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Abstract

The bone microenvironmef.g. glycosaminoglycans (GAGgrowth factors) plays a major
role in bone resoption, especially in the formatidrosteoclast which differentiate from the
hematopoietic lineage in the presence of RANKL.virgs studies revealed that GAGs may
influence osteoclastogenesis, but data are veryraarsial, some studies showing an
inhibitory effect of GAGs on osteoclastic differeiiton whereas others demonstrated a
stimulatory effect. To clarify their activities, wevestigated the effect of 5 families of GAGs
in three different models of human/mouse ostecnigstesis. The present data revealed that
heparin inhibited osteoclastogenesis in these 3efspd/hich was confirmed by a decrease in
MRNA expression of osteoclastic markers and by rdmbition of the bone resorption
capacity. We also demonstrated in RAW 264.7 céléd pther families ofSAGs different
from heparin inhibited RANKL-induced osteoclastogsis, and that this inhibition was
dependent on the length and the level of sulfatbbGAGs. In the present work, hepadm

not bind to RANKL andlid not modulate RANKL signaling. Heparin actat 2 distinct steps
of osteoclastogenesis from human CDIleells: first, heparin strongly decredsehe
adherence of osteoclast precursors, and seconbilyitad osteoclasts to spread and to be
active. Furthermore, the second action of hepads meversible as the removal of heparin at
the end of the culture time allowed the condenselts do spread out and showed the
formation of morphological active osteoclasts. phesent work clearly evidences that GAGs
inhibit osteoclastogenesis vitro and strengthens the therapeutic interest of def®&as in

osteolytic diseases.
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I ntroduction

Bone metabolism is regulated by a functional begapetween catabolic and anabolic
activities of bone cells. Thus, osteoclasts aretimutleated cells specialized in bone
catabolism which participate to phosphocalcic homeostasis togethigh wells playing
anabolic functions named osteoblasts. Osteoclagjsate from the monocyte/macrophage
lineage through a series of events associating memhbs, soluble and extracellular matrix
compounds (Bruzzaniti et al, 2006). Among theséofa¢c some are required for proliferation
and differentiation of osteoclast progenitors sashmacrophage-colony stimulating factor
(M-CSF) (Biskobing et al, 1995; Felix et al, 19%itkor-Jedrzejcak et al, 199@vhile other
factors such as receptor activator of nuclear fadibligand (RANKL) are more specifically
involved in the commitment of mononuclear precussty the fusion and formation of
multinucleated resorbing osteoclasts (Baud’huinakt 2007). In this system, RANKL
expressed by osteoblasts and stromal cells bindss tceceptor RANK expressed at the
surface of osteoclast precursors and consequettilyates specific signal pathways leading
to the formation, maturation and survival of ostasts (Boyle et al, 2003; Wittrant et al,
2004). Furthermore, the RANKL/RANK activities arentrolled by osteoprotegerin (OPG)
which acts as a soluble decoy receptor blocking biveding of RANKL to RANK,
subsequentlyeducing osteoclastogenesis and bone resorptiomoftit et al, 1997; Yasuda et
al, 1998).

Extracellular matrix components such as glycosaglytans (GAGS) also participate
to bone metabolism (Lamoureux et al, 2007). GAG@sliaear polymers which are bound to a
core protein to form proteoglycans (Lamoureux eR@0D7). GAGs are composedrepeated
disaccharidic units of hexosamine and hexuronid,a@icept forkeratan sulfate in which
hexuronic acid is replaced by galactose. Accordmthe epimerization of hexosamine and

uronic acid, several families of GAGs have beeraldshed. Proteoglycans and GAGs



contribute to the maintenance of bone mdkeough their involvement in collagen
organization (Corsi et al, 2002). They could esenteral activities on bone cells as co-factors
in cell-to-cell adhesion, or to modulate the birgdand activation of several growth factors or
receptors such as OPG by syndecan-1 (Bernfieldl.et1899; Hildebrand et al., 1994;
Robinson et al., 2005; Mosheimer et al., 2005; &thet al., 2002). Unfortunately, the data
available on the effects of GAGs on osteoclastogisrae very limited and controversiabr
example Ariyoshi et al. (2005) showed that hyaluronic acid, the most abon@AG in
mammalian tissues, enhances osteoclast formatidrfuattion, whereas in 2007, Chadyg
al. described an opposite effect on osteoclastogenasist al. (2007) recently demonstrated
that heparin in combination with 1,25(OBB/PGE2enhancedhe pit-forming activity of
osteoclasts obtained from the coculture of mougeobtasts with bone marrow cells.
However, they did not observe any direct effedigbarin on osteoclastogenesis. On the other
hand, Shinmyouzet al. (2007), demonstrated that high concentrations ofe&an sulfate
inhibit osteoclastogenesis, and the same group ethogimilar activities with heparin
(Ariyoshi et al, 2008). The authors suggested thats act through an inhibition of RANKL
signaling (inhibition of p38 and ERK phosphorylatidollowing RANKL stimulation) to
achieve their inhibitory effect oosteoclastogenesis. Moreover, these controversidhgs

on GAG effects on osteoclastogenesis are strengthby the study of Folwarczra al.
(2005) who pointed out species differences in #resgivity of bone marrow cells to standard
and low-molecular weight heparins. For instanceaimt model, low concentrations of
heparin increased the formation of osteoclasts, redse it decreased witkhe hghest
concentrations. In mouse bone marrow cell cultuheparin suppressed the formation of
osteoclasts, with the exception of low concentregiof standard heparin which intensified

this process (Folwarczna et al, 2005).



In this high controversial context, the aim of study was to clarify the direct effect
of GAGs on osteoclastogenesis using three diffecefiilar models: murine RAW 264.7
monocytic cell line, murine purified CD11kzells and human purified CD14nonocytes.
These models are characterized by the absencetaxfbdastic/stromal cells, allowing us to
investigate the direct effect of GAGs on osteoclastcursors. GAGs from various origins
(bovine and porcine heparins with different sutiatilevels, heparan-, chondroitin- and
dermatan-sulfate, hyaluronic acid and oligosacdeariof different lengths) were assessed in

in vitro osteoclastogenesis models.



M aterials and methods

Materials

Human M-CSF (hM-CSF), mouse M-CSF (mM-C&d human OPG (hOPG) were
obtained from R&D Systems (Abington, UK). Human RKN (hRANKL) was kindly
provided by Amgen Inc. (Thousand Oaks, USA). Hepaodium salt, heparan sulfate from
bovine kidney (bHS), heparan sulfate from porcingestinal mucosa (pHS), chondroitin
sulfate from shark cartilage (CS), dermatan sulfaim porcine intestinal mucosa (DS) and
hyaluronic acid were purchased from Sigma (St Qudrdllavier, France). Heparin-derived
oligosaccharides of defined size were preparedidpgstion of porcine mucosal heparin with
heparinase | followed by gel filtration chromatqgng on a Bio-Gel P-10 column [24].
Heparin initially containe®7.7% of N-sulfate groups, 89.3% of 2-O-sulfateugsy and
92.4% of 6-O-sulfate groups. De-N-sulfated/re-Ntgeg¢ed heparin contained 90.5% of 2-O-
sulfate groups, 85.3% 6fO-sulfates, and a very low amount of remaininguifategroups
(2.4%). De-2-O-sulfated heparin contained 80.2%-@J-sulfate groups, 91.4% of N-sulfate
groups, and a residual 2.2% of the 2-O-sulfates6{@esulfated heparin contained 98.2% of
N-sulfate groups, 54.7% of 2-O-sulfate group®i a residual 4.2% of 6-O-sulfates (Lyon et

al, 2000).

Osteoclastogenesis assays
Differentiation from the murine RAW 264.7 monocytic cell line

Murine RAW 264.7 monocytic cells (ATCC, Promochelplsheim, France) were
cultured in phenol red-free-Minimal Essential Medium o-MEM) (Invitrogen, Eragny,
France) supplemented with 10% fetal calf serum (F@%rbio, Logan, USA), 1% non

essential amino acids (Invitrogen). To induce odtest formation, RAW 264.7 cells were



scrapped then incubated at 37°C for 2 minutesltavadhdherence of the more differentiated
cells. Non adherent cells were then seeded in frestium, at density of 3 x 18cells/well

in a 96-well plate. After 2 hoursf culturg the medium was changed for a fresh one
containing 100 ng/ml hRANKL and various forms ofygdsaminoglycans at different
concentrations (see result section and figure l@gjerMultinucleated cells (>3 nuclei) were
counted under a light microscope (Leica DM IRB, téare, France; Camera: Olympus D70,
Analysis software: Olympus DP Controller/Managerantburg, Germany) after TRAP

staining (Sigma, Saint Quentin-Fallavier, France).

Differentiation from murine CD11b" monocytes

CD11b monocytes were purified from murine bone marrovisceobtained by
flushing the bone marrow from femora and tibiae efeek-old C57BL6 male mice. CD11b
cells were magnetically labelled with CD11b Micrads and positively selected by MACS
technology (Miltenyi Biotec, Bergisch Gladbach, @any). CD11b cells were seeded in 24-
well plates (500 x T0cells / well) ina-MEM without phenol red, containing 10% FCS and 25
ng/ml mM-CSF. After 3 days of culture, medium wasglaced byfresh medium containing
10% FCS, 25 ng/ml mM-CSF, with or without 100 ngimRANKL, and with or without 5
UM heparin. Thereafter, medium was changed evedays. The formation of osteoclasts

occurredafteraround 15 days of culture and was observed by TRAIRIng.

Osteoclastogenesis and dendritic cell formation from purified human CD14" cells

Human peripheral blood mononuclear cells (PBMCsjenisolated by centrifugation
over Ficoll gradient (Sigma). CD14ells were magnetically labeled with CD14 Microtea
and positively selected by MACS technology. Foeostast differentiation, CDI4ells were

seeded at 250 x i@ells/well in 24-well plates or 45 x i@ells/well in 96-well plates in-



MEM supplemented with 10% FCS and 25 ng/ml hM-EB&plomb et al, 2008 At day 3 of
the culture, medium was changed for fresh mediuntatoing 10% FCS, 25 ng/ml hM-CSF
and 100 ng/ml hRANKL, with or without heparin (5 pMhen medium was changed every 4
days. The formation of osteoclasts occumédraround 15 days and was observed by TRAP
staining. In some experiments, heparin was addedifigrent time pointsof the culture
period, as indicatedTo test the capacity of osteoclasts to resorb b@ix14 cells were
cultured on dentine slices in the conditions prasip described. At the end of the culture
period, osteoclasts were removed by bleach; defitias were fixed with 4% glutaraldehyde
in 0.2 M sodium cacodylate solution for 30 minutiedlowed by staining with 1% toluidine
blue in 0.5% sodium tetraborate solution for 3 n@su(Chu et al, 2006). Resorption lacunae
were identified by light stereomicroscopy (Zeis$EMI 2000-C, Géttingen, Germany) and
resorbed surfaces were measured using QWin soft(laiea, France). To determine the
effect of heparin of mature osteoclasts, we usethnique established by Fuller et al (2006).
Briefly, after formation of osteoclasts describe@bove, the medium was removed and the
cell layer washed three times with PBS without icaic and magnesium. Six hundred
microliters of 0.02% EDTA were added per well (6Hweate) and cellsvereincubated for

20 min at room temperature.EDTA was then removenhfthe dish and replaced with 600 pl
of calcium/magnesium-free PBS. A cell scraper weeduto scrape the cells in PBS, and the
resulting cell suspension wasixed using a pipette to ensure uniform cell dispersaioT
hundred and fifty microliters of this cell suspemwswere added to each well (24-well plate)
on a dentin slice in 250 WMEM, 10% FCS. Cells werellowed tosediment for 20 min at
37°C before dentin slices were washed. Cells wasehated in 300 ldMEM, 10% FCS in
the presence or the absence of heparin. After atcutn bone resorption was assessed as

described above.



Adherence of CDT4cells was analyzed by counting the adherent edtiés 3 days of
culture in the presence of hM-CSF (25 ng/ml) withaathout heparin (5 uM). Briefly, cells
were washed 3 times with PEBonza, Verviers, Belgiumand adherent cells were detached
with trypsin solution (Lonza); cells were counteging trypan blue exclusion.

Dendritic differentiation was obtaineghon stimulation witts ng/ml hiL-4 (Invitrogen)
+ 100 ng/ml human GM-CSF (kindly provided by UTCGHU Nantes)(Sallusto and
Lanzavecchia, 1994). Briefly, 1 x 4@D14 cells or PBMG were cultured in 6-well plates in
3 ml of RPMI 1640 (Lonza) supplemented with 10% F@She presence or the absence of
glycosaminoglycans. Medium was replaced after 3 ddyculture. Afte 2 more dayscells
were harvested and double stained for 15 min at Wi@ antibodies agains€D1a-APC
(Becton DickinsonLe Pont de Claix, France) a@D14-PE(Immunotech, Marseille, France
in PBS and then washed and fixed in PBStainingl% formaldehyde. Irrelevant isotype-
matched antibodies were used to deternwels of nonspecific binding. Flow cytometry
analysis was carried out on a FACScan using thelLCllest softwar€both from Becton

Dickinson).

Surface plasmon resonance-binding assay

Experiments were carried out on a BlAcore 3000rumsent (Biacore, Sweden).
RANKL (2 pg/mL) in 5 mM maleate, pH 5.%8as covalently immobilized to the dextran matrix
of a CM5 sensor chip (BIAcore) at a flow rate gilBnin. Immobilization levels in the range
of? 4000 RU wer®btained. Binding assays were performed at 25°@imM Hepes buffer,
pH 7.4, containing 0.15 M NaCl and 0.005% P20 swafat (HBS-P buffer, BIAcore) at a
flow rate of 30ul/min for heparin (1 to 20 nM) and 20/min for hOPG (25nM). The

resulting sensorgrams were fitted using BiaEvalsbfiware (Biacore).



Western Blot Analysis

After 5 hours of culture in serum-free medium, dfedentiated CD124 cells were
stimulated with 100 ng/ml of hRANKL for 15 minutas 37°C in the presence or absence of
125 pg/ml heparin. Cell lysates were obtained awtep concentrations were determined as
described previously (Duplomb et al., 2008). Prgevere run on 10% SDS-PAGE gels and
transferred to Immobilon-P membranes (Millipore, A)ySvhich were then incubated with
antibodiesto Phospho-ERK1/2, Phospho-p38, Phospho-p105, -ER#&l1/2, Total-p38 and
Total-p105 (Cell Signalingechnologies, USA). Bands were visualized using E€agent

(Roche, Germany).

Statistical analysis
Each experiment was repeated in triplicate thraed independently. The mearSb
was calculated for all conditions and compared HYONA. Differences relative to a

probability of two-tailed p < 0.05 were considesegnificant.



Results

Glycosaminoglycans inhibit RANKL-induced osteoclastogenesis in murine and human
models

RAW 264.7 cells are murine monocyte/macrophages aellich can differentiate into
TRAP-positive multinucleated cells in 5 days upo®NKL stimulation. As shown in figures
1A and 1B, addition of heparin inhibited RANKL-incied osteoclastogenesis by 83%
(p<0.01). This result was confirmed by the analydi®steoclastic markers using real-time
PCR. Indeed, after 5 days of culture, mMRNA expaessi osteoclastic markers such as TRAP
and Cathepsin K was strongly increased in the poesef RANKL, while addition of heparin
diminished the expression of these markers by ar&@% (Figure 1C). These results were
confirmed in a second model of murine osteoclastesis involving CD11b monocytes
purified from bone marrow and cultured in the preseof RANKL and heparin. As shown in
figure 1D, heparin totally inhibited RANKL-inducedsteoclastogenesis of CDI1bells.
Similar effects were observed in a human modelstéaclastogenesis, using CDJpbrified
monocytes. As shown in figures 2A and 2B, RANKLnsilation of CD14 cells induced
their differentiation into TRAP multinucleated cells. Again, the addition of hépatrongly
inhibited RANKL-induced osteoclastogenesis (76%0.04). Heparin had no effect on the
proliferation of CD14 cells cultured in the presence or absence of M-@8RB or 6 days
(aditional data ). Furthermore, when cultured on dentine slicesAFPRosteoclasts showed a
strong capacity of resorption (Figure 2C) which wsamificantly reduced in the presence of
heparin (Figure 2D, p<0.05). Similaxperiments werperformed using mature osteoclasts
isolatedfrom differentiated RANKL-CD14+ cell cultures, and ingtcontext heparin had no

effect on dentin resorption (data not shown).



To investigate the effect of other GAG families oRANKL-induced
osteoclastogenesis, heparan sulfate (bovine andingororigin), chondroitin sulfate and
dermatan sulfatet a concentration of 5 pere added to the culture of RAW 264.7 cells.
After 5 days, all the GAGs tested inhibited RANKiduced osteoclastogenesis between 65
and 80% (Figure 3A) while GAGs alone had no effatithe RAW 264.7 cell line (at the
proliferation or apoptosis levels) and did not ey cell toxicity (data not shown).

Furthermore, addition of heparin-derived oligosacaltes [4, 14 and 24
(corresponding respectively to 4, 14 and 24 disagdh-unit length)] to the culture inhibited
RANKL-induced osteoclastogenesis in a dose- ané-aég&pendent manner (Figure 3B).
Indeed, 1.56 uM of oligosaccharide 4 inhibited oslastogenesis by 6%, whereas at the
same concentration oligosaccharides 14 and 24itatilosteoclastogenesis by respectively
24% and 53%. In the same way, inhibition of RANKlduced osteoclastogenesis using 12.5
KM oligosaccharide was around 17% with oligosaddead, 44% with oligosaccharide 14,
and 72% with oligosaccharide 24. At 100 uM, ostasttigenesis was almost totally abolished
with all oligosaccharides, whatever their size. Seheligosaccharides had no effect on RAW
264.7 cells cultured in medium without RANKL. Weethanalyzed the effect of hyaluronic
acid which is a huge non-sulfated molecule. As shanvfigure 3C, hyaluronic acid also

inhibited osteoclastogenesis in a dose dependemena

Sulfation of oligosaccharides is a key parameter for the inhibition of RANKL-induced
osteoclastogenesis

To decipher the mechanisms involved in the intobitof osteoclastogenesis observed
in the presence of oligosaccharides and GAGs, vatyzed the importance of quantitative
and qualitative sulfation by comparing the effestsnormal standard heparin with several

forms of specificallydesulfaed heparins on N- or O-residues: de-N-sulfated +a:étylated



heparin,completely desulfatetieparin, de-20-sulfated heparin, de-60-sulfatquahe, and
de-N-sulfated heparin. As shown in figure 4, RANKlduced osteoclastogenesis was
inhibited by normal heparin (83% of inhibition, p8Q), by de-N-sulfated re-N-acetylated
and de-N-sulfated heparins (around 50% of inhibjticand by de-20- and de-60-sulfated
heparins (around 75% of inhibition, p<0.01). Howevietally desulfatedheparin poorly

inhibited RANKL-induced osteoclastogenesis (aroliiéb; p<0.05).

GAGs induce differentiation of human monocytes into dendritic cells

To determine whether the inhibitory activity of GAGwas specific of
osteoclastogenesis, the effects of heparin-dermiggbsaccharide 16 (32-mer), dermatan
sulfate and heparin were investigated during tlieréintiation process of human monocytes
into dendritic cells (non adherent cells) using tdifferent approaches: isolated CD14
monocytes (Figure 5A) or monocytes obtained afteoRadherence of total PBMCs (Figure
5B). As shown in figure 5, oligosaccharide 16, datian sulfate and heparin potentiated the
effect ofthe GM-CSF/IL-4 cocktail to induce dendritic cell difentiation from both isolated
CD14 cells and total PBMCs. For example in the modeCbfl4” monocytes, GM-CSF/IL-4
induced around 20% of CD14 CD1& dendritic cells after 5 days of cultureshereas
oligosaccharide 16 or heparin addition significarghhanced this differentiation process by
10 to 20% (Figure 5A). The same effect was obsensgidg total PBMCs: oligosaccharide
16, dermatan sulfate and heparin significantlyeased the dendritic cell differentiation with
a mean average of about 12.5% (Figure 5B) wheteesetGAGs/oligosaccharides have no
effect alone. Thus the inhibitory effect of GAGssebved on osteoclast differentiation is
specific to this commitment because no inhibitiauld be shown with other differentiation

systems such as dendritic cell differentiation.



Heparin does not bind to RANKL and does not modulate RANKL signaling

Shinmyouzuet al. demonstrated that dermatan sulfate inhibits RANKduced
osteoclastogenesis in a mouse model of osteocldfgrettiation from bone marrow
(Shinmyouzu et al., 2007). They showed that thisbition occurred through the binding of
dermatan sulfate to RANKL leading to the inhibitioh RANKL interaction to its receptor
RANK, and thus to the inhibition of RANKL signalinggased on these observations, the
authors suggested that the same phenomenon coutddeed in the inhibition of RANKL-
induced osteoclastogenesis whthiey also observed with heparin or chondroitirfiatal E. In
the present work, surface plasmon resonance expetsndemonstrated that heparin did not
bind to RANKL (Figure 6A). Similarly, chondrotin ghate, dermatan sulphate, heparin
sulphate and oligosaccharides did not bind immzdaliRANKL in contrast to immobilized
OPG (Théoleyre et al, 2006; Lamoureux et al, 206®wever, soluble OPG and soluble
RANK bound to immobilized RANKL with high affinitydata not shown). In agreement with
these data, heparin did not inhibit RANKL signalinfRAW 264.7 cells nor in CDT4uman

monocytes (Figure 6B).

Heparin inhibits the adherence and spreading of osteoclasts and thus their functionality

To better characterize the mechanisms by whichrirepenibits osteoclast formation,
especiallyin the early adherence and spreading phases, the effaeparin was assessed at
different timesduringthe culture period. When heparin was added duhaditst 4 days (DO-
D4) of culture in the presena# M-CSF only very few osteoclasts were generaféer 44
days (Figure 7A). Moreover, when heparin was adtleihg the first 4 days, it inhibited by
around 40% the number of adherent CDbéteoclast precursors compared to the control
condition (Figure 7B). Thus in this culture conalitj fewer osteoclast precursors adhered to

the plastic surface and less osteoclasts were gieakein the presence of RANKL at D14. The



addition of heparin during intermediate cultureps{®4-D10) did not inhibit osteoclast

formation, and the number of osteoclasts formed smslar to the control group in the

presence of RANKL (Figure 7A). In contrast, whempéen was added during the fusion step
of osteoclastogenesis (D10-D14), heparin inhibsaghificantly the number of osteoclast
formed (Figure 7A).

In the presence of heparin and RANKL, CDXells, as well as RAW 264.7 cells,
developed two different morphological shapes: largaltinucleated TRAP cells and
condensed cells (see arrows on Figures 1A and/&RA)hislatter groupof cells were TRAP
and seemed multinucleated, we suggested that hejpduibited the spreading of RANKL-
generated osteoclasts. Such modifications of cetphology were not observed in the
presence of OPG (Figure 7D). Thus, after the fomabf large osteoclasts in the control
medium containing RANKL (after 14 days), heparinswaaintained (D4-D17) or removed
(D4-D14) and the cells cultured for 3 more daysteOslasts did not die during this additive
period and surprisingly, the number of condensdld decreased whereas the numbdaaje
osteoclasts increased, suggesting a recovery adpteading of the initially condensed cells
during these 3 days (Figures 7C and 7D). We coefifrthis phenomenon using time laps
experiment. The same protocol was performed andtarp was taken every 10 min during
11 hours tocreatea time lage movie (aditional data?-4). These movies showed that
condensed cells observed in the presence of RANKLIeeparin recovered spreading ability
when heparin was removed of the culture.

Theseresult clearly demonstrated a sequential effedtegfarin on RANKL-induced
osteoclastogenesis. Heparin acted at two distewetl$ of osteoclastogenesis: i) at the early
steps of the process by affecting and decreasitigadberence and ii) at the end of the
osteoclastogenesis process by inhibiting the sprgaaf the preformed osteoclasts, which

were no more functional as shown by the inhibitdtheir ability to resorb dentine substrate.



Furthermore, as shown in figures 7C and 7D, theosé effect is reversible as condensed
osteoclasts are able to spread again when hepasmemoved only 3 days after the predicted
end of the cultureln summarythese results suggest that heparin did not inthbi fusion of
osteoclast precursors (CD14nonocytes), but induced a morphological changethef

generated osteoclasts leading to an inhibitiomeffnctionality of these cells.



Discussion

Bone is a connective tissue composed of cells andralized extracellular matrix. Its
normal remodeling and volume are maintained throtmghbalance of bone formation by
osteoblasts and resorption by osteoclasts. Althdbghequilibrium between osteoblast and
osteoclast activities is controlled by a plethomegmber of cytokines and growth factors,
components of the extracellular matrix includingptpoglycans and glycosaminoglycans
(GAGSs) are also involved in this phenomenon (Lareauret al, 2007). Indeed, heparan
sulfate proteoglycans are found ubiquitousiyboth the surface of cells as well as within the
extracellular matrix where they bind and modifige function of numerous ligands
(Lamoureux et al, 2007)The influence of GAGs on bone metabolism has besealed
many years ago bipng-term administration of heparin which can l¢adhe development of
osteoporosis. Rats treated once daily by subcutsneojections of heparin exhibited
decreased trabecular bone volume both by decredbimgrate of bone formation and
increasing the rate of bone resorption (Muir et18196). Similarly, Barbouet al. (1994)
showed that 36% of pregnant women undergoing leng-treatmentvith heparin had a 10%
reduction in femoral bone mineral density. Howevdre mechanism sustaining this
osteoporosis was unclear and it was difficult ttedaine if these effects on bone resorption
were due to the direct effect of heparin on oseeislor indirectlywia its osteoblast activity.
This study takes place in this context and analytes influence of GAGs on
osteoclastogenesis and resorption activity.

The effect of GAGs on osteoclastogenesis is cortsi@l, as some studies showed a
stimulation of osteoclastogenesis (Irie et al, 200Aler et al, 1991) and others an inhibition
(Shinmyouzu et al, 2007; Ariyoshi et al, 2008)hdts been suggested that the mechanisms o

action of GAGs on osteoclasiavolved the inhibition of OPG, the decoy recepftor



RANKL (Irie et al, 2007), or a direct interactionittv RANKL leading to its inactivation
(Shinmyouzu et al, 2007; Ariyoshi et al, 2008)sltvorth notingthat there are differences in
the models used by these two teams. Indeedgtliag, used a system of coculture of mouse
bone marrow with calvarial osteoblasts in a medsupplemented with 1,25(OH)3/PGE2
(Irie et al, 2007) whereas Shinmyoueual. (2007) performed their studies on mouse bone
marrow cells alone. To better understand the peecke of GAGs on osteoclastogenesis, we
used three different models of osteoclastogenesiziie or human) andarious tested
GAGs. Our results clearly demonstrated that all GAGhibited osteoclastogenesis in all
systems tested. Furthermore, we demonstrated theriamce of the length and the sulfation
of the GAGs in their inhibitory effect. Such strul significance has been already shown in
other biological models (Hallak et al, 2000; McDetfiret al, 2004; Rajgopal et al, 2008). The
influence of GAG length on osteoclastogenesis reentalso suggested by vivo study.
Indeed, in contrast to unfractioned heparin whielenss to decrease bone formation and
increase bone resorption, low molecular weight Hapacause less bone loss because they
only decrease bone formation and have no effediame resorption (Rajgopal et al, 2008).
The sulfation also plays a key role in GAGs biobagiactivities, as revealed by the present
work. The sulfation has clearly been shown to pgdite to the control of cell biology. For
example, Hallaket al. demonstrated that efficient infection of cells the Respiratory
Syncycial Virus requires an interaction of the gin®@ GAGs containingN-sulfation and a
minimum saccharide chain length of 10 (McDonnelbgt2004). McDonnelkt al. showed
that reduced GAG chain sulfation by chlorate treattmdecreases the frequency of
spontaneous acetylcholine receptor clustering ieles&dl muscle cells (McDonnell et al,
2004). Furthermore, sulfation strongly modulatesititeraction of GAGs with proteins such
as growth factors or enzymes (Lamoureux et al, 2@&llagher, 2006). Similarly,steoclast

differentiation and activity are regulated by GA@different levels, as revealed in previous



studies. For instance, in an vitro model of osteoclastogenesis, FGF-2 upregulated the
expression of RANKL on rheumatoid arthritis syndviaroblasts which was diminished by
the removal of heparan sulfate with heparatinasek@No et al, 2004). Heparan sulfate can
also participate in bone resorption regulation gigiothe inhibition of cathepsin K activity, as
demonstrated by the study of étial. (2004). Cathepsin K is a lysosomal papain-liksteyne
protease mainly involved in bone matrix destructibat forms complexes with chondroitin
sulphate. If sulfation clearly modulates GAG adies on osteoclastogenesis, their length
appears to be another key parameteheir biological functions. Indeed, although hyahic
acid is not sulfated (Lamoureux et al, 2007),argé size can explain its inhibitory activity on
osteoclastogenesis. These data then revealed aleroergary influence of length and
sulfation of GAGs on osteoclastogenedige alsohave obtainegsome evidence that heparin
and other GAGs inhibit osteoblast differentiatidrbone marrow mesenchymal stem catis
vitro (unpublished data), demonstrating that GAGs ekeit activities on osteoclasts well
ason osteoblasts. Overall, our data are in favoua direct inhibitory activity of GAGs on
osteoclastogenesis, and the effect of unfractiahla¢parin observeid vivo may be explained
by its effects on the bone osteoblast compartmedtsabsequentlpy the dysregulation of
the balance between osteoblasts and osteoclasysaoslow down of bone remodeling.
However, how can we explain the strong discrepanioetween previous published
data? First, the models used were different andptiesent work is the first comparing
simultaneously the GAG effects on human and muciglés (purified primary culture cells
and cell lines). Ariyoshet al. (2008)previously had showthat hyaluronic acid upmodulates
osteoclastogenesis through activation of CD44 sigm@athway whereas Chaegal. (2007)
demonstrated opposite effects revealing an actinaif TLR4 signaling pathway without any
involvement of CD44. However, the present work d show any evidence for alteration in

the RANK/RANKL signaling pathway and no specifidirction of other signalingathways



has been observed after GAG treatments. Ariyeshl. (2008) demonstrated the binding of
heparin to RANKL, but our experiments using surfatasmon resonance methodology did
not confirm such binding, in contrast for instangegOPG, a heparin binding protein [data not
shown, (Theoleyre et al, 2006; Lamoureux et al,.93PMoreover, Shinmyouzet al. (2007)
published that dermatan sulfate inhibits osteockastmation by binding to RANKL.
However, these authors used non relevant physidbgioncentrations of dermatan sulfate
(300 pug/ml) and non purified osteoclast precursorstudy osteoclastogenesis. Such effects
may be due to the activation of Toll-like receptassshown by Chang al. (2007). In this
context, i.e. the absence of RANKL-GASding and signalisation, we analyzed the effects
of GAGs on adhesion and fusion of osteoclast psarar Thus,lte second major finding of
this study is the morphological changes inducedhbpgarin on the cells obtained in the
presence of RANKL. First, these cells can not bented as active osteoclasts because the
number of nuclei is less than 3, and second, tlvele are not able to resorb dentine,
indicating that they can be considered as immaisteoclasts or as non resorbing-osteoclasts.
However, this effect is reversible by removing h@pdrom the culture medium and few
hoursonly are needed to get normal osteoclasts. clearly showed that GAGs inhibit the
osteoclast precursor adhesion, as well as theo$tegll fusion The alteration of cell adhesion
and morphology avoids the cell fusion of osteoclpstcursors and blocks osteoclast
resorption, which is particularly sensitive to celbrphology to develop their brush border
(Rousselle and Heymann, 2002).

The present work evidences a novel mechanism @fraoft GAGs on osteoclasts and
their precursors. However, although a direct aitivof GAGs on osteoclasts has been
demonstrated, the mechanisms of action of low nutdecweight heparin which have
gradually replaced the use of unfractionated heparipart due a lower risk of inducing

osteoporosis, are noyet totally elucidated (Rajgopal et al, 2008). Indeefl,short



oligosaccharides are less efficient to inhibit ostastogenesis, the effect of low molecular
weight heparins on osteoblasts and on osteoblésbaast communications needs to be
investigated. Moreover, complementary studies terd@ne whether the effects of heparin on

bone are reversible are needed.
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Figurelegends

Figure 1: Heparin inhibits RANKL-induced osteoclastogenesis in two murine models of
osteoclastogenesis. RAW 264.7 cells were cultured ihe presence of hRANKL (100 ng/ml)
and heparin (5 uM). After 5 days, cells were staifexr TRAP expression. Small osteoclasts
(arrowheads) and condensed cells (agidarmed in the presence of hepasire shown (A)
TRAP" multinucleated cells (more than 3 nuclei) werented under a light microscope
(original magnification x 40). Each value represetiie mean (x SD) of multinucleated cells
per well of a triplicate experimenB). mMRNA expressions of osteoclastic markers (RANK,
TRAP, Ctsk) were analyzed by real-time PCR aftelags of culture. Cycl and Hprtl were
used as internal control. Results are expressddiasncrease compared to the contr@l).(
Experiments were performed independently at leagmas in triplicate. CD11bpurified
cells from mouse bone marrow were cultured for agsdn presence of 25 ng/ml mM-CSF
with or without hRANKL (100 ng/ml) and heparin (5)MAt the end of the culture period,
TRAP staining was performed and TRARwultinucleated cells (more than 3 nuclei) were

counted under a light microscope (D) (** p<0.01).

Figure 2: Heparin inhibits RANKL-induced osteoclastogenesis in human CD14"
monocytes. CD14" purified monocytes were cultured for 15 days i& pnesence of 25 ng/ml
hM-CSF with or without hRANKL (100 ng/ml) and hepa(5 uM). At the end of the culture
period, TRAP staining was performed (original méigation x 40) @A) and TRAP
multinucleated cells (more than 3 nuclei) were ¢edrunder a light microscopB). In some
conditions, CD14 monocytes were cultured on dentine slices for 4sdResorption areas
were visualised on dentine slices after the cultdr€@D14 cells in the presence or absence of
hRANKL, heparin or hRANKL+heparinQ) and were measutaising Qwin software (Leica)

(D). (* p<0.05).



Figure 3: Various GAG families are able to inhibit RANKL -induced osteoclastogenesis.
RAW 264.7 cells were cultured in presence of hRANKIOO ng/ml) and 5uM of heparan
sulfate (bHS: heparan sulfate from bovine kidneldSp heparan sulfate from porcine
intestinal mucosae), chondroitin sulfate C (CS4@) dermatan sulfate (DSA) or increasing
concentrations of heparin oligosaccharides: 4 (8-grey bar), 14 (28-mer, dark bar) and 24
(48-mer, hatched barBJj or increasing concentrations of hyaluronic acj. (After 5 days,
RAW 264.7 cells were stained for TRAP expressiod anltinucleated cells (more than 3
nuclei) were counted under a light microscope. Resare expressed as number of
multinucleated cells per well: each value represéme mean (+ SD) of multinucleated cells
per well of a triplicate. Experiments were perfotha least 3 times in triplicate (* p<0.05, **

p<0.01, *** p<0.001).

Figure 4. Sulfation is a key parameter in the inhibition of RANKL-induced
osteoclastogenesis by heparin. RAW 264.7 cells were cultured in the presenc®&ANKL
(100 ng/ml) and different forms of heparin (5uM)ftex 5 days, RAW 264.7 cells were
stained for TRAP expression and multinucleatedscéthore than 3 nuclei) were counted
under a light microscope. Results are expresseatuadber of multinucleated cells per well:
each value represents the mean (£ SD) of multiatete cells per well of a triplicate.

Experiments were performed at least 3 times iti¢age (* p<0.05, ** p<0.01).

Figure 5: Oligosaccharides promote dendritic differentiation. Human CD14 cells @) or
total PBMCs B) were culturedn cell media supplemented wittO0 ng/ml GM-CSF + 5
ng/ml IL-4, in the presence absenceof heparin oligosaccharide 16 (32-mer, Oligo 16),

heparin or dermatan sulfate at 5 pM. After 5 daydls were double stained for CD1la and



CD14, and analyzed by flow cytometry. Percentage€mila cells (dendritic cells) were

plotted.

Figure 6. Heparin does not bind to hRANKL and does not modulate RANKL
signalization. (A) Heparin(1 to 20 nM) or hOPG (25nMyere injected at a flow rate &0
wl/min and 20ul/min, respectivelypver the immobilized-RANKL sensorchip for 6 min. drpH

7.4 buffer, hOPG but not heparin binds to hRANKIB) (Human CD14 monocytes were
incubated for 15 min at 37°C with 100 ng/ml hRANKd the presence or the absence of 5
UM heparin. Protein lysates were prepared and sgqme of Phospho-ERK1/2, total- total-
ERK1/2, Phospho-p38, total-p38, Phospho-pl05, -m@b was analyzed by western

blotting. All experiments were repeated three tinagsl a representative blot is shown.

Figure 7: Heparin acts at two different levels of RANKL-induced osteoclastogenesis of
human CD14" cells. CD14" cells were cultured in the presence of hM-CSF BRANKL
with or without heparin (5 uM) or OPG (100 ng/mbded at different time points of the
culture. After TRAP staining, osteoclasts were ¢edrunder a light microscopeA ) Heparin
was added during the first 4 days (D0-D4) of thikure, added after 4 days of culture to days
10 (D4-D10), or added during the last 4 days ofdlléure (D10-D14) or maintained all along
the culture (D0-D14).R) Heparin inhibits the adherence of CDleklls when added only
during the first 4 days of the culture, in the presencéfCSFonly. (C andD) Heparin
inhibits osteoclast spreading: CD1#honocytes were cultured with hM-CSF and hRANKL,
with or without heparin (5 pM) until the formatiar osteoclasts ithe control condition (D4-
D14). Heparin was then removédm the mediunor maintained and culture was extended
for 3 more days (D14-D17). TRAP staining was therfggmed and osteoclasts were counted

under a light microscope (original magnificatiordf). Black arrows show the condensed



cells obtained in heparin conditions after the rareulture period + 4dditionaldays (*

p<0.05)

Aditional data 1

GAGs and heparin do not modulate the proliferation of osteoclast precursors.
Osteoclast precursors (CD14+ cells) were treatau the day of cell plating by 25 ng/ml M-
CSF and increased doses of heparin. The numbealaewells was measured by XTT assays
72h later. In the second set of experiments, CDdells were first incubated with 25 ng/ml
M-CSF for 3 days before addition of increased dagdseparin for 11 days. The number of
viable cells was determined by using XTT three dayesr. The results revealed that heparin
and other GAGs (only experiment performed with lmepand DS after 3 days of culture in
the presence of M-CSF has been shown, similarteebalve been obtained with chondroitin
sulfate and oligosaccharides, after 6 days of oeiltar in the absence of M-CSF) did not

affect the proliferation of osteoclast precursors.

Aditional data 2-4

CD14 monocytes were cultured in a 24-well plate with-8F and hRANKL as described
in the present paper, and with our without hepé&ipM). At the end of the culture, heparin
was removed or not from the medium and the cultuss extended for 11 more hours. A
picture was taken every 10 minutes during 11 hamd,the movies were reconstituted using

the ImageJ software.
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