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Abstract

Whereas increasing evidences suggest that inorgdmusphate (Pi) may act as a signaling
molecule in mineralization-competent cells, its heusms of action remain largely
unknown. The aims of the present work were to date whether Pi regulates expression of
matrix Gla protein (MGP), a mineralization inhibiton growth plate chondrocytes and to
identify the involved signaling pathways. ChondnaigeATDC5 cells and primary growth
plate chondrocytes were used. Messenger RNA asalas performed by RT-PCR and real-
time quantitative PCR. Activation and role of miogactivated protein kinases (MAPK)
were respectively determined by Western blottingl dahe use of specific inhibitors.
Immunohistological detection of extracellular sigregulated kinase 1 and 2 (ERK1/2) was
performed in rib organ cultures from newborn mi&esults indicated that Pi markedly
stimulated expression of MGP in ATDC5 cells andmany growth plate chondrocytes.
Investigation of the involved intracellular sigmadi pathways revealed that Pi activated
ERK1/2. The activation of ERK1/2 appeared cell-dpecindeed, although Pi stimulated
ERK1/2 in MC3T3-E1 osteoblasts and ST2 stromak¢c®&RK1/2 phosphorylation could not
be detected in L929 fibroblasts or C2C12 myogemitsc Accordingly, immunohistological
detection of ERK1/2 phosphorylation in rib growthates revealed a marked signal in
chondrocytes. Finally, a specific ERK1/2 inhibitdd0126, blocked Pi-stimulated MGP
expression in ATDCS5 cells, indicating that ERK1/2drates, at least in part, the effects of Pi.
These data demonstrate for the first time thateBulates MGP expression in growth plate
chondrocytes, thereby suggesting a key role foarRl ERK1/2 in the regulation of bone

formation.
248 words
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Introduction

Longitudinal bone growth occurs by endochondraifiassion. In this process, a growth plate
cartilage template is replaced by bone in a teniyoaad spatially coordinated manner (1).
Chondrogenesis is initiated wittondensation of mesenchymal precursor cells, wisch
followed by their differentiation into chondrocytesn a second step, growth plate
chondrocytes enter a phase of proliferation befitrey differentiate into hypertrophic
chondrocytes. These chondrocytes mineralize théraeellular matrix (ECM) and undergo
apoptosis; they are finally replaced by osteoblaisés produce a bony matrix (2). Many
extracellular factors, including growth factors darmrmones, are involved in the regulation of
chondrogenesis, chondrocyte proliferation and difigation (3). Among these numerous
factors, extracellular inorganic phosphate (Pi) hasn proposed as a regulator of growth
plate chondrocyte differentiation, apoptosis, an@ME mineralization (4-6). Phosphate
homeostasis in mammalians is mainly regulated bgetlorgans: kidney, intestine, and bone.
Deregulation of the proteins or hormones that @adnphosphatemia can conduct to
hypophosphatemic rickets and osteomalacia charzeteby defective cartilage and bone
formation (7, 8). Conversely, hyperphosphatemiactvhis associated with chronic renal
disease may induce vascular calcification (9).regngly, vascular calcification is likely due
to Pi-induced transdifferentiation of vascular stmomuscle cells (VSMC) toward bone-like
cells (9). Although the mechanisms by which phospiraduces vascular calcification are not
yet fully elucidated, it has been proposed thabiild be related to the ability of phosphate to
downregulate matrix Gla protein (MGP) expressidd) (1

MGP is mainly expressed in VSMC and chondrocytel. (MGP-deficient mice develop
severe calcification of arteries and cartilagerilaiting a role for MGP as a calcification
inhibitor (12). Overexpression of MGP in chick lintdtud has also shown that MGP could
inhibit both cartilage mineralization and endoch@hassification (13). Ann vitro study in
ATDC5 mouse chondrogenic cell line has finally shothat MGP was expressed in late
hypertrophic cells, and controlled both apoptosisd amineralization (14), therefore
confirming a role for MGP in regulating mineralizatidty chondrocytes. Since Pi has been
suggested to be a regulator of this late diffeedintn stage of growth plate chondrocytes (6),
we therefore speculate that Pi might modulate M&@#ession in growth plate chondrocytes.
Despite the large body of evidence indicating tPiais a specific signal for differentiation of

chondrocytes (6), osteoblasts (15), and VSMC (Bg intracellular signaling pathways
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activated by Pi are poorly investigated. Only omeent study indicates that Pi modulates
osteopontin gene expression in osteoblastic calisugh a well defined member of the
mitogen-activated protein kinases (MAPK) (16). MARie members of the family of
serine/threonine kinases. All of the MAPK pathwagsisist incascades of phosphorylation
in which MAPK-kinase-kinases (MKKK) first activagownstream MAPK kinases (MKK)
which then phosphorylate MAPK. Targets of MAPK um¢ cytoplasmic proteins and
transcription factors (17). Three major MAPK-depemid signaling cascades have been

identified in mammalian cells: extracellular sigmagulated kinases (ERK1/2), p38 kinases,
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and c-Jun-N-terminal kinases (JNK1/2). The rolé&PK signaling pathways in regulating
chondrocyte proliferation and differentiation haseb widely investigated (18-20).
Surprisingly and despite growing evidences indigatia role for MAPK and Pi in

chondrocyte differentiation, the effect of Pi ongraling pathways in growth plate
chondrocytes has not yet been investigated.

Viewing the above mentioned data and to better nstaled the molecular mechanisms

induced by Pi in chondrocytes, we sought to ingesé the effects of Pi on MGP expression
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and MAPK activation in ATDC5 cells and primary meushondrocytes. Here, we
demonstrate for the first time that Pi stimulatepression of MGP at least through the
ERKZ1/2 signaling pathway in growth plate chondresyt
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Materials and Methods

Materials

Cell culture plastic ware was purchased from Cag+ostar (Corning BV Life Sciences,
Schiphol-Rijk, Netherlands). Fetal calf serum (FOBas obtained from D. Dutscher
(Brumath, France). A 1:1 mixture of DMEM and Han¥42 medium (DMEM/F12) was
provided by ICN Biochemicals (Orsay, France}MEM, MEM, DMEM, L-glutamine,
penicillin and streptomycin (P/S), trypsin/EDTA, T8I reagent, DNAse, dNTPs, TagDNA
polymerase, NuPAGR! 4-12% Bis-Tris gel, and PVDF Invitrolon membranere obtained
from Invitrogen Corporation (Paisley, UK). Anisonrycdimethylsulfoxide (DMSO), bovine
insulin, transferrin, sodium selenite, amphoteri@n gentamicin, protease, collagenase,
ethylenediaminetetraacetic acid disodium salt dedted (EDTA), ethylene glycol-big{
aminoethyl ether)-N,N,N’,N’-tetraacetic acid tewdsum salt (EGTA), dithiothreitol-
glycerophosphate, sodium orthovanadate;¥Xla), phenylmethanesulfonyl fluoride (PMSF),
sodium fluoride (NaF)-mercaptoethanol, sodium dodecyl sulphate (SDSJ, Ravine
Serum Albumin (BSA) were purchased from Sigma-AddriCorporation (St Quentin
Fallavier, France). UO126 was purchased from CalBeon (Merck Eurolab, Germany).
Avian myeloblastosis virus-reverse transcriptaseMlYART), random hexaprimers, and
recombinant ribonuclease inhibitor (RNAsin) wereghased from Promega (Charbonnieres,
France). SyBr Green detection was obtained fromebldar Probes Inc. (The Netherlands)
and TitaniumTaq DNA polymerase from Clontech.

Protein content was determined using the Piercenfassie Plus assay (Pierce, Rockford, IL,
USA). The anti-phospho-ERK1/2, phospho-JNK1/2, phasp38, ERK1/2, p38, JNK1/2 and
anti-rabbit IgG HRP-linked antibodies were purcliage®m Cell Signaling Inc. (Beverly,
MA). Western blotting Detection System was obtaifiein Amersham Biosciences. Goat
serum X0907 was obtained from Dako. Immunoreagtivias detected with a streptavidin-
biotin-peroxidase technique (P0397, Dako) and 3di&ninobenzidine was used as a
chromogen (K3465, Dako).

Cells and culture conditions
ATDCS5 cells (21) were used with low passages anteweutinely grown in maintenance
medium consisting of DMEM/F12 (1:1) containing 5% %; 1% P/S, and 1% L-glutamine.

Cells were subcultured once a week using trypsifi/&Dand maintained at 37°C in a

5



1duasnuew Joyine vH

=
0
@D
=
2
o
o
[
~
(@}
N
(¢}
N
<
@D
-
@,
o
=
[N

humidified atmosphere with 5% G@ air. To induce chondrogenesis and nodule faonat
ATDC5 cells (1.5 x 1ficm?) were seeded in a differentiation medium cstirsj of
maintenance medium supplemented with 10ug/ml ofingownsulin (1), 10pg/ml human
transferrin (T), and 3 x 16M sodium selenite (S) and cultured for 21 days. Medwas
replaced every two days. To reduce the non-speeffiects of agonists present in culture
medium, cells were incubated in ITS-free MEM with% FCS for 24h before stimulation
with inorganic phosphate (Pi). Pi was used as durexof NaHPQO, and NaHPO, (pH 7.2).
When UO126 was added, an equivalent amount of DM&®used as control.

Low-passage MC3T3-E1 cells (22) were cultured td&08&ays (10,000 cells/cm?) iaMEM
containing 10% FCS, 1% P/S, and 1% L-glutamine.IsCelere cultured at 37°C in a
humidified atmosphere with 5% G@ air and medium was replaced every two daysvdd
added 24h after incubation in MEM containing lowse (0.5%). The fibroblastic L929 cell
line (23), the myogenic C2C12 cell line (24), ahd stromal ST2 cell line (25) were grown in
DMEM supplemented with 10% FCS, 1% L-glutamine, &6@ P/S. Cells were cultured until
confluence at 37°C in a humidified atmosphere \wBith CQ in air and medium was replaced
every two days. Pi was added 24h after incubatianedium containing low-serum (0.5%).
Primary chondrocytes were prepared from ventratag@es of one to three days old mice as
previously described (26). Briefly, chondrocytesevisolated from rib cages by digestion of
cartilages with bacterial collagenase after congpédiimination of soft tissues by preliminary
digestions with pronase and bacterial collagen@sdls were then plated at a density of 50
000 cells/cm? and cultured in DMEM containing 10%S; 1% P/S, and 1% L-glutamine for
10 days at 37°C in a humidified atmosphere withG& in air. Medium was replaced every
two days. These cells were previously demonstrate@xpress the major chondrocytic
markers including type Il collagen and type X cgéla (26, 27). Pi was added 24h after

incubation in medium containing low-serum (0.5%).

RNA isolation

Cells were seeded in 25cm? flasks for RNA isolatibotal RNA was extracted using TRIzol
reagent according to the manufacturer’s instrustidriefly, lysis of the cells in TRIzol was
followed by centrifugation at 10,0@0or 15min, at 4°C in the presence of chloroforrheT

upper aqueous phase was collected, and the RNAongagitated by addition of isopropanol
and centrifugation at 7,500@r 5min, at 4°C. RNA pellets were washed with c@6%

ethanol, dried, reconstituted in sterile water, qudntified by spectrometry.



Reverse transcription and polymerase chain reactioanalysis (RT-PCR)

After DNAse | digestion, RNA samples (2.5u19) wesgarse transcribed using AMV-RT and
random hexamer primers in a total volume of 30pdmplate cDNAs (2.5ul) were then
amplified in a 50ul PCR mix containing 20mM Tris-H@H8.4), 50mM KCI, 1uM of the
respective primers, 200uM dNTP, and 2.5U T#gDNA polymerase. The magnesium
chloride concentration was 1.5mM. The absence ofARBhntamination in RNA preparations

was tested by including RNA samples that had noénbeeverse-transcribed. The
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housekeeping gene glyceraldehydes-3-phosphate aegjgythse (GAPDH) was used as
internal control. Amplifications were carried out an Eppendorf master cycler under the
following conditions: denaturation for 3min at 94%Gllowed by cycles (22 cycles for
GAPDH and 28 cycles for MGP) of 20s denaturatioB42C, 20s annealing at 60°C, and 15s
elongation at 72°C. The sequences of primers forusmo MGP cDNA were 5'-
TCAACAGGAGAAATGCCAACAC-3 (forward) and 5-CGGTTGTA&GCAGCGTTGT-3
(reverse) generating a 178-bp fragment. The seggevicprimers for mouse GAPDH cDNA
were 5-GAAGGTCGGTGTGAACGGAT-3 (forward) and 5-
CGTTGAATTTGCCGTGAGTG-3' (reverse) generating a 1Ifi-fragment. PCR primers
were synthesized by MWG Biotech (Ebersberg, GermarCR products were
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electrophoresed on 2% agarose gels and visualizeéd\h transilluminator.

Real-time quantitative PCR

Real-time quantitative PCR was performed in thecl@yQDetection System (Bio-Rad
Laboratories) using SyBr Green detection and TitariTag DNA polymerase, according to
the manufacturer’s recommendations. The followsmperature profile was used: 40 cycles
of 15s at 95°C and 1min at 60°C. Cycle numbersiobthat the log-linear phase of the
reaction were plotted against a standard curveapeepwith serially diluted cDNA samples.
Expression of target gene was normalized to GAPBHIE. The sequences of primers for
mouse MGP cDNA and for mouse GAPDH cDNA were id=itio those used for RT-PCR.
The delta Ctd Ct) (cycle threshold) method was used to calculalive expression levels,
as previously described (28). Results are repasefbld changes in gene expression relative
to control conditions (untreated cultures).

Western blotting
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After treatment, cells were rapidly frozen in liguitrogen before lysis at 4°C and conserved
at -80°C until use. Cells were lysed by additionadbuffer containing 20mM Tris-HCI pH
7.5, 100mM potassium chloride, 1ImM EDTA, 1mM EGTAnM dithiothreitol, 20mM§p-
glycerophosphate, 2mM MO, 1mM PMSF, and 1mM NaF. The insoluble material was
pelleted at 12,0009 for 10min at 4°C. The proteinaentration of cell lysates was determined
with a Pierce Coomassie-Plus-protein assay. 20utptaf protein were resolved by SDS-
PAGE. After electrophoresis, proteins were transfitto PVDF (polyvinylidene difluoride)
membrane according to the manufacturer's protobt#mbranes for ERK1/2, phospho-
ERK1/2, p38 and phospho-p38 were blocked and prabe&% non-fat dry milk in
PBS/Tween20 (1/1000). For JNK1/2 and phospho-JNKit¥@mbranes were blocked in 5%
non-fat dry milk in PBS/Tween20 and probed in 5%AB6 PBS/Tween20 (1/1000). Primary
antibodies were detected using anti-rabbit HorsefRadPeroxidase (HRP)-conjugated
secondary antibody diluted in 5% non-fat dry mikHBS/Tween20 (1/2000). The blots were
visualized by Enhanced ChemiLuminescence (ECL) ldpweent using a Western blotting
Detection System. For reprobing membranes werebated in a stripping buffer (L00mM
mercaptoethanol, 2% SDS (w/v), and 62.5mM Tris-HE6.7) for 30min at 60°C, and then
reblocked.

Growth plate organ culture

Skeletal preparations were performed as followidge-to-three-days old mice were killed,
skinned, and eviscerated. Ribs were collectedarcald PBS solution containing antibiotics.
Each rib was incubated in a well containing 2ml H&® DMEM supplemented with
antibiotics. Explants were then treated with 10mMfd? 15min at 37°C, in a humidified
atmosphere with 5% GCLQOin air. After the incubation period, explants wenemediately

immersed in 4% phosphate-buffered formalin.

Immunohistochemistry

Ribs were fixed in 4% phosphate-buffered formalaon 24h and embedded in paraffin.
Longitudinal sections (5um) were collected on Balyl-coated slides. Sections were
deparaffined in xylene and dehydrated in gradedreth Sections were incubated in 3%CH
for 10min to inhibit endogenous peroxidase follovidthree rinsing with PBS. The sections
were then blocked in goat serum diluted 1:5 in R®BBlock nonspecific binding sites, for 1h

at room temperature. A rabbit polyclonal primaryilaody directed against mouse phospho-

8



1duosnuew Joyine yH

=
0
1]
=
2
(]
o
=
\l
o
N
a1
N
<
1]
-
@,
o
=
—

ERK1/2 or mouse ERK1/2 was then diluted in blocksaojution (1:100) and sections were
incubated overnight at 4°C. After a triple washHBS, the secondary antibody diluted in
blocking solution (1:300; goat anti-rabbit antibactynjugated with biotin) was incubated for
30min at room temperature. Immunoreactivity wagdeid with a Dako streptavidin-biotin-
peroxidase kit using the manufacturer’'s instrudioBections were counterstained for 30s in
haematoxylin, dehydrated, and mounted with permameninting fluid. Control experiments
were performed by omission of the primary antibodyells exhibiting a positive

immunostaining were brown stained.

Statistical analysis

Each experiment was repeated at least three tintesimilar results. Results are expressed
as mean + SEM of triplicate determinations. Comipagastudies of means were performed
by using one-way ANOVA followed by post-hoc tesis{ter's projected least significant
difference) with a statistical significancepat0.05.
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Results

Effect of Pi on MGP expression

To determine whether Pi has a role in regulatingression of MGP in growth plate
chondrocytes, we first tested the effect of Pi ap 81 in ATDCS5 cells, at a stage when MGP
is expressed (14As illustrated in figure 1A, a 24h treatment witmiM Pi stimulated the
steady-state level of mMRNA encoding MGP. To qugntife rate of stimulation of MGP
expression in response to Pi, we performed rea-tRiT-PCR. Our data indicated that Pi
induced a significant 6-fold increase in MGP expi@s as compared to control (Figure 1B).
To confirm the stimulatory effect of Pi in a nomutsformed chondrocyte model, we used
primary growth plate chondrocytes primary chondtesysolated from ribs of newborn mice.
A 24h treatment with Pi stimulated the steady-statel of mMRNA encoding MGP (figure
1C) and the analysis by real-time RT-PCR indicaesignificant 3-fold increase in MGP

expression as compared to control (figure 1D).

Activation of MAPKSs by Pi in ATDCS cells

With respect to a previous report in osteoblass3, (e sought to determine whether Pi could
modulate the activation of the three major membargshe MAPK signaling pathway
(ERK1/2, p38 and JNK1/2) in growth plate chondresytAs indicated in figure 2A, Pi was
found to trigger a marked increase in the phospgatoyn of ERK1/2 in ATDCS5S cells.
Analysis of the phosphorylation of the other MAP&/ealed no detectable phosphorylation
of either p38 or JINK1/2 in response to Pi (Figutg. X0 ensure that the absence of detection
of p38 and JNK1/2 phosphorylation was not due tedchnical problem, MC3T3-E1 cells
were treated with anisomycin and used as a posdordrol (29). In these conditions, a
phosphorylation of p38 and JNK1/2 was observed i€3W3-E1 (Figure 2A). The
phosphorylation of the various MAPK was not asseciavith changes in the respective basal
level of MAPK suggesting that their phosphorylatioesults from the stimulation of
regulatory upstream kinases.

To determine whether Pi can affect the phosphaoylabf ERK1/2 in a time-dependent
manner, we then performed a time-course experin@umt.results indicated that Pi induced
the phosphorylation of ERK1/2 as early as 5 minutéh a maximum at 15 minutes. The
ERK1/2 phosphorylation returned to basal levelraftle (Figure 2B). The time dependent
phosphorylation of ERK1/2 was never associated vhitnges in the basal level of ERK1/2.

10
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Effect of Pi in primary chondrocytes and growth plae organ cultures

To further address the influence of Pi on MAPK, tlven questioned whether Pi may affect
ERK1/2, p38 and JNK1/2 phosphorylation in cultupgsihary chondrocytes. As illustrated in
figure 3, Pi enhanced the phosphorylation of ERK#/@rimary chondrocytes. In contrast, Pi
failed to affect the phosphorylation level of p38laJNK1/2 MAPK (Figure 3). As previously
mentioned, anisomycin (5pug/ml) treatment of MC3TBdells was used as a positive control
for p38 and JNK1/2 phosphorylation. As expecteds@nycin was found to induce a marked
phosphorylation of both kinases.

To confirm our cell culture data, we finally soudiot determine the effects of Pi on the
phosphorylation of ERK1/2 in rib growth plate orgaudtures. In this model, we could easily
distinguish the various areas of the growth plabenfthe proliferative zone (PZ figure 4A)
and hypertrophic zone (HZ figure 4A) to the zoneséification (ZO figure 4A). Whereas a
barely detectable immunostaining was observed enutfitreated ribs (figure 4B and C), Pi
treatment was found to induce a marked phosphargpladf ERK1/2 as evidenced by the
large number of proliferative (Figure 4B) and hypsphic (figure 4C) chondrocytes
exhibiting a brown staining. In contrast, a pogtistaining for total ERK1/2 was detected
both in untreated and Pi-treated ribs in prolifieatand hypertrophic chondrocytes (Figure
4B and 4C).

Cellular specificity of Pi-induced phosphorylationof ERK1/2

We have found that ERK1/2 is phosphorylated in@asp to Pi in growth plate chondrocytes
and it has been shown that osteoblasts presentealsanced ERK1/2 phosphorylation in
response to Pi treatment (16). To test the cellspecificity of this response, we studied the
effect of Pi on different cell types. Our resukkvealed that Pi enhanced the phosphorylation
of ERK1/2 in stromal ST2 cells (Figure 5). In cast, Pi did not affect the phosphorylation
level of ERK1/2 in L929 fibroblasts or myogenic CZcells. In response to Pi, MC3T3-E1
cells showed a stimulation of the phosphorylatibiEBRK1/2 as compared to untreated cells
(Figure5). Basal level of non-phosphorylated ERKZIénained constant whatever the

conditions.

Effect of UO126 on Pi-induced level of MGP expressn
To identify a possible relationship between the BERKXphosphorylation and the stimulation

of MGP gene expression induced by Pi in ATDC5 ¢alle thought to determine the effects
11
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of UO126, a widely used inhibitor of MKK1/2, thestpeam kinases of ERK1/2. As shown in
figure 6A and 6B, Pi induced a significant increasethe steady-state level of mMRNA
encoding MGP as compared to the control. Intergstirpretreatment with UO126, almost
completely blunted Pi-induced level of MGP expressiTreatment of ATDC5 cells with
UO126 alone did not significantly affect the endoges steady-state level of MGP mRNAs.
To confirm the inhibitory effect of UO126 on ERK1phosphorylation in response to Pi, we
performed a western blot analysis. Our resultsceted that UO126 completely blocked the
Pi-induced phosphorylation of ERK1/2 without affagtthe basal level of ERK1/2 (Figure
6C). Viewed together, these results strongly sugtpas Pi-stimulated level of MGP mRNAs
Is at least in part mediated by ERK1/2 phosphoighat

12
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Discussion

The maintenance of phosphate homeostasis is relgia@grenormal skeletal development and
for preservation of bone integrity. Low serum phuae levels can result in defective skeletal
growth and mineralization, in turn leading to ritkg7). Phosphate homeostasis is also
essential to prevent ectopic calcifications. Vaacutalcification for instance, is highly
correlated with elevated serum phosphate levelpaitients with renal failure (30). This
calcification has been characterized as an actmeEegs in which Pi could induce a
transdifferentiation of VSMC in osteochondrogeretis capable of mineralization.

Despite the clinical impact of Pi homeostasis, ttechanisms through which Pi modulates
cell differentiation remain poorly understoddemarkably, a common effect of Pi on cell
behavior is the induction of matrix calcificatiomdeed, Pi stimulates mineralization
chondrocyte, osteoblast, and VSMC cultures (31)VBMC, generation of Pi by beta-
glycerophosphate correlates with mineralization ardecrease in matrix Gla protein (MGP)
levels (10). MGP has been characterized as aniiahiiif mineralization, as evidenced by the
dramatic calcification observed in MGP null mic&)1that is mainly expressed in cartilage
and VSMC. In the light of these data, we therefquestioned whether Pi may also modulate
MGP expression in chondrocytes.

In this attempt, the effects of Pi on MGP expressi@re first investigated in a chondrogenic
in vitro model: the ATDC5 cell line. ATDC5 cells representwell-characterized culture
model for chondrocyte differentiation, since thesells display the mesenchymal
condensation stage of proliferating chondrocytesiufe formation and hypertrophic stages,
ending with matrix mineralization (21frurthermore, amn vitro study performed in ATDC5
cells showed that MGP present a biphasic expresgatiern during chondrocyte
differentiation (14) similar to that in the growghatein vivo (11) . Interestingly, we found
that, in concentrations inducing mineralization, (B) stimulates the steady state level of
MRNA encoding MGP both in ATDC5 cells and in primathondrocytes after a 24 hours
treatment. This increase could be related to atrgstional activation of MGP gene or to an
increase of MGP mRNA stability. In addition, whetligs increase in MGP expression at the
MRNA level is accompanied by an increase at theesponding protein level remains also to
be determined. Unfortunately, a specific antibodpiast MGP is not yet commercially

available.

13
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Since crystal formation occurs in our conditionghe first 8 hours (6), it is possible that the
effects of Pi on MGP expression after a 24 howatiment are mediated by the formation of
apatite crystals. Experiments aiming at blockingstal formation or phosphate transport may
help us determine whether these effects are dpbdsphate ions or apatitic crystals (32, 33).
Nevertheless, the upregulation of MGP mRNA synthési Pi may be explained by setting
off a feed-back mechanism to control Pi-inducederafization. Likewise, the overexpression
of MGP in late differentiating ATDC5 (14) and chitlypertrophic chondrocytes (13) was
demonstrated to reduce matrix mineralization. Théa& strengthen the hypothesis of a
MGP-dependent negative feed-back for controllingeralization.

Despite the great number of studies dealing with thhibitory effects of MGP on
calcification, the mechanisms by which MGP inhilmitseralization remain however unclear.
At least two mechanisms could account for the idifp function of MGP on calcification.
On the one hand, MGP is a member of the mineralibgn Gla protein family (34) which
includes a number of coagulation factors and osleot MGP binds calcium ions and
hydroxyapatite via its five-carboxylated glutamic acid (Gla) residues. Inhdptof they-
carboxylation of Gla residues with warfarin in batell culture andin vivo, results in
increased matrix mineralization suggesting thatrttieeral-binding Gla residues are crucial
for regulation of matrix mineralization (13, 35)eéently,in vivo mutagenesis experiments
showed that the Gla residues are required for M@&Pnaineralization function (36). On the
other hand, MGP was found to be in tight assoanatiith members of TGB-superfamily
such as BMPs (37). It was thereafter reported &P modulates BMP activity in
mesenchymal differentiation (38). More recently, RiGas been demonstrated to exert a
dose-dependent inhibitory effect on osteoblastifedintiation through interference with
binding of BMP-2 to its receptor (39). Viewed tdget, these data highlight the possibility
that MGP inhibits mineralization at least througfotconcomitant mechanisms involving its
calcium and BMP binding abilities.

To better understand the physiological effect of d?i cell differentiation and MGP
expression, wenvestigated the cellular mechanisms activated iby\R first found that Pi
enhances ERK1/2 phosphorylation in a time-dependwntner in ATDC5 cells. We also
confirmed that Pi activates ERK1/2 using primaryordirocytes. However, ATDC5 and
primary chondrocyte cultures may contain cells #teknt stages of differentiation:
undifferentiated cells around nodules and probapigliferative, pre-hypertrophic and

hypertrophic chondrocytes inside nodules. Theseetsagre therefore poorly adapted to the
14
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identification of cells in which ERK1/2 is activatan response to Pi. In this context, to
clearly localize the cellular populations in whiéh induces ERK1/2 phosphorylation, we
embarked on growth plate organ cultures. Our resuidicate that Pi enhances ERK1/2
phosphorylation in hypertrophic and proliferativehoodrocytes In addition, the
phosphorylation of ERK1/2 induced by Pi does nansdo be restricted to growth plate
chondrocytes because Pi also enhances the ERKa&ppbrylation in osteoblastic MC3T3-
E1l and bone-marrow derived stromal ST2 cells. Sstcemal cells have the capacity to
differentiate into bone-forming cells (40), one cassume that ST2 cells share a common
feature with osteoblasts and chondrocytes thatavallbw stromal cells to trigger a signal for
ERKZ1/2 activation.

We found that the stimulation of MGP expressionFbywas prevented by specific blockade
of ERK1/2 signaling pathway. A residual effect ofdd MGP expression in the presence of
ERK1/2 inhibitor remained however detectable byrisative real-time PCR suggesting that
ERKZ1/2 is not the exclusive pathway activated hywiile Protein Kinase C and proteasome
have already been suggested to mediate the efié®son gene expression in osteoblastic
cells (16), it remains to be determined whetheséhgathways could play a role in Pi-induced
level of MGP. Finally, the molecular mechanismswhjich ERK could mediate the effects of
Pi on MGP expression are unknown. Downstream digmatlements from ERK involve
transcription factors that regulate gene expresgi@j. Interestingly, it has been shown that
the MGP gene is a specific target of the Fos-rdlatgigen (Fra-1), which is associated with
the regulation of bone mass through bone matrixigetbion by osteoblasts and chondrocytes
(41). The relationship between Fra-1 and Pi-indutmel of MGP expression deserves

consideration.

Conclusion

This study demonstrates for the first time thastithulates the expression of MGP in growth
plate chondrocytes. In addition, we demonstratext #i is able to activate at least one
member of the MAP kinase family, ERK1/2. Finallyralata indicated a role for ERK1/2 in
the regulation of MGP. These findings provide n&sights in the molecular mechanisms

induced by inorganic phosphate in growth plate.

15
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Figure legends

Figure 1. Effect of Pi on MGP mRNA expression in chondrocytes

ATDC5 cells and primary ribs-derived chondrocytesrev cultured as described in the
Materials and Methods section before treatment WitmM Pi for 24h. The effect of 20mM
Pi on MGP mRNA level was assessed by RT-RBRind C) and real-time PCRB and D)

as described in the Materials and Methods seclasults are reported as fold increase in
gene expressionp* < 0.0005 compared with untreated cells. Data apresentative of

experiments with similar results.

Figure 2. Effect of Pi on MAPK phosphorylation in ATDC5 cells

ATDCS cells were cultured as described in the Malerand Methods section before
treatment with 10mM Pi for the indicated times. tAe end of the incubation period, cells
were rapidly frozen in liquid nitrogen before lysid 4°C. The resulting samples were
analyzed by western blotting using specific antibsdagainst P-ERK1/2, P-p38, and P-
JNK1/2 or the corresponding antibodies against ERKp38, and IJNK1/2 as indicated.
Confluent MC3T3-E1 cells treated with 5ug/ml anisgom (Ani) for 30min were used as
control for the phosphorylation of p38 and JNK1/ARK; CT: control. (A) Analysis of

MAPK phosphorylation(B) Time-course experiment.

Figure 3. Effect of Pi on ERK1/2 phosphorylation in primary chondrocytes

Primary ribs-derived chondrocytes were culturedi@scribed in the Materials and Methods
section and exposed to 10mM Pi for 15min. At thd ehthe incubation period, cells were
rapidly frozen in liquid nitrogen before lysis &Gl The resulting samples were analyzed by
western blotting using specific antibodies agaiR4ERK1/2, P-p38, and P-JNK1/2 or the
corresponding antibodies against ERK1/2, p38, &Kil}2 as indicated. Confluent MC3T3-
E1l cells treated with 5ug/ml anisomycin (Ani) fo@r8in were used as control for the
phosphorylation of p38 and JNK1/2 MAPK; CT: control

Figure 4. Immunohistochemical localization of phospho-ERK1/2n the growth plate
Non-decalcified sections of rib growth plates ak#rday-old mice were stained with a rabbit
antibody against mouse phospho-ERK1/2 or ERK1/2 degbcted by a goat anti-rabbit
antibody conjugated with biotitA) Haematoxylin-eosin staining of rib growth plateivaut

17
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treatment showing the different zones of the gropl#ite differentiation (magnification, x10);
PZ: proliferative zone; HZ: hypertrophic zone; OZ: ossification zone(B)
Immunohistochemical staining for phospho-ERK1/2ERK1/2) or ERK1/2 in PZ.(C)
Immunohistochemical staining for phospho-ERK1/2ERK1/2) or ERK1/2 in HZ. CT:
control; Pi: 15min treatment with 10mM Pi (magn#imn, x40). Arrows indicate the
presence of immunostained cells (brown stainingjtaDare representative of experiments

with similar results.

Figure 5. Cellular specificity of Pi-induced phosporylation of ERK1/2

Confluent L929, C2C12, ST2, and MC3T3-E1 cells werdtured as described in the
Materials and Methods section and treated with 10RiM\t the end of the incubation period,
cells were rapidly frozen in liquid nitrogen befdgsis at 4°C. The resulting samples were

analyzed by western blotting using specific antibsdlirected against P-ERK1/2 or ERK1/2.

Figure 6. Effect of UO126 on Pi-induced level of MGP expressn in ATDC5 cells

ATDCS5 cells were cultured as described in the Makerand Methods section for 21 days
before treatment. ATDC5 cells were pretreated Wit@126 (30uM) for 1h followed by
treatment with 10mM Pi for 24h. The effect of UO1&26d 10mM Pi on MGP mRNA level
was assessed by RT-PQR) and real-time PCRB), as described in the Materials and
Methods section. In parallel, cultures of ATDCS Igelvere processed for western blot
analysis to assess UO126 efficiency as describedeirMaterials and Methods secti(D).
Results are reported as fold increase in gene ssipre’ < 0.05 compared with untreated

cells. Data are representative of experiments siithlar results.
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