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Abstract

During endochondral ossification, regulation of mtimcyte maturation governs the growth of the s
plate. The role of inorganic phosphate (Pi), wHesels strongly increase in the hypertrophic zofhihe growth
plate, on chondrocyte maturation has not yet beetipiered. Using the chondrogenic ATDC5 cells, we
investigated the effects of Pi on cell maturatiowd @n mineralization of the extracellular matrix.iRduces

matrix mineralization identical to that observed growth plate cartilage and increases expressiothef
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hypertrophic marker, collagen X. When calcium caniation is slightly increased (like in cartilageogth
plate), Pi also stimulates apoptosis of differeatiaATDC5 cells, with a decrease in Bcl-2/Bax mRIK&io,
DNA fragmentation, characteristic morphological tteas and caspase-3 activation. All these effeces a
dependent on Pi entry into cells through sodiumedépnt transporters. Finally, inhibition of apojgosith
ZVAD-fmk reduces Pi-induced mineralization. Thes®lings suggest that Pi regulates chondrocyte ratbur

and apoptosis, which, in turn, controls skeletaledigpment.
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Introduction

Vertebrate long bones form through a process caltetbchondral ossification, in which a cartilagepéate is
replaced by a bony matrix. This process begins thighcondensation of undifferentiated mesenchynoen the
core of which cells differentiate into chondrocytediereas cells at the periphery form the perichionad After

a phase of proliferation, chondrocytes differeetiaxpressing type Il, type 1X and type XI collagerd sulfated

glycosaminoglycans. Then chondrocytes further diffiiate and become hypertrophic, expressing mayug
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X collagen. Finally, they release matrix vesicl®®/ that accumulate calcium and phosphorus andikety
involved in mineralization of the extracellular matECM). Changes in the composition of the cagé matrix
in the hypertrophic zone allow invasion by capi#ar degradation of the cartilage matrix and ifdaeement by
the trabecular bone matrix secreted by invadingaisasts. The fate of hypertrophic chondrocytestils a
matter of debate. The first hypothesis is that dnocytes are converted into bone cells throughoagss called

trans-differentiatiorl:> However, there is growing evidence that termindlifferentiated chondrocyte undergo
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programmed cell death.In situ investigation of the cartilage growth plate reeealthat hypertrophic
chondrocytes are characterized by a loss of mitedtial membrane potentialby a decrease in Bcl-2/Bax
protein ratio> and are TUNEL positiv&® In addition, deletion of the gene encoding bch2niice leads to

accelerated maturation of chondrocytes and shogesfilong bones.

The growth of a skeletal element depends on preeg@ation of chondrocyte proliferation, differeion and
apoptosis. Among the factors modulating chondroaytaturation, much attention has been paid to the
parathyroid hormone-related peptide/indian hedgehds® bone morphogenic proteindand oxygen suppl.
Surprisingly, whereas inorganic phosphate (Pi)leestongly increase both in the ECM and in thésdedbm the
proliferative to the hypertrophic region of the wib plate'***the possible role of Pi on chondrocyte maturation
and endochondral ossification has not been fullyestigated. Disorders in Pi homeostasis lead tmabal
endochondral ossification. On the one hand, ineffic re-absorption of phosphate by kidney leading t
hyphosphatemia is associataith defective mineralization of the skeleton. Cre tother hand, phosphate
retention or hyperphosphatemia, accompanying cbnarial disease, is associated with soft tissusficaltion

and abnormal bone metaboli¢tPi has been suggested to be rate-limiting forilage mineralizatiort® and

induces or stimulates mineralization in several et®df chondrocyte culturé:® Pi has also recently been

reported to modulate cell differentiation and apsf. Pi was shown to increase transcription ansifathesis




of type X collagen in chondrocyté$? osteopontin in osteoblastsand core binding factoml (Cbfal) in
smooth muscle celf. Pi also induces chondrocyte and osteoblast apepfosvhich involves loss of
mitochondrial membrane permeability transitfdrand caspase activati®hMoreover, Pi-induced apoptosis is

dependent on Pi entry into cetf®and is modulated by extracellular calcium (@ajels®

Despite this large body of evidence indicating thastimulates chondrocyte differentiation, mingation and

apoptosis, no study has precisely explored thdioekhips between these effects and the role adufing
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endochondral ossification remains unclear. In aegaht paper, Proudfoot et al. suggested that in
hyperphosphatemic conditions, Pi induced minertimaof vascular smooth muscle cells through apiigto
dependent mechanisifis.Relationships between apoptosis and mineralizaboth in physiological and
pathological situations have already been pointgd®and in growth plate cartilage, it was reported thatrix
vesicles (MV) share several characteristics withpaptic bodie$>?4%°In this context, the aims of the present

study were to investigate the role of Pi on choogi® maturation during endochondral ossificationg &o
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elucidate the possible relationships between diffgation, apoptosis and mineralization using tA€D&5 cell
line. This cell line, established by Atsumi etfabm the teratocarcinoma cells AT885expresses the full range
of events described for differentiation of epiphaisehondrocytes and calcifies the ECM without additof an
exogenous phosphate souft&his work is an effort to provide new insight iartilage physiopathology and

understand the role of apoptosis during organogeiésmineralized tissues.
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Results

As previously describef, ATDC5 cells proliferate to reach confluence betwday 5 and day 7. In the presence
of insulin, they begin then to form nodules in whibey differentiaté’ expressing type Il collagen, link-protein
and sulfated glycosaminoglycans. From day 12-18s dée the nodules express type X collagen, become
hypertrophic and from day 29 mineralize their EGMthe present study effects of Pi were investidate day

21 in differentiated cells, at a stage when mineasibn has not yet started.

Pi induces mineralization in ATDCS5 cultures

We first asked whether Pi could initiate minerdii@a by hypertrophic cells as early as on day ZIDRES cells
were grown for the first 21 days in DMEM/F12 (whicbntains 1 mM Ca and no ascorbic acid) and wesgeed
on day 21 ina-MEM (which contains 2.4 mM Ca and ascorbate), misially described for ATDC5
differentiation®* Mineralization was quantified by measurement of €antent by atomic absorption
spectrometry and expressed as pg Ca per mg protaiell layers. In these conditions, Pi dose-depetig
stimulated Ca deposition in 7 days (Fig. 1a). Timetcourse of Ca deposition indicated that mineadilbn with
4 mM Pi begins within 8 hours and strongly increaafter 24 and 48 hours (Fig. 1b). Ca depositidiuded by
4 mM Pi appeared to be dependent on Pi entry iatls since phosphonoformic acid (PFA), an inhibiodr
sodium-dependent phosphate transporters (NaPit&¥jocked mineralization (Fig. 1c). Finally, we gtiesed
whether Pi could initiate mineralization in DMEM/EIwhich contains no ascorbate and only 1 mM Céhése
conditions, while ascorbic acid was not necessaaya( not shown), Pi-induced mineralization requizesl mM

Ca, which comes close to Ca levels preseatMEM (Fig. 2d).

Pi-induced mineralization isidentical to that in cartilage growth plate

Mineralization at the different Pi concentrationasifirst analyzed by transmission electron micrpgad EM)
after 8 days treatment im-MEM (Fig. 2). With 4 mM Pi, crystals were depositen the ECM (Fig. 2a), in
association with collagen fibrils (Fig. 2b). TEMerpgraphs showed thin and relatively long crysteisociated
parallel to the long axis of collagen fibrils, ctaient with physiological mineralization (Fig. 2djh contrast,
with higher Pi concentrations, non-physiologic taysdeposition was observed, probably due to a mere
physicochemical precipitation (data not shown). Sbrystal composition and maturationvitro with 4 mM Pi

(Fig. 3a) were investigated by Fourier transforifnared microspectroscopy (FTIR-M) and compared \tlithse
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of crystals in murine growth plate cartilagevivo (Fig. 3b). After deconvolution between 1200 an@ 861" of
thev,v; PO, domain (which gives information on crystal compiosi and organization), the high intensity of the
bands at 1145, 1125, and 1112 cindicated that crystals both vitro and ex vivo contain great amounts of
HPQO,* ions and non-apatitic P®ions (Figs 3c and 3d). This suggests that crystateedin vitro andex vivo
are poorly crystalline and may contain weakly oigad regions. These crystals have also a very ot nil
carbonate content as revealed by the weak inteasbitlye v,CO; domain (data not shown). During maturation,
crystalsin vitro andex vivo evolved similarly toward a greater crystallinitjthva loss of HPG (1145 cnit) and

non-apatitic PG ions (1125 and 1112 ¢t

Consequently, since TEM and FTIR-M experimentsdath that a 4 mM Pi concentration reproducesgtro
the cartilage mineralization observed in cartilagewth plate, subsequent experiments were conductat)

this concentration.

Pi stimulates chondrocyte terminal differentiation

The effects of Pi on ATDC5 differentiation werevéstigated by RT-PCR (Fig. 4). Cells were incubatediay
20 in DMEM/F12 without insulin containing 0.5% F@8&d treated on day 21 with 4 mM Pi. Results shat th
Pi increased type X collagen mRNA levels whereadoits not increase mRNA levels for osteopontin (DPN
(Fig. 4a). The effect of Pi on collagen X expreamsigas inhibited by 0.5 mM PFA suggesting that Reencells
via NaPiTs to increase type X collagen mRNA le€ig. 4b). To investigate whether Pi-stimulatedagén X
production was involved in mediating the effect Rif on mineralization, we measured Ca depositioaraft
treatment with Pi for 48 hours in the presencehef translation inhibitor cycloheximide. In thesenditions,
cycloheximide not only failed to inhibit mineraltaan, but even enhanced Ca deposition induced mMAPiI
and 2.4 mM Ca (Fig. 4c). Since cycloheximide iDas apoptogen, we next investigated the effecti @n

apoptosis.

Pi triggers cell death of differentiated chondrocytes

The effect of Pi on cell viability was assessedrmasuring the mitochondrial conversion of MTS ifttlonazan.
Figure 5 shows that, if Pi alone had no effect elh wability on day 21, it dramatically reduced BTactivity
when added together with 2.4 mM Ca (Fig. 5a). Gyelomide used alone only slightly decreased celbility,

but increased the effects of Pi and Ca on ATDCbade=th. Inhibition of cellular Pi uptake with OndM PFA



blocked cell death induced by Pi and Ca, suggeshiagcell death is dependent on Pi entry into ABD¢ells
(Fig. 5b). Similar experiments realized with undifintiated ATDC5 cells, cultured for only 7 daysjicated
that in the absence of nodules, Pi and Ca faititousate cell death (data not shown). Confocal o8copy was
used to localize living and dead cells within tleelnles after 48 hours treatment with 4 mM Pi ardr@M Ca.
Cultures were treated with CTG and EthD-1, whictpeetively stain living cells in green and deadsciel red,
and pictures were collected from the top to thedwmtof the nodules (Fig. 5c). In both treated anttaated

cultures, dead cells were found essentially incimeter of the nodule (differentiated cells), wheregble cells
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were mostly observed in the nodule periphery (daddhtiated cells). The proportion of dead cellsadules

was markedly increased in cells treated with 4 milsFcompared to untreated cells (data not shown).

ATDCS cell death isapoptotic
To examine whether cell death in response to Pumscthrough an apoptotic process, biochemical and

morphological features of apoptosis were investigal reatment of ATDC5 cells for 24 hours with Ridér Ca
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affected the expression levels of mMRNAs encodingbfd-2 and bax, which are respectively anti- amd-p
apopotic proteins. Densitometric analysis of agatwsnds indicated that the value of bcl-2/bax riatieeduced
after treatment with both Pi and Ca (Fig. 6). Oa tither hand, treatment with Pi or Ca alone hadkveeano

effects on the bcl-2/bax ratio.

DNA fragmentation in Pi and Ca treated cells waggtigated by the TUNEL method. Figure 6 shows dimdy
Pi and Ca treated cells in the center of the nadwiere stained. The negative control without TUNEIzyme
was only faintly stained and cells treated with Bl#positive control) stained positively, indepearttieof their
localization. Cell morphology was then assessed Byl after 7 days of treatment with 4 mM PianMEM
(Fig. 6). Only individual cells, surrounded by dereollagen framework or located in proximity of mialized
areas exhibited typical apoptotic morphology witirazmatin condensation at the periphery of the nuscle

Moreover, the cells exhibited a loss of organeiteciure and vacuolation.

Implication of caspasesin Pi stimulated apoptotis and mineralization
Finally, implication of caspases in Pi induced dshth was investigated by staining ATDC5 cellshweih anti
active caspase-3 antibody (Fig. 7). Positive stginivas observed specifically within the nodulesllsCtat

stained positively for active caspase-3 (Fig. 18 atained positive for EthD-1 (Fig. 7b), indicafithat they




had already lost part of their viability. Merging the images shown in figures 7a and 7b showed exsed
chromatin stained with EthD-1 and cytoplasmic l@zlon of active caspase-3 (Fig. 7c). The negatiwetrol
showed only a barely noticeable green staininguiieigd). Involvement of caspases in Pi induced aedith is
further suggested by the fact that ZVAD-fmk, a lmrgange caspase inhibitor, blocked the decreaseelin
viability induced by Pi and Ca (Fig. 7e). Finallye investigated whether modulating apoptosis byases
inhibition might affect mineralization. Inhibitiorof apoptosis with ZVAD-fmk significantly decreased

mineralization induced by Pi and Ca (Fig. 7f), segfag that mineralization is at least partiallypeiedent on
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caspase activity.
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Discussion

In the cartilage growth plate, Pi levels increasasiderably from the proliferative to the hypertnapregion,
both in cells and in the ECM:** Whether increase in intracellular Pi concentratiesults from an active Pi
transport from the ECM or from intracellular Pi geation is not yet fully understood. On the onedan
chondrocytes highly express NaPiTs that could aucfmw high intracellular Pi level€:**on the other hand, this
high Pi content and the low ATP/Pi ratio reporiedivo,*® could result from hypoxic injury as it was reparia
other cell typeg® In the poorly vascularized growth plate, the mmgboxic chondrocytes are localized in the
hypertrophic zoné.In the present study, we sought to explore thatioriship between chondrocyte maturation
and cartilage mineralization induced by Pi using &TDC5 in vitro model of endochondral ossificatiéh.
Among the reported models of chondrocyte diffedidun, ATDC5 presently remains the only cell line
expressing the full range of events described ffieréntiation of epiphyseal chondrocytes and tbéitsg to
mineralize spontaneously. Moreover, these cellaarenvenient tool to study Pi effects on chondi®tyjology
because like chondrocytes vivo,** they express type Ill NaPiTs, including glvr-1 &wdram, both in the cells
and in matrix vesicles® Finally, results of the present study demonstitaa¢ mineralization in ATDC5 culture
is identical to that in murine growth plate cagia indicating that this cell line is also suitaldestudy the

mineralization proceds vitro.

In in vitro models of chondrocyte cultures, an exogenous tatepsource, consisting of Pior B-
glycerophosphateB(GP) salts®® is frequently added to induce or stimulate mirigagion. Although some
studies have precisely investigated the composifaie mineral phase formed with varying concerdre of

Pi orB-GP 3" Pi orB-GP are often used at concentrations far beyonghsiological range. In the present study
for instance, if Pi dose and time-dependently iaseel Ca deposition in ATDC5 cell culture from 1ltbmM,
concentrations above 4 mM led to non physiologitcifieations (data not shown). Ultra-structural and
spectroscopic analyses with the different Pi cottetions demonstrated that a Pi level of 4 mM i@ A&TDC5
culture medium induces a mineralization identicathiat in murine growth platx vivo. The crystals$n vitro are
deposited in the ECM. They are long-shapedeposited parallel to the long axis of collagdmils. Moreover,
this crystal formation is not merely due to Pi &l from the medium precipitating on collagen fibtilecause
inhibition of NaPiTs with PFA blocks Ca depositiGuggesting that Pi needs to enter cells or magsicles®

Crystal composition was analyzed by FTIR-M thatoasses FTIR spectroscopy to microscopy and allows
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crystal compositioff to be studied as a function of locatfBBoth ex vivo andin vitro crystals consist in poorly
organized apatite, contain large amounts of EfPénd very few carbonate ions and evolve towardeatgr
crystallinity with a loss of acidic phosphate greuphese findings are consistent with previouslylished data
on cartilage mineralizatidh*®and suggest that 4 mM is an adequate concentratistudy thén vitro effects of
Pi. The same Pi concentration was reported to mimicprimary chondrocyte culture thén vivo
mineralization®”**

Pi reportedly induces or up-regulates expressiogenies exclusively expressed in mineralizing ogles™®%
For instance, Pi stimulates osteopontin gene trigiem in osteoblastic MC3T3-E1 cefl5.Moreover, it was
recently shown that Pi induced the osteoblastimptype in culture of smooth muscle cells, with iotion of
Cbfal expressioff*? In ATDC5 cells, Pi specifically up-regulates mRN@vels for the late chondrogenic
marker collagen X. Since collagen X is the only nmaprotein expressed exclusively by hypertrophic
chondrocytes, these results suggest that Pi aeteteterminal chondrocyte differentiatibrf® In cartilage
growth plate, the increase in Pi levels could thlay a key role during chondrocyte maturation. @& other
hand, Pi does not seem to stimulate osteopontirsdrgption in ATDC5 cells as it was reported inemttlastic
MC3T3-E1 cells suggesting that Pi stimulation of collagen X mRN#els are specific and not merely due to
stimulation of the basal transcriptional activifyhypertrophic chondrocytes. The precise molecoachanisms
involved by Pi in gene expression remain to beidated. These effects are at least dependent entBi into
cells because they are blocked by PEX which was demonstrated to inhibit Pi uptake in tbacentration
range used in the present std&y’ Moreover, these effects were dependent on thepeesof sodium in culture
medium, further arguing for intracellular uptakeraihgh NaPiT$! Today, specific signaling pathways
potentially activated by Pi transport or by inciiagsintracellular Pi levels have not yet been régdrand are

under intense investigation.

Pi significantly stimulates apoptosis in the preseof 2.4 mM Ca, whereas separately Pi and Ca baaffact.
Several studies reported that Pi induces chondeomybsteoblast apoptodi§ but a recent report indicated that
Pi-stimulated cell death was dramatically modulagdCa level$® Pi-induced apoptosis in chondrocytes is
dependent on Pi entry into cells, probably throtygte 11l and/or type Il NaPiT&3***0On the other hand, it was
reported that inhibitors of Ca transport fail tosaee cells from ion-pair treated cultuféssuggesting an

implication of Ca sensing receptors in chondroayiuration®? It is unlikely that Pi and Ca induced cell death

10
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results from direct cellular toxicity, at the mitemndrial level for instanc€, because it is maturation stage
dependent® ATDC5 apoptosis in our study was restricted tdedéntiated cells (within the nodules), and when
Pi and Ca were added in the proliferation phaserbethe formation of nodules, there was no inductié

apoptosis. The maturation stage dependency ofdRiced apoptosis may be related to the fact thay onl

hypertrophic chondrocytes contain large amounts imtfacellular Ca!'%**

particularly within their
mitochondria®® An alternative possibility is that terminally déflentiated chondrocytes undergo a maturation-
dependent loss of mitochondrial functidndependent of Pi levels that, together with arel@se in levels of the
cell death inhibitor bcl-2would render cells more susceptible to Pi toxitity the cartilage growth plate, there
is a decrease in the Bcl-2/Bax protein ratio frdwa proliferative to the hypertrophic zonepinciding with the
reported increase in Bi**and C&"*?*levels. In the present study, treatment with Ri @a led to a decrease in
the Bcl-2/Bax ratio, which is believed to disrugtet mitochondrial membrane and promote release of
mitochondrial components, irreversibly engaging tbell toward apoptosis. Among the mitochondrial
components released during the apoptotic procgsscltome ¢ leads to subsequent activation of caEspa
Accordingly, Pi and Ca treatment led to caspaset®ation in differentiated ATDC5 cells. Co-locaditton of
cytoplasmic active caspase-3 and nuclear EthDimistpindicated that active caspase-3 positivescetbre no
more viable. Activation of caspases by Pi and Qe izvas further reinforced by the fact that a broatye
caspase inhibitor (ZVAD-fmk) completely rescuedis@&om death. Caspase-3 is known to cleave thibiton

of caspase-3 activated DNase (CAD) leading to CAdlease that is responsible for oligonucleosome
fragmentation (DNA laddering). In the present stuthynfocal microscopic observations of ion paiategl cells
revealed that only the differentiated cells in neduexhibited DNA fragmentation as determined byNBL,

which was further confirmed by TEM observationsttshowed cells with characteristic apoptotic feasyr

particularly chromatin condensation.

In the present ATDC%Hn vitro model, Pi accelerates chondrocyte terminal difféation, and together with Ca
induces apoptosis and ECM mineralization. Mineadlan does not seem to requie novo protein synthesis,
since blocking protein translation with cyclohexitmidid not prevent Ca deposition. In contrast, Itesaf the
present study highlight the relationships betwepoptosis and mineralization: Ca deposition is digantly
enhanced by the apoptogen cycloheximide and redogéddde apoptosis inhibitor ZVAD-fmk. Moreover, TEM
observation showed that apoptotic cells were alnabstys located in the vicinity of mineralized agkn

matrix. Although a relationship between apoptosid eineralization had already observed in othesuis in

11
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pathological conditions, such as vascular caldifices?’ this study is, to our knowledge, the first oneeport
dependence of mineralization on apoptosis in a moflendochondral ossification. Precise mechanisins
chondrocyte apoptosis induced by Pi and Ca andrigad mineralization remain largely unknown. Itliisely
that matrix vesicles (MV) play an important roledpiphyseal calcificatidfi and some studies have implied that
apoptotic bodies, similarly to MV, could initiataological or physiological calcificatidh?*“® Moreover, it
was reported that mitochondrial phosphate and @mased during chondrocyte apoptosis are includéal in
nascent MV and could participate to matrix minemation*“>*"*8Z\AD-fmk could thus inhibit mineralization
by blocking the release of apoptotic bodies frorfisé@ Finally, it was reported that if Pi levels reglyar
increase from proliferative to hypertrophic regiaishe growth platé? Ca levels are relatively constant in all
zones of the plate, increasing only in hypertropliones, both in extracellufdr and intracellular
compartments! Our data indicating that Pi is able to acceletatsinal chondrocyte differentiation on its own,

but requires Ca to induce apoptosis-dependent alination might thus be of physiological relevance.

In conclusion, results presented in this study sag@n important role of Pi during endochondralfigsgion.
Increased Pi levels from proliferative to hypertimpregions may accelerate chondrogenic differéotia and
together with increased Ca levels in the hypertiomptone induce apoptosis-dependent mineralization.
Moreover, if apoptosis is believed to play an impot role during organogenesis, this study suggests

programmed cell death is an essential processatiguliskeletal growth.

12
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Materials and M ethods

Materials

Cell culture plasticware was purchased from Fal@®gtton-Dickinson, Franklin Lakes, NJ) and Cornidgstar

(Integra Biosciences, Wallisellen, Switzerland)taFealf serum (FCS) was obtained from Dominiquesbher

(Brumath, France)a-MEM, glutamine, antibiotics, trypsin/ethylene-dien@ tetraacetic acid (EDTA) were
obtained from Life Technologies Ltd. (Paisley, UKJ. 1:1 mixture of DMEM and Ham’'s F12 medium
(DMEM/F12) was provided by ICN Biochemicals (Ors&yance). PFA, cycloheximide, ascorbic acid, cafciu
chloride, dimethyl sulfoxide (DMSO), bovine insylitransferrin and sodium selenite were purchaseth fr
Sigma (St Louis, MO). ZVAD-fmk was obtained from B&Systems (Abingdon, UK). Cycloheximide and

ZVAD-fmk were dissolved as concentrated solutian®MSO.

DNase | and Taq DNA polymerase were obtained frof@ Technologies. Avian myeloblastosis virus-reeers
transcriptase (AMV-RT), random hexamers and recomiti ribonuclease inhibitor were purchased from

Promega (Madison, WI). Trizol reagent was from ltéehnologies.

Cell tracker green (CTG) and ethidium homodimeEthD-1) were purchased from Molecular Probes (Lejide
The Netherlands). Thin situ cell death detection kit, based on the TdT-media®TP nick end labeling
(TUNEL) was obtained from Roche Molecular Biocheafsc(Meylan, France). Antibodies (BD PharMingen)
were kindly provided by Dr. Lisa Valette. All othehemicals were from standard laboratory suppheis were

of the highest purity available.

Cell and culture conditions

ATDCS cells were routinely grown in a maintenancedimm consisting of DMEM/F12 (1:1) containing 5%
FCS, 10 pg/mL human transferrin (T), 3 x®1@ol/L sodium selenite (S), 1% antibiotics, 1% ghatne. Cells
were subcultured once a week using trypsin/EDTAl araintained at 37°C in a humidified atmospher®%f
CO; in air. To induce chondrogenesis and cartilageuteotbrmation, ATDCS5 cells (1.5 x #@n¥) were seeded

in a differentiation medium consisting of mainteoamedium supplemented with 10 pg/mL of bovine linsu

13
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(1) for the first three weeks. When indicated, DMIEI2 was replaced on day 21 6yMEM containing 5%
FCS and the ITS supplement at 37°C in a humidifisdosphere of 3% GOn air. Medium was replaced every
second day. In these conditions, mineralizationirizegt day 29. DMEM/F12 and-MEM contain 0.9 and 1
mM Pi respectively. Pi concentrations of 2, 4, @ 40 mM were obtained by addition of a mixture atHNPO,
and NaHPQ, pH 7.3. DMEM/F12 andi-MEM contain 1 and 2.4 mM Ca respectively; higherc@ncentrations
were obtained by adding calcium chloride. To redthee non-specific effects of agonists present irsFthe
cells were incubated in low-serum (0.5 %) mediumZé hours before stimulation with Pi (in all exjpeents
excepted those in which cells were cultured formys)l. All inhibitors were added 30 minutes befosatments

with agonists.

RNA isolation

Cells were seeded in 25 Erifasks for RNA isolation. After indicated timesetia were removed, cell layers
rinsed with RNase free PBS and stored at’G80ntil total RNA was extracted using the Trizobgent
according to the manufacturer’s instructions. Byielfysis of the cells in Trizol was followed by rgifugation

at 10,000 g, &, for 15 min in the presence of chloroform. Theapaqueous phase was collected and the RNA
was precipitated by addition of isopropanol andiifigation at 7,500 g, %€, for 5 minutes. RNA pellets were

washed with cold 75% ethanol, dried, reconstitutétl sterile water, and quantified by spectrometry.

Reversetranscription and polymerase chain reaction (RT-PCR) analysis

After DNase | digestion, RNA samples (2 pg) wereerse transcribed using AMV-RT and random hexamer
primers in a total volume of 30 uL. Template cDNAsul) were then amplified in a typical 50 uL PCGRction
containing 20 mM Tris-HCI (pH 8.4), 50 mM KCI, 1 u®f the respective primers, 200 uM dNTP and 2.5suni
of Tag DNA polymerase. The magnesium chloride cotraton was 1.5 mM. The absence of DNA
contamination in RNA preparations was tested byuting RNA samples which had not been reverse-
transcribed. Primers sequences were as follows:IARorward 5° CAC CAT GGA GAA GGC CGG GG3 ',
reverse 5° GAC GGA CAC ATT GGG GGT AG 3’ (55°C, 4b®)?* type X collagen, forward 5° CCA CCT
GGG TTA GAT GGA AAA 3, reverse 5 AAT CTC ATC AAATGG GAT GGG 3 (56°C, 583 bpY;

osteopontin, forward 5° ACA CTT TCA CTC CAA TCG TCE, reverse 5’ TGC CCT TTC CGT TGT TGT
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CC 3’ (55°C, 239 bpj! bcl-2, forward 5° TGT GTG TGG AGA GCG TCA ACA 3fgverse 5’ CCA GGT ATG
CAC CCA GAG TGA T 3’ (60°C, 215 bp): bax, forward 5 AGC TGC AGA GGA TGA TTG CT 3, rewse

5 GAT CAG CTC GGG CAC TTT AG 3’ (60°C, 175 bpj.Amplifications were carried out in an Eppendorf
master cycler (Dr. Vaudaux AG, Schonenbuch, Swidprel) under the following conditions: denaturation 3
minutes at 92C followed by cycles of 30 s denaturation at’ @ 30 s annealing at the primer specific
temperature and 45 s elongation af(Z2All PCR results show amplification products obéa in the linear
range of amplification. Semi-quantitative analysfisSRNA levels and normalization to GAPDH levels wer

realized by densitometry (Leica Q500).

Confocal microscopy

Imaging was performed using a confocal laser-scanimverted microscope (Leica TCS SP1, Heidelberg,
Germany) equipped with an argon/krypton laser. Cetbre visualized using a X 63 / 1.4 APO objectesss.
The data were collected with a simultaneous duahohbl detector and visualized with a 24-bit imagiggtem

including Leica TCS NT software.

Briefly, for cell tracker green (CTG) and ethididlramodimer 1 (EthD-1) staining, cells were treateéth\w uM
CTG for 30 minutes at 37°C, then for 30 minute§ @S containing medium and finally for 30 minuteslipM
EthD-1 at room temperature. The fluorescence of GA@rporated into living cells was detected usary
isothiocyanate (FITC)-fluorescent sete;= 488 nm;A., collected = 490-560 nm. The red EthD-1 emissios wa

viewed using the confocal microscope,(= 568 nm., collected = 570-700 nm).

For anti-active caspase-3 immunostaining, cellsewfeced in 4% paraformaldehyde for 30 minutes ainno
temperature, permeabilized for 5 minutes on ice tagated with a rabbit anti-active caspase 3 adiilfor 30
minutes at room temperature. After washing thescallanti-rabbit FITC-conjugated antibody was adided0
minutes in obscurity. The fluorescence was deteuasdg an isothiocyanate (FITC)-fluorescent ski,= 488
nm; Aem collected = 490-560 nm. Before incubation withilamdies, some coverslips were stained with EthD-1

as described above.
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For DNA fragmentation staining, cells were fixeddi% paraformaldehyde for 15 minutes at room tenpeza
permeabilized for 5 minutes on ice and treatedheyTUNEL reagent for 1 hour at 37°C. All coverslipere
mounted with Antifade kit (Molecular Probes). Theegn TUNEL emission was analyzed using an

isothiocyanate (FITC)-fluorescent set as descridizul/e.

Fourier transform infrared microspectroscopy

ATDCS5 nodules (6 multiwell plates) were fixed in 70 ethanol and placed on a barium fluoride (Battsk.
The crystallinity was analyzed from the periphesythie center of the nodules to study the maturatiothe
mineral phase. In parallel, growth plate cartilages studied as a control. Briefly, 1 week old migere
sacrificed, their tibiae were fixed in 70 % ethandéhydrated and embedded in glycolmethylmethateryla
Sections (2 pm-thick) were cut with a Supercut 2@56rotome (Reichert-Jung, Heidelberg, Germany) and
placed on a BaFdisk. Spectra were recorded with a Magna-IR 55€cspmeter (Nicolet, Trappes, France)
equipped with an IR-plan Advantage microscope (8p€bech, Shelton, CT; X15 Reflachromat lens) ditte
with a high-sensitivity mercury cadmium tellurité!CT) detector. Sample positioning was realized wath
motorized x-y stage under computer control. FTIRadeere acquired with the spatial resolution predidy a

20 x 20 prh aperture in order to prevent diffraction artifaatel maximize the signal/noise ratio. Infrared spec
were recorded at 4 chresolution with 512 or 1024 interferograms co-ati@ed Happ-Genzel apodization.
Omnic software (Nicolet, Trappes, France) was dsedlata analysis. Residuab® and CQ absorptions were
automatically subtracted. Before mineral analysisibconvolution of the;v; PO, domain (k=2.3 and=22.5
cm?), collagen and proteoglycan absorptions were mirgth by subtracting the spectrum non-mineralized

regions.

Transmission electron microscopy

ATDCS5 nodules (6 multiwell plates) were fixed incoaylate buffered 4% glutaraldehyde for 15 minated°C,

washed and post-fixed in cacodylate buffered 2% imsmetroxide for 20 minutes at 4°C. Nodules were

dehydrated in successive dilutions of ethanol antdezlded overnight in Epon at 37°C and for two ottess at

55°C. Sections (80 nm-thick) were cut with an WtraE ultramicrotome (Reichert-Jung, Heidelbergrr@ny),
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mounted on copper grids, stained with uranyle aeedad observed on a Jeol 1010 electron microsabpe

voltage of 100 kV.

Analytical methods

ECM mineralization was measured as the amountdfiptal Ca present in cell layers (12 multiwvekigs) was
determined by atomic absorption spectrometry at.42@n (Unicam 989 AA spectrometer, SOLAR) after
extraction of the cells with 4 M HCI containing 1 124CL. Protein content (mg) was determined with thedeier
Coomassie Plus assay reagent (Pierce, Rockford, &l survival (12 multiwell plates) was determinby
measuring at 490 nm the formation of formazan fldMmS tetrazolium with the CellTiter 96 Aqueus Non-
radioactive cell proliferation assay (Promega, Wallen, Switzerland). Results are expressed ativelMTS
activity. Each experiment was repeated at leas¢ ovith similar results. Results are expressed enme&SEM

of triplicate experiments. Comparative studies afams were performed using one way analysis of nvegia
followed by a post-hoc test (Fisher’'s projectedsiesignificant difference) with a statistical sificeince at

p<0.05.
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Fig. 1: Pi-stimulated calcium deposition in cell layers. Cells were cultured in DMEM/F12 (1 mM Pi, 1 mM
Ca) for 21 days before treatment. Calcium depasitiocell layers was determined by spectrometrydetailed
in the materials and methods section. (a) Calciwpodition in cell layers after 7 days of treatmuiith
indicated Pi concentrations m-MEM (1 mM Pi, 2.4 mM Ca). (b) Time course of calei deposition after
treatment with 4 mM Pi ia-MEM. (c) Effects of 0.5 mM PFA on calcium depasitiin cells treated with 4 mM
Pi for 24 hours ira-MEM. PFA was added 30 minutes before Pi treatmehtEffects of calcium concentration
in DMEM/F12 on calcium deposition.p&0.05 compared with control without Pi and Ca sapmntation.

** n<0.05 compared with 4 mM Pi treated cells. NS:sighificant.

Fig. 2: Pi-stimulated ECM mineralization. ATDCS cells were cultured for 21 days in DMEM/Flidareated
for 7 days with 4 mM Pi im-MEM (2.4 mM Ca). Calcified nodule sections weresetved by TEM, as detailed
in the materials and methods section. (a; x 5,088 the localization of crystals in ECM (arrow); x 6,000)
Mineralized areas join together along collageniliblc; x 25,000) Crystals are associated withagmn fibrils

(arrow).
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Fig. 3: Crystal composition and maturation in vitro and ex vivo. (a) Nodules in ATDCS5 cell culture grown for
21 days in DMEM/F12 before treatement with 4 mMrPi-MEM for 7 days. (b) Murine cartilage growth plate
stained with Movat's pentachrome. Crystal maturgtice. evolution of crystal composition during g from
the periphery to the center of a mineralizing nedalculture (a; arrrow) and from the mineralizseptae to the
junction with newly formed bone in unstained cag# growth plate (b; arrow), was monitored by FTiRro-
spectroscopy (respectively ¢ and d). Spectra in \hgPO, domain between 1200 and 900 “trwvere

deconvoluted as described in the materials andadsth
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Fig. 4: Pi-stimulated collagen X mRNA expression and effect of cycloheximide on ECM mineralization.
ATDCS cells were cultured for 21 days in DMEM/F1&ftwre treatment. (a) The effect of 4 mM Pi on agdia
X (Coll X) and osteopontin (OPN) mRNA levels wasessed by RT-PCR, as described in materials and
methods. A representative agarose gel is showrTlb)effect of the Pi transport inhibitor PFA (GrBv) on

collagen X mRNA expression induced by 4 mM Pi weseased by RT-PCR. PFA was added 30 minutes before
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treatment with Pi for 2 hours. A representativerage gel is shown. MW: molecular weight marker; +RT
control without reverse transcriptase. (c) Effeftthe protein translation inhibitor, cycloheximi@HX, 5 uM)
on Pi-induced mineralization. CHX was added 30 r@slefore treatment with Pi and Ca for 48 houadciGm
deposition in cell layers was determined by specttoy as detailed in the materials and methodsiosect

*p<0.05 compared with ion pair treated cells.

Fig. 5: Pi effects on ATDCS5 cell viability. ATDCS cells were cultured for 21 days in DMEM/Fb2fore
treatment. (a) ATDCS5 cell viability was assessedlS activity after 48 hours treatment with eitdemM Pi,

2.4 mM Ca or both, in the presence or absence jpfi5cycloheximide (CHX). (b) Effect of the Pi trarmsp
inhibitor PFA (0.5 mM) on MTS activity after treatmt with 4 mM Pi and 2.4 mM Ca. PFA was added 30
minutes before treatment with 4 mM Pi and 2.4 mM fGa 48 hours. (c; x160) Confocal microscopic
localization of viable cells, stained with CTG, amead cells, stained with EthD-1, in a nodule afteatment
with 4 mM Pi and 2.4 mM Ca for 48 hourp<0.05 compared with control.jj<0.05 compared with ion pair

treated cells.

Fig. 6: Apoptotic features of ion pair induced-cell death. ATDC5 cells were cultured for 21 days in

DMEM/F12 before treatment. PANEL (&) The effects of 24 hours treatment with 4 mivaRd/or 2.4 mM Ca
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on bcl-2 and bax mMRNA expression were investigdtgdRT-PCR, as described in materials and methods. A
representative agarose gel is shown. (b) Densitienetpresentation after normalisation to GAPDHelsv
(MW: molecular weight; —RT: control without reversanscriptase). PANEL 2: (a-d) Effects of treatinsith 4

mM Pi and 2.4 mM Ca for 48 hours on ATDC5 DNA fragmation as determined by TUNE(a) Negative
control (without enzyme; x 630). (b) Positive caht(DNAse treatment; x 630). Nodule observatiorigint
microscopy (c) and fluorescence (d; x 160). Thaedbtine indicates the nodule periphery. (e-f) ATDE:lls

were treated with 4 mM Pi for 7 days in a-MEM (@M Ca). The TEM micrographs shows chromatin
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condensation (e; arrow) and mineralized collageril$i (f; arrow).

Fig. 7: Implication of caspases in ATDC5 cell apoptosis and ECM mineralization. ATDC5 cells were
cultured for 21 days in DMEM/F12 before 24 hoursatment with 4 mM Pi and 2.4 mM Ca. Confocal
observation (x 630) of (a) anti-active caspase-43iimostaining and (b) EThD-1 staining. (c) Mergirida) and

(b). (d) Negative control. (e-f) Effect of 100 uM/AD-fmk on (e) MTS activity and (f) mineralizatioZVAD-
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fmk was added 30 minutes before treatment with.ityps0.05 compared with ion pair treated cells.
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