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ABSTRACT
Skeletal integrity is tightly regulated by the activity of osteoblasts and osteoclasts that are both under the control of extracellular

glycosaminoglycans (GAGs) through their interactions with endogenous growth factors and differentiation-promoting ligands. Receptor

activator of NF-kappa-B ligand (RANKL), which is a tumor necrosis factor (TNF)-related protein that is critical for osteoclast formation, is

produced by osteoblasts and further modulated by certain types of GAGs. Using unfractionated osteoblast-derived GAGs that reflect the

complex tissue microenvironment within which osteoclasts reside, we demonstrate that these GAGs block the osteoclastogenic activity of

RANKL. Furthermore, RANKL significantly reduces extracellular signal-regulated protein kinase (ERK) activity, a putative suppressor of

osteoclastogenesis, but osteoblast-derived GAGs eliminate the inhibitory effects of RANKL on ERK activity. Notably, while imposing an anti-

osteoclastic effect, these GAGs also enhanced the proliferation of osteoblasts. Thus, the osteoblast microenvironment is a potent source of

GAGs that promote bone anabolic activities. The anti-osteoclastogenic and osteoblast-related mitogenic activities of these GAGs together may

provide a key starting point for the development of selective sugar-based therapeutic compounds for the treatment of osteopenic disorders.
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B one remodeling and maintenance of skeletal integrity are

coordinated and dynamic processes that involve a balance

between bone matrix synthesis by osteoblasts and bone resorption

by osteoclasts. Multinucleated osteoclasts originate from monocyte/

macrophage cells in bone marrow from the hematopoietic lineage

[Suda et al., 1992]. Increased osteoclast activity has been observed

in many osteopenic disorders, including osteoporosis, lytic bone

metastases, or rheumatoid arthritis, and ultimately results in

abnormal bone resorption and bone fractures [Roodman, 1999].

Among the numerous factors affecting osteoclastogenesis, the

receptor activator of NF-kB (RANK), its ligand RANKL, and

osteoprotegerin (OPG), the decoy receptor of RANKL, are essential

for osteoclast development [Takahashi et al., 1999].
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RANKL, a member of the tumor necrosis factor (TNF)-ligand

superfamily, is produced by osteoblasts and bone marrow stromal

cells, whereas its cognate receptor RANK is expressed on the surface

of pre-osteoclasts [Fuller et al., 1998]. The interaction between

RANKL and RANK stimulates the maturation of targeted osteoclasts

by activation of transcription factors that regulate osteoclastogen-

esis [Lacey et al., 1998; Hsu et al., 1999; Takayanagi et al., 2002].

RANKL is also required for the survival of mature osteoclasts

[Katagiri and Takahashi, 2002]. OPG is produced by osteoblasts and

acts as a decoy receptor to RANKL, thus inhibiting osteoclast

differentiation and survival through competing with RANK for

RANKL binding [Burgess et al., 1999; Khosla, 2001]. Evidence from

genetic studies has shown that RANKL and RANK are essential for
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osteoclastogenesis. RANK- or RANKL-deficient mice exhibit marked

osteopetrosis and a defect in tooth eruption caused by the

diminishment of osteoclast formation [Dougall et al., 1999; Kim

et al., 2000]. Mice lacking OPG have increased number and activity

of osteoclasts and consequently suffer from severe osteoporosis

[Bucay et al., 1998; Mizuno et al., 1998].

Accumulating clinical evidence has further consolidated the key

role of the RANKL/RANK/OPG axis in bone metabolism and the

direct relevance of these factors to human disease. Elevated RANKL

levels and/or a decline of OPG has been demonstrated in several

bone metabolic diseases, including postmenopausal osteoporosis,

glucocorticoid-induced osteoporosis, multiple myeloma-associated

osteolytic lesions, and atherosclerotic disease-associated vascular

calcification. This imbalance may be a key mechanism responsible

for osteoporosis [Pearse et al., 2001; Sasaki et al., 2002; Eghbali-

Fatourechi et al., 2003; Schoppet et al., 2004]. Furthermore,

inactivating mutations in the OPG gene and activating mutations in

the RANK gene have been identified in genetic disorders of mineral

metabolism [Hughes et al., 2000; Whyte and Hughes, 2002; Whyte

et al., 2002; Nakatsuka et al., 2003]. All of these genetic

abnormalities result in unopposed activation of RANK/RANKL

signaling, which enhances osteoclastogenesis and consequently

increases bone loss.

Recent studies have suggested that glycosaminoglycans (GAG)

have important roles in the interaction and activity of RANK/

RANKL. GAGs are polyanionic linear polysaccharides composed of

repeating disaccharide units with a carboxyl group and one or more

sulfates [Lamoureux et al., 2007]. Most GAGs are covalently

attached to core proteins to form proteoglycans which are the major

components of bone extracellular matrix (ECM) [Iozzo, 1998].

Endogenous GAGs include heparin, heparan sulfate (HS), chon-

droitin sulfate (CS), dermatan sulfate, keratin sulfate, and hyaluronic

acid (HA). GAGs regulate a wide variety of biological processes,

including hemostasis, inflammation, angiogenesis, cytokine pre-

sentation/binding, cell adhesion, and migration as well as the

control of proliferation and differentiation [Perrimon and Bernfield,

2000; Gandhi and Mancera, 2008]. GAGs bind to a large number of

protein ligands via interaction with protein heparin-binding

domains, and these interactions modify the biological activity of

cell surface receptors. Recent studies have demonstrated that

dermatan sulfate and heparin possess high affinity for RANKL and

suppress osteoclast formation by obstructing the interaction

between RANKL and RANK [Shinmyouzu et al., 2007; Ariyoshi

et al., 2008].

Because osteoclastogenesis is largely controlled by factors

produced by osteoblasts (i.e., RANKL), it is important to understand

how osteoblast-specific GAGs regulate osteoclast formation via

interactions with RANKL. GAGs synthesized and secreted by

osteoblasts are attached to the cell surface and contained within

the ECM as a mixture of species with varying structure and activity

[Jackson et al., 2007; Haupt et al., 2009]. The integrity of GAGs is

important to maintain the proliferation and differentiation of

osteoblasts [Kumarasuriyar et al., 2009]. Furthermore, bone-derived

HSs promote the proliferation and differentiation of osteoblasts. The

activities of GAGs are fine-tuned by structural changes at different

developmental stages during osteogenesis [Jackson et al., 2007;
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Nurcombe et al., 2007; Haupt et al., 2009] that are supported by

changes in the expression of GAG-related enzymes and proteogly-

cans in response to the osteogenic master regulator RUNX2 [Haupt

et al., 2009; Teplyuk et al., 2009].

Mixtures of GAGs may help regulate osteoclastogenesis in

microenvironments where osteoblasts/osteoclasts co-reside. There-

fore, we extracted GAGs from the cell surface of osteoblasts as well

as those secreted into the media in soluble forms. Their binding

affinity for RANKL and the effect on RANKL-induced osteoclast

differentiation was then examined. To reduce potential contam-

inating effects from endogenous RANKL activity, we used

osteoclastic precursor cells (RAW264.7) that lack RANKL or OPG

expression, but remain responsive to exogenous RANKL stimulation

and possess osteoclastogenic potential [Collin-Osdoby et al., 2003].

Our study demonstrates that GAGs isolated from osteoblasts have

affinity for RANKL and significantly inhibit RANKL-induced

osteoclastogenesis by modulating extracellular signal-regulated

protein kinase (ERK) activity. These findings suggest that osteoblasts

produce extracellular macromolecules to fine-tune osteoclast

activity. Moreover, the anti-osteoclastic activity of these osteo-

blast-derived GAGs supports their further development as sub-

stances for treating bone disorders with aberrantly elevated RANKL/

osteoclast activity.

MATERIALS AND METHODS

EXTRACTION OF GAGs FROM PORCINE OSTEOBLASTS

GAGs were obtained from porcine primary osteoblast cultures as

described previously [Manton et al., 2006] with strict adherence to

the ethical guidelines of the Biomedical Research Council of

Singapore and the National University of Singapore. Osteoblasts

were collected from pre-confluent cultures, and the expression

of alkaline phosphatase was used to confirm an osteoblastic

phenotype. The osteoblasts obtained were then seeded at 5,000 cells/

cm2 and cultured in alpha-minimum essential medium (a-MEM)

containing 10% fetal calf serum (FCS) for 8 days (�80% confluent)

with a media change every 3 days prior to GAG extraction. We

isolated and purified GAGs from primary porcine osteoblasts based

on their localization on the cell surface, in the ECM or as soluble

factors. However, the quantity of ECM-derived GAG was sig-

nificantly lower than the other two fractions (data not shown) and

insufficient for further analysis.

The media containing the soluble GAG fraction was gently

removed from the culture dishes without disturbing the cells. To

remove any cell debris, the media were centrifuged at a maximum

speed and the supernatants passed through a 0.45-mm filter. The cell

monolayer was then washed with phosphate-buffered saline (PBS)

and removed by trypsin–EDTA. The resulting cell solution was

boiled for 10 min to deactivate the trypsin and the lysate collected by

centrifugation at a maximum speed for 15 min. The supernatant

containing the cell surface GAG fraction was then passed through a

0.45-mm filter to remove any debris.

Supernatants obtained from the media (soluble fraction) or cells

(cell surface fraction) were subjected to anionic-exchange chro-

matography on a CaptoQ-Sepharose column (50 ml) equilibrated

in 50 mM PBS with 250 mM NaCl (low-salt buffer). Samples were
GLYCOSAMINOGLYCANS REGULATE OSTEOCLASTS 1223



loaded at a flow rate of 4 ml/min and the column was washed with

the same buffer until baseline was established. The bound material

was eluted with 1 M NaCl (high-salt buffer), and the peak fractions

were pooled, concentrated, and desalted with distilled H2O using

HiPrep Desalting 16/10 Columns (GE Life-Sciences) as per manu-

facturer’s instructions. The proteoglycan samples from the soluble

and cell surface fractions were freeze-dried to be concentrated.

The samples were then treated with neuraminidase (0.1 U) for 4 h

followed by further digestion with 10 mg/ml Pronase (in 500 mM

Tris–acetate, 50 mM calcium acetate, pH 8.0), and five volumes of

100 mM Tris–acetate (pH 8.0) at 378C for 24 h. The entire mixture

was then diluted 1:10 with low-salt buffer, passed through

a CaptoQ-Sepharose column (50 ml), and eluted as described

previously. The peak fractions were pooled, concentrated, and

desalted with water, freeze-dried and stored at �208C. The purified

GAG chains from soluble and cell surface fractions were further

characterized by size exclusion chromatography on a Sepharose

CL-6B column (1 cm� 120 cm).

CELL CULTURE

The RAW264.7 murine monocytic cell line (ATCC TIB-71, USA) was

routinely cultured in Dulbecco’s modified Eagle’s media (DMEM)

supplemented with 10% fetal bovine serum and 100 units/ml

penicillin/streptomycin at 378C in a humidified 5% CO2 incubator.

For experiments, RAW 264.7 cells were seeded at 2� 103/cm2.

Human primary osteoblasts were generously provided by Kerry

Manton [Manton et al., 2006]. The cells were derived from explants

of discarded calvarial bone obtained from a 19-year-old male donor

after informed consent according to the ethical guidelines of

the Biomedical Research Council of Singapore and the National

University Hospital, Singapore. The culture was maintained in

DMEM glucose supplemented with 10% FCS, 2 mM L-glutamine,

100 U/ml penicillin/streptomycin, and 100 mg/ml fungizone.

TARTRATE-RESISTANT ACID PHOSPHATASE STAINING

Monocytic RAW264.7 cells, which represent a widely used in vitro

model for the study of osteoclastogenesis, can be differentiated into

tartrate-resistant acid phosphatase (TRAP)-positive multinucleated

osteoclasts [Collin-Osdoby et al., 2003; Cool et al., 2007]. RAW264.7

cells were maintained in a-MEM containing 10% FCS, 2 mM

glutamine, 100 U/ml penicillin, and 100mg/ml streptomycin in a

humidified incubator (5% CO2 in air) at 378C. For experiments, cells

were seeded in eight-well chamber slides at a density of 2,000 cells/

cm2 and cultured for 5 days with 10 ng/ml RANKL (PeproTech, UK)

in the presence or absence of 5mg/ml GAG (soluble or cell surface).

The medium and test reagents were refreshed at day 3. At day 5, the

adherent cells were fixed with 4% paraformaldehyde in PBS at 48C
for 60 min, before being permeabilized with 0.2% Triton X-100 in

PBS at room temperature for 5 min. After rinsing with PBS, the cells

were then incubated with 0.01% naphthol AS-MX phosphate and

0.05% fast red violet LB salt (Sigma, USA) in the presence of 50 mM

sodium tartrate and 90 mM sodium acetate (pH 5.0) for TRAP

staining. TRAP-positive cells containing 10 or more nuclei were

considered to be osteoclasts and counted across 10 random fields at

10� magnification (Olympus IX81). All experiments were repeated

three times, and the average number of osteoclasts per 10 random
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fields was calculated. Photomicrographs of TRAP-stained colonies

were taken using an Olympus IX81 microscope equipped with a Spot

CCD camera and Image pro-plus v2.0) (Olympus, Japan).

IMMUNOBLOT ANALYSIS

RAW264.7 cells were washed in PBS twice before being lysed in

RIPA buffer (150 mM NaCl, 10 mM Tris pH 7.4, 2 mM EDTA, 0.5%

Nonidet P-40, 0.1% sodium dodecyl sulfate [SDS], 1% Triton X-100,

protease inhibitor cocktail) at 48C for 10 min. The protein

concentration was determined using BCA protein assay kit (Pierce

Biotechnology, USA) following the manufacturer’s instructions.

Protein (20mg) was then denatured and separated by SDS–PAGE.

Proteins were transferred to nitrocellulose membranes that were

blocked with 5% non-fat dry milk in PBS with 0.1% Tween-20

(PBST) for 1 h at room temperature. Blots were then incubated with

primary antibody and the corresponding peroxide-conjugated goat

anti-mouse/rabbit secondary antibody (Santa Cruz, USA) for 1 h at

room temperature with three washes by PBST in between. The

primary antibodies used were rabbit polyclonal phospho-p44/42

MAPK (Erk1/2) (Thr202/Tyr204) (Cell Signaling Technology) and

mouse monoclonal actin (Chemicon, USA). For reblotting, mem-

branes were stripped at 508C for 30 min in stripping buffer (62.5 mM

Tris–HCl, pH 6.7, 2% SDS, and 0.7% b-mercaptoethanol). Blots were

then washed for 30 min with three changes of PBST. Efficiency

of stripping was determined by re-exposure of the membranes to

enhanced chemiluminescence (ECL). Thereafter, membranes were

blocked and immunoblotted for actin to verify the equivalent

loading of samples. Immunoreactive bands were visualized by the

ECL kit according to the manufacturer’s instructions (Pierce, USA).

CONFOCAL LASER SCANNING MICROSCOPY

Human primary osteoblasts were grown on chamber slides with or

without GAGs for 2 days. Thereafter, the cells were rinsed and fixed

in 4% paraformaldehyde for 10 min followed by permeabilization

with 0.1% Triton X-100 for 5 min. After rinsing, the cells were

blocked in 1% bovine serum albumin for 30 min before being

incubated with rhodamine phalloidin (Invitrogen, USA) for 20 min.

The cells were then washed and mounted in VECTASHIELD1

Mounting Medium with 40, 6-diamidino-2-phenylindole (DAPI)

(Vector Laboratories, USA). Labeled cells were visualized with Zeiss

Axio Imager Z1 system (Carl Zeiss MicroImaging, USA). Images

were exported in the tagged-information-file format.

BrdU (5-BROMO-2-DEOXYURIDINE) INCORPORATION ASSAY

Primary human osteoblasts seeded at 5,000 cells/cm2 in a 96-well

microplate were synchronized by serum starvation for 24 h followed

by treatment with GAG for another 24 h. Thereafter, the cells were

pulsed with BrdU for 2 h at 378C according to the manufacturer’s

instructions for BrdU Incorporation Assay kit (Roche, Switzerland).

The incorporated BrdU was detected with peroxidase-conjugated

anti-BrdU antibody, and the bound conjugate visualized with the

soluble chromogenic substrate TMB and measured using an ELISA

reader (BioRad, USA). The morphology of osteoblasts was also

examined by phase-contrast microscopy (Olympus IX81, 10�
objective) after 4-days growth in the various conditions.
JOURNAL OF CELLULAR BIOCHEMISTRY



RANKL/GAGs BINDING ASSAY

To investigate the RANKL-binding properties to the GAGs extracted

in this study, specially prepared heparin/GAG binding plates were

obtained from Iduron (UK), and an enzyme-based assay was

performed according to the manufacturer’s instructions. The plates

were first coated with 5mg soluble or cell surface GAG, overnight in

a standard assay buffer (100 mM NaCl, 50 mM sodium acetate, 0.2%

Tween 20, pH 7.2). After blocking in 0.2% gelatin, 10 ng RANKL was

applied to the plate surface. The GAG-coated wells not subjected to

RANKL served as blank controls. Wells not pre-coated with GAGs

but subjected to RANKL were used to show that RANKL does not

bind to the plate surface. RANKL binding to soluble and cell surface

GAG was then detected by its specific antibody conjugated with

biotin (Abcam, UK). Biotin was further bound with ExtrAvidin-AP

followed by p-nitrophenyl phosphate, which is the chromogenic

substrate of AP and gives a yellow-color product detectable at

405 nm using a Victor3 multilabel plate reader (PerkinElmer, USA).

The entire assay was performed at room temperature and protected

from light, with each step followed by extensive washing to remove

non-specific interactions. The experimental readings were adjusted

by subtracting background (determined from blank readings) and

analyzed.

HEPARIN SEPHAROSE BEADS PRECIPITATION ASSAY

RANKL (10 ng) was incubated with 30ml of a 50%-heparin–

sepharose CL 6B beads slurry (Amersham Pharmacia Biotech, UK) in

100ml of PBS in the presence or absence of competing heparin

(5mg) or GAG (5mg) for 20 min at 48C. The beads were then washed

twice with PBS and the bound RANKL eluted by boiling in Laemmli

buffer (Sigma, USA) and detected using anti-RANKL antibody

(Santa Cruz, USA) by Western blot analysis.

STATISTIC ANALYSIS

Each experiment was repeated three times and data were expressed

as mean values� SEM. Differences among treatments were analyzed

by Student’s t-test or analysis of variances (ANOVA). Significant

difference was set at P< 0.05.

RESULTS

DIFFERENCES IN THE COMPOSITION OF SOLUBLE GAGs

AND CELL SURFACE GAGs

Skeletal homeostasis is controlled by the interplay between

osteoblasts and osteoclasts. Both cell types contact one another

and are influenced by factors residing in the osteogenic niche.

Therefore, we investigated whether GAGs isolated from osteoblasts

are capable of influencing physiological events in osteoclasts and/or

osteoblasts. GAGs produced by osteoblasts are present on cell

surfaces, secreted into the extracellular milieu or sequestered in the

ECM. Because ECM-derived GAGs are present in negligible

quantities in primary calvarial osteoblasts under our experimental

samples, our studies focus only on soluble and cell surface GAGs.

Anion exchange chromatography using a step-gradient of 1 M NaCl

was performed to purify GAGs, and GAG elution follows the

conductivity of NaCl (Fig. 1A). The elution profiles of soluble and

cell surface GAGs were similar, except that the magnitude of cell
JOURNAL OF CELLULAR BIOCHEMISTRY
surface GAG peak was higher indicating that this fraction contains

larger amounts of GAGs (Fig. 1A). For both soluble and cell surface

GAGs, we collected fractions 640–760 (Fig. 1A). We determined the

size distribution of GAGs to assess whether there may be differences

in the relative constituents between soluble and cell surface GAGs.

We observed two major GAG species (peaks 1 and 2) in the soluble

fraction and only one major GAG species (peak 2) in the cell surface

fraction (Fig. 1B). CS and HS are the two most abundant GAG species

in bone [Seibel et al., 2006]. CS has a higher molecular weight than

HS suggesting that peak 1 contains CS and peak 2 contains HS.

Although digestion with chondroitin lyase and heparin lyase is

necessary to confirm this assessment, we did not discriminate

between these two major GAG species because our studies are

primarily concerned with maintaining a mixture of GAG that reflect

the collective biological activity of osteoblast-derived GAG variants

acting on osteoclasts in the bone microenvironment.

AFFINITY OF GAGs FOR RANKL

To determine whether the soluble and cell surface GAGs bind to

RANKL, we immobilized a fixed amount of GAG (5mg) on the

surface of heparin/GAG binding plates. RANKL (ranging from 10 to

250 ng) was incubated with GAGs pre-bound to the plate surface,

and RANKL affinity for GAGs was determined and quantified by

ELISA using a biotinylated RANKL antibody. RANKL binding was

observed for both cell surface and soluble GAGs and increased dose-

dependently from 10 to 250 ng/ml (Fig. 2A). The RANKL titration

also indicated that a GAG amount of 5mg suffices to bind 10 ng

RANKL. Therefore, we administered GAGs (5mg/ml) and RANKL

(10 ng/ml) to RAW264.7 cells at the indicated concentrations to

examine the biological effect of GAGs on RANKL-induced

osteoclastogenesis (see Fig. 3). Comparison of GAG fractions

revealed that soluble and cellular GAGs, which each contain

peak-2 components (i.e., presumably HS), have comparable affinity

for RANKL (Fig. 2A).

Heparin, a highly sulfated HS species, has recently been reported

to bind to RANKL and to inhibit RANKL activity [Ariyoshi et al.,

2008]. Therefore, we used heparin-conjugated sepharose beads,

which are routinely used to isolate heparin-binding proteins, to

precipitate RANKL. We then performed competition assays with

excess free GAGs to assess the relative efficiency by which heparin,

cell surface GAGs, and soluble GAGs can prevent RANKL

precipitation (Fig. 2B). These competition assays will thus reveal

the relative binding affinity of either GAG to RANKL. The exogenous

administration of excess free heparin diminishes RANKL precipita-

tion indicating that RANKL is in a specific, dynamic, and reversible

binding equilibrium with heparin–sepharose. Importantly, unbound

soluble and cell surface GAGs prevent binding of RANKL to

heparin–sepharose indicating that GAGs in either of these two

fractions directly bind RANKL (Fig. 2B). Moreover, cell surface and

soluble GAGs exhibit similar competitive binding to RANKL based

on densitometric quantification (Fig. 2B), consistent with the results

from the ELISA-based heparin binding assays (Fig. 2A).

GAGs INHIBITED RANKL-INDUCED OSTEOCLAST FORMATION

We next examined the effects of soluble and cell surface GAGs

on RANKL-induced osteoclastic differentiation of RAW264.7 cells.
GLYCOSAMINOGLYCANS REGULATE OSTEOCLASTS 1225



Fig. 1. Anion exchange chromatography of soluble and cell surface GAGs from primary osteoblasts. The crude GAGs were purified from porcine primary osteoblast culture

media (soluble fraction) or cell extracts (cell surface fraction). A: Samples were applied to a 50 ml CaptoQ-Sepharose column at 4 ml/min in the presence of 1 M NaCl. During

washing, a small amount of GAG eluted at absorbance of 232 nm and generated a peak from fraction number 640 to 760. B: Sepharose CL-6B size-exclusion column

chromatogram of the GAGs isolated from soluble and cell surface fractions. Size fractions of soluble GAG chains displayed two peaks (1 and 2). Cell surface GAG chains displayed

only one peak (2). The deflections below baseline represent monitor artifacts.
Cells cultured in the absence of RANKL failed to differentiate into

TRAP-positive, multinucleated osteoclasts, but 5-days treatment

with 10 ng/ml RANKL dramatically changed the morphology of

RAW264.7 cells and resulted in the appearance of multinucleated

TRAP-positive osteoclast-like cells (Fig. 3A). Although RANKL

produced large multinucleated TRAP-positive osteoclasts, when

combined with osteoblast-specific GAGs from either the soluble

or cell surface fraction, the size and number of multinucleated,

TRAP-positive cells were greatly reduced (Fig. 3A). Furthermore, the

average number of osteoclasts per 10 random fields was 73� 11
1226 GLYCOSAMINOGLYCANS REGULATE OSTEOCLASTS
when cells were treated by RANKL alone (Fig. 3B). In the presence

of 5 mg/ml of osteoblasts-derived GAG, the number of osteoclasts

induced by RANKL was reduced by 69% (soluble GAGs) and

41% (cell surface GAGs), respectively (Fig. 3B). Therefore, GAGs

produced by osteoblasts inhibit RANKL-induced osteoclastogenesis.

GAGs ANTAGONIZE INHIBITION OF ERK ACTIVITY BY

RANKL IN OSTEOCLASTS

ERK (p44/42 MAPK) is a central node in cell signaling pathways

that mediate cell proliferation and survival. ERK is activated in
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 2. Binding ability of GAGs to RANKL. A: Different amounts of RANKL

(10, 50, and 250 ng) were added to the plate coated with 5mg soluble or cell

surface GAG. An enzyme-based assay was performed to detect the amount of

RANKL bound to the immobilized GAG. Data represent mean� SE of triplicate

experiments. B: RANKL (10 ng) was added to heparin–sepharose beads with or

without 5mg/ml free heparin or GAG. Lane 1 was RANKL protein as a positive

control. RANKL bound to the beads was visualized by immunoblot analysis

and the amount of RANKL protein was determined by densitometric analysis.

Data represent the average of three independent experiments.
osteoclasts upon RANKL stimulation and returns to basal levels by

4 h after RANKL stimulation [Hotokezaka et al., 2002]. This elevated

ERK activity is apparently related to the survival of osteoclasts,

but not their differentiation, because inhibition of the ERK pathway

by PD98059 or U0126 does not suppress osteoclast formation

[Matsumoto et al., 2000], but rather increases osteoclastogenesis

[Hotokezaka et al., 2002]. Consistent with the notion that ERK

negatively regulates osteoclast differentiation, we observed that

long-term treatment with RANKL diminishes the activity of ERK

(Fig. 4). We further examined the effect of osteoblast-derived GAGs

on ERK activity in the presence of RANKL; we selected soluble GAGs
JOURNAL OF CELLULAR BIOCHEMISTRY
for these experiments because this fraction appears to be somewhat

more potent at inhibiting RANKL-induced osteoclastogenesis than

cell surface GAGs. The results show that osteoblast-related GAGs

abrogate suppression of ERK activity by RANKL in RAW264.7

osteoclasts (Fig. 4). The ability of osteoblast-derived GAGs to block

the RANKL-dependent suppression of ERK signaling may be

functionally linked to inhibition of osteoclastogenesis.

GAGs INCREASED THE PROLIFERATION OF OSTEOBLASTS

GAGs secreted by osteoblasts may not only generate paracrine

effects on osteoclasts but also may have autocrine mitogenic and

osteogenic effects on osteoblasts [Ling et al., 2006; Manton et al.,

2006; Teplyuk et al., 2009]. Therefore, we assessed whether

osteoblast-specific GAGs control osteoblast morphology and/or

proliferation (Fig. 5). Treatment with GAGs does not have

appreciable effects on osteoblast morphology and cells exhibited

a characteristic spindle-like morphology with numerous filopodia

extending from the cells (Fig. 5A). More importantly, the data show

that both soluble and cell surface GAGs dose-dependently increase

osteoblast proliferation (Fig. 5B). GAGs administered at doses that

significantly inhibit osteoclastogenesis (5mg/ml) enhance osteo-

blast proliferation by nearly twofold. We conclude that osteoblast-

derived GAGs have bone anabolic potential not only by inhibiting

RANKL-dependent osteoclastogenesis but also by stimulating the

proliferative potential of osteoblasts.

DISCUSSION

Bone growth and remodeling are regulated by cytokines, growth

factors, and extracellular components, such as GAGs which are

associated to the cell surface or localized in the ECM [Cool and

Nurcombe, 2006; Sims and Gooi, 2008]. GAGs functionally interact

with growth factors/cytokines in the microenvironment where

osteoblasts and osteoclasts co-reside to orchestrate the process of

bone remodeling [Jackson et al., 2006; Theoleyre et al., 2006;

Shinmyouzu et al., 2007; Ariyoshi et al., 2008]. RANKL/OPG are key

growth factors secreted by osteoblasts to control the activity of

osteoclasts, and like other growth factors, GAGs present in the

microenvironment largely modulate their activity. To increase our

understanding of the interplay between osteoblast-derived GAGs

and RANKL, we used a homogenous population of RAW264.7 cells

that have osteoclastic potential. Use of this cell line avoids

complexities of studies with bone marrow stromal cells that contain

mixed populations of cells including osteoblasts which can also be

the targets of RANKL. Studies using different types of GAGs have

yielded apparently contradictory results regarding the functions of

these complex sugars [Ariyoshi et al., 2005, 2008; Theoleyre et al.,

2006; Irie et al., 2007; Lamoureux et al., 2007; Shinmyouzu et al.,

2007]. The differences in the outcome and interpretation of these

studies may be attributed to the fact that GAGs are a mixture of

polysaccharides with diverse structures and biological activities.

In bone tissue, osteoclasts are surrounded by complex mixtures of

GAGs synthesized by osteoblasts, which are potent regulators of

osteoclast function. Our data clearly demonstrate that osteoblast-

derived GAGs attenuate RANKL-dependent differentiation of
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Fig. 3. The effect of GAGs on RANKL-induced osteoclast formation. RAW264.7 cells were cultured for 5 days in the presence of 10 ng/ml RANKL, or 10 ng/ml RANKL together

with either 5mg/ml soluble GAG or 5mg/ml surface GAG. The cells without any treatment served as the control. Osteoclastogenesis was monitored by TRAP. A: RAW264.7

monocytic cells were negative in TRAP staining (control). After 5 days of treatment with 10 ng/ml RANKL, numerous TRAP-positive (purple), multinucleated cells were observed

in all cultures with RANKL. All images are from randomly chosen fields using a 10� objective. The data are representative of three independent experiments. B: GAGs from

osteoblasts inhibited RANKL-induced osteoclastic differentiation of RAW264.7 cells. Data represent mean� SE of triplicate experiments.
osteoclasts, at least in part by direct binding to RANKL and by

blocking RANKL-mediated downregulation of ERK activity. The

inhibitory potency of these GAGs to block osteoclast function (i.e.,

�69% reduction using soluble GAGs) is comparable to the in vitro

effects of bisphosphonate (i.e., �75% reduction by 10�5 M
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neridronic acid), which is a highly effective drug widely used for

the prevention of bone resorption and treatment of postmenopausal

osteoporosis [Watts et al., 1990; Nicolin et al., 2007].

Our data demonstrate that osteoblast-derived GAGs inhibit

RANKL-induced osteoclastogenesis by direct binding to RANKL.
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Fig. 4. The effect of soluble GAGs on RANKL-induced ERK activity.

RAW264.7 cells were cultured for 5 days in the presence of 10 ng/ml RANKL

or 10 ng/ml RANKL together with 5mg/ml soluble GAG. Immunoblot analysis

reveals that RANKL antagonizes ERK phosphorylation, whereas the osteoblast-

derived soluble GAG reduces the inhibitory effect of RANKL on ERK activity.

The blot is representative of three independent biological replicates.
These GAGs are expected to contain a mixture of HS, CS, dermatan

sulfate, keratin sulfate, and HA [Hunter et al., 1983; Ecarot-Charrier

and Broekhuyse, 1987; Nakamura et al., 2001; Ling et al., 2006],

but not heparin which is produced in basophils and mast cells

[Braunsteiner and Thumb, 1963]. CS has recently been shown to

reduce the numbers of TRAP-positive multinucleated cells induced

by RANKL, indicating that it antagonizes RANKL activity [Ariyoshi

et al., 2008]. Likewise, dermatan sulfate also binds to RANKL and

is able to prevent interactions between RANKL and RANK
Fig. 5. The effect of GAGs on osteoblast proliferation. A: Primary human osteoblasts

untreated served as control. The actin cytoskeleton and the nuclei of the cells were staine

microscopy. B: Primary human osteoblasts were deprived of serum to synchronize and

surface GAGs. After 24 h, cell proliferation was determined by measuring BrdU incorporat

triplicate experiments.
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[Shinmyouzu et al., 2007]. HA meanwhile has no effect on

osteoclast differentiation, though low-molecular-weight HA has

been shown to enhance osteoclastogenesis via upregulation of

RANK protein levels [Ariyoshi et al., 2005]. Similar to our study,

these prior reports also used cultured RAW264.7 cells.

In the present study, we show that soluble GAG is somewhat more

potent than cell surface GAG at antagonizing RANKL. Examination

of the size distribution of these two GAG fractions revealed

molecular weight differences (presumably due to CS that is absent

from cell surface GAG). Albeit not the most straightforward

interpretation, it is conceivable that CS in the soluble GAG fraction

may contribute to inhibitory effects on RANKL, because CS has

been shown to inhibit osteoclast formation [Ariyoshi et al., 2008].

Our finding that osteoblast-derived GAGs can be used to block

osteoclastogenesis will provide the pre-translational impetus to

conduct a more detailed enzymatic examination of specific GAG

species in future studies.

To begin examining the mechanism by which osteoblast-derived

GAGs affect osteoclastogenesis, we assessed the role of these GAGs

in mediating RANKL-decreased ERK signaling [Hotokezaka et al.,

2002]. ERK is a well-known mitogenic kinase essential for cell

proliferation and its activity regulates RANKL-induced osteoclast

formation [Matsumoto et al., 2000; Hotokezaka et al., 2002; Lee

et al., 2002]. As such, ERK appears to play a dual role during
were grown for 2 days with or without 5mg/ml soluble or cell surface GAG. Cells left

d with rhodamine phalloidin or DAPI, respectively, and the images obtained by confocal

arrest the cell growth for 24 h before treatment with 0.5, 5, 50mg/ml soluble or cell

ion. The cells without any treatment served as the control. Data represent mean� SE of
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osteoclastogenesis wherein activated ERK drives proliferation and

enhances the survival of osteoclasts, while also inhibiting osteoclast

differentiation [Hotokezaka et al., 2002]. Thus, sustained ERK

activation blocks osteoclast differentiation. Consistent with this

concept, we show that stimulation of RAW264.7 cells with RANKL, a

known pro-osteoclastic differentiation factor, results in down-

regulation of ERK activity. However, when RAW264.7 cells are co-

treated with both RANKL and GAG, ERK activity remains at levels

similar to non-RANKL treated cells. Hence, the inhibitory effect of

GAGs on RANKL-induced osteoclastogenesis may be mediated by

maintaining active ERK signaling.

Local communication between bone cells is critical for control of

bone remodeling and formation [Henriksen et al., 2009]. Osteoblasts

play a central role by manufacturing autocrine or paracrine factors

to regulate osteoclastogenesis (i.e., by RANKL/OPG) and also their

own activity (i.e., FGF2 and BMP2). FGF2 and BMP2, important

growth factors for osteoblast growth and differentiation, together

with other growth and adhesive factors are controlled by HS, an

abundant GAG present in the local extracellular microenvironment

[Takada et al., 2003; Jackson et al., 2006]. We have found in this

study that osteoblast-derived total GAGs promote the proliferation

of human osteoblasts. GAGs yield stimulatory or inhibitory

responses on osteogenesis depending on their chemical composition

[Ling et al., 2006; Manton et al., 2006; Haupt et al., 2009]. Each

soluble or cell surface GAGs is a mixture of several different GAG

species which vary from each other in their structure and functions.

However, the overall effect of GAGs on human osteoblasts is

stimulatory. Together with the ability of these GAGs to inhibit

osteoclastogenesis, our results suggest that bone-specific GAGs shift

the balance of bone remodeling towards bone formation by favoring

osteoblastogenesis while antagonizing osteoclastogenesis.

Collectively, our results demonstrate that in the absence of OPG,

the decoy and inhibitory receptor for RANKL, GAGs reduce the

osteoclastogenic ability of RANKL in RAW264.7 cells. The potency

of this anti-osteoclastic effect apparently depends on the composi-

tion of the GAGs. Our results show that osteoblast-derived GAGs

maintain active ERK signaling which is normally inhibitory for

osteoclastogenesis and silenced in differentiating osteoclasts by

RANKL signaling. The inhibitory effect of GAGs on osteoclastogen-

esis suggests that GAGs have bone anabolic activities and that these

natural compounds have considerable therapeutic potential in the

treatment of osteoporosis and other osteopenic diseases.
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