 h (Fig. 10B). To confirm the involvement
of Syk in osteoclast formation, d-RAWs were transfected with
Syk siRNA and cultured with RANKL. Using Syk-specific
siRNA transfected into d-RAWSs, Syk mRNA was knocked
down by ~50% compared with cells transfected with a nonspe-
cific control siRNA (Fig. 10C). The knockdown of Syk protein
was also confirmed by Western blot analysis (Fig. 10D). In
d-RAWSs transfected with control siRNA, RANKL-induced
osteoclast formation was observed. However, in the Syk-spe-
cific siRNA-treated d-RAWs, osteoclast formation was dimin-
ished, even with RANKL treatment (Fig. 10, E and F). Further-
more, the RANKL-induced increase in NFATc1 expression was
blocked in the presence of Syk siRNA (Fig. 10G).

Inhibition of Syk Activation Abolished RANKL-induced
Osteoclastogenesis—To further substantiate the role of curd-
lan-dectin 1-Syk signaling in osteoclast formation induced by
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FIGURE 8. Effect of curdlan on RANKL-induced activation of osteoclast
differentiation-related molecules in RAW cells. c-RAWs and d-RAWs were
incubated with or without curdlan (25 wg/ml) in the presence of RANKL (40
ng/mi) for the indicated time. Whole cell lysates were subjected to SDS-PAGE
and Western blot analyses, with the blots probed for 1kB-« (A), phosphory-
lated c-jun (phospho-c-jun), c-jun (B) and c-fos (C). Equivalent protein aliquots
of cell lysates were also analyzed for B-actin.

RANKL, d-RAWSs were pretreated with the specific inhibitor
for Syk. Two reagents, piceatannol and BAY 61-3606, are com-
monly used to block phosphorylation of Syk (31, 32). WST-1
analysis revealed that these inhibitors had no effect on d-RAW
cell growth (data not shown) in the presence or absence of
RANKL. Both piceatannol and BAY 61-3606 pretreatment
effectively blocked RANKL-induced osteoclast formation in
a dose-dependent manner (Fig. 11, A-D). Furthermore, the
increase in NFATcl expression, induced by RANKL, was
decreased by pretreatment with both inhibitors (Fig. 11E).

DISCUSSION

A number of studies have documented B-glucan modulation
of biological activities in macrophages (11, 33, 34). Osteoclasts
are large, multinucleated cells formed by the fusion of precur-
sor cells in the monocyte/macrophage lineage (35). There is a
considerable overlap of molecules and regulatory mechanisms
shared between osseous and immune systems. With the aid of
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