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1. Bone

Bone and cartilage are complex, dynamic and higplcialized forms of connective tissues that
together make up the skeletor].[However, they are structurally and functionaliffedent. Bone
matrix is composed of an organic phase, containiogtly type-1 collagen, providing tensile strength,
and an inorganic phase, hydroxyapatite (HA), whgolres it mechanical resistance [2]. Osteoclasts,
osteoblasts and osteocytes are the three majaiype present in bone. Plasticity of the skeletod
its ability to adapt relies on continuous modelamgl remodeling that require osteoclastic resorpifon
bone matrix and deposition of a new mineralizedrixdty osteoblasts [3]. Osteocytes maintain the

0sseous matrix, participate in extracellular exgeznand are involved in the mechanotransduction

[3].

2. Cartilage

On the other hand, articular cartilage matrix isimyacomposed of type-ll collagen and
proteoglycans and is highly hydrated giving it 8ty and ability to deform. Therefore, cartilage
matrix does not mineralize, except at the growttgd of long bones [3]. Chondrocytes are the only
cell type present in cartilage. They maintain alstanon-hypertrophic phenotype at the sites of
articular cartilage, do not proliferate and prodest¢racellular matrix components [4,5]. In contrast
non-hypertrophic chondrocytes undergo a seriesffgfrenciation in embryonic cartilage and growth
plates: cell proliferation, maturation, hypertropligrminal differentiation and cell apoptosis [6,7]
Hypertrophic chondrocytes initiate and regulate ékracellular matrix mineralization in embryonic

cartilage and growth plates which are the sitesnofochondral ossification [8-11].

3. Mineralization

Physiological mineralization is a highly regulatesbcess that takes place during the formation,
development, remodeling and repair of skeletal&ésgTable 1) [12]. In prenatal and early postnatal
life, skeletal tissues develop either by intrameambus ossification, where bone is formed within
craniofacial fibrous tissue, or by endochondralétmrmation, which leads to the replacement of the
embryonic cartilaginous skeleton by the definitbhene skeleton [12]. Early postnatal endochondral
ossification also occurs in the case of long bomevth from so-called growth plate cartilage. Then,
throughout life, the mineralization process corgmuo play a crucial role in bone modeling,
remodeling and repair [12]. Mineralization is tightontrolled both temporally and spatially by

mineralization-competent cells [8].
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Table 1. Sites of biomineralization.

Promineralizing

Period Tissue Ossification
cells

Craniofacial bone Prenatal and early Craniofacial fibrous Intramembranous
Osteoblasts

formation postnatal life tissues ossification
Skeletal bone . Feetal cartilaginous  Endochondral Hypertrophic
Feetal life o
: ossification chondrocytes
formation skeleton
Long bone growth  Early postnatal lif Growth plate Endqc_hondral Hypertrophic
. ossification chondrocytes
cartilages
Bone remodeling Throughout the life Bones Haygr3|_an Osteoblasts
ossification

and repairing

4. Mineralization-competent cells

Chondrocytes and osteoblasts have a mesenchyngah.okultipotent mesenchymal stem cells
generate pluripotent progenitor cells that can ediffitiate into various cell types: adipocytes,
fibroblasts, chondrocytes and pre-osteoblastsespanse to environmental factors, chondrocytes and
pre-osteoblasts differentiate into hypertrophicrafrocytes and osteoblasts respectively [13]. These
two cell types are mineralization-competent celattregulate matrix calcification by modifying
extracellular matrix composition and releasing mawesicles (MVs) [9,10]. The initiation of HA
deposition is one of the most important events inemalization and thus, subjected to intensive
scrutiny. Several different mechanisms of HA deposi have been suggested. One mechanism
involves non-collagenous extracellular matrix piratethat serve as nucleation sites [14], whereas
another proposes that extracellular MVs accumulzté and inorganic phosphate;eading to HA
formation [15]. Metastable equilibrium of €aand Rin extracellular matrix can also lead to mineral
formation and can contribute to the growth of Héleased by MVs or initiated by the extracellular

matrix protein or by both [16].

5. Matrix vesicles

MVs have been discovered for the first time by Aisda [17] and Bonucci [18] in cartilage and by
Anderson and Reynolds [19]. These extracellulannefies (between one hundred to four hundred
nanometers in diameter) are involved in the inig&ép of extracellular matrix calcification by
promoting the deposition of HA, e.g. G&@Oy)s(OH), in their lumen [9,10,15,20]. lon channels and

transporters present in MV membrane act fof* €&8,21,22] and Ruptakes into these organelles [23-

11



27]. By accumulating Caand R, MVs create an optimal environment to induce trenfation of HA
(Fig. 1) [9-11]. Then, the breakdown of MV membraakeases HA crystals in the extracellular matrix
where mineralization is propagated [9]. These afgsserve as a template for the formation of
crystalline arrays, leading to a tissue calcifimat[10]. The extracellular matrix contains suffiutie
high concentrations of Gaand P concentrations to propagate the mineralizatiori. [N&gatively
charged proteins of the matrix interact with mitem@nd thus, control their growth, orientation and

size.

Figure 1. Electron micrograph of a calcifying matvesicle isolated from Saos-2 cell cultures. (Mfgation, x
100,000).

6. Matrix vesicle biogenesis

It has been demonstrated that MVs derive from th@srmpa membrane of hypertrophic
chondrocytes [28,29]. Four hypotheses have beepopedl concerning the mechanisms of MV
formation [28]. As areas of mineralization coincidéth chondrocyte apoptosis in growth plate
cartilages, it was suggested that MVs derive frbenrearrangement of apoptotic cell membrane [30].
This was not confirmed by Kirsch et al. [31] whoosled that MVs and apoptotic bodies are
structurally and functionally different. Only mag¢upsteoblasts mineralize their matrix, while only

terminally differentiated growth-plate chondrocyteslease MVs [32]. Electron microscopic

12



observations indicated that MVs could be formedségretion of preformed cytoplasmic structures in
the extracellular matrix [33,34]. The findings ofalstnovitch and Anderson [28] favored other
hypotheses of subunit secretion followed by thatrazellular assembly and, above all, the budding
from cells. Then, Cecil and Anderson [35] confirntkid last hypothesis that MVs appear to bud from
the tips of plasma membrane microvilli of hypertnmpchondrocytes (Fig. 2) [9]. Furthermore, MVs
may arise from the membrane adjacent to newly fdrragtracellular matrix [36]. Cell surface
microvilli of hypertrophic chondrocytes were fouttdbe the precursors of MVs and the actin network
appeared to be essential for their formation [3]7,38

L ol g S SR - ;
Figure 2. This freeze-fracture replica illustratessicles appearing to bud from the tips of hypeitio

chondrocyte plasma membrane microvilli [35]. PMagrha membrane. (Magnification, x 47,000; bar: 20).n

7. Structure and functions of matrix vesicles

The proportion of free cholesterol and the cholestehospholipid ratio is nearly twice as high in
the MVs as in the chondrocyte plasma membrane [B8]. membrane exhibits lower content in
phosphatidylcholine (PC) and phosphatidylethanal@r(iPE) and higher content in sphingomyelin
(SM) and phosphatidylserine (PS) in comparisonldasma membrane [39]. High levels in cholesterol,
SM and PS are characteristic of MV membrane [40haks been proposed that MV lipids may be
involved in the control of normal mineralizationvivo [41].

13



Recently, the whole proteomes of MVs isolated fradmtken embryo growth plate cartilage [42]
and from pre-osteoblast MC3T3-E1 cell cultures [#38le been described. PHOSPHOL1 [44], 5'-
nucleotidase [45], ion-motive ATPases [45,46], usson-specific alkaline phosphatase (TNAP)
[47,48] provide P from the hydrolysis of their respective substratehile ectonucleotide
pyrophosphatase phosphodiesterase 1 (NPP1) is nebfgo for the production of inorganic
pyrophosphate (PP[49], a potent inhibitor of HA growth [50]. NPRAnd TNAP have antagonistic
effects on mineral formation due to their opposaagvities [51-54]: either production of P®/ NPP1
or its hydrolysis by TNAP. Ptransport into MVs may be performed by alkaline-gpécific R
transporter [23,24] or by sodium-dependenttrBnsporter (a member of the type Il Glvr-1gene
family) [25-27].

Several annexins (AnxAl, AnxA2, AnxA4-A7 and AnxAllave been identified in MVs. These
proteins are involved in Gahomeostasis by mediating Canflux into MVs [13,21,22]. Annexins
exhibit C&*-regulated phospholipid-binding properties [55] dhds, can interact with both outer and
inner leaflets of MV membrane due to high?Caoncentration inside and outside MVs. Anionic
phospholipids, including PS, are enriched in theeineaflet of MV membranes [56] and serve with
annexins as nucleation sites for mineral formatite to their C&-binding properties [57-59].
Annexins associated to the outer leaflet of MV meamnbk can interact with extracellular matrix
proteins and anchor MVs. In chicken growth plagees Il and X collagens enhance*Caflux into

MVs by promoting activity of ion channels formed éynexins [21,22].

Extracellular matrix proteins such as collagens3260,61] and proteoglycans [62,63], interact
with the external surface of MVs. These interadidretween extracellular matrix components and
MVs are necessary to control the mineral growth @sdlirectional expansion [9,10]. Furthermore,
several enzymes such as matrix metalloproteasesPi@MIMP-9, MMP-13) [64], proteoglycanases
[65,66], carboxypeptidase M [42] and aminopeptiddd8] are present at the outer surface of MVs.
They catalyze degradation of the extracellular imalrydrolyze mineralization inhibitory proteinsdn
increase the access of MVs to extracellular ionsm8kous protein kinases and G proteins
traditionally involved in signal transduction wetetected in MVs [42,43,67]. Actin [68,69] as wedl a
actinins, filamins, gelsolin and myristoylated afemrich C kinase substrate (MARCKS) [42,43] were
major cytoskeletal proteins identified in MVs. Higaphospholipase A2 [70], phospholipase D [71],

lactate dehydrogenase [72], carbonic anhydrasg8]ijave been detected in MVs.

8. Extracellular ATP

Extracellular nucleotides, such as ATP, seem to chbécial regulatory molecules in the

mineralization [74]. Recent advances in the aremiokralization revealed a dual character of ATP,
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i.e. (1) as a signaling molecule, ligand for purigwed pyrimidine P2 receptors, involved in the
differentiation and activation of bone forming amésorbing cells, osteoblasts, osteoclasts and
chondrocytes, and (2) as a substrate and precafsegulatory factors, e.g.; Bnd PR determining

the type of mineral formed inside MVs at the ilisgeps of mineralization [75].

Among the main regulatory factors affecting mine&tion are transforming growth factfr-bone
morphogenetic protein-2, all-trans retinoic acidy,2b-dihydroxyvitamin D3, 3,5,30-triiodi-L-
thyronine and extracellular nucleotides (ATP, ADRIA&JTP) [74]. In skeletal tissues, osteoblasts
[76,77] continuously release ATP in the extracallignvironment. Several actors have been proposed
for ATP release: vesicular release, conductive réBn connexin hemichannels or stretch-activated
channels, or ABC transporters [78]. They also s#e&TP upon mechanical stimulation or in
response to hypoxia, osmotic swelling and cellslyBi resting HOBIT cells (a human osteoblast cell
line), for example, the extracellular ATP concetitra is 5 nmol/l, but can reach 20 nmol/l under
hypotonic stimulation [79]. Chondrocytes can alslease nucleotides, maintaining extracellular ATP

at a concentration of 1-3 nmaol/l [80-82].

Once released, extracellular nucleotides are mktadoby a variety of cell-surface-located
enzymes (ecto-nucleotidases) that sequentially diyzle nucleoside 5'-triphosphates to their
respective nucleoside 5'-di and 5’-monophosphatesleosides and, Br PR, therefore regulating the
extracellular nucleotide concentration under pHgsjical conditions [82]. They were found to be
potent C& mobilizing agents, substrates and/or modulatorstis§ue transglutaminases and
ectoprotein kinases that modify matrix proteingutating crystal deposition or growth [82]. They
also act on both ionotropic (P2X) and metabotrof#@Y) plasma membrane receptors that are
implicated in a variety of biological processesluing cell growth, proliferation, differentiation,

energy metabolism and tissue mineralization [786]-

9. Regulation of osteoblast functions by extracellar ATP

In mineralization, signaling through P2 recepta®i particular importance for the regulation of
osteoblastic proliferation (P2X5) and differentati(with a shift from P2X to P2Y expression during
differentiation in culture) [87], osteoclast diféettiation (P2X7) [88], and survival (P2Y6) [89].
Activation of P2Y1 receptors on osteoblasts enharegression of receptor activator of nuclear
factor kB ligand leading indirectly to an increaseosteoclast formation and resorption. Signals
produced were found to activate gap junctions aachibthannels, and resulted in the release of

signaling molecules into the bone fluid: ATP, mitoxide and prostaglandins [90].

Eight subtypes of P2Y (P2¥4611-1) and seven subtypes of P2X (RB2X receptors have been

identified in mammals [91]. P2Y receptors have sewvansmembrane spanning regions, are coupled
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to G-proteins [92], and are responsible for indsitiphosphate generation and ‘Caelease from
intracellular stores. P2X receptors are ATP-gat&iibo channels related ©aenorhabditis elegans
degenerins and mammalian amiloride-sensitivé blaannels, expressed in nerve, muscle, bone,

glands and the immune system. Their subunits dooisig/o transmembrane domains [86,91,93].

Strong evidence is provided that extracellular A&Eting through multiple P2 receptors, may
participate in the regulation of bone metabolisgpnabtivating signaling cascades in osteoblasts such
as extracellular signal-regulated kinase 1/2 arftl pBogen-activated protein kinase pathways. This
activation results in increased [Cla, from intracellular stores. Among the signaling hyeays, Src
kinases were shown to be key enzymes [87]. ExitdaelATP acts as a potent agent mediating cell-
cell contacts [94], inducing apoptosis [95,96] astdnulating proliferation [97] of bone marrow
mesenchymal stem cells, from where osteoblastfatsy whereas their homing is likely regulated by
extracellular UTP [98]. Furthermore, it has beguoreed that P2Y receptor-mediated and gap junction
mediated mechanisms of intracellular calcium siggaplay different roles during differentiation of
bone-forming cells [99]. Concerning the role ofemdilast P2X receptors (Fig. 3), the function of
P2X2 receptors is not yet established, althougin éxpression in these cells has been reported5P2X
receptors were found to stimulate proliferation /andlifferentiation of preosteoblasts [74]. P2X7
receptors were reported to mediate blebbing inobsdsts in response to ATP, mechanical or
inflammatory stimuli. These receptors are coupledhe activation of phospholipases D and A2
leading to the production of lysophosphatidic atids suggested that this pathway may contribate t
osteogenesis during skeletal development and mettaasduction [91]. The osteoblast responses to
nucleotides increase during differentiation [841.dddition to P2 receptors, it has been shown that
human osteoprogenitor cells produce extracelludanasine and express all four types of P1 receptors
that are activated by adenosine. Adenosine is fitreresuggested to be an important regulator of
differentiation of osteoblast precursor cells amghiéicantly contribute to the regulation of bone

formation and resorption [100].

10. Regulation of osteoclast functions by extracelar ATP

The second type of bone cells where nucleotidesimanact are osteoclasts which resorb bone
extracellularly. They are multinucleated cells fedn by the proliferation of hematopoietic,
mononuclear progenitors of the monocyte and maag@hineage, and their subsequent fusion into
multinucleated osteoclasts. The process is regllhye macrophage colony-stimulating factor and
receptor activator of nuclear factaB ligand [74,101-103]. Bone resorption begins with migration
of osteoclasts to the site of resorption, theiadiiment to the bone, their polarization, and the
formation of a sealed extracellular vacuole intdaliiH" and hydrolyzing enzymes (cathepsin K) are

secreted by osteoclasts to dissolve bone minedhtdagrade the collagenous organic matrix [90,103].
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Osteoclasts also secrete L-glutamate and the begradhtion products upon stimulation with ATP in
a Cé&'-dependent manner [102]. This seems of particutggortance since glutamate signaling is
suggested to play a significant role in bone homesis In addition, it has been shown that targeted
disruption of the c-Src tyrosine kinase-encodingegampairs osteoclast bone resorbing activity and
leads to osteopetrosis. This suggests that c-8as&iactivity, not only on the plasma membrane but
also on the mitochondria, is essential for the lagn of osteoclastic bone resorption [101] ang/ma
be a target of rational drug design [104]. The t&tipn of activity of osteoclasts, which developrfr

cell precursors, fusion, activation and functiomsriggered by P2 receptors, e.g. P2X2, P2X4, P2X5,
P2X7 and P2Y1 [74]. It must be stressed, howevet, bone resorption may indirectly be regulated
by ADP via the P2Y1 receptors residing on osteabladoreover, UTP and ATP, via P2Y2 receptors,

inhibit the bone formation catalyzed by osteoblasts

11. Regulation of chondrocyte functions by extrackllar ATP

Another tissue extremely active in the mineralimatiprocess is cartilage. It is built up by
chondrocytes which exist in the organism at varilewvels of development and differentiation from
progenitor to hypertrophic cells. Chondrocytes,t jlike osteoblasts/osteocytes, are affected by
mechanical forces that are remodeling the cartikegeacellular matrix. These forces induce time-
dependent expression of certain genes in chondrecsggulated by [G§;, and cAMP [105].
Mechanically induced calcium waves were observedhiondrocytes, related to stimulation of P2Y
receptors and concomitant release of'@@m internal stores, triggering further relea$@®P from
adjacent cells [106]. Activation of P2X receptoraymalso enable Nanflux triggering membrane
depolarization and activation of voltage-operateaf* @Ghannels as reported in chondrocytes in

monolayer subjected to substrate deformation [107].

Chondrocytes also express P2X2, P2X5, P2Y1 and R2¢2ptors (Fig. 3). The role of P2
receptors in the production of prostaglandins hesnbsuggested. It has been shown that ATP and
ADP, and less strongly UTP, stimulate the productm prostaglandin E by cultured human
chondrocytes, which was enhanced by the proinflatmrypacytokines interleukin{l, interleukin-h
and tumor necrosis factar-Additionally, extracellular ATP and UTP, but meDP, have been shown
to stimulate cartilage resorption; again, this wabBanced by simultaneous application of interleukin
13 and tumor necrosis factor- The overall function of chondrocytes (especiadyticular
chondrocytes) is also regulated by intracellular suhtl external @tension [108], and mechanical
stimuli [105]. It has been showin vitro that the inhibition of various channels alters raffrocyte
mechanotransduction [109]. Some of these chanaslsecently identified in articular chondrocyte
ATP-sensitive potassium channels, are of particigrortance since they are involved in coupling

metabolic and electrical activities in chondrocydesl in the metabolic regulation [110].
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Figure 3. Extracellular ATP acting via P2 receptassa potent mediator of differentiation and meliabo of
mineralizationcompetent cells: osteoblasts and dramytes.

Pluripotent stem cells are progenitors of fibrotdasadipocytes, osteoblasts and chondrocytes. Tagris
regulated by various physiological factors: transfimg growth factor (TGFpB, bone morphogenetic protein
(BMP)-2, all-trans retinoic acid (ATRA),0]25-dihydroxyvitamin D3, 3,5,30-triiodi-Lthyroningend ATP. ATP
is constitutively released by the osteoblast mgreglan the surface of growing bone tissue subjettieshear
stress. Then, ATP could be transformed to ADP &JT® by ecto-nucleotidases. All these nucleotiday then
affect, through their specific P2 receptors, tHéedintiation, metabolism and function of all cglpes engaged
in the mineralization process, e.g. chondrocytdsar@cterized by two phenotypes, i.e. non hypericoph
characteristic for articular cartilage and hypephic in growth plate) and osteoblasts (as well esvihg from
osteoblasts bone lining cells and osteocytes megidithin bone matrix). The third important celhdiage, i.e.
osteoclasts, playing a role in bone resorption, sghdevelopment from cell precursors, fusion, atitwaand
functions is also regulated by P2 receptors, 2K2PP2X4, P2X5, P2X7 and P2Y1, is not shown. Istrioe
stressed that bone resorption may be indirectlyleggd by ADP via the P2Y1 receptors residing ceasasts.
On the other hand, UTP and ATP, via P2Y2 receptohéhit bone formation catalyzed by osteoblastse Tole
of P2X2 receptors on the functioning of osteobldstsot yet established; however, their expressi@s
reported. P2X5 receptors were found to augmentferation and/or differentiation of preosteoblade2X7
receptors mediate blebbing in osteoblasts in respdn ATP, mechanical or inflammatory stimuli. Tdes
receptors are coupled to activation of phosphotipa® and A2, which leads to the production of
lysophosphatidic acid. It is suggested that thishway may contribute to osteogenesis during skeleta
development and mechanotransduction. P2X2, P2X81RRd P2Y2 receptors were identified in chondresyt
and their role in the production of prostaglandirss been suggested. Other explanations are inettie t

RANKL, receptor activator of nuclear factoB ligand. Adapted from [74].
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12. ATP as a prerequisite of mineral formation by matrix vesicles

Due to the physiological role of extracellular AT bone formation and remodeling, and its
persisting presence in the calcification environth&i P is expected to be one of the main sources of
both B and PPduring the initial steps of mineralization occogiin MVs; both compounds having

opposite roles in bone formation and remodeling.

ATP ATP
TNAP NPP1
ADP® | ATpase AMP™ | TtnaP
2+
HA< G b TNAP Lo
A - |
-

Figure 4. Antagonistic effects of pyrophosphate)X@Rd inorganic phosphateY®n the mineralization process
occurring in matrix vesicles released by competeineralization cells.

A substrate of mineralization,;,Parises from distinct sources, including the hygro activity of tissue
nonspecific alkaline phosphatase (TNAP) and varidi®ases present in matrix vesicles. Accumulatibi®;o
and C4&" inside matrix vesicles is a prerequisite for thenfation of hydroxyapatite (HA). RRhe inhibitor of
hydroxyapatite formation, is produced at least Iparby nucleotide triphosphate pyrophosphatase
phosphodiesterase 1 (NPP1), BRhen hydrolyzed by TNAP which speeds up thenttion of hydroxyapatite.
Under certain conditions, however, TNAP may alsadpice PPfrom ATP [111]. The interrelationship between
ATP generating systems and ATP-consuming proce$sading to the changes in intracellular ATP
concentration (some of them leading to ATP depftionderlines the importance of adenosine nucleotid
homeostasis for the functioning of cells activalia mineralization process. The changes in ATP eatnation
are likely to be propagated by various effectortgires leading to specific functional responses. pidd from
[111].

MVs are markedly enriched in TNAP, the enzyme piling R from various phosphorylated
substrates for hydroxyapatite crystallization amdhydrolyze PR a potent inhibitor of mineralization
(Fig. 4) [111]. In addition to TNAP, another enzymwieopposite function, NPP1, is present in MVs.
NPP1 exhibits a broad substrate specificity anabie to catalyze the reactions involving phosphate
diesters. In addition, several kinases have beamtifted in MVs, including protein kinase C isofasm

that also require ATP for their activity [42,43i4 worth noting that among phospholipases preisent
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MVs, such as phospholipase A2 [70], the activity mfospholipase D may be regulated by
phosphorylation [71].

Changing the source of; Ban modulate the rate of mineralization and thalityuof mineral
formed [75]. Hydrolysis of monophosphoester sulstia like glucose-6-phosphate, AMP or
phosphocholine (substrates for TNAP, 5-nuclecdasid PHOSPHOL1), yields Rading to the
formation of mature crystalline mineral, while thydrolysis of ATP by NPP1 and possibly by TNAP
inhibits the formation of hydroxyapatite due to fhreduction of PP Since phosphodiesterase activity
of NPP1 and also of TNAP towards ATP has a highaichpon MV-mediated mineralization,

nucleotides can affect mineral formation as welllfjL

MVs are organelles whose membrane reflects the saimetation as plasma membranes with the
glycosylphosphatidylinisotol-anchored TNAP pointingwards the extracellular matrix while the
catalytic domains of ATPases are directed intduh@en of MVs [112]. Thus, ATP can be hydrolyzed
outside MVs by TNAP and NPP1, but by ATPases indds. The mechanism of the transport of the
nucleotide and/or products of its hydrolysis frdme extracellular matrix to the interior of MVs has,
however, not yet been described. It can be spexuldiat transport of ATP and related compounds
(PR) to the MV lumen could occur through a voltage-elggent anion channel (VDAC) [113], on the
basis of observation that a VDAC is responsibleX®P translocation into the lumen of sarcoplasmic
reticulum [114]; a VDAC has been shown to be pregeMVs [42,43]. In line with this hypothesis is
the identification of a VDAC in the extramitochoralrcompartment, including endoplasmic reticulum
and plasma membrane [114]. Analysis of human ofsblmembrane proteins revealed the presence
of two VDAC isoforms, VDAC 1 and 2 [115]. Due toethpresence of numerous extracellular
nucleotide hydrolases, however, VDAC may rathengpart products of ATP hydrolysis. Current
information on the effect of ATP on MV-mediated mialization concerns mainly the generation of
PR [75,111].

13. Pathological calcification in osteoarthritis

The regulation of physiological mineralization igdiated at cellular and tissue levels, and requires
coordination between stimulatory and inhibitorytéas [116]. Indeed, changes in the mineralization
can have serious ramifications. Pathological miimation may be due to an unbalance between pro-
and anti-mineralization regulatory components andleoules. For example, articular cartilage

calcification leads to joint inflammation and thegression of osteoarthritis.

Osteoarthritis is a common age-related joint diseabaracterized by a degradation of the
proteoglycan and collagen matrix [117]. Articulahoadrocytes maintain a stable phenotype

throughout life. However, they lose their phenotypeosteoarthritic cartilage and undergo terminal
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differentiation similar to that in growth plate tlrges [116]. Osteoarthitic articular chondrocytes
express proteins usually restricted to the sitesooke formation: annexins, TNAP, type-l and type-X
collagen (markers of osteoblasts and hypertrophimondrocytes respectively), osteonectin,
osteocalcin, bone morphogenetic proteins (whichuded new bone formation) and RUNX2 (a
transcription factor regulating hypertrophic chavajte differentiation) [118-120]. Moreover, these
cells release MVs [122-124], which are responsitde the initial formation of basic calcium
phosphate (BCP) [122-124] or calcium pyrophosplditeydrate (CPPD) minerals [125-128] in
degenerative joints. Several factors can stimulatminal differentiation of articular chondrocytes
such as a loss of transforming growth fag¢129] or the presence of interleukine 8 [130hds been
demonstrated that an excessive deposition of Bg§tads in joints alters gene expression of MMPs
and catabolic cytokines [131], and stimulate atiicuchondrocyte apoptosis [132], resulting in
accelerated cartilage degradation. OverexpresdicghngA5 leads to the terminal differentiation of
chondrocytes and finally their apoptosis [118,132Qgesting that this protein play an importang rol
in terminal differentiation of osteoarthritic chandytes. NPP1 and ANK (a transmembrang PP
exporter present in chondrocyte plasma membramepeerexpressed in osteoarthritic joints leading
to accumulation of RRnd CPPD formation. Although the role of thesestalg in osteoarthritis is not

fully understood, there is evidence suggestingttiege crystals take a share in joint damage.
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1. Regulatory effect of PRPon mineralization.

Physiological mineralization is a process restdcte skeletal tissues and regulated by a subtle
coordination between stimulatory and inhibitorytéas. However, ectopic pathological calcification
can occur in any soft tissues and may be due tonhalance between pro- and anti-mineralization
molecules. For example, in calcifying osteoartbrjbints, articular chondrocytes lose their stable
phenotype and undergo a series of differentiatgenerate terminally differentiated hypertrophic
chondrocytes usually present in sites of endoctadrabne formation. These cells become able to
release MVs structurally and functionally similar those present in embryonic and growth plate
cartilages. It has been suggested that a balanteede levels of Pand PP is required for
physiological mineralization. Therefore, to tese thypothesis that [{PP] ratio could be a
determinant factor regulating pathological calefion or its inhibition, we created a pathological
model of mineralization involving MVs isolated froh7-day-old chicken embryo growth plates. MVs
were incubated in a synthetic cartilage lymph (S@iijnicking extracellular cartilage fluid in the
presence of Ca and different phosphate substrates. The effecishobphate substrates;,(RMP,
ATP, PR) as well as the effects of JPPP] ratios on the MV-mediated mineralization were
determined. In this respect, enzymatic activityagss turbidimetry measurements and infrared
spectroscopy were conducted to determine MV phasphoesterase, phosphodiesterase,
pyrophosphatase activities, kinetic parameters ioleralization and the nature of minerals formed.
The mains findings of the regulating effect of BRimineralization are presented in chapter 1 of the
Result Part.

2. Origin, biogenesis and functions of matrix vesles.

Since their discovery in 1967, MVs were subjectedrtensive investigations. Although MVs

exhibit similar structural and functional propesti¢hey differ from a tissue to another or fromcipe

to another. Differences between their proteome oaderline a new mechanism (functions,
regulations, formation). Despite growing knowledg®out the structures and the functions of MVs,
little is known regarding their biogenesis, espicitom osteoblasts. It has been demonstrated that
growth plate MVs are released from chondrocyte owitli and that actin microfilaments may be
involved in MV formation. Human osteosarcoma Saosells express the entire osteoblastic
differentiation sequence from proliferation to miaézation and spontaneously release mineralization
competent MVs. Thus, we selected osteoblast-likesRacells to analyze the mechanisms involved in
the release of MVs into the extracellular matrixa Verify the hypothesis that microvilli are the
precursors of MVs, microvilli from apical Saos-2licelasma membrane were purified and two
different approaches were used to determine tlginotiogenesis and functions of MVs. Firstly, the

morphological and biochemical properties (proteiafifes, lipid compositions, ability to mineralize)
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of microvilli were compared with those of MVs. Tiele of actin network in MV formation was
investigated by employing two drugs which affectrofilament polymerization and depolymerization
and monitoring MV release. The overall findings sgresented in Chapter 2 of the Result Part.
Secondly, a proteomic analysis was performed oh BM¥s and microvilli. Their proteomes were
compared and interpreted to identify mnvivo mechanism of MV biogenesis. An overview of the
different class of proteins, their functions durimgneral formation, as well as the presence ofginot

markers for lipid rafts, microvilli and MVs are gented and discussed in Chapter 3 of the Result Par
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ABSTRACT

Objective: Pathological mineralization is induced by an unbeda between pro- and anti-
mineralization factors. In calcifying osteoarthritjoints, articular chondrocytes undergo terminal
differentiation similar to that in growth plate tkxge and release MVs responsible for hydroxyagati
(HA) or calcium pyrophosphate dihydrate (CPPD) dian. Inorganic pyrophosphate (PHs a
likely source of inorganic phosphateg)(# sustain HA formation when hydrolyzed but iscah potent
inhibitor preventing apatite mineral deposition agrowth. Moreover, an excess of ;Rfian lead to
CPPD formation, a marker of pathological calcificatin osteoarthritic joints. It has been suggested
that the PR ratio during biomineralization is a turning pob@tween physiological and pathological
mineralization. The aim of this work was to deterenithe conditions favoring either HA or CPPD

formation initiated by MVs.

Methods:MVs were isolated from 17-day-old chicken embryovgh plate cartilages and subjected to
mineralization in the presence of variou#”R ratios. The mineralization kinetics and the chethic

composition of minerals were determined by liglatsering and infrared spectroscopy, respectively.

Results:The formation of HA is optimal when the/lPR molar ratio is above 140, but is completely
inhibited when the ratio decreases below 70. Tkerdation of any mineral formation is maximal at
P/PR ratio around 30. CPPD is exclusively produced bysMvhen the ratio is below 6, but it is

inhibited for the ratio exceeding 25.

Conclusions:Our findings are consistent with thg R ratio being a determinant factor leading to

pathological mineralization or its inhibition.
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INTRODUCTION

Physiological mineralization takes place during filenation and the development of mineralized
tissues, e.g. bones and teeth [1-3]. In the prenathearly postnatal life, biomineralization i tlast
essential event in the endochondral and intramemoliabone formation leading to the replacement
of cartilaginous skeleton and craniofacial fibrdissue by the definitive bone skeleton. Throughout
life, the mineralization process continues to pdagrucial role in bone remodeling and repair. The
regulation of physiological mineralization is meeid at molecular, cellular and tissue levels [4d an
involves coordination between stimulatory and iitoity factors [3-6]. However, uncontrolled or
pathological mineralization, due to an unbalanceveéen pro- and anti-mineralization factors [3-6],
can occur during ageing, degenerative joint disgasegenetic and various metabolic disorders. This
causes an excessive mineral deposition in artioaldilages [7,8] that leads to joint inflammatimmd
the progression of osteoarthritis. Several caltitieseases are characterized by the deposit aticalc

pyrophosphate dihydrate (CPPD) or of hydroxyap#kit®) in degenerative joints [3-10].

During endochondral ossification, chondrocytes ugodea series of differentiation: cell
proliferation, hypertrophy, terminal differentiatioand cell apoptosis [11-14]. Hypertrophic
chondrocytes initiate mineralization by releasingtnix vesicles (MVs) [14-16]. MVs are involved in
the initial step of mineralization by promoting tleemation of HA in their lumen [17]. Preformed HA
crystals are released from MVs into the extracatlohatrix, so that HA crystals continue to grow:. [6]
In contrast, chondrocytes in healthy articular itge maintain a stable phenotype [13] and their
released MVs are unable to calcify [6]. These chooytes do not proliferate but produce
extracellular matrix components such as chondrdisiulfate, chondroitin-6-sulfate, keratansulfai®,

well as types I, IIl, VI, IX and XI collagen [18].

Osteoarthritis is characterized by a degradatiothefproteoglycan and collagen matrix [19] as
well as articular chondrocytes undergoing termidélerentiation similar to that in growth plate
cartilage [3]. Osteoarthritic articular chondrosytelease MVs [20-23], which are responsible fer th
initial formation of HA [20-23] or CPPD minerals ,[824,25] in degenerative joints. MVs from
osteoarthritic cartilage have a protein machinamilar to that of MVs from growth plate cartilage,
necessary for Gauptake into MV lumen: annexin A2 (AnxA2), AnxA5 @inxA6 [26], as well as
for P homeostasis: tissue non-specific alkaline phasglea(TNAP) [27,28], 5’AMPase [28], ion-
motive ATPases [28], and nucleotide pyrophosphithsephodiesterase-1 (NPP1) [8,9,29]. In
addition to these proteins, osteoarthitic articulaondrocytes express type X collagen (a marker of
hypertrophic chondrocytes), osteonectin, bone nagphetic proteins (which induce new bone
formation) and RUNX2 (a transcription factor reding hypertrophic chondrocyte differentiation)
[26,30-32].
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At enzymatic and molecular levels, NPP1 and TNARehantagonistic effects [33-36] on mineral
formation due to their opposing activities: prodoictof PR by NPP1 or its hydrolysis by TNAP.
TNAP provides Pfrom various phosphate substrates during minextatiz [37,38], whereas NPP1,
and possibly TNAP [39], supplies Pffom ATP or UTP hydrolysis. At low concentration3R
prevents the seeding of calcium phosphate mingt@id4], while an excessive accumulation of AP
cartilage matrix leads to deposits of pathologidORerystals, e.g. GBO; x 2 H,O [45-47]. ANK, a
transmembrane protein that transports intracellBRuto the extracellular matrix [48-50], and NPP1,
are overexpressed in chondrocytes of osteoarttaiticular cartilage, contributing to increase;, PP

where CPPD crystal formation occurs [29-51-53].

P/PR ratio could be a turning point to discern betwegmysiological and pathological
mineralization and therefore is subjected to tigigulation [37]. Since osteoarthritic MVs and grbwt
plate MVs exhibit similar structural and functior@boperties, we selected MVs isolated from chick
embryo growth plate cartilage to investigate thele in the regulating effect of the/IPR, ratio on HA

and CPPD mineral depositions.
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MATERIALS AND METHODS

Purification of Matrix Vesicles

MVs were isolated from growth plate and epiphyseaitilage slices of 17-day-old chicken
embryos by collagenase digestion [54], with sligladifications [55]. 17-day-old chicken embryo leg
bones were cut into 1-3-mm thick slices and washeuines in a synthetic cartilage lymph (SCL)
containing 100 mM NacCl, 12.7 mM KCI, 0.57 mM Mg(1.83 mM NaHC@ 0.57 mM NaSQ,, 1.42
mM NaH,PQ,, 5.55 mM D-glucose, 63.5 mM sucrose and 16.5 nid% TpH 7.4). Growth plate and
epiphyseal cartilage slices were digested at 31f@.5 — 4 hours in the SCL buffer with 1 mM*a
and collagenase (500 units/g of tissue, type I4n&i). It was vortexed and filtered through a nylon
membrane. The suspension was centrifuged at 6@0for 10 min to pellet intact hypertrophic
chondrocytes. The supernatant was centrifuged,8003g for 20 min. The pellet was discarded and
the supernatant was submitted to a third centrifagaat 70,000 xg for 1 hour. The final pellet
containing MVs was suspended in 300 pL of SCL hudfed stored at 4 °C. The protein concentration
in the MV fraction was determined using the Bradfasssay kit (Bio-Rad). Proteins of MVs were
separated in 7.5 or 10 % (w/v) SDS-polyacrylamidis §56]. The gels were stained with Coomassie
Brilliant Blue R-250.

Transmission electron microscopy

A 20 pL aliquot of MV fraction was transferred tarbon-coated grids. The grids were negatively
stained with 2 % uranyl acetate and dried. Thesgndre viewed with an electron microscope Philips
CM140 at 80 kV accelerating voltage.

Treatment of MVs by Phosphatidylinositol Specific Pospholipase C

MVs (1 ug of MV proteins/uL) were incubated in S@ith 10 mM Md*, 5 uM Zrf* and 1 unit of
phosphatidylinositol specific phospholipase C (BEP per mL for 7 hours at 37 °C under gentle
agitation. The supernatant (sMV) containing MV @REhored proteins and the pellet (pMV) were
separated by centrifugation at 90,009 for 30 min. The pMV was resuspended in the sanhenve

of SCL as before the centrifugation.
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Immunodetection of Chicken Caveolin-1

Proteins of MVs were separated in 12 % (w/v) SDEqurylamide gels [56] and then electro-
transferred (Mini-Protearll' Kit, Bio-Rad) onto nitrocellulose membranes (HydBhECL™,
Amersham Biosciences) [57]. The nitrocellulose meambs were blocked with 5 % (w/v) milk in a
buffer (20 mM Tris-HCI, pH 7.5, 150 mM NaCl) forhbur at room temperature, then incubated with
3 % (w/v) milk and 0.1 % (v/v) mouse monoclonal IgGainst chicken caveolin-1 (BD Biosciences)
in TTBS buffer (20 mM Tris-HCI, pH 7.5, 150 mM Na@.05 % (v/v) Tween 20) at 4 °C overnight.
The nitrocellulose membranes were washed sevenaktwith TTBS and incubated with 3 % (w/v)
milk and 0.05 % (v/v) goat anti-mouse IgG conjudatgth alkaline phosphatase (Immuno-Blot Assay
Kit, Bio-Rad) in TTBS buffer. The membranes werestvad, and bands were visualibgdaddition of

color-developing solution according to the manufestsinstructions.

Specific Revelation of Alkaline Phosphatase

MV proteins were incubated under mild denaturingditions (without heating before the gel
migration) in the Tris buffer containing 2 % SDSt o B-mercaptoethanol to preserve the TNAP
activity. After the migration, SDS-polyacrylamidelg were incubated in a solution containing 0.1 M
Tris-HCI (pH 9.6), 0.1 M NaCl, 5 mM Mggl 0.24 mM bromo-chloro-indolyl phosphate (BCIP), a
TNAP substrate and 0.25 mM nitroblue tetrazoliuBTN until the blue band associated with alkaline

phosphatase was visible [39].

Enzymatic Assays

The phosphomonoesterase (PME) activity was measarrqgH 7.4 or 10.4, using 10 mig
nitrophenyl phosphatep{NPP) as a substrate [58], in 25 mM piperazine 2BidnM glycylglycine
buffer, by monitoring the release pitrophenolate at 420 nma € 9.2 cnt mM™ at pH 7.4¢ = 18.5
cm' mM! at pH 10.4, M). One unit of PME activity corresponds to the amtoof enzyme
hydrolyzing 1 pmol ofp-NPP per min at 37 °C. The phosphodiesterase (RD®)ity of MVs was
measured at pH 7.4 or at 9, with 2 mM pisitrophenyl phosphate (bNPP) as substrate in 25 mM
piperazine and 25 mM glycylglycine buffer, and moring the release gfnitrophenolate at 420 nm
(e =9.2cn mM*at pH 7.4g=17.8 cni mM™ at pH 9) [39]. One unit of PDE activity correspsnd
to the amount of enzymes hydrolyzing 1 pmol of @BNPP per min at 37 °C. To determine the
pyrophosphatase activity, MVs were incubated imf8 piperazine and 25 mM glycylglycine buffer
(at the indicated pH) containing 0.25 mM to 2 mM,R& 20 min at 37 °C. The reaction was stopped

by adding 10 mM levamisole and stored at 4 °C. #dig of the reaction mixture were collected to
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determine PPconcentrations with the Sigma reagent kit. Onet whi pyrophosphatase activity

corresponds to the amount of enzymes hydrolyzipgndl of PRPper min at 37 °C.

Determination of Mineralization Kinetics

Aliquots of the MV stock solution were diluted to fanal concentration of 20 pg of MV
proteins/mL in the SCL buffer containing 2 mM“Cand different concentrations of ions, (PR) or
phosphate substrates (AMP, ATP), as indicated enfitjure legends. They were incubated at 37 °C
and their absorbances at 340 nm were measuredrmtnlmtervals with Uvikon spectrophotometer
model 932 (Kontron Instruments). When MVs were bated in SCL containing 2 mM &€abut not
P, PR and other phosphate substrates, there were nagebadn turbidity. Thus, the increase in

turbidity was due to mineral formation [59,60].

Identification of Minerals by Infrared Spectroscopy

The minerals were determined by infrared spectmg¢blicolet 510M FTIR spectrometer). They
were centrifuged at 3,000gfor 10 min and washed several times with wateeylWwere dried and
incorporated by pressing into 100 mg of KBr. Stadd€PPD was prepared by incubating
stoichiometric proportions of aand PPat 37 °C for 2 weeks. Standard HA was purchaseah fr

Sigma.
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RESULTS

Biochemical Characterization of Matrix Vesicles

The MVs extracted from chicken embryo growth plagetilages were round structures with a
diameter ranging from 100 to 250 nm, (Fig. 1), gnement with Andersoet al.[61] and Balcerzak
et al. [55]. The electrophoretic profile of MVs exhibitedmong others, three major bands with
apparent molecular weights of 44, 38 and 31 kDg.(EA) [59]. Caveolin-1, a marker of caveolae,
present in the plasma membrane of hypertrophicditoaytes (26 kDa, Fig. 2B, lane 2), was absent in
MVs (Fig. 2B, lane 1), indicating that isolated M¥ge not contaminated by the fragments of plasma
membrane. TNAP, a marker enzyme of MVs [62], inedlvin the Phomeostasis in mineralizing
tissues [63-65], was enriched in the MV fractioi$ie phosphomonoesterase (PME) activity
associated with TNAP of MVs at pH 10.4 was 25.0.4 @nits per mg of proteins, approximately 5-
times higher in comparison to hypertrophic chongies (Table 1), indicating a high degree of purity
of MV preparations.

TABLE I. Phosphomonesterase activity at pH 10.4lafndrocytes, cellular debris and MVs.

Digest Hypertrophic ~ Second Matrix Last
iges
J chondrocytes pellet vesicles  supernatant
Specific PME activity
+0.2 5.2+ 0.8 5.7+ 0.6 25.0t 3.4 0.3+ 0.1
(U/mg)*
Percentage of total
o 100 18.2+2.7 34435 39.7+3.6 111+ 1.1
activity (%)
Enrichment 1 2.5 2.7 11.9 0.1

Growth plate cartilages were digested by collagendsypertrophic chondrocytes were obtained by a
centrifugation at 600 g for 10 min, the second pellet by a centrifugatri3,000 >g for 20 min and MVs by a
last centrifugation at 70,000gxfor 60 min.

*Phosphomonoesterase activity is expressed as phmshitrophenyl phosphate hydrolysed per minute, pgr m

of MV proteins at pH 10.4.
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Figure 1. Electron microscope view of MVs. MVs dbhispherical shapes with a 100-250 nm diameter.
(Magnifications: A, x 53,000 — B, x 100,000 — C7%,000 — D, x 100,000).

24
20 =

24

A B «pa

Figure 2. (A) Protein pattern of MVs in a 10 % Sp&8yacrylamide gel. Lane 1, MVs. (B) Western-Bldt o
MVs and hypertrophic chondrocytes for the detectwfncaveolin-1. Lane 1, MVs; Lane 2, co-isolated

chondrocytes.
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Extravesicular P, and PR homeostasis by Matrix Vesicles

To delineate the importance of TNAP in PME and plasphatase activities of MVs, the enzyme
was digested out from MVs by a cleavage of its gbytphosphatidylinositol (GPI) anchor with PI
specific phospholipase C (PI-PLC). GPl-anchored PNiA untreated MVs exhibited an apparent
molecular weight of 118 kDa (Fig. 3, lane 1). Aftantrifugation, TNAP without GPI anchor was
detected in the supernatant (SMV, Fig. 3, lané@),not in the pellet containing MVs devoid of GPI
anchored proteins (pMV, Fig.3, lane 3).

1 2 3
kDa

~TNAP
118 “. ~TNAP-GPI
85
470

Figure 3. BCIP-NBT visualization of tissue non-sfiecalkaline phosphatase in a 7.5 % SDS-polyacnytke
gel. Lane 1, MVs; Lane 2, sMV (supernatant of M¥sated by PI-PLC); Lane 3, pMV (pellet of MVs tredt
by PI-PLC).

The specific PME activity of MVs amounted to 0.620+10 units per mg of MV proteins at
physiological pH, i.e. 40 times lower than at pH4LQlrable 2). The percentage of total PME activity
of the sMV was 92 + 3.7 % at pH 10.4 and 91 + 3t%Hx 7.4 (Table 2), indicating that more than 91
% of PME activity is associated with TNAP in MVshd PDE activity of MVs reflecting both TNAP
[39] and NPP1 activities [35] was 2.66 + 0.30 upiés mg of MV proteins at optimal conditions (pH
9). It was 0.52 + 0.08 units per mg of MV proteatspH 7.4. When the substrate concentration was
reduced from 2 to 0.5 mM, the optimal pH for theidty shifted from 8.8 to 8.2 (Fig. 4). In the
presence of 2 mM RPthe pyrophosphatase activity of MVs was 3.70 LQunits per mg of MV
proteins at pH 8.8, and 1.00 + 0.08 units per miof proteins at physiological pH (Table 2). The
apparent I, of PR hydrolysis at physiological pH was identical forvk] sMV and pMV, and
amounted to 35% 6 pM. The pyrophosphatase activity of all theseas was also inhibited in the

same competitive manner by; K; amounted to 3.63 0.14 mM. Over 96 + 5.2 % of the
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pyrophosphatase activity was attributed to the shfiypH 7.4 (Table 2), indicating that the ability of
MVs to hydrolyse PRvas due to TNAP.

TABLE II. Hydrolysis of pNPP and PRy matrix vesicles (MVs), the supernatant fractisiV) and
the pellet fraction (pMV) of MVs treated by PI-PLC.

MVs sMV pMV
U/mg* % of total MV activity
PME;o 4 25.0+ 3.40 92.0t 3.7 9.8+£ 0.9
PME; 4 0.62+0.10 91.0+ 3.0 12.0+ 1.0
PRss 3.70+£0.31 95.2+ 2.8 6.0+ 1.0
PR;.4 1.00+ 0.09 96.0t 1.7 5.2+ 0.8

Phosphomonoesterase activity was measured by lygitobf pNPP at pH 10.4 (PME, and at pH 7.4
(PME; ). Pyrophosphatase activity was determined by Hysi®of PRat pH 8.8 (PRg) and at pH 7.4 (RP)).
The activities of MVs are expressed as pmol of sateshydrolysed per minute, per mg of MV proteinsder
described conditions. The activities of SMV and plelié expressed as percentages of total MV ac8vitie

*Activities are expressed as pmol of substrate blyded per minute, per mg of MV proteins at pH 10.4

100-
S 80-
ﬁ 80-
§ o
1> 40+
£~ -
o 9.
o 20
0 | ) | | | | | | 1
7 8 9 10 11
pH

Figure 4. The effect of pH on the #®drolysis by MVs. The pyrophosphatase activitydfs was measured at
different pH from 7 to 11, in the presence of diffet concentrations of RPRm) 2 mM, () 1 mM, and &) 0.5
mM.

P, and Nucleotide-Initiated Mineralization by Matrix Vesicles

The isolated MVs incubated in the SCL buffer withm@ C&* were able to induce mineral

formation, after a short lag period of 3.5 — 4 lpworresponding to the time of accumulation of'Ca
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and Pwithin MVs [60]. Then, the mineral formation inesed rapidly and reached saturation (Fig. 5).
MVs in SCL medium without CAwas not able to mineralize, indicating that thesgnce of 0.57 mM
Mg?* in SCL medium containing MVs cannot induce minéoaination. No mineral was formed in the
SCL buffer with 2 mM C% devoid of MVs, indicating that MVs are essential initiate
mineralization. The MV-induced mineral was idemifi by infrared spectroscopy. The infrared
spectrum of mineral formed by MVs in SCL buffer iited five peaks at 1090 ¢m1030-1034 ci,
960-961 crit, 600-602 crit and 561-562 cth(Fig. 6, spectrum: SCL), corresponding to the peatk
HA (Fig. 7, spectrum: HA) [66,67], indicating thbility of MVs to produce HA. Addition of 1 mM or

2 mM R (corresponding respectively to a totakBncentration of 2.42 mM or 3.42 mM in SCL) into
the mineralization medium reduced the lag periothivferal formation induced by MVs from 3.5 - 4
hours to 1.5 — 2 hours or to 0.5 hour, respecti(€ly. 5). In both cases, the minerals formed bysavV
were identified as crystalline HA (Fig. 6, spectru®). Addition of 1 mM AMP reduced the induction
phase from 3.5 — 4 hours to 2.5 — 3 hours (Figi.®)to a lower extent as compared with the aoldliti
of 1 mM R, due to the time required for hydrolysis of AMP BMAP. The mineral formed was also
HA (Fig. 6, spectrum: AMP). However, addition 088.mM ATP increased the time delay of mineral
formation from 3.5 — 4 hours to 18 — 20 hours (Big.This retardation was due to the inhibitoryeeff

of ATP on HA deposition [68] or the formation of PR potent inhibitor of calcium-phosphate
deposition [41-43]. The mineral phase produced Byshh the presence of 0.33 mM ATP revealed
HA and a small amount of other minerals, as suggdsy the presence of a broad contour in the 1200

cmi* to 1000 crit region (Fig. 6, spectrum: ATP), and as reportedwhere [37].

0.8
0.8-
0.7+
0.6-
0.6
0.4+
0.3-
0.2-
0.1

A 340 nm

0 3 6 9 12 15 18 21 24

Time (hours)
Figure 5. Kinetics of mineral formation by matrixesicles. MVs were incubated at 37 °C in SCL buffer
containing 2 mM C& and 1.42 mM Pwith additional inorganic phosphate;®r phosphate substrates, as

follows: (V) without additional substrate-() Total R = 2.42 mM (A) Total Pi = 3.42 mM,d) 1 mM AMP,
and @) 0.33 ATP. Mineral formation was assessed by lggiaittering at 340 nm.
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Figure 6. Infrared spectra of minerals formed by $Vivi the presence of different concentrations obiP
different phosphate substrates. MVs were incubat&¥ °C in SCL buffer containing 2 mM €and 1.42 mM
P, with additional Por phosphate substrates: without additional satesdras a control (spectrum SCL), Total Pi

= 3.42 mM (spectrum;p 1 mM AMP (spectrum AMP), 0.33 ATP (spectrum ATP)
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Figure 7. Infrared spectra of hydroxyapatite (HAY a&alcium pyrophosphate dihydrate (CPPD) standards
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The Regulatory Effect of PR on Biomineralization

To identify the conditions to produce HA or othenarals, MVs were incubated in the SCL buffer
with 2 mM C&", P at 1.42-3.42 mM concentration range and &P0.01-2.41 mM concentration
range. PPR ratios were calculated initially and during theuetion phase of mineralization since; PP
was continuously hydrolyzed and bothaAd PPwere involved in the mineral formation. The final
P/PR ratio was determined for each initialFR ratio. The initial PR ratio (within 1.42-3.42 mM P
and 0.01-2.41 mM RPpredetermined the type of mineral formed by MW4thout PR, the period of
induction phase was about 3 hours when MVs wengbiaied in the SCL buffer with 2 mM E4Fig.
8A), and 0.5 hours when the SCL buffer was suppieeteby 2 mM C& and 2 mM Pcorresponding
to a total amount of 3.42 mM r SCL (Fig. 8B). A higher amount of &ecreased the induction time
of mineral formation. MVs incubated in the presenfeCa&” and Pformed crystalline HA (Fig. 9,
spectrum I). The induction time of mineralizatiorcieased from 3 hours to 6 hours (Fig. 8A) after
addition of 0.01 mM PHnto the SCL medium with 2 mM é*a(since SCL medium contained 1.42
mM P, the initial R/PR ratio was 142 + 47 and fina)/PR ratio was 198.3 + 65.6, Table Ill). Addition
of 0.024 mM PPand 2 mM PRin SCL (total Pwas 3.42 mM in SCL medium; initial/PR ratio: 142
+ 47 and final PPR ratio was 198.3 £ 65.6), increased the inductiow tof mineralization from 0.5
hours to 2.5 hours (Fig. 8B) and the mineral formed crystalline HA (Fig. 9, spectrum II). At the
initial P/PR ratio between infinity to 142 + 47, the inductithme increased (Table 3), but the mineral
formed was always HA (Table 3). The turning poititane the mineral phase contained a mixture of
poorly crystalline HA and other minerals, was reatkvith an initial PPR ratio of 71 + 14.2 (Table
3). The maximal induction time of mineral formatioocurred upon addition of 0.05 £ 0.01 mM, RP
SCL with 1.42 mM total Pconcentration (18 hours, Fig. 8A) or 0.12 mM PPSCL with 3.42 mM
total R concentration (10 hours, Fig. 8B), correspondorgdth to an initial PPR ratio of 28.4 £ 5.7
(Fig. 8C) and to a final /PR ratio of 102.9 + 20.7 (Table 3). The minerals fednunder these
conditions were not HA as evidenced by the absehcharacteristic HA bands at 960-961%rG00-
601 cm' and 560-562 cth Amorphous mixtures were produced (Fig. 9, spettiil). The induction
time of mineral formation decreased with the diniimmu of initial R/PR ratio from 28.4 + 5.7,
indicating faster mineral formation. Addition of10mM PR in SCL with 1.42 mM total P
concentration (initial PR ratio of 14.2 + 1.4 and final /PR ratio of 24.5 + 2.4) reduced the
induction time of mineral formation to 9 hourswlas further reduced to 7 hours with the addition of
0.5 mM PR(initial P/PR ratio of 2.8 = 0.3 and final ratio of 6.2 + 0.@nd to 5 hours with 1 mM PP
(initial P/PR ratio of 1.4 + 0.1 and final ratio of 2.8 = 0.3id. 8A). We observed also a decrease of
induction time of mineral formation at the sam#R ratio but with higher BRoncentrations in SCL
medium containing 3.42 mM; FFig. 8B). Due to the higher amount of;RRd R, there was a higher
amount of mineral formed as evidenced by the latgaridity and the kinetics (Fig 8B vs Fig 8A).

Although the mineral formation in MVs was stimulteith higher concentrations of Plhe nature
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of mineral deposits was different. At the initialHR ratios between 14.2 + 1.4 and 2.8 = 0.3, the
mineral phase was composed of a mixture of minemtduding CPPD (Fig. 9, spectrum IV), as
characterized by the appearance of the charaateBBPD bands at 1140 €925 cni', 725 cnt and
555 cnit (Fig. 7, spectrum: CPPD). At the initiafPR ratio lower than 2.8 + 0.3, the spectrum of the
mineral formed by MVs resembled CPPD (Fig. 9, spmetV). CPPD mineral was exclusively
produced by MVs when the initial/PR ratio was lower than 1.4 + 0.1 (Fig. 9, spectruth Under
the same conditions, no CPPD was formed in SCL nmedvithout MVs.
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Fig. 8. Retardation of Rhitiated mineral formation. (A) MVs were incubdteat 37 °C in SCL buffer
containing 2 mM C#, 1.42 mM R and inorganic pyrophosphate (PBt various concentrations¥() without
additional PR (») 0.01 mM, (&) 0.05 mM, €) 0.1 mM, ¢) 0.5 mM and ¢) 1 mM PR corresponding to an
initial P,/PPR ratio of 142, 28.4, 14.2, 2.8, and 1.4, respeltiy®) MVs were incubated at 37 °C in SCL buffer
containing 2 mM C%, 3.42 mM Pand different concentrations of PP¥) without additional PP (») 0.024
mM, (A) 0.12 mM, @) 0.24 mM, @) 1.2 mM and ¢) 2.41 mM PR corresponding to the samgHR ratio as in
panel A. (C) All results were combined and normedizas percentages of the maximal retardation of

mineralization induced by RP
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Figure 9. Infrared spectra of minerals producedys at different FPR molar ratios: (I) no PP(I1) 142, (1)
28.4, (IV) 14.2, (V) 2.8 and (VI) 1.4. MVs were inzated at 37 °C in SCL buffer containing 2 mM¢G8.42

mM P, and PPat 0, 0.024 mM, 0.12 mM, 0.24 mM, 1.2 mM or 2.48m

TABLE Illl. The effect of the PPR ratio on the mineralization mediated by MVs.

initial [PY/[PP] Final [FV[PP] Retardation time Minerals f(')rm(.ed
(%) IR spectra in Fig 9

® o 12.5+ 1.4 HA (1)

142+ 47 198.3t 65.6 33.4 5.6 HA (Il)

71+ 14.2 138.# 27.7 50. 3.5 HA + other

28.4+ 5.7 102.9+ 20.7 100t 5.0 Other (I11)

142+1.4 245t 2.4 68.1+ 4.2 CPPD + other (IV)

2.8+0.3 6.2+ 0.7 51.4+ 4.2 CPPD (V)

14+0.1 2.8£0.3 30.1+ 2.8 CPPD (VI)

MVs were incubated in the SCL buffer containing RI@a", P at 1.42-3.42 mM concentration range ang PP
at 0.01-2.41 mM concentration range. InitidPIR ratios and PR ratios prior to the onset of calcification were
calculated. The kinetics of mineralization wasduled by light scattering at 340 nm and the minei@ised by
MVs were identified by infrared spectroscopy (Fgthe numbering of spectra corresponded to a fp&iPR
ratio). Induction time was the longest (100 %)rétial [P]/[PP] = 28.4+ 5.7 and the lowest (1251.4) in the

absence of RP
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DISCUSSION

Our report focused on the conditions favoring HAI &dPPD minerals induced by MVs from
growth plate cartilage. MVs were used to mimic péigic calcification, since the initiation of
mineral formation mediated by MVs during endochahdalcification is similar to that which appears
in a variety of pathologic calcifications [6]. Althgh the MV model has the disadvantage that matrix
and cellular issues cannot be addressed, it prevage easily quantifiable and well-characterized
model to analyze the initiation of HA or CPPD fotioa [47]. MVs served to model arthritic crystal
deposition characterized by HA or CPPD depositgoint cartilage. In the absence of inhibitors,
C&'/P, ratio and the Cax R, product are critical factors affecting the kinetaf the biomineralization
process [69]. Increasing the ¢dncentration (Fig. 5) and addition of phosphonester substrates of
TNAP, such as AMP, reduced the induction time of K#mation (Fig. 5). However, addition of
ATP, another source of; Rfter its hydrolysis, led to a high retardationtb& induction phase of
mineralization (Fig. 5) and to a mixture of poochystalline HA and other minerals (Fig. 3, spectrum
ATP), consistent with the findings of Zhaagal [39]. The retardation was due to the inhibitoffget
of ATP [68] or PRP[41-43], on the HA formation. ATP is a source ¢fdfter its hydrolysis by TNAP,
ATPases and other PME enzymes) but also a sourB® affter its hydrolysis by NPP1 and TNAP
[39]. PR, when hydrolyzed, provides; For HA formation but inhibits the seeding of caiai-
phosphate minerals itself. In addition, high cotiaions of PPled to the precipitation of immature
CPPD mineral. Alternatively, metastable equilibridratween C4, P and PPcan be disturbed,
inducing mineral formations without MVs. Cheng dpuitzker [70] reported that HA was formed in
aqueous solution when/PR was higher than 100, while CPPD was produced v#Y&R was less
than 3. MVs from growth plate cartilages are aldeproduce CPPD minerals [37,71]. Since
osteoarthritic MVs and growth plate MVs have a &miprotein machinery associated with
mineralization, our data underline a mechanism BPD pathological deposit. Our data emphasize
that not only PRconcentration affected the nature of the formewlenal but also that the/PR ratio is
a key parameter to favor HA or CPPD formation agppsed previously [37] and is a determinant
factor leading to pathological mineralization @ imhibition. Initial /PR ratio higher than 140 led to
HA deposition, mimicking conditions during endocdecsd bone formation or arthritic crystal
deposition. When ;HPR ratio was lower than 70, it inhibited the MV-indt seeding of HA, which
corresponds to the conditions where mineralizaigoimhibited. An initial FPR ratio lower than 2.8
led to deposits of pathological CPPD, while aniahiP/PR ratio higher than 28.4 inhibited CPPD
formation. The PPR ratio could reflect somehow the overall differatin state of chondrocytes
(mature vs hypertrophic), the levels of expressibNAP, NPP1 or other proteins affectingadd
PR concentrations as well as the balance betweenama-anti- calcification factors and may serve as

an indicator of the calcification process.
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ABSTRACT

In bone, mineralization is tightly regulated by emdtlasts and hypertrophic chondrocytes which
release matrix vesicles (MVs) and control extradetlionic conditions and matrix composition. MVs
are the initial sites of hydroxyapatite mineralrfiation by concentrating aand P ions. Despite
growing knowledge about their morphologies and fiams, their biogenesis is not well understood.
The purpose of this work was to determine the sbofdMVs in osteoblast lineage, Saos-2 cells, and
to check whether MV formation originated from mieith. Microvilli were isolated from apical
plasma membrane of Saos-2 cells. Their morpholstgycture and function were compared with
those of MVs. The role of actin network in MV reteawas investigated by using microfilament
perturbing drugs. MVs and microvillar vesicles wdoeind to exhibit similar morphology with
trilaminar membranes and diameters of the sameerasgobserved by electron microscopy. Both
vesicles were able to induce hydroxyapatite foromatElectrophoretic profiles of microvillar vesisle
were comparable to those of MVs. Both membraneplalied analogous enrichment in alkaline
phosphatase, N&K* ATPase, and annexins A2 and A6. MVs and micravillasicles exhibited
almost the same lipid composition with higher cobteof cholesterol, sphingomyelin and
phosphatidylserine as compared to plasma membFanally, cytochalasin D, which inhibits actin
polymerization, was found to stimulate the formataf MVs. Our findings were consistent with the
hypothesis that MVs originated from cell microviéihd that actin flament disassembly was involved

in their biogenesis.
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INTRODUCTION

Bone is a complex, dynamic, highly specialized fopfnconnective tissue that together with
cartilage makes up the skeleton. Bone matrix ispms®ed of an organic phase, containing mostly
type-l collagen, providing tensile strength, andimorganic phase, hydroxyapatite, which gives it
mechanical resistance [Buckwalter and Cooper, 198%feoclasts, osteoblasts and osteocytes are the
three major cell types present in bone. Plastioitthe skeleton and its ability to adapt relies on
continuous modeling and remodeling that requireaxdastic resorption of bone matrix and deposition
of a new mineralized matrix by osteoblasts [Markal @opoff, 1988]. Osteocytes maintain the
0sseous matrix, participate in extracellular exgesnand are involved in the mechanotransduction
[Marks and Popoff, 1988]. Bone mineralization oscduring the formation, development, remodeling
and repair of osseous tissue [Thouverey et al.7208@&n de Lest and Vaandrager, 2007]. Thus,
osseous mineralization is initiated by two types adlls: Hypertrophic chondrocytes during
endochondral ossification and osteoblasts duritigaimembranous and haversian ossification. The
regulation of physiological mineralization is mdedi at cellular and tissue levels, and requires
coordination between stimulatory and inhibitory teas [Van de Lest and Vaandrager, 2007].
Osteoblasts are fusiform, cuboidal, polyhedralptresical cells located at the surface of formingéao
These cells are polarized with a basolateral plasmmbrane facing the bone marrow and an apical
plasma membrane facing the forming bone [llvesdral.e 1999]. Osteoblasts, as odontoblasts and
hypertrophic chondrocytes, participate in the sgsaith of extracellular matrix proteins and in the
matrix mineralization by releasing matrix vesicld$Vs) [Anderson, 1995; Balcerzak et al., 2003].
Osteoblasts can divide, differentiate into osteesyir die by apoptosis. Extracellular MVs (between
one hundred to several hundred nanometers in dégjriettiate the mineralization of bone matrix by
promoting the deposition of hydroxyapatite (HA)tieir lumen [Anderson et al., 1967]. MVs create
an optimal environment by accumulating?Cand inorganic phosphate;)\® induce the formation of
HA [Anderson, 2003]. Then, the breakdown of MV meam® releases HA crystals in the
extracellular matrix where mineralization is propteyl [Anderson, 1995]. Despite growing
knowledge about the structure and functions of MN#ge is known about their mechanism of
biogenesis, especially from osteoblasts. It has lmEmonstrated that MVs derive from the plasma
membrane of hypertrophic chondrocytes [Rabinovicil Anderson, 1976; Wuthier et al., 1977].
Four hypotheses have been proposed concerningdbkamisms of MV formation [Rabinovitch and
Anderson, 1976]. As areas of mineralization coiacwith chondrocyte apoptosis in growth plate
cartilages, it was suggested that MVs derive fréva tearrangement of apoptotic cell membrane
[Kardos and Hubbard, 1982]. This was not confirrbgdKirsch et al. [2003] who showed that MVs
and apoptotic bodies are structurally and functigrdifferent. However, it should be noted that MV

formation and apoptosis probably occur concomiyehiiring cell differentiation process. Indeed, only
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mature (but not immature) osteoblasts mineralizgr tmatrix, while only terminally differentiated
growth-plate chondrocytes release MVs [Kirsch, J0&Tectron microscopic observations indicated
that MVs could be formed by extrusion of prefornogtbplasmic structures in the extracellular matrix
[Akisaka and Shigenaga, 1983; Akisaka et al., 1988k findings of Rabinovitch and Anderson
[1976] favored other hypotheses of subunit seanatiith an extracellular assembly and, above &, th
budding from cellular processes. Then, Cecil andekson [1978] confirmed this last hypothesis that
MVs appear to bud from the tips of plasma membramerovilli of hypertrophic chondrocytes
[Anderson, 1995]. Furthermore, MVs may arise frone tmembrane adjacent to newly formed
extracellular matrix [Morris et al., 1992]. Cellrface microvilli of hypertrophic chondrocytes were
found to be the precursors of MVs and the actinvagt appeared to be essential for their formation
[Hale et al., 1983; Hale and Wuthier, 1987]. Tha af this work was to check whether MVs originate
from microvilli of osteoblast lineage, as in theseaof hypertrophic chondrocytes. Several models of
cell cultures have been described in the literatmmonitor mineralization and MV biogenesis [Golub
et al., 1982; Anderson et al., 1990; Garimellalet2®04]. Human osteosarcoma Saos-2 cells express
the entire osteoblastic differentiation programnirgroliferation to mineralization [Hausser and
Brenner, 2004], produce a collagenous extracellaktrix [McQuillan et al., 1995] and spontaneously
release mineralization-competent MVs [Fedde, 199Bgrefore, we selected Saos-2 cell cultures as a
convenient model of osteoblastic mineralizatioratalyze the mechanisms involved in the release of
MVs into the extracellular matrix. To this end, nmeilli from apical Saos-2 cell plasma membrane
were purified. Their protein and lipid compositioas well as their ability to mineralize were
compared with those of MVs. The role of actin natwim MV formation was investigated by using
two drugswhich affect microfilament polymerization and depukrization [Hale and Wuthier, 1987].
Our findings confirmed that mineralizing osteoblilet Saos-2 cells are polarized and that microvill
from apical plasma membrane are sites of origin M¥s. Moreover, the actin network

depolymerization was found to enhance MV releasa f6aos-2 cells.
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MATERIALS AND METHODS

Cell Culture and Stimulation for Mineralization

Human osteosarcoma Saos-2 cells (ATCC HTB-85) werdéured in McCoy's 5A (ATCC)
supplemented with 100 U/mL penicillin, 100 g/mLegitomycin (both from Sigma) and 15 % FBS
(v:v) (Gibco). The mineralization was induced byitering the confluent cells (7 days to reach
confluence) in growth medium supplemented with Bllgascorbic acid (AA) (Sigma) and 7.5 mM
B-glycerophosphatep{GP) (Sigma) [Gillette and Nielsen-Preiss. 2004 jngankar et al., 2004].
Concerning drug treatments, cell cultures were grdw confluence and treated with 200 ng/mL
cytochalasin D (CCD) or 1 pug/mL phalloidin (PHL)ofh from Sigma). Drugs were added to the
media in dimethyl sulfoxide (DMSO). Control cultsresceived an equivalent amount of the solvent
(0.05%, v:v).

Alkaline phosphatase activity assay

Tissue non-specific alkaline phosphatase activityg \measured usinghitrophenyl phosphate as
substrate at pH 10.4 by recording absorbance an#2@,\e is equal to 18.8 mMcm*) [Cyboron

and Wuthier, 1981]. Enzyme units are pmopafitrophenolate released per min per mg of pratein

Immunofluorescence and Confocal Microscopy

Saos-2 cells were cultured on cover slips at 37 6 % CQ humidified atmosphere. Cells ()0
were washed with PD buffer (125 mM NaCl, 5 mM KCO mM NaHCQ, 1 mM KH,PQ,, 10 mM
glucose, 1 mM CaGl 1 mM MgCh 20 mM Hepes, pH 6.9) and fixed with 3 % (w:v)
paraformaldehyde in PD buffer for 20 min at roormperature [Strzelecka-Kiliszek et al., 2008].
Fixed cells were incubated in 50 mM NH in PD buffer (10 min, room temperature) and then
permeabilized with 0.08 % (v:v) Triton X-100 in Riffer (5 min, 4°C). After additional washing,
with PD buffer and TBS (130 mM NacCl, 25 mM Tris-HQ@H 7.5), cells were incubated with a
blocking solution, 5 % FBS in TBS (v:v) for 45 mit room temperature. Then, probes were
incubated with mouse monoclonal anti-AnxA6 (1:100y) (Transduction Laboratories) or rabbit
polyclonal anti-cofilin-1 (1:50, v:v) (Sigma), diled in TBS containing 0.5 % FBS (v:v) and 0.05 %
Tween 20 (v:v). After 1 h of incubation at room memature, the cells were washed and incubated for
1 h at room temperature with goat anti-mouse IgBGEF(1:200, v:v) or goat anti-rabbit IgG-TRITC
(1:100) (both from Sigma). After washing, the sagspivere mounted in Moviol 4-88/DABCO. Z-
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section images were acquired with TCS SP2 confogaloscope (Leica). Resting and stimulated cells

were identified and each cell type was quantifieghercentage of cell population.

Calcium Nodule Detection

Cell cultures were washed with PBS and stained @#h% (w:v) Alizarin Red-S (AR-S) in PBS
(pH 5.0) for 30 min at room temperature [Vainganggal., 2004]. After washing 4 times with PBS to
remove free calcium ions, stained cultures werdqaraphed. Then, cell cultures were destained with
10% (w:v) cetylpyridinium chloride in PBS pH 7.0rf60 min at room temperature [Stanford et al.,

1995]. AR-S concentration was determined by meagubsorbance at 562 nm.

Preparation of Microvilli and Matrix Vesicles

Both preparations were performed simultaneousi wie same cell cultures according to Wu et
al. [1993] for MV preparation and Jimenez et al0J2] for microvilli preparation with slight
modifications. Saos-2 cell cultures were digestétth 00 U/mL collagenase Type IA (Sigma) in
Hank's balanced salt solution (HBSS: 5.4 mM KCB @M NgHPGQ,, 0.4 mM KHPQ,, 0.6 mM
MgSGQO,, 137 mM NaCl, 5.6 mM D-glucose, 2.38 mM NaHC@H 7.4) at 37°C for 3 hours. Then
cells were pelleted by centrifugation at 60 for 15 min. Supernatant was centrifuged at 20,090
for 20 min to sediment all the cell debris, nucleiitochondria and lysosomes. Supernatant was

centrifuged at 80,000 g for 60 min yielding pellet containing MVs.

Cells were homogenized in 5 mL of sucrose buffethim presence of protease inhibitor cocktail
(Sigma). The homogenate was then centrifuged tatid®,000 g for 15 min to sediment intact cells,
cell debris, nuclei, mitochondria, lysosomes. Teasate the microvillar membranes from the
basolateral plasma membranes, the supernatantuppemented with 12 mM Mgglstirred at 4 °C
for 20 min to induce basolateral membrane predipitaand centrifuged twice at 2,500¢or 10 min
to pellet aggregates of basolateral membranes.r&afpat was centrifuged at 12,009 for 60 min to
pellet microvilli. Fractions containing MVs and miwilli (8.6 % sucrose, w:v) were overlaid on a
sucrose step gradient made with 45 %/ 37 %/ 25 %) (sucrose and centrifuged at 90,000 for 5
hours. The alkaline phosphatase activity was medsur fractions collected from sucrose gradient.
The 25 % and 37 % sucrose fractions were collechekd, diluted tenfold in HBSS and centrifuged
at 120,000 »g for 60 min. The protein concentration in the fraics was determined using the Bio-

Rad Protein Assay.
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SDS-PAGE and Immunoblot Analysis

Proteins of each fraction were separated on 8, 1020 % (w:v) SDS-polyacrylamide gels
[Laemmli, 1970] and then electro-transferred (Mimdtean!l™ Kit, Bio-Rad) onto nitrocellulose
membranes (Hyborld-ECL™, Amersham Biosciences) according to Towbin et [4979].
Nitrocellulose membranes were blocked with 5 % jwk in TBS for 1 hour at room temperature.
The nitrocellulose membranes were then incubatéld primary antibodies, i.e. mouse monoclonal
anti-Na/K* ATPase (1:2500) (Abcam), mouse monoclonal antiAhx(1:2500) (Transduction
Laboratories), mouse monoclonal anti-AnxA6 (1:5000)ransduction Laboratories), mouse
monoclonal anti-actin (1:2000) (Transduction Laboras) or rabbit polyclonal anti-cofilin-1
(1:2000) (Sigma) prepared in 3 % (w:v) milk in TB8pplemented with 0.05 % (v:v) Tween 20
(TTBS) at 4 °C overnight. Nitrocellulose membramesse washed several times with TTBS and then
incubated with secondary antibodies, i.e. sheepnamiise or anti-rabbit 1gG conjugated with
horseradish peroxidase (1:5000) (both from AmersBamsciences) prepared in 3 % (w:v) milk in
TTBS. Finally, the membranes were washed and immaantive bands were visualized by using ECL

reagents according to the manufacturer’s instrast{dmersham Biosciences).

Electron Microscopy

Microvilli and MVs were washed in PD buffer anddik with 3 % (w:v) paraformaldehyde/l %
(w:v) glutaraldehyde mixture in 100 mM sodium phlosie buffer (pH 7.2) for 1 hour at room
temperature [Strzelecka-Kiliszek et al., 2002].eAftvashing, samples were postfixed with 1% (w:v)
osmium tetroxide in 100 mM sodium phosphate bufipét 7.2) for 20 min at room temperature and
then dehydrated in a graded ethanol solution satiesom temperature (25 % (v:v) for 5 min, 50 %
(v:v) for 10 min, 75 % (v:v) for 15 min, 90 % (v:¥pr 20 min, 100 % (v:v) for 30 min). Then,
samples were incubated in mixtures of LR Whitend€i0% ethanol at volume ratios of 1:2 and 1:1
(each 30 min, at room temperature). Finally, samplere infiltrated twice with 100 % (v:v) LR
White resin (Polysciences) for 1 hour at room terapge, moved to the gelatin capsule and
polymerized at 56°C for 48 hours. 78@sections were cut using an ultramicrotome LKB Nova
placed on formvar-covered and carbon-labeled 308hvisickel grids (Agar Scientific Ltd). The
sample-covered grids were counterstained with 2(%%) uranyl acetate in ethanol for 1-1.5 hours at
room temperature. Finally, the grids were washealifo ethanol, then in water and stained with lead
citrate for 2 min in NaOH atmosphere at room terapge, washed in water and dried [Strzelecka-
Kiliszek et al., 2002]. The samples were observedEM-1200EX transmission electron microscopy
(JEOL).
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Lipid Composition

Total lipids of samples were extracted accordindratch et al. [1957] with slight modifications.
Total lipids of samples (15 pg of proteins) werérasted in chloroform:methanol (2:1, by vol.). The
organic phase was collected and washed 3 timellanoform:methanol:ED (3:48:47, by vol.). The
lipid composition of samples was determined by thyer chromatography (Balcerzak et al., 2007).
Phospholipids were separated by a first migratipntai 12 cm from the origin of plates in ethyl
acetate:1-propanol:chloroform:methanol:0.25 % (WKl (25:25:25:10:9, by vol.). Plates were
completely dried. Then, other lipids were separétgd second migration up to 18 cm from the origin
in heptane:isopropy! ether:acetic acid (75:21:4,vby). After complete drying, lipids spots were
visualized by incubating plates in 10 % (w:v) Cu83% (v:v) HSO, for 10 min and heating at 180
°C for 20 min. Chromatograms were scanned and a@alypy densitometry using ImageJ software
(NIH).

Mineralization Assay

Aliquots of MVs and each membranous fraction oladifrom cell fractionation were diluted to a
final concentration of 2Qg of total proteins/mL in the mineralization buff&00 mM NaCl, 12.7 mM
KCI, 0.57 mM MgC}, 1.83 mM NaHCG@ 0.57 mM NaSQ,, 3.42 mM NaHPQ,, 2 mM CaC}, 5.55
mM D-glucose, 63.5 mM sucrose and 16.5 mM TES (pH Bdples were incubated at 37 °C for 6
hours. The mineral complexes were centrifuged@®@xg for 10 min and washed several times with
water. The final pellets were dried and incorpataby pressing into 100 mg of KBr. Mineral
compositions were determined using a Nicolet 518Waked spectrometer (Nicolet) equipped with a

DTGS detector; 64 interferograms were recordeddatia’ optical resolution.

FACScan Analysis

Dead cells were identified by the propidium iodigkining [Krishan, 1975]; fOcells were
incubated in 0.25 % Trypsin (w903 % EDTA (w:v) (Sigma), washed twice in PBS ardtrifuged
at 600 xg for 10 min. Then cells were suspended in 2 mL jom iodide-solution (50 g/mL
propidium iodide in PBS), incubated for 5 min abmotemperature and used directly for flow analysis
of propidium iodide fluorescence. For evaluation cgll apoptosis by propidium iodide staining
[Dressler, 1988], 1Dcells were trypsinized and centrifuged at 2,50@ %or 5 min. Pellet was
suspended in 0.2 mL PBS and added directly to L5oMmpure cold ethanol (-20°C) to a final
concentration of 70 % (v:v) and fixed overnight-20°C. After fixation, cells were centrifuged at

1,500 xg for 5 min and the pellet was suspended in 0.5 mapidium iodide-solution (50 g/mL
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propidium iodide/0.1 mg/mL RNAse A/0.05 % (v:v) om X-100 in PBS) and incubated for 45 min
at 37°C. After incubation, cells were centrifuged.&00 xg for 5 min and the pellet was suspended
in 2 mL of PBS and used for flow analysis of propmd iodide fluorescence. The propidium iodide
fluorescence was monitored by FACScan flow cytoméiecton-Dickinson) using Cell Quest

software (Becton-Dickinson).
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RESULTS

Differentiation of Saos-2 Cell and Mineralization

Saos-2 cells cultured in McCoy’s 5A medium contagnD.9 mM C& and 4.2 mM Pproduced
apparent calcium nodules characteristic of ostatiblanineralization as detected by AR-S staining
(Fig. 1A, B). Ascorbic acid (AA) and-glycerophosphate{GP) are two osteogenic factors
commonly used to stimulate osteoblastic differgittia and mineralization [Gillette and Nielsen-
Preiss. 2004, Vaingankar et al., 2004]. As expedteel mineral deposition was highly enhanced by
the concomitant addition of 50 ug/mL AA and 7.5 rfiMGP in Saos-2 cell cultures (Fig. 1A). Resting
Saos-2 cells produced within 9 days the same anwfurdicium minerals as stimulated Saos-2 cells
within 3 days (Fig. 1B).
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Figure 1. Mineralization by Saos-2 cells. Saos-#sceere incubated at the indicated time under radrm
conditions or stimulated with 50 pg/mL ascorbicda@\A) and 7.5 mMB-glycerophosphate3{GP). (A) Non-
stimulated and stimulated cell cultures were sthingh AR-S to detect calcium nodules and photolyeab (B)
AR-S was solubilized in controbj and stimulatede() cell cultures by cetylpyridinium chloride and atified

at 562 nm (Results are mean + SD, n=3).

To evaluate the Saos-2 cell differentiation induétsdAA and B-GP, cellular specific TNAP
activity, MV biogenesis, AnxA6 localization and kdar morphology were compared between
untreated and treated cells. TNAP is a metalloemzwmnich provides Hrom various phosphorylated
substrates during mineralization. Following thetneent with AA ang-GP, TNAP activity of Saos-2
cells increased with culture time in comparisoruttreated cells (Fig. 2). AnxA6 belongs to a large
family of C&*- and lipid-binding proteins which are involved@a’* homeostasis in bone cells and in
extracellular MVs. Immunocytochemistry revealedtthest of the resting Saos-2 cells exhibited a
fusiform or fibrobast-like shape with a charactgcisiuclear exclusion of AnxA6 (Fig. 3A, control),
consistent with a cytoplasmic and membrane lodatiza However, a few cells were retracted,
became round and displayed a cytoplasmic locatidngA6 and an enrichment of AnxA6 in plasma

membrane-bound vesicles (Fig. 3A, control). Somas&acells exhibiting this phenotype increased in
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the presence of AA artGP (Fig. 3A, stimulation) in a time-dependent mam(irig. 3C), suggesting
a differentiated state favoring mineralization. frthe previous findings of Hale and Wuthier [1987]
on hypertrophic chondrocytes, we hypothesized 8wis-2 cell apical microvilli facing the bone

forming side are the precursors of MVs.

L
n

=
[p+]
1

o
i

o
1

L]
1

e

o=
La
o
w

12

Cellular TNAP activity (U/mg proteins)

Time in culture (days)

Figure 2. Tissue non-specific alkaline phosphatastvity in Saos-2 cells. Saos-2 cells were growear
normal conditions (control) or were stimulated wib pg/mL AA and 7.5 mM3-GP for different incubation
times. Tissue non-specific alkaline phosphataseiaes of control @) and stimulated«) cells were measured

every 3 days and are expressed as U/mg cellul&ipr@Results are mean + SD, n=3).

Saos-2 Cell Microvilli as Precursors of Matrix Vestles

Apical microvilli were isolated from Saos-2 cellscarding to the method of Jimenez et al. [2004]
used to isolate microvilli from human placental sytiotrophoblast. It consisted of the fdnduced
precipitation in which non-microvillar membranes reveaggregated and could be separated from
vesicular microvilli by a low-speed centrifugatidviorphology of microvilli and MVs were compared
by electron microscopy. MVs were identified as elbsspherical vesicle structures delimited by a
characteristic trilaminar membrane [Fedde, 1992 & diameter ranging from 100 to 500 nm (Fig.
4A, B). Microvilli were found to rearrange in rounasicle-like structures during their preparation
(Fig. 4C, D). These microvillar vesicles of 100-30® diameter range were delimited by a trilaminar
membrane (Fig. 4C, D), showing a morphology sintidathat of MVs. The ability of MVs, microvilli
and other membranous fractions from Saos-2 cellmitteralize was checked by incubating the
samples in mineralization buffer at 37 °C. Afteh@urs of incubation, the samples were centrifuged
and the resulting pellets were analyzed by infraspdctroscopy. MVs and microvillar rearranged
vesicles were both able to induce the formatiorhyidroxyapatite (HA) under these conditions as

probed by infrared spectroscopy (Fig. 5). The amafirHA minerals formed by microvilli (Fig. 5,
60



bottom trace) was lower than the amount producebl¥g (Fig. 5, middle trace). In contrast, no other
fractions from Saos-2 cells produced HA.
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Figure 3. Cellular morphology and annexin A6 dimition in Saos-2 cells. Saos-2 cells were growneund

normal conditions (control) or stimulated (stimiga) with 50 pg/mL AA and 7.5 mM-GP for different
incubation times directly on cover slips. AnxA6 watained by immunocytochemistry and detected byouah
microscopy in control and stimulated Saos-2 celltuced for 12 days. Two phenotypes were observedting
cells and differentiated cells - and quantifiecantrol (B) and stimulated (C) cell cultures ev8rgays and are
presented as percentage of cell population (con#ltd in light gray, differentiated cells in dagkay). (Results

are mean £ SD, n=3).
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Figure 4. Ultrastructural morphology of matrix vdes and microvilli. MV, matrix vesicle (A, B); VIL,
microvilli (C, D); trilaminar membranes were evided (TLM); CF stands for collagen fibrils. (Maguitions:
A and C, x 20,000; B and D, x 50,000).

Saos-2 Cell Microvilli and Matrix Vesicles Exhibited Similar Protein and Lipid Composition

The lipid composition of MVs was compared with tleétSaos-2 cell basolateral membranes and
microvilli. The lipid content of MVs and that of orovilli were almost identical (Table ). Expressed
as apparent percentage of total lipids, MVs andawilli were enriched in cholesterol and contained
less triacylglycerols and monoacylglycerols tharsdbateral membrane fraction (Table ). Free
cholesterol consisted of about 46.7 % and 45.9 %ot MV and microvillar lipids, respectively
(Table 1). The phospholipid composition of MVs amitrovilli were nearly identical with ~36 % of
phosphatidylethanolamine (PE), ~26.5 % of phosghitioline (PC), ~3.5 % of phosphatidic acid,
~7 % of phosphatidylinositol, ~16.5 % of phosphgsdrine (PS) and ~11 % of sphingomyelin (SM)
(Table 11). The amounts of PE and PC in MVs androvitli were lower than those in basolateral
membranes, whereas the amounts of PS and SM wgherhin MVs and microvilli than those in
basolateral membranes (Table Il). Thus, MVs andrawmilli obtained from Saos-2 cell cultures
indicated enriched contents in cholesterol, PS @¥das in the case of MV produced by epiphyseal
cartilage cells [Wuthier, 1975] or by hypertropblwondrocytes [Glaser and Conrad, 1981].
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Figure 5. Infrared spectra of minerals formed byrimaesicles and microvilli. MVs and microvilli ém Saos-2
cells were incubated at 37 °C in mineralizationféufor 6 hours, then the minerals formed wereeméd,
washed and analyzed by infrared spectroscopy.rbdrapectrum of hydroxyapatite as control (HA);r&néd
spectrum of minerals formed by matrix vesicles (Nésad by microvilli (Villi). Infrared spectra of mérals
indicated that the minerals formed by MVs and midliowere hydroxyapatite. (Typical infrared spextamong

two independent measurements).

The protein profile of MV was also compared withttbf the other membranous fractions obtained
from Saos-2 cells (Fig. 6A). The distribution of M¥Woteins (Fig. 6A, lane 6) closely resembled that
of microvillar proteins (Fig. 6A, lane 4) but waiferent from that of other fractions (Fig. 6A, kes1,

2, 3 and 5). MV and microvillar protein profiles relrited similar major bands with apparent
molecular weights of: 115, 85, 72, 50, 45, 38,38,33, 30 and 24 kDa (Fig. 6A, lanes 4 and 6). The
immunodetection of N&K* ATPase, AnxA6 and AnxA2 (Fig. 6B) indicated thiaty were enriched
and TNAP activity was higher (Fig. 6C) in microviind MVs as compared to the other fractions.

Thus, microvilli and MVs exhibited similar lipid drprotein compositions.

63



TABLE I. Lipid composition of basolateral membranggcrovilli and matrix vesicles.

BLM Microvilli MVs

% of total lipids

TAG 244+16 148+2.4 143+£1.2
FFA 23719 23622 2211
CHOL 27515 459+ 3.6 46.7 +3.2
DAG 102+1.2 10.2+0.8 10+ 0.9
MAG 142=+1 55+0.6 6.8+0.9

BLM, basolateral membranes; Microvilli (from apicainembranes); MVs, matrix vesicles; TAG,
triacylglycerols; FFA, free fatty acids; CHOL, cheterol; DAG, diacylglycerols; MAG, monoacylglycéso
Chromatogram scans were analyzed by densitomeing lihageJ software. Values are expressed as agpare

percentages (intensity of the lipid to intensityatiflipids). (Results are mean + SD, n=3).

TABLE II. Phospholipid composition of basolateratmbrane, microvilli and matrix vesicles.

BLM Microvilli MVs

% of total phospholipids

PE 38.1+2.6 359+25 35.8+1.9
PA 51+11 3.4+03 3.5+0.6
Pl 99+09 74+15 6.7+0.3
PS 99+04 16.4+1.2 16.3+1.3
PC 326+1.8 269+2.2 26.2+1
SM 44+0.6 9.9+09 1151

BLM, basolateral membranes; Microvilli (from apicamembranes); MVs, matrix vesicles; PE,
phosphatidylethanolamine; PA, phosphatidic acid; Phosphatidylinositol; PS, phosphatidylserine; PC,
phosphatidylcholine; SM, sphingomyeline. Chromadmgrscans were analyzed by densitometry using ImageJ

software. Values are expressed as apparent pegesnfiamtensity of the lipid to intensity of all pmholipids).
(Results are mean + SD, n=3).
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Figure 6. Protein profiles of mineralizing Saosells; cell fractions and matrix vesicles. (A) Pioterofiles
analyzed by 10 % SDS- PAGE followed by Coomassiéant blue staining of intact Saos-2 cells (labe cell

debris, nuclei, mitochondria, lysosomes (lane axdiateral membranes (lane 3); microvilli (lanerigrosomal

34
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and cytoplasmic fractions (lane 5); and MVs (lapd/pical gel among five independent measureme(iBy)
Detection of N&K* ATPase, AnxA6 and AnxA2 by Western Blotting and élkaline phosphatase activity in
intact Saos-2 cells (lane 1); cell debris, nuetd@ipchondria, lysosomes (lane 2); basolateral mamds (lane 3);
microvilli (lane 4); MVs (lane 5); and final supatant (lane 6). (Typical Western Blot among fivdépendent

measurements), (Results are mean = SD, n=10).

Role of Actin Depolymerization in Matrix Vesicle Rdease from Saos-2 cells

It has been reported that the release of MVs fraltuied epiphyseal chondrocytes was correlated
with changes in cellular actin distribution [Haleat., 1983]. Therefore, we assessed the role ef th
actin network in MV formation by osteoblast-like d8a2 cells. Cofilin-1 controls reversibly actin
polymerization and depolymerization in a pH-sewmsitnanner [Pope et al., 2004]. The actin-binding
protein co-localized with AnxA6 in control Saos-2lls (Fig. 7A, control) and especially at the
periphery of stimulated Saos-2 cells (Fig. 7A, siation). Moreover, the immunodetection of cofilin-
1 and actin revealed their presence in both MV mar@lovillar fractions (Fig. 7B). This suggestedttha
actin microfilaments are involved in MV biogenesiBherefore, we investigated whether actin
polymerization or depolymerization could affect Mormation by monitoring the release of MVs
from Saos-2 cells treated with actin-perturbinggdricytochalasin D or phalloidin which are known to
inhibit microfilament assembly or disassembly, exdwely [Hale and Wuthier, 1987]. In parallel, we
examined effects of combined AA afidGP with cytochalasin D or phalloidin on cell vibtyi (Fig.
8A) and cell apoptosis (Fig. 8B) by FACScan usingpidium iodide staining. Six days of stimulation
with AA andp-GP decreased the cell viability from 70 to 55 %g(BA). The rate of apoptosis in the
case of stimulated cells was about 40 %, i.e. t@&digh as for control cells (Fig. 8B). Furthermor

the stimulation of Saos-2 cells using these tweaggtnic factors led to an increased release of dVs
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shown in Figure 9. These findings suggested thata®d-GP induced terminal differentiation of
Saos-2 cells were able to mineralize and this issistent with the fact that mineralization is
accompanied by osteoblast apoptosis [Anderson,]199& cell viability of stimulated cells treated
with phalloidin was not affected (Fig. 8A) wherahe treatment with cytochalasin D increased cell
apoptosis from 40 % to ~75 % (Fig. 8B). Phalloidivhich stabilizes actin microfilament, did not
affect significantly the production of MVs from &ted stimulated Saos-2 celldile cytochalasin D,
which inhibits the actin microfilament formationnteanced MV formation (Fig. 9). The protein
profiles of MVs from Saos-2 cells treated with dth@ut cytochalasin D or phalloidin were identical,
except for high levels of actin in MVs obtainedrfr@ells treated with phalloidin (results not shown)
This demonstrates that the mechanism of MV fornmatfioom Saos-2 cells involved actin

microfilament depolymerization.

control stimulation

Cofilin-1

1 2
ACHIN | e -
= Cofilin-1 | == e

Figure 7. Localization of AnxA6 and cofilin-1 in 8s2 cells. Saos-2 cells were cultured under normal
conditions or stimulated with 50 pg/mL AA and 7.3nB-GP for 6 days directly on cover slips. (A) AnxA6
(green) and cofilin-1 (red) were stained by immunochemistry and detected by confocal microscopy in
control and stimulated Saos-2 cells. Merge pictyetiow) evidenced co-localization of AnxA6 andfitin-1.
Plasma membrane extrusions of stimulated Saosk? ar indicated with white arrows. (B) Detectidnactin

and cofilin-1 by Western Blotting in microvilli (tee 1) and MVs (lane 2). (Results are mean + SD,).n=3
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Figure 8. Cell viability and apoptosis of Saos-flsc&aos-2 cells were maintained under normal itimmg (C),
stimulated (S) with 50 pg/mL AA and 7.5 mpAGP or stimulated and treated with cytochalasin(izD) or
phalloidin (PHL) for 6 days. Cell viability (A) andell apoptosis (B) were determined by propidiurdide
staining and FACScan analysis and are presentgubraentage of cell population. (Results are me&D+
n=3).
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Figure 9. Matrix vesicle formation from Saos-2 sefbaos-2 cells were maintained under normal conditc),
stimulated ¢) with 50 pg/mL AA and 7.5 mM-GP or stimulated and treated with cytochalasin&) (or
phalloidin @) for different incubation times. MV release frorad3-2 cells was monitored as a ratio of total MV

protein/total cellular protein. (Results are me&®D, n=3).
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DISCUSSION

Ascorbic Acid and B-Glycerophosphate Induce Saos-2 Cell Differentiativand Release of MVs

Human osteosarcoma Saos-2 cells served as a mbgeb-mineralizing cells, permitting us to
determine the site of MV origin and the mechaniszasling to their release in the extracellular matri
Osteoblast-mediated osteogenesis is divided inteetthmain phases: 1) cell proliferation, 2)
extracellular matrix deposition and maturation, &panineralization [Owen et al., 1990; Manduca et
al., 1997]. Saos-2 cells express the entire osastibldifferentiation sequence from proliferatian t
mineralization [Hausser and Brenner, 2004]. Thegdpce a collagenous extracellular matrix
[McQuillan et al., 1995] and spontaneously releasgeralization-competent MVs [Fedde, 1992]. AA
andp-GP are commonly employed to stimulate osteoblakfierentiation and mineralization [Ecarot-
Charrier et al., 1983; Nefussi et al., 1985; Quaie al.,, 1992; Gillette and Nielsen-Preiss. 2004,
Vaingankar et al., 2004]. In the present work, wedlAA and3-GP simultaneously to stimulate Saos-
2 cell-mediated mineralization (Fig. 1) and this swassociated with changes in Saos-2 cell
differentiation: TNAP activity was enhanced (Fig, 2nxA6 was enriched in the plasma membrane
extensions (Fig. 3A) and Saos-2 cell became spidificg. 3A). These findings are consistent with
earlier reports on osteoblast differentiation iretiby concomitant addition of AA afidGP [Ecarot-
Charrier et al., 1983; Nefussi et al., 1985; Quaieé al., 1992; Gillette and Nielsen-Preiss. 2004,
Vaingankar et al., 2004]. AA is an exogenous osteap factor that stimulates the sequential
differentiation of osteoblasts [Harada et al., ;9hnceschi and lyer, 1992; Quarles et al., 1982].
has been shown that AA enhanced osteoblast pwtider which is mediated through its stimulatory
effect on the collagen synthesis [Harada et aB1]l9%ranceschi and lyer [1992] demonstrated that
AA induced a temporal osteoblastic differentiat@nMC3T3-E1 cells in culture: 1) The collagen
synthesis and deposition is stimulated by the ameof type | procollagen expression and processing
of procollagens to collagens. 2) During the mingetion phase, TNAP expression and activity are
enhanced, and osteocalcin synthesis is inducedh83e changes of marker gene expression were
shown to be accompanied by changes of osteoblagesfrom fusiform to cuboidal shape [Quarles et
al., 1992].p-GP displays synergic action with AA to stimulatellagen accumulation and TNAP
activity [Quarles et al., 1992]. It is also requirBor matrix mineralization by providing; Rfter its
hydrolysis by TNAP [Nefussi et al., 1985; Bellowsag, 1991; Anagnostou et al., 1996]. Moreover, P
released fronB-GP hydrolysis can act as a messenger for ostedtiffsrentiation [Conrads et al.,
2005]. In addition to these effects of AA apsP, we found that they also stimulated the reledise
MVs from mineralizing Saos-2 cells (Fig. 9), whiatontributed to the increase of matrix
mineralization. The stimulation with AA arftGP induced a parallel significant increase of Saos

cell apoptosis (Fig. 8B). This was consistent wiité fact that the differentiation state of minezialg
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Saos-2 cells was terminal and that cells died mptgsis. Since local enrichment of AnxA6 in the
plasma membrane could signal the origin of MVs,deeided to determine whether apical microvilli

of Saos-2 cells were the precursors of MVs in flhgsrpa membrane.

Matrix Vesicles Are Formed From Saos-2 Cell Microuii

A well-established method for the purification of icnovilli from human placental
syncytiotrophoblast [Jimenez et al., 2004] seneegurify microvilli from osteoblast-like Saos-2 =l
This method was very effective as revealed by igh Bnrichment of TNAP activity, a microvillar
marker enzyme (Fig. 6C). The MV fraction was ob¢dinsimultaneously from cell cultures by
collagenase digestion and several differential rfegation steps. Microvilli and MVs were both
enriched in TNAP activity in the same range (Fi@).6During the preparation, microvilli formed
vesicles as observed by electron microscopy (Flj.[3), exhibiting identical spherical shapes with
the same diameter ranges and analogous trilamiearbmanous layers as in the case of MVs (Fig. 4A,
B). Microvilli and MVs from Saos-2 cell cultures veeable to form HA within 6 hours in the presence
of C&" ions and P while other subcellular membranous fractions mid (Fig. 5). This functional
similarity could originate from structural similari Therefore, the lipid and protein compositioris o
MVs and microvilli were compared. MVs were enrich@d several proteins associated with
mineralization (Fig. 6B, lane 5): annexins (AnxAhdaAnxA6) which are involved in Ga
homeostasis by mediating €anflux into MVs [Kirsch et al., 2000, Wang and Kah, 2002; Wang et
al., 2005]; N&¥K* ATPase [Hsu and Anderson, 1996] and TNAP [Anderge04], implicated in the
P. homeostasis. Microvilli were also enriched in th@soteins (Fig. 6B, lane 4). In addition, protein
profiles of MVs and microvilli were similar (Fig.A5 lanes 4 and 6). Phospholipid composition of
MVs was identified for the first time by WuthiergI5]. Negatively charged PS and annexins act as
nucleators of Cd and R[Wu et al., 1993; 1996; Genge et al., 2007; Gesigd., 2008]. Our MVs and
microvilli exhibited a significant higher enrichnten PS than in basolateral membrane of Saos-2 cell
(Table Il). The apparent lipid composition of M\&olated from Saos-2 cell cultures was not exactly
the same as MVs isolated from growth plate camilfgyuthier, 1975] or hypertrophic chondrocyte
cultures [Hale and Wuthier, 1987], but showed similharacteristics such as enriched contents in PS,
SM and cholesterol (Tables | and II). The lipid gittbspholipid compositions of isolated MVs and
microvilli were very similar (Tables | and Il). The findings are consistent with those reported by
Hale and Wuthier [1987] showing that hypertrophimmrdrocyte microvilli were the precursors of
MVs. We found that cofilin-1, an actin binding peot, was co-localized with AnxA6, especially in
plasma membrane extrusions in the case of stimllzlls, and that cofilin-1 as well as actin were
both present in microvilli and MVs (Fig. 7). Secondytochalasin D, an inhibitor of actin

microfilament polymerization, stimulated MV formati by Saos-2 cells but not phalloidin which
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stabilized actin polymerization (Fig. 9). Our finds indicated that actin depolymerization was
involved in mineralization-competent MV formatiomda that the morphological and structural
characteristics of MVs were similar to those ofcapimicrovilli suggesting that MVs derived from
apical microvilli of mineralizing Saos-2 cells. Bhivas also previously observed in the case of
hypertrophic chondrocytes and it was concluded Mas$ derived from microvilli [Hale and Wauthier,
1987]. Taken together, these findings suggestthi®amicrovillar origin of MV is common in various
cell types such as osteoblast-like cells and hygeinic chondrocytes. Pathological calcificatiorais
process that has similarities with bone formatildirdch, 2007; van de Lest and Vaandrager, 2007].
Therefore, it is tempting to propose that formatidmMVs under physiological conditions may follow
the same mechanisms that trigger the vesiculaagelérom microvillar regions of other cells under

pathological conditions leading to ectopic mineration.
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ABSTRACT

Mineralization-competent cells, hypertrophic chawjtes, osteoblasts and odontoblasts, initiate
the mineralization process by releasing matrix alesi (MVs) from their specialized areas of plasma
membrane. These extracellular organelles are imdolin the initial step of mineralization by
promoting the formation of hydroxyapatite in théiimen. Despite growing knowledge about the
morphology and the functions of MVs, their biogdaés not well understood. It has been suggested
that MVs could originate from cell microvilli. Tosaertain the origin of biogenesis of MVs, we
compared MV proteome released from Saos-2 cells thiat of microvilli isolated from the apical
plasma membrane of Saos-2 cells. 576 gene produdi®/s and 869 gene products in microvilli
were identified by tandem mass spectrometry. 85 919 proteins (487 gene products) were
identical to those of microvilli. Lipid raft markemwere present among common MV and microvillar
proteins: GPIl-anchored (TNAP, CD59), myristoyla(ARCKS), palmitoylated (stomatin), flotillin
1/2, AnxA2, AnxA6, V-ATPase anf-actin, indicating that MVs originate from apicalanmovillar
lipid rafts. The presence of protein-markers (vim@®ntaining protein, SNARY) and vesicular
trafficking proteins (Niemann-Pick C1, sortin nexd®6, Rab7) revealed an endoplasmic reticular
origin of MVs. Finally, the release of MVs from miwilli may be driven by the concomitant actions

of actin-depolymerizing proteins (gelsolin, cofill) and contractile motor proteins (myosin).
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INTRODUCTION

Hypertrophic chondrocytes from embryonic or gropthte cartilages, osteoblasts from bones and
odontoblasts from teeth initiate the mineralizatfijocess by releasing matrix vesicles (MVs) from
specialized areas of plasma membranes [1-5]. Téwdsacellular organelles are involved in the iitia
phase of mineralization by promoting the formatadnhydroxyapatite (HA) in their lumen [6]. lon
channels and transporters present in MV membrahérca" [7-9] and inorganic phosphate;XP
uptakes into these organelles [7,10]. By accurmga@d” and P, MVs create an optimal environment
to induce the formation of HA [1-3]. The second ghaf mineralization starts with the release of HA
crystals from MVs and the propagation of minerahfation in the extracellular matrix [2]. MVs have

a protein machinery essential to initiate and raguthe first phase of mineralization.

Recently, the whole proteomes of MVs isolated framtken embryo growth plate cartilage [11]
and from pre-osteoblast MC3T3-EL1 cell cultures [i2ye been described. Among identified proteins,
several annexins (AnxAl, AnxA2, AnxA4-A7 and AnxAlare involved in C4 homeostasis by
mediating C&' influx into MVs [7-9]. PHOSPHO1 [13], 5'-nucleotide [14], ion-motive ATPases
[14,15], tissue non-specific alkaline phosphatd®¢AP) [16,17], are implicated in the Fomeostasis,
while ectonucleotide pyrophosphatase phosphodasstel (NPP1) is responsible for the production of
inorganic pyrophosphate (PR18], a potent inhibitor of HA growth [19]. It Babeen proposed that
NPP1 and TNAP have antagonistic effects [20-23]naneral formation due to their opposing
activities: either production of PBy NPP1 or its hydrolysis by TNAP; #ansport into MVs may be
performed by sodium-dependenttRnsporter (a member of the type Il Glvr-1geamily) [24-26]
or by alkaline pH-specific;Rransporter not strictly sodium-dependent [10,2njionic phospholipids,
including phosphatidylserine (PS), are enrichethainner leaflet of MV membranes and serve with
annexins and probably other <ainding proteins [12,28] as a nucleation site rfuneral formation
due to their C&-binding properties [29-31].

Extracellular matrix proteins such as collagen8,[®,33] and proteoglycans [34,35], interact with
the external surface of MVs [11,12]. These intacast between extracellular matrix components and
MVs are necessary to control the mineral growth asdirectional expansion [1,2]. Furthermore,
several enzymes such as matrix metalloproteasesFI@MIMP-9, MMP-13) [36], proteoglycanases
[37,38], carboxypeptidase M [11] and aminopeptidgd®] are present at the outer surface of MVs.
They catalyze degradation of the extracellular imalrydrolyze mineralization inhibitory proteinsdn
increase the access of MVs to extracellular ionsm8kous protein kinases and G proteins
traditionally involved in signal transduction wetetected in MVs [11,12,39]. Actin [40,41] as wedl a
actinins, filamins, gelsolin and myristoylated ateairich C kinase substrate (MARCKS) [11,12] were
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major cytoskeletal proteins identified in MVs. Higaphospholipase A2 [42], phospholipase D [43],
lactate dehydrogenase [44], carbonic anhydragkb]ljave been detected in MVs.

Despite growing knowledge about the structure amttfions of MVs, little is known about their
mechanism of biogenesis, especially from osteahl&4Y formation occurs by polarized budding and
pinching off of vesicles from specific regions bktplasma membrane of mineralization-competent
cells [1,46,47]. Osteoblasts are polarized cellh \an apical plasma membrane facing to the forming
bone where MVs are released [48]. The apical sfdmiaeralizing osteoblasts exhibits numerous
cytoplasmic projections [49], similar to those alvsel on hypertrophic chondrocytes. Electron
microscopic observations indicated that MVs aranfedt by budding from the tip of cytoplasmic
extensions of mineralizing cells [46]. Several pnas such as TNAP [50], AnxA5 [51,52], calbindin
D9k [28] were found to be enriched in both cellapfasmic protrusions and extracellular MVs. Hale
and Wuthier demonstrated that MVs could originatamf cell surface microvilli of hypertrophic

chondrocytes as indicated by similar lipid comgosi and high enrichment in TNAP activity [53].

Microvilli are 1-pm-length and 80-nm-diameter exdems from the apical plasma membrane of
cells. These cylindrical-shaped projections enctygeplasm and actin microfilaments, but littlenar
cellular organelles [54-56]. In addition to actwillin [55-57], actinin [55,56,58], vinculin [59],
radixin, moesin, and MARCKS [55] are specific celetal components of microvilli from various
cell types, and are also found in calcifying MV4 [I2]. Typical markers of apical microvilli such as
alkaline phosphatase [50,55,60-62], 5’-nucleotidfss], Na/K*-ATPase [55,56], galectins [61],
aminopeptidase N [61,62], AnxA2 [55,63,64], AnxA&L[52,55], AnxA6 [55,64] are also present in
MVs. Microvilli from various cellular origins [61F and MVs [65,66] exhibit similar lipid
composition with lipid rafts having high contents tholesterol and sphingomyeline. Several
mechanisms of vesicle formation from microvilli wedescribed in the literature. For example, it has
been suggested that the contraction of the speattin network of erythrocytes could form vesics
the cell surface [67]. Membrane vesiculation hasnbalso observed from intestinal [68] or kidney

proximal tubule microvilli [69].

Summarizing, existing data in the literature sugtfest calcifying MVs could originate from apical
microvilli of mineralization-competent cells. Thévee, the purpose of this work was to compare the
proteome of MVs with that of microvilli isolateddim mineralizing osteoblast-like Saos-2 cells. We
identified 576 MV and 869 microvillar gene produbis LC ESI-MS/MS. Among MV proteins, 487

of them (85 %) were common with microvilli.
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EXPERIMENTAL PROCEDURES

Cell Culture

Human osteosarcoma Saos-2 cells (ATCC HTB-85) weidéured in McCoy’'s 5A (ATCC)
supplemented with 100 U/mL penicillin, 1Q@/mL streptomycin (both from Sigma) and 15 % FBS
(v:v) (Gibco). The mineralization was induced byitating the confluent cells (7 days to reach
confluence) in growth medium supplemented witlug0mL ascorbic acid (AA) (Sigma) and 7.5 mM
B-glycerophosphate{GP) (Sigma) [70,71].

Calcium Nodule Detection

Cell cultures were washed with PBS and stained @$h% (w:v) Alizarin Red-S (AR-S) in PBS
(pH 5.0) for 30 min at room temperature [71]. Aftgashing 4 times with PBS to remove free calcium
ions, stained cultures were photographed or visedliunder fluorescence microscope AXxio
Observer.Z1 (Zeiss) using transmitted light and sphaontrast filter. Then, cell cultures were
destained with 10% (w:v) cetylpyridinium chloride PBS pH 7.0 for 60 min at room temperature

[72]. AR-S concentration was determined by meaguairsorbance at 562 nm.

Preparation of Microvilli and Matrix Vesicles

Both preparations were performed simultaneousi Wit same cell cultures according to Wu et
al. [29] for MV preparation and Jimenez et al. [6@] microvilli preparation with slight modificatics.
Saos-2 cell cultures were digested with 100 U/mllagenase Type IA (Sigma) in the Hank's
balanced salt solution (HBSS: 5.4 mM KCI, 0.3 mM,NRGQ,, 0.4 mM KHPQ,, 0.6 mM MgSQ,

137 mM NaCl, 5.6 mM D-glucose, 2.38 mM NaHE@H 7.4) at 37C for 3 hours. Then cells were
centrifuged (600 g, 15 min) yielding pellet 1. The supernatant wastriiged (20,000 >g, 20 min)

to sediment all the cell debris, nuclei, mitocheagdiysosomes as the pellet 2. The second supetnata
was subjected to an ultracentrifugation (80,0@) &0 min) yielding pellet 3 containing MVs. Pellet
containing intact cells was homogenized in 5 mLsatrose buffer in the presence of protease
inhibitor cocktail (Sigma). The homogenate was thentrifuged twice at 10,000  for 15 min to
sediment intact cells, cell debris, nuclei, mitootiga, lysosomes (pellet A). To separate the
microvillar membranes from the basolateral plasneabiranes, the supernatant A was supplemented
with 12 mM MgC}, stirred at 4 °C for 20 min to induce basolateredmbrane precipitation and
centrifuged twice at 2,500¢for 10 min to pellet aggregates of basolateral brames (pellet B). The
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supernatant was centrifuged at 12,00@ xor 60 min to pellet microvilli (pellet C). The d&a
supernatant contained microsomal and cytosoliditnas. Fractions with MVs and microvilli (8.6 %
sucrose, w:v) were overlaid on a sucrose step gmadiade with 45 %/ 37 %/ 25 % (w:v) sucrose and
centrifuged at 90,000 g for 5 hours. The alkaline phosphatase activity wesasured in fractions
collected from sucrose gradient. The 25 % and 35u@tose fractions were collected, mixed, diluted
ten fold in HBSS and centrifuged at 120,008 for 60 min. The protein concentration in the fraics

was determined using the Bradford assay kit (Bid)Ra

Electron Microscopy

Stimulated Saos-2 cells, microvilli and MVs weresivad in PD buffer (125 mM NaCl, 5 mM KCl,
10 mM NaHCQ, 1 mM KH,PQ,, 10 mM glucose, 1 mM Cagll mM MgCh, 20 mM Hepes, pH 6.9)
and fixed with 3 % (w:v) paraformaldehyde/l % (wglutaraldehyde mixture in 100 mM sodium
phosphate buffer (pH 7.2) for 1 hour at room terapge [73]. After washing, samples were post-
fixed with 1% (w:v) osmium tetroxide in 100 mM dooh phosphate buffer (pH 7.2) for 20 min at
room temperature and then dehydrated in a gradesh@t solution series at room temperature (25 %
(v:v) for 5 min, 50 % (v:v) for 10 min, 75 % (v:®r 15 min, 90 % (v:v) for 20 min, 100 % (v:v) for
30 min). Then, samples were incubated in mixtufdsRoWhite resin/100% ethanol at volume ratios
of 1:2 and 1:1 (each 30 min, at room temperattri@plly, samples were infiltrated twice with 100 %
(v:v) LR White resin (Polysciences) for 1 hour @m temperature, moved to the gelatin capsule and
polymerized at 58C for 48 hours. 700-A-sections were cut using amaniicrotome LKB Nova,
placed on formvar-covered and carbon-labeled 308h\viEckel grids (Agar Scientific LtD). The
sample-covered grids were counterstained with 2(®%) uranyl acetate in ethanol for 1-1.5 hours at
room temperature. Finally, the grids were washeaifo ethanol, then in water and stained with lead
citrate for 2 min in NaOH atmosphere at room terapee, washed in water and dried [73]. The

samples were observed by the mean of a JEM-120€%rission electron microscopy (JEOL).

Assay of Marker Enzyme Activities

Succinate dehydrogenase activity was assayed aC3m 0.5 mL-volumes of phosphate buffer
containing 0.05 % (w:v) nitroblue tetrazolium, @& (v:v) Triton X-100, 20 mM succinate sodium,
pH 7.4 by recording absorbance at 630 nm. Enzynis ane AAgz per hour per mg of proteins.
NADH oxidase activity was determined at 37 °C imlL-volumes containing 0.14 mM NADH, 1.3
mM potassium ferricyanide, 10 mM Tris-HCI, pH 7.% tecording absorbance at 340 neaby is
equal to 6.22 mM.cm®) [74]. Enzyme units are pmol of NADH oxidized frerur per mg of proteins.

Acid phosphatase activity was assayed at 37 °Cguginitrophenyl phosphate as substrate in
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piperazine glycyl-glycine buffer at pH 5 with 0.2 Tsiton X-100 (v:v) [74]. Enzyme units areA 4
per hour per mg of proteins. Leucine aminopeptidastvity was determined at 37 °C using L-
leucinep-nitroanilide as substrate in phosphate buffertt7pd by recording absorbance at 410 nm
(gpnitroanilide is equal to 8.8 micm?) [74]. Enzyme units are umol @nitroanilide released per
hour per mg of proteins. Tissue non-specific afl@lphosphatase activity was measured uping
nitrophenyl phosphate as substrate at pH 10.4 éyrdeng absorbance at 420 ngp is equal to

18.8 mM™.cm®) [75]. Enzyme units are pmol pfnitrophenolate released per min per mg of proteins

Mineralization Assay

Aliquots of MVs were diluted to a final concentati of 20 ug of total proteins/mL in the
mineralization buffer (100 mM NaCl, 12.7 mM KCI,50. mM MgCh, 1.83 mM NaHCQ@ 0.57 mM
NaSQy, 3.42 mM NaHPQ,, 2 mM CaC}, 5.55 mM D-glucose, 63.5 mM sucrose and 16.5 nBB8 T
(pH 7.4). Samples were incubated at 37 °C for &$i0olhe mineral complexes were centrifuged at
3,000 xg for 10 min and washed several times with watere Timal pellets were dried and
incorporated by pressing into 100 mg of KBr. Minazampositions were determined using a Nicolet

510M Infrared spectrometer (Nicolet); 64 interfelamgs were recorded at a 4 twptical resolution.

Tandem Mass Spectrometry Analysis of Protein Digest

MV and microvillar proteins were prepared accordimgp methods. First, they were boiled in
Laemmli gel loading buffer at 100 °C for 5 min, aggged on one dimensional SDS-(10 %, w/v)
polyacrylamide gels, and stained with CoomassidaBti Blue (Sigma) (Fig. 1). 11 bands were cut
from each gels (Fig. 1) and submitted to a standargel tryptic digestion. Second, MV and
microvillar protein samples were directly digessedtl alkylated in solution without prior SDS-PAGE
step, to ensure that all proteins, including lowlenalar weight and hydrophobic proteins, were
analyzed. Both samples were supplemented with 1j0Lngypsin (Promega) in 25 mM ammonium
hydrocarbonate (pH 8.5), and incubated overnigi7atC. Tryptic solutions were incubated with 10
mM DTT for 30 min at 56 °C to reduce cysteins, #meh alkylated with 50 mM iodoacetamide for 45
min in the darkness at room temperature. The @aegtas stopped with the addition of 1 % TFA (v/v)
and stored at 4 °C. Tryptic peptide mixtures wergliad to a RP-18 precolumn (LC Packings) using a
0.1 % (v/v) TFA solution as the mobile phase, amaagferred to a nano-HPLC RP-18 column (LC
Packings). Peptide mixtures were separated usingGih gradient (0-50 % ACN in 30 min) in the
presence of 0.05 % (v/v) formic acid at a flow ratel50 nL/min. The column was connected to the
Finningan Nanospray ion source of a LTQ-FTICR nwsmectrometer (Thermo) working in the regime
of data-dependent MS to MS/MS switch.
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Database Searching

Mass spectra obtained in both experiments werelsedragainst the latest version of no redundant
protein database from the National Center of Blmedogy Information (NCBI), using the engine 8-
processor on-site licensed MASCOT software (htypvit.matrixscience.com). Search parameters
were set as following: taxonomy: human; enzymepsny; fixed modifications: carbamidomethylation
(C); variable modifications: carbamidomethylatid),( oxidation (M); protein mass: unrestricted;
peptide mass tolerance: £ 40 ppm; MS/MS fragment nmass tolerance: + 0.8 Da; max missed
cleavages: 1. To confirm the statistical validifyagcepted protein hits, the false positive rateR}
values were calculated. All mass spectra were Bedragainst a NCBI randomized database and the
FPR was computed by dividing the number of acceptegties from the randomized search by the
number of accepted from the standard search, attgplying the result by 100 %. MASCOT peptide
score values were accepted for a given searchifthlg FPR value corresponding to this score value
was not higher than 1%, otherwise the hits wereadieed. MASCOT scores with values of 50 and 54
correspond to FPR values of 1.08 and 1.03 in exyaris performed with sample solution and gel
slices, respectively. Only protein hits characttizoy at least one high-scoring peptide were
validated. All identified proteins were searchedaiagt the Human Protein Reference Database
(http://iwww.hprd.org) to determine their classifioa, molecular weight, number of transmembrane

domains, post-translational modifications and sliblee localization.
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Figure 1. Protein profiles of Saos-2 cell micrdvdhd MVs. Protein profiles analyzed by 10 % SD&GE

followed by Coomassie brilliant blue staining ofcnavilli (Villi) and matrix vesicles (MVs). 11 gedlices were

cut for in-gel tryptic digestion and protein iddittation by tandem mass spectrometry.
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RESULTS

Saos-2 Cell-Mediated Mineralization

Saos-2 cells cultured in McCoy’s 5A medium contagnD.9 mM C4& and 4.2 mM Pproduced
apparent calcium nodules characteristic of ostetiblanineralization as detected by AR-S staining
(Fig. 2). Ascorbic acid (AA) ang-glycerophosphate{GP) are two osteogenic factors commonly
used to stimulate osteoblastic differentiation anicheralization [70,71]. As expected, the mineral
deposition was highly enhanced by the concomitdditian of 50 pg/mL AA and 7.5 mM\3-GP in
Saos-2 cell cultures (Fig. 2). Stimulated Saosi’ groduced 6 times more calcium minerals than
resting Saos-2 cells within 6 days (Fig. 2C). M\ified from stimulated Saos-2 cell cultures were
able to form hydroxyapatite minerals after 6 haafrgncubation in a mineralization buffer containing
2 mM C&" and 3.42 mM RFig. 3).
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Figure 2. Mineralization by Saos-2 cells. (A) S&osells were incubated for twelve days in the absen
(control) or presence of 50 pg/mL ascorbic acid a&sdmM p-glycerophosphate (stimulation), stained with AR-
S to detect calcium nodules and visualized undssréscence microscope Axio Observer.Z1 (Zeiss)gusin
transmitted light and phase contrast filter. (Bp$a cells were maintained six days under normatlitions or
stimulated, stained with AR-S and photographed. ARS was solubilized in control and stimulatedl cel
cultures by cetylpyridinium chloride and quantified562 nm (Results are mean + SD, n=3).
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Morphological and Biochemical Characterization of Apical Microvilli and Matrix Vesicles

Apical microvilli and MVs were simultaneously pueifl from mineralizing Saos-2 cells and their
morphologies were compared. MVs were identifiedlased, spherical vesicle structures delimited by
a characteristic trilaminar membrane [39], withiangeter ranging from 100 to 400 nm (Fig. 4A). In
some cases, it was possible to observe needleldatron-dense mineral deposits inside the MVs
(Fig. 4B), showing their ability to mineralize. Ather membrane-delimited structures (400 to 800 nm
of diameter) containing multiple 100-nm-diametesiekes were present (Fig. 4C). Microvilli were
found to rearrange in vesicle-like structures durtheir preparation (Fig. 4D). These microvillar
vesicles were delimited by a trilaminar membrané laad a diameter between 100 and 300 nm (Fig.
4D), showing a similar morphology as compared to VWifferent marker-enzyme activities were
measured during the preparation of microvilli anddvto evaluate the purity of the samples (Table I).
Around 81 % of the total succinate dehydrogenaseityc an inner mitochondrial membrane marker,
72 % of the total NADH oxidase activity, a mitoclioial and endoplasmic reticulum marker, and 79
% of the total acid phosphatase activity, a lysasaonarker, were found in the pellet A containing
these organelles (Table I). In contrast, thesevities were very low (less than 0.7 %) or even non-
detected in the fractions of microvilli and MVsdinating relatively pure fractions of microvilli dn
MVs (Table I). Moreover, the leucine aminopeptidasévity, a microvillarmarker enzyme, and the

TNAP activity, a MV marker enzyme, were highly em@d in microvilli and MVs (Table I).
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Figure 3. Infrared spectra of minerals formed by $W1Vs cells were incubated at 37 °C in mineraiaat
buffer for 6 hours, then the minerals formed weolected, washed and analyzed by infrared speamsc
Infrared spectrum of hydroxyapatite as control (Hk¥rared spectrum of minerals formed by matrixsicies

(MVs). Infrared spectra of mineral indicated thhe tmineral formed by MVs was hydroxyapatite. (Twpic

infrared spectrum among three independent measutsjme
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TABLE I. Evaluation of the purity of microvilli anchatrix vesicles.

Digest Pellet A Pellet B Microvilli ~ Supernatant C  Pellet 2 MVs Supernatant

Proteins mg 30.44+0.13 12.25+0.79 2.42+0.64 045+0.09 583+1.13 217+0.24 0.71+0.18 7.72+1.71

% 100 40.2+2.6 8+2.1 1.5+0.3 19.1 +3.7 71+08 23+06 253+56

U/mg 2.12+0.14 4.25+0.79 2.33+0.4 ND ND 2.08+0.21 ND ND
Succinate dehydrogena: % 100 80.7+15 87+15 - - 7+0.7 - -

E 1 2 1.1 - - 1 - -

U/mg 13.51+1.18 24.37 +4.07 20.09+5.80 5.61+0.96 8.08+2.16 7.23+1.08 1.9+0.6 ND
NADH oxidase % 100 726+121 11.8+34 06+0.1 115+3.1 3.8+0.6 0.3+0.1 -

E 1 1.8 1.5 0.4 0.6 0.5 0.1 -

Umg 2.26+0.19 4.44+029 26+06 1.14+0.15 ND 4.04+0.82 0.67+0.02 ND
Acid phosphatase % 100 79+5.2 87+21 07z%01 - 127+26 0.7+0.1 -

E 1 2 1.2 0.5 - 1.8 0.3 -

U/mg 1.04+0.12 0.74+0.13 1.23+0.15 6.82+0.77 0.82+0.2 213+0.25 5.3+0.85 0.46+0.1
Leucine aminopeptidase 9% 100 285+5 94+12 97=+11 15+3.7 146+1.7 11.8+19 11.3+24

E 1 0.7 1.2 6.6 0.8 2 5.1 0.5

Umg 8.41+042 32+024 7.13+07 110%6 214+0.41 14.06+24 121+13.3 1.22+0.98
Alkaline phosphatase % 100 15+1.2 6.7+0.7 193+11 49+19 119+2 334+37 373

E 1 0.4 0.9 13.1 0.3 1.7 14.4 0.1

Succinate dehydrogenase (marker of the inner notodtial membrane), NADH oxidase (both mitochondial
membranes and endoplasmic reticulum), acid phoapbalysosomes), leucine aminopeptidase (apicahyaa
membranes) and alkaline phosphatase (apical plasenabranes and matrix vesicles) activities were oreas
in all fractions obtained during the simultaneosslation of microvilli and matrix vesicles from 328 cell
cultures. The names of fractions and enzyme unitgeven in the Experimental Procedures sectiol: (hon-
detected).

Identification of Saos-2 Microvillar Proteins

Apical microvilli were isolated from Saos-2 cellscarding to the well-established method of
Jimenez et al. [60] for the isolation of microvifiiom human placental syncytiotrophoblast. It
consisted of the Mdrinduced precipitation in which non-microvillar mbranes were aggregated and
could be separated from vesicular microvilli byosvispeed centrifugation. The mass spectrometry
analysis of peptides obtained by in-gel and in-dartigpsin digestions resulted in the identificatiaf
869 proteins. The identified protein profile of tBaos-2 cell apical microvilli can be divided into
different functional categories: cytoskeletal pnoge cell adhesion proteins, membrane trafficking
proteins, enzymes, proteases, calcium binding imste extracellular matrix components,
transmembrane proteins, transporters, cell surfaceptors, regulatory proteins, immune system
proteins, chaperones, ubiquitin proteasome systemeips, proteins involved in protein metabolism,
nucleic acid metabolism, unknown, and others. S#vanoteins identified in the Saos-2 microvilli
were previously found in the microvilli from otheell types [55,56,76-77] such @sactin, ezrin,
actininal anda4, moesin, radixin, gelsolin, plastin 1 and 3, dgrand MARCKS which are specific

cytoskeletal components of microvilli; Ras-relaprdteins Rab1B and Rab7, ADP-ribosylation factor
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(Arf) 1 and 4, and 14-3-3 family members which amgolved in signal transduction; annexins
(AnxAl, AnxA2, AnxA4-6, AnxA1l); proteins such akaline phosphatase, 5’-nucleotidase, Ka-
ATPase, phosphoglycerate kinase 1, enolase 1, rglgedyde-3-phosphate dehydrogenase, 4F2 cell
surface antigen, basigin, galectins, integr®, transferrin receptor protein 1 and lactate
dehydrogenase.

Figure 4. Electron microscopic view of intact ceticrovilli, isolated microvilli, matrix vesicles an
multivesicular bodies. MV, matrix vesicle (A,B); MB/ multivesicular bodies (C); Villi, microvilli (D)
(Magnifications: A, B, D, x 50,000; C, x 30,000).

Identification of Matrix Vesicle Proteins

The MS analysis of peptides resulting from the éh-gnd in-sample tryptin digestions identified
576 gene products (supplemental Table 1) with eesequal or higher than the value corresponding to
a FPR< 1 % for a given experiment. The peptide scorentimaber of peptide matches as well as the
number of transmembrane domain and the type oftpmsslational modifications of each identified
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proteins are given in table Il and supplementdktdb Several identified proteins are usually restd

in other cellular organelles such as nucleus (A€petident DNA helicase Il, 70 kDa subunit),
mitochondrion (ATP synthase, H+ transporting, ntilmedrial F1 complexy subunit 1), endoplasmic
reticulum (lanosterol synthase), Golgi apparatulgzAssociated protein 1) and lysosomes
(lysosome-associated membrane glycoprotein 1), Wewéehese proteins can be also found in
cytoplasm and plasma membrane. The protein profilglVs can be divided into various functional
categories (Fig. 5; numbers in brackets indicatenbes of each family identified): cytoskeletal
proteins (43), cell adhesion proteins (13), meméramafficking proteins (65), extracellular matrix
components (6), proteases (13), enzymes (83)ucalbinding proteins (15), transmembrane proteins
(18), transporters (36), cell surface receptorg, (8&i@nal transduction proteins (58), immune system
proteins (10), chaperones (22), ubiquitin proteassystem proteins (28), proteins involved in protei
metabolism (67), nucleic acid metabolism (36), wwn (32), and others (11). Among them, several
are known to be implicated in MV mineralization: AR, NPP1, N&K"-ATPase, C&-ATPase,
PHOSPHO1, AnxA2, AnxA5, AnxA6B-actin, lactate dehydrogenase B, and chondroitifatsu

proteoglycan 2.

Cell adhesion 2%

Unknown and

others 8%
Nucleic acid -
metabolism 6%__

-
I

Protein rafficking 11% Proteases 2%
metabolism 11%

Proteasome 5% _—

Chaperones 4%_~" ;

Immune system

294 Cell surface

receptors4%

Transmembrane

regulatory 3%
Transporters 6% 3%

Figure 5. Functional classification of 576 proteitesntified in MVs.
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TABLE II. Examples of proteins identified in matreesicles and Saos-2 cell apical microvilli.

GI number Protein name MW (Da) CRMVs? Microvilli ® TM/PTM ©
Cell adhesion proteins

0i|4503131 Catenifil 85496 126.0 (5) 306.0 (6)

0i|5031699 Flotillin 1 47355 85.0 (1) 516.0 (7)

gi|5174557 Milk fat globule-EGF factor 8 protein 123 197.0 (6) 63.0 (2)

Cytoskeletal proteins

0i|119602166 Dynein cytoplasmic heavy chain 1 58240 250.0 (6) 2091.0 (35)

0i|16753233 Talin 1 269667 406.0 (11) 1301.0 (23)

0i|12667788 Myosin heavy polypeptide 9 non-muscle 26532 2775.0 (46) 2730.0 (51)

0i|55960300 Gelsolin 85697 103.0 (1) 96.0 (1) Myristoylation
0i|46249758 Ezrin 69413 163.0 (2) 156.0 (2)

0i|4505257 Moesin 67820 297.0 (12) 498.0 (7)

0i|14389309 Tubulin6 49895 437.0 (9) 724.0 (12)

0i|4501885 B-actin 41737 765.0 (16) 1067.0 (23)

0i|5031635 Cofilin 1 18502 289.0 (3) 354.0 (5)

Extracellular matrix proteins

0i|119616317 Chondroitin sulfate proteoglycan 2 K22S 62.0 (2) -

0i|4503053 Hyaluronan and proteoglycan link profein 40165 484.0 (9) 129.0 (1)

0i|19923989 Collagen triple helix repeat-contairiing 26224 135.0 (2) -

Cell surface receptors

0i|4504747 Integrim3 118755 462.0 (12) 243.0 (9) 1T™
0i|62089374 IntegriaV 116038 390.0 (14) 522.0 (13) 1T™
0i|9716092 Sortilin 92067 124.0 (3) 179.0 (2) 1T™
0i|20146101 Basigin 42200 136.0 (7) 263.0 (6) 1T™
Proteases

gi|4507657 Tripeptidyl peptidase Il 138449 7518)(1 561.0(7)

0i|2039383 ADAM 17 93021 99.0 (1) - 1T™
0i|116256327 Membrane metallo-endopeptidase 85514 63.0312) 694.0 (12) 1T™
Enzymes

0i|67476453 Fatty acid synthase 273426 495.0 (17)051.0 (29)

0i|119568427 Ectonucleotide pyrophosphatase/phatspsterase 1 99930 74.0 (1) 384.0 (5) 1T™
0i|182871 Glucose-6-phosphate dehydrogenase 88892 67.0 B) -

0i|89954531 Sphingomyelin phosphodiesterase 3 71081 172.0 (5) 325.0 (5) 2T™
0i|l4557425 Ectonucleoside triphosphate diphosphuaitgse 3 59133 75.0 (1) 61.0 (2) 1T™
0i|35505 Pyruvate kinase 3 58062 454.0 (11) 589.0 (14)

0i|116734717 Tissue non-specific alkaline phoseata 57305 2723.0 (48) 2858.0 (67) GPI
0i|4503571 Enolase 1 47169 720.0 (21) 1102.0 (24)

0i|4557032 Lactate dehydrogenase B 36638 327.0 (9)232.0 (5)

0i|5031857 Lactate dehydrogenase A 36689 232.0 (4) -

0i|5174539 Cytosolic malate dehydrogenase 36426 .0158 447.0 (7)

0i|11056044 Inorganic pyrophosphatase 1 32660 189.0 84.0 (1)

0i|30425420 PHOSPHO1 29713 80.0 (1) 138.0 (2)

0i|4505591 Peroxiredoxin 1 22110 151.0 (5) 120.0 (4)
Transmembrane proteins

i|6731237 Myoferlin 234708 339.0 (9) 738.0 (17) 1T™
0i|119588731 Transmembrane protein 16E 107187 183.0 180.0(3) 8 T™M
0i|42556032 Prominin 1 97202 162.0 (4) - 4T™M
0i|181184 Stomatin 31731 292.0 (7) 505.0 (8) 1 TM; Palmitoylation
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TABLE Il. Continued.

GI number Protein name MW (Da) CRMVs? Microvilli ® TM/PTM ©
Transporters/Channels

0i|134288865 SLC4A7 (sodium bicarbonate cotransporte 136044 140.0 (3) 177.0 (3) 11T™™
gi|1705852 Voltage-dependent calcium cham2él1 123183 188.0 (5) 227.0 (5)

0i|21361181 N&K* ATPasenl 112896 990.0 (31) 1577.0 (38) 10 T™
gi|384062 SLC24A3 (N#K*/Ca&* exchanger) 71992 85.0 (1) - 10 T™M
0i|61744475 4F2 antigen 71123 522.0 (14) 739.0 (16) 1T™M
0i|12652633 SLC1A5 (Neutral amino acid transporter) 56598 304.0 (10) 544.0 (10) 9TM™M
0i|25188179 Voltage-dependent anion channel 3 30659 85.0(2) 294.0 (5)

0i|14251209 Chloride intracellular channel 1 26923  66.0 (3) 114.0 (1)

Calcium binding proteins

gi|71773329 Annexin A6 75873 873.0 (27) 1064.0 (22)

gi|1703322 Annexin A11 54390 105.0 (1) 466.0 (9)

gi|55584155 Annexin A7 52739 249.0 (8) 379.0 (13)

gi|18645167 Annexin A2 40411 753.0 (18) 803.0 (20)

gi|4502101 Annexin Al 38714 593.0 (15) 1390.0 (23)

gi|1703319 Annexin A4 36085 417.0 (11) 612.0 (13)

gi|809185 Annexin A5 35937 710.0 (16) 2148.0 (26)

gi|4507207 Sorcin 21676 197.0 (4) 167.0 (4)

Membrane trafficking proteins

0i|1708865 LDL receptor-related protein 1 504605 9.8310) 956.0 (14) 1T™
0i|4758012 Clathrin heavy chain 1 191614 1224.0 (33)746.0 (47)

0i|4557803 Niemann Pick C1 protein 142148 81.0(1) 42.2(4) 12 T™M
0i|4758032 Coatomer protein compgX 102487 55.0 (1) 183.0 (6)

0i|119598698 Clathrin adaptor complex AP50 49389 .amw -

0i|13375926 Vacuolar protein sorting 37B 31307 Q94) -

0i|98986464 Transmembrane trafficking protein 24976 154.0 (3) 198.0 (3) 1T™
gi|73536235 Rab14 23897 168.0 (3) 220.0 (4)

gi|34147513 Rab7 23490 301.0 (8) 491.0 (9) Prenylation
gi|j1374813 SNAP 23 23354 55.0 (1) 118.0 (1) Palmitoylation
gi|33695095 Rab10 22469 246.0 (4) 329.0 (4)

0i|4502201 ADP-ribosylation factor 1 20697 197p (4 294.0 (5) Myristoylation
Signaling proteins

0i|249616 Insulin-like growth factor | receptor ™3 174.0 (3) 169.0 (2) 1T™
0il47938093 Protein tyrosine kinase 7 118391 2(8).0 293.0 (5) 1T™
0i|62088530 Protein kinasex.C 76764 111.0 (4) 312.0 (6)

0i|24111250 GTP binding proteianl3 44049 269.0 (5) 218.0 (8) Palmitoylation
0i|4504041 GTP binding protein G 2 40451 381.0 (8) 751.0 (16)

0i|306785 GTP binding protepi 37377 159.0 (2) 449.0 (8)

0i|82407948 14-3-3 protein 28303 222.0 (2) 369.0 (3)

0i|4507953 14-3-3 proteih 27745 319.0 (5) 582.0 (7)

0i|2914478 Racl 23467 74.0 (1) 91.0 (1)

0i|4826962 Rac3 21379 139.0 (3) 332.0 (6)

0i|15451856 Caveolin 1 20472 91.0 (2) - 1 TM; Palmitoylation
Immune system proteins

0i|1633574 MHC class | antigen A2 40841 231.0(6) 2.8%6) 1T™
0i|4502693 CD?9 antigen 25416 87.0 (1) - 4T™M
0i|19923362 Thy-1 cell surface antigen 17935 1m0 85.0 (2) GPI
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TABLE Il. Continued.

GI number Protein name MW (Da) CRMVs? Microvilli ® TM/PTM ©
Chaperones

0i|306891 Heat shock 90 kDa prot@ih 83264 437.0 (12) 1111.0 (23)

gi|5729877 Heat shock 70 kDa protein 8 70898 9QIBYD 932.0 (13)

0i|14124984 Chaperonin containing TCP1 60534 282.0 (8) 696.0 (15)

0i|36796 T-complex polypeptide 1 60343 443.0 (13) 22.6 (6)

Ubiquitin proteasome system proteins

0i|23510338 Ubiquitin-activating enzyme E1 117849 118 (12) 877.0 (15)

0i|4506675 Ribophorin | 68569 88.0 (2) 174.0 (3) 1T™
0i|22538467 Proteasome subut 29204 354.0 (6) 246.0 (5)

0i|5453990 Proteasome activator subunit 1 28602 01?3 257.0 (3)

0i|4506183 Proteasome subuut 28433 143.0 (3) -

0i|123296530 Proteosome subugt 23264 105.0 (2) 211.0 (3)

Protein metabolism

0i|4503483 Eukaryotic translation elongation fa&or 95338 201.0 (4) 222.0 (3)

0i|124219 Eukaryotic translation initiation factB 69151 127.0 (2) 112.0 (2)

0i|55665593 Eukaryotic translation elongation fadto-like 3 50141 318.0 (10) 235.0 (8)

0i|16579885 Ribosomal protein L4 47697 211.0(7) .248)

0i|15718687 Ribosomal protein S3 26688 725.0 (15) 7.28@)

0i|4506743 Ribosomal protein S8 24205 186.0 (6) BRE.

0i|4506617 Ribosomal protein L17 21397 212.0 (4) .279)

0i|4506681 Ribosomal protein S11 18431 347.0 (5) No4e:5)

0i|292435 Ribosomal protein L26 17258 162.0 (4) a28)

0i|4506701 Ribosomal protein S23 15808 232.0 (3) 0 6B.

0i|4506633 Ribosomal protein L31 14632 147.0 (2) -

Nucleic acid metabolism

gi|6006515 Spliceosome-associated protein 130 8557 317.0 (5) 193.0 (4)

0i|55956788 Nucleolin 76614 194.0 (2) 451.0 (9)

0i|4503841 ATP-dependent DNA helicase I, 70 kDlausit 69843 858.0 (19) 487.0 (7)

0i|12653493 Brain abundant membrane attached gigotin 1 22693 303.0 (10) 247.0 (6) Myristoylation
0i|386772 Histone H3 15388 433.0 (7) -

Others

0i|61743954 AHNAK nucleoprotein 629099 67.0 (1) a88(33)

0i|119620171 Dysferlin 237294 814.0 (14) 1075.0 (18) 1T™
0il46812315 Macroglobulin2 163292 79.0 (2) -

0i|13375569 Hp95 96023 432.0 (9) 536.0 (6)

0i|16757970 Niban protein 79855 98.0 (3) 184.0 (2)

0i|2697005 Proliferation-associated protein 2G4 8x37 66.0 (2) 106.0 (2)

0i|55669748 Golgi-Associated protein 1 17218 1Q@%5)0 167.0 (2)

gi|5174764 Metallothionein 2A 6042 64.0 (1) -

& Highest score for given protein identified in Mdaring a single experiment (number of individuapfiges

identified in all experiments).

® Highest score for given protein identified in S&@omiicrovilli during a single experiment (numberindividual

peptides identified in all experiments).

¢ TM, transmembrane domains; PTM, postranslatioraifications.
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DISCUSSION

Matrix Vesicle Proteome

MVs purified from mineralizing Saos-2 cell culturegre not significantly contaminated by other
organelles as shown in Table I. TNAP activity, @kn marker of MVs, amounted 121 + 13.3 U/mg
of MV proteins in our fraction. Ultrastructure of\lg viewed by electron microscopy was very similar
to that previously described by Anderson et al] @i®d Balcerzak et al. [80]. Moreover, MVs were
able to initiate HA formatiorn vitro (Fig. 3). Among 576 identified proteins in MV ftam, several
markers of MVs are associated with mineralizatiery. TNAP, NPP1, N&K*-ATPase, AnxA2,
AnxA5, AnxA6 and chondroitin sulfate proteoglycaiiTable I1).

Furthermore, a large amount of proteins identifigdMS/MS in our samples were also identified
in MVs isolated from chicken embryo growth platetikage [11] and from pre-osteoblast MC3T3-E1
cell cultures [12]. For example, syndecan 2, membranetalloendopeptidase, AnxAl, AnxA4,
integrin B1, integrin a5, CD9 antigen, chloride intracellular channel #)tage-dependent anion
channel 2, solute carrier family 29 member 1, syintel14-3-3 family members, protein kinase,C
copine lll, actininal and 4, plastin 3, gelsolin, MARCKS, milk fat gldb-EGF factor 8, eukaryotic
translation elongation factor 2, macroglobuli were common proteins characterized in these three
proteomes (Table Il and supplemental Table 1) PJ1,Although the three types of MVs are
morphologically and functionally similar, their pe@mmes exhibit differences. This can be explained
by the fact that these three types of MVs origiddtem different species (chicken [11], mouse [12],
human), cell types (hypertrophic chondrocytes [pié-osteoblasts [12], osteosarcoma osteoblast-like

cells) and biological materials (tissue [11] ant-cealtures).

The proteomic analysis revealed also the presericmew MV proteins involved in the
mineralization process. For example, SLC24A3 (sokarrier family 24 member 3), a M&"/Ca*
exchanger, and voltage-dependent’@haannel are new candidates fofQaptake and homeostasis in
MVs (Table II). PRis a key regulatory substrate for mineralizatiors it is a source of; o sustain
mineralization when hydrolyzed [20-23] but alsoaemt inhibitor of hydroxyapatite mineral growth
[19]. In the present work, we identified two noyebteins that could be involved in its homeostasis
(Table 1I): 1) An ectonucleoside triphosphate dightwohydrolase 3 which could hydrolyze
extracellular nucleotides producing;P&d 2) an inorganic pyrophosphatase 1 which hyziee PR
Hydroxyapatite formation leads to the release 6f thus acidic pH inhibits mineral deposition.
Intravesicular pH is crucial for mineralization aoduld be regulated by SLC4A7, a bicarbonate
transporter (Table 1), whose presence has beewigusy speculated by Sauer and al. [81]. A

sphingomyelin phosphodiesterase 3 (Table 1), isaasmembrane enzyme with an intravesicular
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active site catalyzing the hydrolysis of sphingohmy¢o form ceramide and phosphocholine [82].
Then, phosphocholine becomes a substrate of thmdaliRHOSPHO1 (Table II) which provides P
from its hydrolysis [13]. Therefore, this proteinayncontribute to mineralization by providing P

indirectly and regulating the lipid compositiontbE MV membrane.

Moreover, the interactions between the extracellatatrix and MVs are required to control
mineral propagation and localization. We identifsleral integrins in MVs that form heterodimeric
surface receptors for extracellular matrix compdsefTable Il and supplemental Table 1). For
example,aV/B5 integrin receptor may interact with fibronectirifronectin, MMP-2, osteopontin,
osteomodullin, whilea5/81 anda3/B1 integrin receptors may bind fibronectin, lamimind collagen
[83]. Several metalloproteases such as ADAM 10, ADA7 and membrane metalloendopeptidase
and aminopeptidases including tripeptidyl peptiddiseleucyl cystinyl aminopeptidase, leucine
aminopeptidase, and aspartyl aminopeptidase, veeredfin MVs (Table Il and Supplemental Table
1). Moreover, basigin, a MMP stimulator, and coflagriple helix repeat-containing 1 (Table 1l), a
negative regulator of collagen matrix depositiomynact for matrix degradation, a necessary event in
MV-mediated mineralization [36]. Finally, sortililm transmembrane surface receptor which may
promote matrix mineralization by scavenging extlata lipoprotein lipase [84], was identified
(Table II).

Microvillar Lipid Rafts as Precursors of Matrix Vesicles

Among the 869 proteins identified in Saos-2 celtnowilli, 487 were common with those of MVs
(supplemental Table 1). Therefore, 85 % of MV praevere present in microvilli. Furthermore, a
large number of proteins identified in MVs are n@rlproteins for microvilli, e.g. enzymes such as
alkaline phosphatase, phosphoglycerate kinase Ig9lasm 1, glyceraldehyde-3-phosphate
dehydrogenase, lactate dehydrogenase and membrataloendopeptidase; transporters as 4F2
antigen (SLC3A2), SLC16A1, SLC44A1, SLC1A5, W& -ATPase, plasma membrane’?GATPase
type 4, chloride intracellular channel 1; anneximduding AnxAl, AnxA2, AnxA4, AnxA5, AnxA6,
AnxA7, AnxAll; signal transduction proteins like SReelated proteins RablA, Rab1B, Rab5C and
Rab7, Arfl, 4 and 6, and 14-3-3 family members;eptproteins (basigin, integria5, transferrin
receptor protein 1); and cytoskeletal componentbl@ Il, Supplemental Table 1). These findings
confirmed that apical cell surface microvilli ateetprecursors of MVs in mineralization-competent

cells as reported by Hale and Wuthier [53].

The lipid composition of MV membrane is charactedizby a high content in cholesterol,
sphingomyelin and PS [65,66]. This suggests that sMbfiginate from cholesterol- and

sphingomyelin-rich lipid rafts. Among common praotgiin both MVs and Saos-2 cell microvilli, the
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MS/MS analysis revealed the presence of glycosyphatidylinositol-anchored (GPI-anchored)
proteins (TNAP, Thy-1 cell surface antigen, CD5%igemn), myristoylated proteins (brain abundant
membrane attached protein 1, Arf 1, MARCKS, gefsatalcium binding protein p22, XRP2 protein)
and palmitoylated proteins (transferring recep@ip36 antigen, GTP binding proteirl3, stomatin,
SNAP 23, H-Ras) (Table Il and supplemental TabléPidteins harboring GPIl-anchor, myristoylation
and palmitoylation target specifically to sphingidi- and cholesterol-enriched rafts [85]. Other
proteins found in MVs and microvilli in the presembrk are raft or raft-associated proteins such as
flotillin 1 and 2, AnxA2, AnxA6, V-ATPase, G prot®, B-actin, integrins, LDL receptor-related
protein 1 [85,86]. Taken together, these data stgbat MVs originate from Saos-2 cell microvillar

lipid rafts.

Endoplasmic Reticular Origin of Matrix Vesicles

Several identified MV proteins are known to be desits of the ER (transmembrane protein 16E,
oligosaccharyltransferase, thioredoxin domain doimg 4) and the Golgi apparatus (Rab2B, Golgi-
associated protein 1) (Table 1l and supplementhléld). Valosin-containing protein is an ATPase
that mediates the ATP-dependent vesicle budding flee ER [87] and SNAFR is required for
vesicular transport between the ER and the Golgasgius [88]. The coatomer protein complex
mediates protein transport from the ER, via thegizapparatus up to the trans-Golgi network [89].
Cop-coated vesicle membrane protein p24 is a membdéne p24 transmembrane protein family
which is implicated in the budding of coatomer-emhiand other species of coated vesicles and
collecting cargo molecules into budding vesicle@].[Arfl and 4 belong to an abundant and highly
conserved low molecular weight GTP-binding protimily that modulates vesicle budding from the
Golgi apparatus and uncoating through controlled® @ydrolysis [91]. These proteins are required for
the intra-Golgi vesicle transport. This suggests frecursors of lipid rafts from which MVs will
originate, are already formed in the ER and thamsit through the Golgi apparatus. Finally, the
coatomer protein complex mediates the budding siicles to be directed to the plasma membrane via

a constitutive secretory pathway.

Several identified MV proteins are involved in \agar fatty acid, cholesterol and phospholipid
trafficking (CD36 antigen, Niemann-Pick C1, copiiieLDL receptor-related protein 1) as well as in
vesicular protein trafficking (transmembrane pnotgiafficking, sorting nexin 4 and 6, vacuolar
protein sorting 37B, Rab1B, Rab5C, Rab7, Rab8B,1BaRabl14) (Table Il and supplemental Table
1). Rab7, a small GTPase belonging to the Rab Yarsla key protein which regulates vesicular
transport to specific areas of the plasma memblgnecruiting motor proteins [92]. Myosin 1B and

1C found in MVs and microvilli (supplemental Takl¢ are motor proteins involved in vesicular
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transport. However, most intracellular transporcws via the microtubule network and only two
dynein motor isoforms are involved in vesiculangport by using microtubules [92]. One of them, a
cytoplasmic dynein heavy chain 1 was identifiedvisis and microvilli, as well as tubulio6 andp
(Table 1l and supplemental Table 1). Therefore fgsreed lipid rafts, from which MVs will be
released, are targeted and fused to the plasma raeeltvia the essential protein machinery
comprising AnxAl, AnxA2, AnxA4, AnxA7 and SNAP 23¢ble 11). SNAP 23 is a component of the

high affinity receptor (SNARE machinery) involvadapical membrane fusion [93].

Mechanisms of Matrix Vesicle Release

Microvilli are plasma membrane projections enclgsigtoplasm and actin microfilaments without
cellular organelles [54-56], except free ribosorf®y. Several specific cytoskeletal components of
apical microvilli were identified in MVs in additioto actin such as ezrin, moesin, radixin, gelsolin
vinculin, plastin 1 and 3, actininl anda4, and MARCKS. Ezrin, radixin and moesin belonging
the ERM family, are involved in connections of adbased network to the plasma membrane and
participate to the formation of microvilli as wel$ vinculin and talin 1 [95]. Arp2/3 complex (forche
by actin-related protein 2 and 3) and filamin A lfleall) regulate actin polymerization and branched
actin network formation [96]. Plastin 1 and 3 aretira bundling proteins that stabilize actin
microfilament and thus, participate to the maintex@aof microvilli [97]. Racl and 3 are small plasma
membrane-associated GTPases that control celletgronses such as the formation of actin-based
protrusions [98]. These proteins found in both Margl microvilli, may participate in the formation

and maintenance of microvilli.

Several observations indicated that MVs are forrbgdbudding from the tip of cytoplasmic
protrusions of mineralizing cells [1,46,47]. Funmmere, cytochalasin D, an inhibitor of actin
microfilament assembly, was shown to stimulate M&ease from hypertrophic chondrocyte
microvilli [53]. These findings are supported by alservations revealing the occurrence in MVs and
microvilli of modulators of actin polymerization/pelymerization (Table Il and supplemental Table
1). Gelsolin is a calcium-regulated actin-modulgtimotein that prevents actin polymerization by-end
blocking and severs actin microfilaments alreadymied when intracellular concentration of *Ca
increases [99]. Cofilin 1 is a pH-sensitive actapdlymerizing and severing protein [100]. These two
proteins could be involved in actin network retedictn leading to plasma membrane curvature and
MV budding and this process may be regulated b§ @ad pH. In addition, a myosin complex
comprising two myosin heavy chain 9, two myosinadlkight chain 6 and two myosin regulatory
light chain MRCL3 (Table Il and supplemental Tafijecould play a role in cytokinesis leading to

MV release.
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Alternative Mechanism of Matrix Vesicle Release

Among proteins of special interest, milk fat glodGF factor 8 (MFG-E8) was present in MVs
and microvilli (Table II). MFG-ES8 is peripheral ménane glycoprotein that interacts with integrins or
PS-enriched cell surfaces in a receptor-independanher [101]. Interestingly, this protein was fdun
to localize in vesicles secreted from various tgles: mammary epithelial cell line, kidney celidi
[101], epididymal cells [102], spleen-derived detidrcell line [103]. It was demonstrated that its
overexpression lead to the increase of vesicledtion [103]. This suggests that MFG-E8 may favor
the budding of microvilli. In addition, MFG-E8 wadso found in distinct small vesicles so-called
exosomes derived from the same types of cells. épesvious investigations indicated a different
mechanism of biogenesis involving internalizatidrp@sma membrane areas. The components of a
clathrin-associated adaptor complex2,(31 and p subunits) as well as a clathrin heavy chaind a
clathrin light chain A were found in MVs and micilliv(Table IlI). The adaptor complex 2 is
responsible for the recruitment of clathrin whishtlhe major constituent of clathrin-coated pits and
vesicles formed during endocytosis of the plasmanbmane [104,105]. Therefore, microvillar lipid
rafts from which MVs originate may be internalizéd response to environmental stimuli. This
supports the observations stating that a seconddgiddVs aggregates under the plasma membrane
before their extracellular release into a membransac [12]. This second type of MVs could
correspond to the multivesicular bodies (Fig. 4vipusly described by Yang and al. in zebrafish
bones [106].

Conclusion

In this report, we characterized the proteome of sMigolated from human osteosarcoma
mineralization-competent Saos-2 cell-cultures. Agda number of proteins associated with the
mineralization process were previously identifiedMVs originating from various cell types and
species. We found new proteins that regulate dH R homeostasis (ectonucleoside triphosphate
diphosphohydrolase 3, inorganic pyrophosphatas€dj,influx (SLC24A3, N&/K*/C&" exchanger,
and voltage-dependent £ahannel) or intravesicular pH (SLC4A7, a bicarbentansporter). The
comparison of the MV proteome with that of micrtivihowed 85 % of homology and the common
presence of raft markers indicated that MVs areas#d from apical microvillar lipid rafts. Vesicula
trafficking and cargo proteins pointed out the galdsmic reticular origin of MVs and a mechanism
of MV protein enrichment. Finally, the occurrencicertain cytoskeletal (gelsolin, cofilin 1) and
motor proteins (a myosin complex) provided newght about the mechanism of MV formation and

release.
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1. Regulatory effect of PRPon matrix vesicle-induced mineralization.

MVs isolated from 17-day-old chicken embryo growlhate cartilage were used as a modeihof
situ mineralization to study regulatory properties obstrates, molecular machinery involved in the
initial steps of mineralization and conditions tmay lead to the pathological mineralization. We
observed and confirmed the previously describetlifea concerning mineral deposition induced by
MVs. Rapid HA mineral deposition occurred in syniheartilage lymph (SCL) that mimics cartilage
extracellular fluids, in the presence of MVs, urigleg their role in catalyzing mineral formationg]JL
An increase in Pconcentration in SCL containing already 2 mM?*Cand MVs led to an
augmentation in the rate of MV-initiated crystallilA formation, confirming that G&P, ratio and
the C&" x R product are critical factors affecting the kinetiaf the biomineralization process [133].
Moreover, addition of monophosphoester substradesh as AMP, accelerated HA deposition.
Hydrolysis of AMP, a monophosphoester substrat®’afucleotidase and TNAP present in MVs,
yielded R which led to mature crystalline HA. However, hylgsis of ATP, a source of; Rafter its
hydrolysis by TNAP, ATPases and other PME enzymesl) also a source of P@fter its hydrolysis
by NPP1 and TNAP) [111] inhibited mineral formatiamd led finally to a mixture of poorly
crystalline HA and other phosphate minerals. Thardation was due to the inhibitory effect of ATP
[134] or PR[50], on the HA formation. RPad a dual effect on mineralization. At low corications,
it acted as a potent inhibitor of HA deposition lmatuld be hydrolyzed and provide for HA
formation. We confirmed the fundamental role of MWAP in mineralization being able to
hydrolyze PR PR hydrolysis at physiological pH (up to 96 %) wassthpdue to MV-TNAP.

Having demonstrated that MVs are functional, thénnpaurpose of this work was to determine
whether or not #PR ratio could be a determinant factor regulatinghpkgical MV-induced
calcification or its inhibition. Several calcifiediseases were characterized by the deposit of HA or
CPPD minerals. In osteoarthritic cartilage, argeuthondrocytes underwent terminal differentiation
similar to that in growth plate. They acquired greperty to release mineralizing MVs. These MVs
were found to be enriched in 5'-nucleotidase, TNAFPases and NPP1 [45]. This could explain
their ability to deposit HA minerals in degeneratijints. MVs were used to mimic pathological
calcification, since the initiation of mineral foation mediated by MVs during endochondral
calcification was similar to that which appeared anvariety of pathologic calcification [135].
Although MV model had the disadvantage that madrxi cellular issues could not be addressed, it
provided an easily quantifiable and well-charaztstisystem to analyze the initiation of HA or CPPD
formation [136]. We found that formation of HA waptimal when the {flPR molar ratio was above
140, but was completely inhibited when the ratiordased below 70. The retardation of any mineral
formation was maximal at/PR ratio around 30. CPPD was exclusively produced/ids when the
ratio was below 6, but its production was inhibifeda ratio exceeding 25. Our data emphasized that

not only PR concentration affected the nature of the formedemal but the PR ratio was a key
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parameter to favor HA or CPPD formation and wasetemninant factor leading to pathological
mineralization or its inhibition. Since osteoartizriMVs and growth plate MVs have all the protein
machinery associated with mineralization, our datderlined a mechanism of pathological mineral
deposit. Therefore, the/PR ratio could reflect the differentiation state dfoadrocytes (articular
versus hypertrophic), the levels of expression NAP, NPP1 or other proteins affectingdnd PP
concentrations as well as the balance betweenapig-anti- calcification factors and may serve as an

indicator of the calcification process.

Since ATP is released by chondrocytes during stocesslitions, it seems to be a preferential
substrate in pathological mineralization. The ctods leading to pathological calcification initat
by ATP need to be investigated. Chondrocyte terhdiféerentiation is one of the determinant factors
promoting extracellular matrix degradation and phtgical calcification in osteoarthritic cartilages
The terminal differentiation could be a responseintammatory molecules such cytokines and
interleukins. However, these mechanisms are not weadlerstood and remain to be elucidated,
especially via the release of extracellular ATPe Tihevention of terminal differentiation of artiaul
chondrocytes would be an effective therapeutidesgsa Moreover, the comparison of non calcifying
articular MV versus calcifying osteoarthritic MV gqieomes could contribute to design new
therapeutic targets to prevent pathological mimeatibn, such as enzymes affecting &nd PP
concentrations, Gaand P transporter. Another therapeutic strategy couldi&eeloped against the

mechanisms controlling MV biogenesis and release.

2. Origin, biogenesis and functions of matrix vesles.

Although it has been demonstrated that growth Vs are released from chondrocyte microvilli
and that actin microfilaments may be involved in Mdmation [37,38], the mechanisms of MV
formation from osteoblasts are not well establisi¢aman osteosarcoma Saos-2 cells undergo the
entire osteoblastic differentiation sequence fromlifgration to mineralization and spontaneously
release mineralizing MVs. Therefore, we selecteds&acell cultures as a convenient model of
osteoblastic mineralization to analyze the mechmasisnvolved in the release of MVs into the
extracellular matrix. To verify the hypothesis tiaicrovilli are the precursors of MVs, two diffeten

approaches were used to determine the origin, besge and functions of MVs.

Firstly, different subcellular fractions from mimdizing Saos-2 cells including, basolateral
membranes and apical membranes (microvilli) werdipd and their protein and lipid profiles were
compared as well as their abilities to mineralizghiose of MVs released by these cells. The role of
actin, the major cytoskeletal component of micdgviin MV formation was investigated by

employing two drugs affecting microfilament polynzetion and depolymerization and monitoring
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MV release. We found that MVs exhibited more simii@s with apical microvilli than with other
subcellular fractions including basolateral membsarMVs and microvillar vesicles were similar in
morphology and both were able to produce HA whaemhated in a mineralization buffer. Protein
profiles of microvilli and of MVs were similar arlabth were enriched in usual proteins implicated in
mineralization such as TNAP, NK* ATPase, AnxA2 and AnxA6. Their lipid compositionere
similar with characteristic enrichment of cholesteEM and PS as compared to the lipid composition
of basololateral membranes. Therefore, apical milliravere confirmed to be the precursors of MVs
in Saos-2 cell plasma membrane. In addition, wegsed that actin depolymerization and thus actin
network retraction lead to the mechanism of MV ask from microvilli and cofilin 1, an actin

severing protein, could be involved in this process

Secondly, a proteomic analysis was performed oh btfs and microvilli. Their proteomes were
compared and interpreted to identify gnvivo mechanism of MV biogenesis. We identified new
proteins that could be implicated in mineralizatientonucleoside triphosphate diphosphohydrolase 3
and inorganic pyrophosphatase 1 affectingrfel PPconcentrations; SLC24A3 and voltage-dependent
Ccd" channel regulating Gatransport; sorcin, another €dinding protein; SLC4A7, a bicarbonate
transporter regulating intravesicular pH. The corigoa of the MV proteome with that of microvilli
showed 85 % of homology. Proteins associated witheralization were identified in microvilli as
well as microvillar markers were identified in MVBhe common presence of raft markers indicated
that MVs are released from apical microvillar lipafts. ER markers, vesicular trafficking and cargo
proteins shed light on the original pathway of M¥rrhation. Finally, we proposed that actin
microfilament retraction responsible for MV releasedue to the concomitant action of cofilin 1,

gelsolin and contractile myosin.

3. Concludings remarks

Pathological calcification is a process that hasilarities with bone formation. Therefore, it is
tempting to propose that formation of MVs under siblpgical conditions may follow the same
mechanisms that trigger the vesicular release frocnovillar regions of other cells under patholadic
conditions leading to ectopic mineralization. Keytgins involved in the biogenesis and release of
MVs could be another therapeutic targets. Howeseveral key molecules have still to be identified

and their role to be elucidated.

111



REFERENCES

112



[1] Heinegard D, Oldberg A. Structure and biolody cartilage and bone matrix noncollagenous
macromolecules. FASEB J 1989;3:2042-51.

[2] Buckwalter JA, Cooper RR. Bone structure anacfion. Instr Course Lect 1987;36:27-28.

[3] Marks SC, Popoff SN. Bone cell biology: the wégion of development, structure and function in
the skeleton. Am J Anat 1988;183:1-44.

[4] Binette F, McQuaid DP, Haudenschild DR, YaeB€r, McPherson JM, Tubo R. Expression of a
stable articular cartilage phenotype without evaderof hypertrophy by adult human articular
chondrocytes in vitro. J Orthop Res 1998;16:207-16.

[5] Paulsen F, Tillmann B. Composition of the egg&lular matrix in human cricoarytenoid joint
articular cartilage. Arch Histol Cytol 1999;62:169-

[6] Reginato AM, Shapiro IM, Lash JW, Jimenez SAip& X collagen alterations in rachitic chick
epiphyseal growth cartilage. J Biol Chem 1988;283845.

[7] Hatori M, Klatte KJ, Teixeira CC, Shapiro IM.nH labeling studies of fragmented DNA in the
avian growth plate: evidence of apoptosis in teatyndifferentiated chondrocytes. J Bone Miner Res
1995;10:1960-8.

[8] Kirsch T, Nah HD, Shapiro IM, Pacifici M. Reguiéd production of mineralization-competent
matrix vesicles in hypertrophic chondrocytes. J 8&dl 1997;137:1149-60.

[9] Anderson HC. Molecular biology of matrix vessl Clin Orthop Relat Res 1995;266-80.
[10] Anderson HC. Matrix vesicles and calcificati@urr Rheumatol Rep 2003;5:222-6.

[11] Anderson HC, Garimella R, Tague SE. The rdlenatrix vesicles in growth plate development
and biomineralization. Front Biosci 2005;10:822-37.

[12] Thouverey C, Bleicher F, Bandorowicz-Pikula Hxtracellular ATP and its effects on

physiological and pathological mineralization. COpin Orthop 2007;18:460-6.

[13] Balcerzak M, Hamade E, Zhang L, Pikula S, AzZaRadisson J, Bandorowicz-Pikula J, Buchet
R. The roles of annexins and alkaline phosphataseineralization process. Acta Biochim Pol
2003;50:1019-38.

[14] Glimcher MJ. Mechanism of calcification: roté collagen fibrils and collagen-phosphoprotein

complexes in vitro and in vivo. Anat Rec 1989;2239-53.

113



[15] Anderson HC, Cecil R, Sajdera SW. Calcificatmf rachitic rat cartilage in vitro by extracebul
matrix vesicles. Am J Pathol 1975;79:237-54.

[16] Boskey AL. Biomineralization: conflicts, chatiges, and opportunities. J Cell Biochem Suppl
1998;30-31:83-91.

[17] Anderson HC. Electron microscopic studiesmafliced cartilage development and calcification. J
Cell Biol 1967;35:81-101.

[18] Bonucci E. Fine structure of early cartilagdcification. J Ultrastruct Res 1967;20:33-50.

[19] Anderson HC, Reynolds JJ. Pyrophosphate séifimnl of calcium uptake into cultured embryonic

bones. Fine structure of matrix vesicles and ttodé in calcification. Dev Biol 1973;34:211-27.

[20] Ali SY. Analysis of matrix vesicles and theole in the calcification of epiphyseal cartilaged
Proc 1976;35:135-42.

[21] Kirsch T, Ishikawa Y, Mwale F, Wuthier RE. Ral of the nucleational core complex and
collagens (types Il and X) in calcification of grthwplate cartilage matrix vesicles. J Biol Chem
1994;269:20103-9.

[22] Kirsch T, Harisson G, Golub EE, Nah HD. Théemoof annexins and types Il and X collagen in
matrix vesicle-mediated mineralization of growthtgl cartilage. J Biol Chem 2000;275:35577-83.

[23] Wu LN, Guo Y, Genge BR, Ishikawa Y, Wuthier REransport of inorganic phosphate in
primary cultures of chondrocytes isolated fromtib&l growth plate of normal adolescent chickehs.
Cell Biochem 2002;86:475-89.

[24] Wu LN, Sauer GR, Genge BR, Valhmu WB, WuthiREE. Effects of analogues of inorganic
phosphate and sodium ion on mineralization of matesicles isolated from growth plate cartilage of

normal rapidly growing chickens. J Inorg Biochen®2(®4:221-35.

[25] Montessuit C, Caverzasio J, Bonjour JP. Charamation of a Pi transport system in cartilage

matrix vesicles. Potential role in the calcificatiorocess. J Biol Chem 1991;266:17791-7.

[26] Montessuit C, Bonjour JP, Caverzasio J. Exgices and regulation of Na-dependent P(i)

transport in matrix vesicles produced by osteoHikstcells. J Bone Miner Res 1995;10:625-31.

[27] Guicheux J, Palmer G, Shukunami C, Hiraki Ynur JP, Caverzasio J. A novel in vitro culture
system for analysis of functional role of phosphtansport in endochondral ossification. Bone
2000;27:69-74.

114



[28] Rabinovitch AL, Anderson HC. Biogenesis of matesicles in cartilage growth plates. Fed Proc
1976;35:112-6.

[29] Wuthier RE, Majeska RJ, Collins GM. Biosyntlsesf matrix vesicles in epiphyseal cartilage. I.
In vivo incorporation of 32P orthophosphate intcogpholipids of chondrocyte, membrane, and

matrix vesicle fractions. Calcif Tissue Res 1977133-9.

[30] Kardos TB, Hubbard MJ. Are matrix vesicles pymtic bodies? Prog Clin Biol Res 1982;101:45-
60.

[31] Kirsch T, Wang W, Pfander D. Functional difacies between growth plate apoptotic bodies and
matrix vesicles. J Bone Miner Res 2003;18:1872-81.

[32] Kirsch T. Physiological and pathological miakzation: a complex multifactorial process. Curr
Opin Orthop 2007;18:434-43.

[33] Akisaka T, Shigenaga Y. Ultrastructure of gnogv epiphyseal cartilage processed by rapid
freezing and freeze-substitution. J Electron Micrb883;32:305-20.

[34] Akisaka T, Kawaguchi H, Subita GP, Shigenaga>dy CV. Ultrastructure of matrix vesicles in
chick growth plate as revealed by quick freezingl dneeze substitution. Calcif Tissue Int
1988;42:383-93.

[35] Cecil RN, Anderson HC. Freeze-fracture studiésmatrix vesicle calcification in epiphyseal
growth plate. Metab Bone Dis 1978;1:89-97.

[36] Morris DC, Masuhara K, Takaoka K, Ono K, Anslem HC. Immunolocalization of alkaline

phosphatase in osteoblasts and matrix vesiclearofh fetal bone. Bone Miner 1992;19:287-98.

[37] Hale JE, Chin JE, Ishikawa Y, Paradiso PR, Mart RE. Correlation between distribution of
cytoskeletal proteins and release of alkaline phatgse-rich vesicles by epiphyseal chondrocytes in
primary culture. Cell Motil 1983;3:501-12.

[38] Hale JE, Wuthier RE. The mechanism of matesicle formation. Studies on the composition of
chondrocyte microvilli and on the effects of midlaient-perturbing agents on cellular vesiculatibn.
Biol Chem 1987;262:1916-25.

[39] Wuthier RE. Lipid composition of isolated epiyseal cartilage cells, membranes and matrix
vesicles. Biochim Biophys Acta 1975;409:128-43.

[40] Glaser JH, Conrad HE. Formation of matrix et=s by cultured chick embryo chondrocytes. J
Biol Chem 1981;256:12607-11.

115



[41] Wuthier RE. Effect of phospholipids on thenséormation of amorphous calcium phosphate to
hydroxapatite in vitro. Calcif Tissue Res 1975;8F-210.

[42] Balcerzak M, Malinowska A, Thouverey C, Sele@cA, Dadlez M, Buchet R, Pikula S.
Proteome analysis of matrix vesicles isolated ffemurs of chicken embryo. Proteomics 2008;8:192-
205.

[43] Xiao Z, Camalier CE, Nagashima K, Chan KC, asi®A, de la Cruz MJ, Gighac M, Lockett S,
Issaq HJ, Veenstra TD, Conrads TP, Beck GR Jr.y&igbf the extracellular matrix vesicle proteome
in mineralizing osteoblasts. J Cell Physiol 2000;225-35.

[44] Stewart AJ, Roberts SJ, Seawright E, Davey MBming RH, Farquharson C. The presence of
PHOSPHOL in matrix vesicles and its developmengatession prior to skeletal mineralization. Bone
2006;39:1000-7.

[45] Einhorn TA, Gordon SL, Siegel SA, Hummel CFyitable MJ, Carty RP. Matrix vesicle

enzymes in human osteoarthritis. J Orthop Res. ;B9B&)-9.

[46] Hsu HHT, Anderson HC. Evidence of the preseate specific ATPase responsible for ATP-
initiated calcification by matrix vesicles isolateftom cartilage and bone. J Biol Chem
1996;271:26383-88.

[47] Anderson HC, Sipe JB, Hessle L, DhanyamrajuARi, E, Camacho NP, Millan JL. Impaired
calcification around matrix vesicles of growth pland bone in alkaline phosphatase-deficient mice.
Am J Pathol 2004;164:841-7.

[48] Register TC, McLean FM, Low MG, Wuthier RE. IB® of alkaline phosphatase and labile

internal mineral in matrix vesicle-mediated cakztion. J Biol Chem 1986;261:9354-60.

[49] Johnson K, Moffa A, Chen Y, Pritzker K, Godidg Terkeltaub R. Matrix vesicle plasma cell
membrane glycoprotein-1 regulates mineralizatiomioyine osteoblastic MC3T3 cells. J Bone Miner
Res 1999;14:883-92.

[50] Register TC, Wuthier RE. Effect of pyrophosfghand two diphosphonates on 45Ca and 32P
uptake and mineralization by matrix vesicle-enrithfFactions and by hydroxyapatite. Bone
1985;6:307-12.

[51] Johnson KA, Hessle L, Vaingankar S, Wennberd/@uro S, Narisawa S, Goding JW, Sano K,
Millan JL, Terkeltaub R. Osteoblast tissue-nonsjeeaikaline phosphatase antagonizes and regulates
PC-1. Am J Physiol Regul Integr Comp Physiol 2000;R1365-77.

116



[52] Anderson HC, Harmey D, Camacho NP, GarimellaSipe JB, Tague S, Bi X, Johnson K,

Terkeltaub R, Millan JL.. Sustained osteomalacidoofy bones despite major improvement in other
hypophosphatasia-related mineral deficits in tisswmspecific alkaline phosphatase/nucleotide
pyrophosphatase phosphodiesterase 1 double-defisiea. Am J Pathol 2005;166:1711-20.

[53] Hessle L, Johnson KA, Anderson HC, Narisaw&&j A, Goding JW, Terkeltaub R, Millan JL.
Tissue-nonspecific alkaline phosphatase and plaseih membrane glycoprotein-1 are central

antagonistic regulators of bone mineralization.cMatl Acad Sci USA 2002;99:9445-9.

[54] Golub EE, Boesze-Battaglia K. The role of dilka phosphatase in mineralization Curr Opin
Orthop 2007;18:444-8.

[55] Seaton BA, Dedman JR. Annexins. Biometals 198899-404.

[56] Majeska RJ, Holwerda DL, Wuthier RE. Localipat of phosphatidylserine in isolated chick

epiphyseal cartilage matrix vesicles with triniteolzenesulfonate. Calcif Tissue Int 1979;27:41-6.

[57] Wu LN, Yoshimori T, Genge BR, Sauer GR, Kirsthishikawa Y, Wuthier RE. Characterization
of the nucleational core complex responsible foneral induction by growth plate cartilage matrix
vesicles. J Biol Chem 1993;268:25084-94.

[58] Genge BR, Wu LN, Wuthier RE. In vitro modelirmj matrix vesicle nucleation: synergistic
stimulation of mineral formation by annexin A5 anghosphatidylserine. J Biol Chem
2007;282:26035-45.

[59] Genge BR, Wu LN, Wuthier RE. Analysis and nwoller modeling of the formation, structure,
and activity of the phosphatidylserine-calcium-pittete complex associated with biomineralization.
J Biol Chem 2008;283:3827-38.

[60] Wu LN, Sauer GR, Genge BR, Wuthier RE. Induectof mineral deposition by primary cultures
of chicken growth plate chondrocytes in ascorbat@aining media. Evidence of an association
between matrix vesicles and collagen. J Biol Ch8801264:21346-55.

[61] Kirsch T, Wuthier RE. Stimulation of calcifitan of growth plate cartilage matrix vesicles by
binding to type Il and X collagens. J Biol Chem 42%9:11462-9.

[62] Takagi M, Sasaki T, Kagami A, Komiyama K. W@istructural demonstration of increased sulfated
proteoglycans and calcium associated with chondeocytoplasmic processes and matrix vesicles in
rat growth plate cartilage. J Histochem Cytochei®9137:1025-33.

[63] Wu LN, Genge BR, Wuthier RE. Association bedweproteoglycans and matrix vesicles in the
extracellular matrix of growth plate cartilage. wIBChem 1991;266:1187-94.

117



[64] D'Angelo M, Billings PC, Pacifici M, Leboy PXirsch T. Authentic matrix vesicles contain
active metalloproteases (MMP). a role for matrixsigke-associated MMP-13 in activation of
transforming growth factor-beta. J Biol Chem 2006;21347-53.

[65] Dean DD, Schwartz Z, Muniz OE, Gomez R, Swiaiy Howell DS, Boyan BD. Matrix vesicles
are enriched in metalloproteinases that degradequmtycans. Calcif Tissue Int 1992;50:342-9.

[66] Dean DD, Schwartz Z, Bonewald L, Muniz OE, Mias S, Gomez R, Brooks BP, Qiao M,
Howell DS, Boyan BD. Matrix vesicles produced bytemblast-like cells in culture become
significantly enriched in proteoglycan-degrading tatleproteinases after addition of beta-
glycerophosphate and ascorbic acid. Calcif Tisati€994;54:399-408.

[67] Fedde KN. Human osteosarcoma cells spontaheoglgase matrix-vesicle-like structures with

the capacity to mineralize. Bone Miner 1992;17:545-

[68] Muhlrad A, Bab I, Deutsch D, Sela J. Occureerd actin-like protein in extracellular matrix
vesicles. Calcif Tissue Int 1982;34:376-81.

[69] Muhlrad A, Setton A, Sela J, Bab I, DeutschBiochemical characterization of matrix vesicles
from bone and cartilage. Metab Bone Dis 1984;5:93-9

[70] Wu LN, Genge BR, Kang MW, Arsenault AL, WuthidRE. Changes in phospholipid
extractability and composition accompany mineraitra of chicken growth plate cartilage matrix
vesicles. J Biol Chem 2002;277:5126-33.

[71] Balcerzak M, Pikula S, Buchet R. Phosphorgiatilependent phospholipase D activity of matrix
vesicles. FEBS Lett 2006;580:5676-80.

[72] Hosokawa R, Uchida Y, fujiwara S, Noguchi Tadtate dehydrogenase isoenzymes are present in
matrix vesicles. J Biol Chem 1988;263:10045-7.

[73] Stechschulte DJ Jr, Morris DC, Silverton Skdarson HC, Vaananen HK. Presence and specific

concentration of carbonic anhydrase Il in matrigigies. Bone Miner 1992;17:187-91.

[74] Hoebertz A, Arnett TR, Burnstock G. Regulatmibone resorption and formation by purines and
pyrimidines. Trends Pharmacol Sci 2003;24:290-7.

[75] Garimella R, Bi X, Anderson HC, Camacho NP.tiNa of phosphate substrate as a major
determinant of mineral type formed in matrix vesiohediated in vitro mineralization: an FTIR
imaging study. Bone 2006;38:811-7.

118



[76] Bowler WB, Tattersall JA, Hussein R, Dixon CQpbbold PH, Gallagher JA. Real time

measurement of ATP release from human osteoblhBBne Miner Res 1998;13:524.

[77] Buckley KA, Golding SL, Rice JM, Dillon JP, @G&gher JA. Release and interconversion of P2
receptor agonists by human osteoblast-like ceASHEB J 2003;17:1401-10.

[78] Romanello M, Pani B, Bicego M, D'Andrea P. Manically induced ATP release from human
osteoblastic cells. Biochem Biophys Res Commun ZB®t1275-81.

[79] Romanello M, Codognotto A, Bicego M, Pines Fell G, D'Andrea P. Autocrine/paracrine
stimulation of purinergic receptors in osteoblastsntribution of vesicular ATP release. Biochem
Biophys Res Commun 2005;331:1429-38.

[80] Hatori, M., Teixeira, C. C., Debolt, K., Pacif M., Shapiro, I. M. Adenine nucleotide
metabolism by chondrocytes in vitro: role of ATP ghondrocyte maturation and matrix
mineralization. J Cell Physiol 1995;165:468-74.

[81] Graff, R., Lazarowski, E. R., Banes, A. J.el&. M. ATP release by mechanically loaded
chondrons in pellet culture. Arthitis & Rheum 20081571-9.

[82] Graff RD, Picher M, Lee GM. Extracellular nectides, cartilage stress, and calcium crystal
formation. Curr Opin Rheumatol 2003;15:315-20.

[83] Harada S, Rodan GA. Control of osteoblast fiomc and regulation of bone mass. Nature
2003;423:349-55.

[84] Orriss IR, Knight GE, Ranasinghe S, Burnstd8k Arnett TR. Osteoblast responses to

nucleotides increase during differentiation. BoA8&39:300-9.
[85] Burnstock G. Purinergic signaling — an ovewidovartis Found Symp 2006;276:26-48.

[86] Khakh BS, North RA. P2X receptors as cell-aug ATP sensors in health and disease. Nature
2006;442:527-32.

[87] Katz S, Boland R, Santillan G. Modulation oRE 1/2 and p38 MAPK signaling pathways by
ATP in osteoblasts: involvement of mechanical stastivated calcium influx, PKC and Src
activation. Int J Biochem Cell Biol 2006;38:2082-91

[88] Hiken JF, Steinberg TH. ATP downregulates P2td inhibits osteoclast formation in RAW
cells. Am J Physiol Cell Physiol 2004;287:C403-C412

[89] Korcok J, Raimundo LN, Du X, Sims SM, Dixon.&RPY6 nucleotide receptors activate NF-kB
and increase survival of osteoclasts. J Biol Che5280:16909-15.

119



[90] Bonewald LF. Mechanosensation and transdugtiarsteocytes. Bonekey Osteovision 2006;3:7-
15.

[91] Panupinthu N, Zhao L, Possmayer F, Ke HZ, S8, Dixon SJ. P2X7 nucleotide receptors
mediate blebbing in osteoblasts through a pathwaglving lysophosphatidic acid. J Biol Chem
2007;282:3403-12.

[92] Roy AA, Nunn C, Ming H, Zou MX, Penninger Jjrhenbaum LA, Dixon SJ, Chidiac P. Up-
regulation of endogenous RGS2 mediates cross-dézatisn between Gs and Gg signhaling in
osteoblasts. J Biol Chem 2006;281:32684-93.

[93] Samways DS, Egan TM. Acidic amino acids imparmhanced Ca(2+) permeability and flux in
two members of the ATP-gated P2X receptor familgeh Physiol 2007;129:245-56.

[94] Coppi E, Pugliese AM, Urbani S, Melani A, Carlie, Mazzanti B, Bosi A, Saccardi R, Pedata F.
ATP modulates cell proliferation and elicits twdfelient electrophysiological responses in human
mesenchymal stem cells. Stem Cells 2007;25:1840-9.

[95] Plotkin LI, Manolagas SC, Bellido T. Dissocat of the pro-apoptotic effects of bisphosphonates
on osteoclasts from their antiapoptotic effectsasiteoblasts/osteocytes with novel analogs. Bone
2006;39:443-52.

[96] Yoon MJ, Lee HJ, Lee YS, Kim JH, Park JK, ChaNK, Shin HC, Kim DK. Extracellular ATP
is involved in the induction of apoptosis in murimematopoietic cells. Biol Pharm Bull 2007;30:671-
6.

[97] Riddle RC, Taylor AF, Rogers JR, Donahue HJXPArelease mediates fluid flow-induced

proliferation of human bone marrow stromal cellBohe Miner Res 2007;22:589-600.

[98] Rossi L, Manfredi R, Bertolini F, Ferrari Do§li M, Zini R, Salati S, Salvestrini V, Gulinel§,
Adinolfi E, Ferrari S, Di Virgilio F, Baccarani M,emoli RM. The extracellular nucleotide UTP is a

potent inducer of hematopoietic stem cell migratidlood 2007;109:533-42.

[99] Henriksen Z, Hiken JF, Steiberg TH, Jorgend&nh The predominant mechanism of intercellular
calcium wave propagation changes during long-tetttuce of human osteoblast-like cells. Cell
Calcium 2006;39:435-44.

[100] Evans BAJ, Elford C, Pexa A, Francis K, Hugh®C, Deussen A, Ham J. Human osteoblast
precursors produce extracellular adenosine, whicbdutates their secretion of IL-6 and
osteoprotegerin. J Bone Miner Res 2006;21:228-36.

120



[101] Miyazaki T, Tanaka S, Sanjay A, Baron R. Tioée of c-Src kinase in the regulation of
osteoclast function. Mod Rheumatol 2006; 16:68—74.

[102] Morimoto R, Uehara S, Yatsushiro S, Juge NilaHZ, Senoh S, Echigo N, Hayashi M,
Mizoguchi T, Ninomiya T, Udagawa N, Omote H, Yamamd, Edwards RH, Moriyama Y.
Secretion of L-glutamate from osteoclasts throughdgcytosis. EMBO J 2006;25:4175-86.

[103] Yao G, Feng H, Cai Y, Qi W, Kong K. Chara&ation of vacuolar-ATPase and selective

inhibition of vacuolar-H+-ATPase in osteoclastso@iem Biophys Res Commun 2007;357:821-7.

[104] Dalgarno D, Stehle T, Narula S, Schellingg®) Schravendijk MR, Adams S, Andrade L, Keats
J, Ram M, Jin L, Grossman T, MacNeil |, Metcalf @ 3Shakespeare W, Wang Y, Keenan T,
Sundaramoorthi R, Bohacek R, Weigele M, Sawyer ffucBural basis of Src tyrosine kinase

inhibition with a new class of potent and selectivsubstituted purine-based compounds. Chem Biol
Drug Des 2006;67:46-57.

[105] Fitzgerald JB, Jin M, Dean D, Wood DJ, Zhévd, Grodzinsky AJ. Mechanical compression
of cartilage explants induces multiple time-dependgene expression patterns and involves
intracellular calcium and cyclic AMP. J Biol Cherdi(;279:19502-11.

[106] Kono T, Nishikori T, Kataoka H, Uchio Y, OcM, Enomoto K. Spontaneous oscillation and

mechanically induced calcium waves in chondrocy@edl Biochem Funct 2006;24:103-11.

[107] Millward-Sadler SJ, Wright MO, Flatman PW,[t®a DM. ATP in the mechanotransduction
pathway of normal human chondrocytes. Biorheold@§4241:567-75.

[108] Milner PI, Fairfax TPA, Browning JA, WilkinRJ, Gibson JS. The effect of O2 tension on pH
homeostasis in equine articular chondrocytes. AisHiRheum 2006;54:3523-32.

[109] Mouw JK, Imler SM, Levenston ME. lon-chanmegulation of chondrocyte matrix synthesis in

3D culture under static and dynamic compressioomigich Model Mechanobiol 2007;6:33-41.

[110] Mobasheri A, Genta TC, Nash Al, Womack MDodkaluk CA, Barrett-Jolley R. Evidence for
functional ATP-sensitive (K(ATP)) potassium charmnil human and equine articular chondrocytes.
Osteoarthritis Cartilage 2007;15:1-8.

[111] zZhang L, Balcerzak M, Radisson J, Thouverey Rikula S, Azzar G, Buchet R.
Phosphodiesterase activity of alkaline phosphatasd P-initiated Ca2+ and phosphate deposition in
isolated chicken matrix vesicles. J Biol Chem 2Q806;37289-96.

[112] Balcerzak M, Radisson J, Azzar G, Farlay Djvis G, Pikula S, Buchet R. A comparative
analysis of strategies for isolation of matrix wé=ss. Anal Biochem 2007;361:176-82.

121



[113] Bathori G, Csordas G, Garcia-Perez C, Dalgblajndéczky G. Ca2+-dependent control of the
permeability properties of the mitochondrial outeembrane and voltage-dependent anion-selective
channel (VDAC). J Biol Chem 2006;281:17347-58.

[114] Shoshan-Barmatz V, Israelson A, Brdiczka De% SS. The voltage-dependent anion channel
(VDAC): function in intracellular signaling, celf¢ and cell death. Curr Pharm Des 2006;12:2249-70.

[115] Schwartz Z, Sylvia VL, Larsson D, Nemere §9asola D, Dean DD, Boyan BD. 1a,25(0OH)2D3
regulates chondrocyte matrix vesicle protein kin&e(PKC) directly via G-protein-dependent
mechanisms and indirectly via incorporation of PH@ing matrix vesicle biogenesis. J Biol Chem
2002;277:11828-37.

[116] Kirsch T. Determinants of pathological mineation. Curr Opin Rheumatol 2006;18:174-80.

[117] Sweet MB, Thonar EJ, Immelman AR, Solomon Biochemical changes in progressive
osteoarthrosis. Ann Rheum Dis 1977;36:387-98.

[118] Kirsch T, Swoboda B, Nah HD. Activation of rexin Il and V expression, terminal
differentiation, mineralization and apoptosis inman osteoarthritic cartilage. Osteoarthritis and
Cartilage 2000;8:294-302.

[119] Nanba Y, Nishida K, Yoshikawa T, Sato T, leod, Kuboki Y. Expression of osteonectin in
articular cartilage of osteoarthritic knees. ActadMOkayama 1997;51:239

[120] Nakase T, Miyaji T, Tomita T, Kaneko M, Kuaga K, Myoui A, Sugamoto K, Ochi T,
Yoshikawa H. Localization of bone morphogenetictgie2 in human osteoarthritic cartilage and
osteophyte. Osteoarthritis and Cartilage 2003;18:24.

[121] Wang X, Manner PA, Horner A, Shum L, Tuan R8&ickolls GH. Regulation of MMP-13
expression by RUNX2 and FGF2 in osteoarthriticilzaye. Osteoarthritis and Cartilage 2004;12:963-
73.

[122] Pritzker KP. Crystal-associated arthropathiebat's new in old joints. J Am Geriatr Soc
1980;28:439-45.

[123] Ali SY. Apatite-type crystal deposition in thritic cartilage. Scan Electron Microsc
1985;4:1555-66.

[124] Anderson HC. Mechanisms of pathologic cateifion. Rheum Dis Clin North Am 1988;14:303-
19.

122



[125] Derfus BA, Kurtin SM, Camacho NP, Kurup I, &y LM. Comparison of matrix vesicles

derived from normal and osteoarthritic human aléicaartilage. Connect Tissue Res 1996;35:337-42.

[126] Derfus B, Kranendonk S, Camacho N, MandeKNshnaryov V, Lynch K, Ryan LHuman
osteoarthritic cartilage matrix vesicles generasthlralcium pyrophosphate dihydrate and apatite in
vitro. Calcif Tissue Int 1998;63:258-62.

[127] Cheung HS, Kurup IV, Sallis JD, Ryan LM. Ibhion of calcium pyrophosphate dihydrate
crystal formation in articular cartilage vesicleadacartilage by phosphocitrate. J Biol Chem
1996;271:28082-5.

[128] Derfus BA, Camacho NP, Olmez U, Kushnaryov MMestfall PR, Ryan LM, Rosenthal AK.
Transforming growth factor beta-1 stimulates atdcwchondrocyte elaboration of matrix vesicles

capable of greater calcium pyrophosphate precipitaOsteoarthritis and Cartilage 2001;9:189-94.

[129] Serra R, Johnson M, Filvaroff EH, et al. BEegsion of a truncated, kinase-defective TGF(type Il
receptor in mouse skeletal tissue promotes ternthahdrocyte differentiation and osteoarthritis. J
Cell Biol 1997;139:541-52.

[130] Cecil DL, Rose DM, Terkeltaub R, Liu-Bryan Role of interleukin-8 in PiT-1 expression and
CXCR1-mediated inorganic phosphate uptake in clamydes. Arthritis Rheum 2005;52:144-54.

[131] Mitchell PG, Struve JA, McCarthy GM, Cheun&HBasic calcium phosphate crystals stimulate
cell proliferation and collagenase message accuionlan cultured adult articular chondrocytes.
Arthritis Rheum 1992;35:343-50.

[132] Ea HK, Monceau V, Camors E, Cohen-Solal M,afldmagne D, Lioté F. Annexin V
overexpression increased joint chondrocyte apaptiosiuced by basic calcium phosphate crystals.
Ann Rheum Dis. 2008.

[133] Walhmu WB, Wu LN, Wuthier RE. Effects of Cafftio, C&" x R ion product, and pH of

incubation fluid on accumulation of 45€dy matrix vesicles in vitro. Bone Miner 1990;8:1289.

[134] Boskey AL, Boyan BD, Schwartz Z. Matrix vdgis promote mineralization in a gelatin gel.
Calcif Tissue Int 1997;60:309-15.

[135] Anderson HC. The role of matrix vesicles imypiological and pathological calcification. Curr
Opin Orthop 2007;18:428-33.

[136] Gohr C. In vitro models of calcium crystatrigation. Curr Opin Rheumatol 2004;16:263-7.

123



SUPPLEMENTAL MATERIAL

124



SUPPLEMENTAL TABLE 1: Proteomic analysis of matxigsicles and Saos-2 cell microvilli.

Gl number Protein name MW CRMVs Microvilli  TM/PTM
021361181  NHK* ATPase alpha 1 112896  990.0 (31) 1577.0(38) 10TM
0i|62089374 Integrin alpha V 116038  390.0 (14) 522.0(13) 1T™M
0i|19743813 Integrin beta 1 91620 489.0 (21) 629.0(18) 1T™M
0i|4504747 Integrin alpha 3 118755 462.0 (12) 243.009) 1T™
0i|4507657 Tripeptidyl peptidase I 138449  751.0 (18) 561.0 (7)
0i|55959864 Nicastrin 78411 84.0 (3) 208.0(22) 1T™
0i|l4758012 Clathrin heavy chain 1 191614 1224.0 (33) 1746.0 (47)
0i|6731237 Myoferlin 234708 339.0 (9) 738.0(17) 1TM™M
0i|126376 Lysosome-associated membrane glycopritein 44882 88.0 (3) 259.0(5) 1T™
0i|56237029 Integrin alpha 5 114536 147.0 (4) 261.0(4) 1T™
0i|4507877 Vinculin 123799 509.0 (11) 792.0 (12)
0i|6006515 Spliceosome associated protein 130 13557317.0 (5) 193.0 (4)
0i|12667788 Myosin heavy polypeptide 9 non-muscle 26532 2775.0 (46) 2730.0 (51)
0i|61742777 Leucyl cystinyl aminopeptidase 117349 05.8(6) 535.0(9) 1T™M
0i|13606056 DNA dependent protein kinase catastizunit 469088 308.0 (6) 468.0 (8)
0i|229532 Ubiquitin 8500 93.0 (2) 128.0 (3)
0i|62088088 Transferrin receptor 84901 308.0 (14) 463.0(13) 1 TM; Palmitoylation
0i|13936336 DNA-dependent protein kinase 469088 .(BdEH

0i|116256327 Membrane metallo-endopeptidase 8551463.0312) 694.0(12) 1T™M
0i|19913410 Major vault protein 99327  1296.0 (27) 57.0 (1)
0i|23510338 Ubiquitin-activating enzyme E1 117849 11.8 (12) 877.0 (15)
0i|6005942 Valosin-containing protein 89322 296.0 (7) 517.0 (10)
0i|4501891 Actinin alpha 1 103057 387.0(11) 1111.0(13)
0i|306891 Heat shock 90 kDa protein 1 beta 83264 7.04Q2) 1111.0(23)
0i|116734717  Tissue non-specific alkaline phospgata 57305 2723.0 (48) 2858.0(67) GPI
0i|48145665 U5-116 kDa protein 109460 161.0 (2) 319.0 (4)
0i|20127446 Integrin beta 5 88054 239.0 (7) 265.0(5) 1T™
0i|12025678 Actinin alpha 4 104854 401.0 (9) 877.0 (12)
0i|4505257 Moesin 67820 297.0 (12) 498.0 (7)
0i|12652633 Solute carrier family 1 member 5 56598304.0 (10) 544.0(10) 9TM™M
0i|29789006 Kindlin 2 77860 97.0 (2) 62.0 (1)
0i|62088530 Protein kinase C alpha 76764 111.0 (4) 312.0 (6)
0i|5031631 Scavenger receptor class B member 2 5429010.0 (4) 268.0(5) 1T™M
0i|16507237 Heat shock 70 kDa protein 5 72333 245.0 (4) 751.0 (14)
0i|61744475 Solute carrier family 3 member 2 71123522.0 (14) 739.0(16) 1TM™M
0i|21314632 Solute carrier family 1 member 4 55723 98.0 (2) 229.0(6) 9T™M
0i|40254816 Heat shock 90 kDa protein 1 alpha 2 1981 122.0(1) 223.0 (1)
0i|119631391 Integrin alpha 4 114899 354.0 (7) 533.0(6) 1T™M
0i|187387 Myristoylated alanine-rich C kinase sudistr 31545 372.0 (8) 452.0 (5) Myristoylation
0i|4557425 Ectonucleoside triphosphate diphosphuaitgske 3 59133 75.0 (1) 61.0 (2) 1T™
0i|14286326 Phosphofructokinase, liver type 90203 1.081) 63.0 (1)

0i|37267 Transketolase 67877 233.0 (4) 299.0 (7)
0i|71773329 Annexin A6 75873 873.0 (27) 1064.0 (22)
0i|46812315 Macroglobulin alpha 2 163292 79.0 (2)

0i|10863945 ATP-dependent DNA helicase Il, 80 kDlausmit 82704 434.0 (15) 144.0 (5)
0i|5729877 Heat shock 70 kDa protein 8 70898 907.0 (16) 932.0 (13)
0i|24307939 Chaperonin containing TCP1 subunit 5i¢eps 59671 226.0 (6) 212.0 (5)
0i|35505 Pyruvate kinase 3 58062 454.0 (11) 589.0 (14)
0i|36796 T-complex polypeptide 1 60343 443.0 (13) 522.0 (6)
0i|14124984 Chaperonin containing TCP1 subunit 3 gam 60534 282.0 (8) 696.0 (15)
0i|4505897 Plastin 1 70352 107.0 (1) 88.0 (1)
0i|41152506 Prostaglandin F2 receptor negativelatmu 98556 261.0 (7) 12403) 1TM
0i|4503841 ATP-dependent DNA helicase I, 70 kDlausit 69843 858.0 (19) 487.0 (7)
0i|4557251 ADAM metallopeptidase domain 10 84142 .042) 90.0 (2) 1T™
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0i|18201905
0i|12653493
0i|7768938
0il4502673
0i|55584155
0i|55665593
0i|14389309
0i|303618
0i}4503529
0i|57209813
0il40068518
0i}4501885
0i|119620146
0i|3122595
0il4502679
0i|16579885
0i|24431933
0i}4503571
0i|5031573
0i|4502277
0i|5453603
0i|1703322
0il4506649
0il4503481
0i|56410847
0i|19913428
0i|20146101
0i|5453599
0i}4502101
0i}4506617
0i|16753227
0i|33386564
0i|15718687
0i|5803023
0i}4504041
0i|18645167
0i|5174539
0i|14591909
0i}4557032
0i|5031857
0i|19923362
0i|5453597
0i|62088624
0i|24981008
0i|230867
0i|306785
0i|15082586
0il4506723
0i|5174447
0i|356168
0i|1703319
0i|809185
0i|337514
0i|62896539
0i|67464424
0i|121490543
0i|119607218
0il4506725

Glucose phosphate isomerase

Brain abundant membrane attached gigotin 1
Phenylalanyl tRNA synthetase

CD47 antigen

Annexin A7

Eukaryotic translation elongation fadt@lpha-like 3
Tubulin alpha 6

Phospholipase C alpha

Eukaryotic translation initiation factbk
Tubulin beta

Phosphogluconate dehydrogenase

Actin beta

Chaperonin containing TCP1 subunitd) (et
Probable DEAD (Asp-Glu-Ala-Asp) box miot17
CD63 antigen

Ribosomal protein L4

Reticulon 4

Enolase 1

Actin-related protein 3

N&K* ATPase beta 1 subunit

Chaperonin containing TCP1 subunit 2
Annexin A11

Ribosomal protein L3

Eukaryotic translation elongation fadt@amma
GDP dissociation inhibitor 2

Vacuolar HATPase subunit B

Basigin

F-actin capping protein alpha-2 subunit
Annexin A1

Ribosomal protein L17

Ribosomal protein L6

MHC class | antigen B

Ribosomal protein S3

Lectin mannose-binding 2

Guanine nucleotide binding protein Glha 2 subunit
Annexin A2

Cytosolic malate dehydrogenase

Ribosomal protein L5

Lactate dehydrogenase B

Lactate dehydrogenase A

Thy-1 cell surface antigen

F-actin capping protein alpha-1 subunit

Band 4.1-like protein 2

Solute carrier family 7 member 5
D-glyceraldehyde-3-phosphate dehydrogedaain R
Guanine nucleotide binding protein besaldunit
Ribosomal protein L8

Ribosomal protein S3a

Guanine nucleotide binding protein R2dlike 1
Histone H1b

Annexin A4

Annexin A5

Ribosomal protein S6

Chaperonin containing TCP1 subunit 84jhe
14-3-3 protein epsilon

Chaperonin containing TCP1 subunit 6A
Syntenin 1

Ribosomal protein S4 X-linked

63147  362.0 (6)
22693  303.0 (10)
66115  1(1.0
35214  64.0 (1)
52739  249.0 (8)
50141  318.0 (10)
49895  437.0 (9)
57065  152.0 (6)
46154  256.0 (5)
49907  820.0 (25)
53140 4.0 (6)
41737  765.0 (16)
59366  237.0 (7)
80457  79.0 (1)
25637  83.0(2)
47697  211.0 (7)
108450  135.0 (4)
47169  720.0 (21)
47371 190.0 (6)
35061  177.0 (2)
5748844.0 (13)
54390  105.0 (1)
46109  606.0 (7)
50119  146.0 (3)
50663  101.0 (3)
56501  138.0 (2)
42200  136.0 (7)
32949  109.0 (3)
38714  593.0 (15)
21397  212.0 (4)
32728  456.0 (10)
40460  129.0 (2)
26688  725.0 (15)
40229  95.0 (4)
40451  381.0 (8)
40411  753.0 (18)
36426 .0153
34363  564.0 (12)
36638  327.0 (9)
36689  232.0 (4)
17935  119.0 (1)
32923  148.0 (4)
112588  286.0 (10)
55010200.0 (2)
36024  133.0 (1)
37377  159.0 (2)
28025  124.0 (4)
29945  446.0 (10)
35077  477.0 (14)
21865  164.0 (5)
36085  417.0 (11)
35937  710.0 (16)
28681  736.0 (4)
59620  412.0 (8)
29174  108.0 (5)
0288  169.0 (3)
32444  524.0 (9)
20598  4§1%)

354.0 (7)
247.0 (6)
78.0 (2)
620(1) 5TM
379.0 (13)
235.0 (8)
724.0 (12)
513.0 (7)
315.0 (5)
861.0 (22)
495.0 (9)
1067.0 (23)
350.0 (6)
57.0 (1)
89.0(2) 4TM
243.0 (6)
284.0(6) 2TM
1102.0 (24)
301.0 (4)
196.0 (3) TM1
429.0 (9)
466.0 (9)
402.0 (9)
284.0 (5)

61.0 (1)
263.0(6) 1TM
89.0 (1)
1390.0 (23)
270.0 (4)

121.0 (4)
221.0(3) 1TM
287.0 (9)

1TM

751.0 (16)
803.0 (20)
447.0 (7)

109.0 (2)

232.0 (5)

850(2) GPI
235.0 (5)

300.0 (5)
111.0(1) 117TM

178.0 (3)
449.0 (8)

97.0 (3)

158.0 (3)

277.0 (5)

78.0 (3)

612.0 (13)
2148.0 (26)
218.0 (3)

469.0 (12)
169.0 (2)

244.0 (4)

68.0 (1)
286.0 (6)
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0i|15431295
0il4506743
0i|15431301
0i}4506609
0i|88496
0i|22538467
0i|4885377
gi}4507953
0i}4506183
gi|34234
0i|15055539
0i|7513316
0i|38455427
0i|56204043
0i|14141193
0i|550021
gi}4507207
0i|5031599
0i|558528
0i|11415026
0i|4506607
0i|15431303
0i|34147513
gi}4505591
gil4507357
gi|1172607
0i|6912634
0i|123296530
0i|5803149
gi|5174431
0i|55669683
0i}4502693
gil4758970
0i|22538465
0i|619788
0i|7661678
0i|10835165
0i|88193084
0i|4506597
0i|55665353
0i|292435
gi}4502201
0i}4506681
0i}4502205
gil4506701
0i}4505893
0i|98986464
0i|118090
0i|57997105
0i|17105394
gij478813
0i|2914478
gi|5453740
0i|15451856
0i|119964726
0i|67476453
0i|119604095
gi|1708865

Ribosomal protein L13

Ribosomal protein S8

Ribosomal protein L7

Ribosomal protein L19

Proteasome alpha chain

Proteasome subunit beta type 4

Histone H1d

14-3-3 protein zeta

Proteasome subunit alpha type 3

Laminin receptor 1

Ribosomal protein S2

Ribosomal protein L14

Chaperonin containing TCP1 subunit 44jylel
Proteasome subunit alpha type 7
Ribosomal protein S9

Ribosomal protein S5

Sorcin

Actin related protein 2/3 complex sub@ni
Proteasome subunit beta type 6
Ribosomal protein L18a

Ribosomal protein L18

Ribosomal protein L9

RAB7

Peroxiredoxin 1

Transgelin 2

Proteasome subunit beta type 5
Ribosomal protein L13a

Proteosome subunit beta type 9
Cop-coated vesicle membrane protein p24
Ribosomal protein L10

Eukaryotic translation initiation facBsubunit k
CD?9 antigen

Proteasome subunit beta type 8
Proteasome subunit beta type 3
Ribosomal protein L21

RAP1B

CD59 antigen

Ras-related protein

Ribosomal protein L12

Ribosomal protein L11

Ribosomal protein L26

ADP-ribosylation factor 1

Ribosomal protein S11

ADP-ribosylation factor 4

Ribosomal protein S23

Proteolipid protein 2

Transmembrane trafficking protein
Peptidylprolyl isomerase B

Hypothetical protein

Ribosomal protein L23a

Non-histone chromosomal protein HMG-1
Small guanine nucleotide binding protai
Myosin regulatory light chain MRCL3
Caveolin 1

Insulin growth factor 2 receptor

Fatty acid synthase

Filamin C gamma

Low density lipoprotein receptor-relapedtein 1

24261  274.0 (5)
24205  186.0 (6)
20226 204.0 (4)
23466 140.0 (2)
? 65.0 (1)
29204 4.036)
21365  116.0 (2)
27745  319.0 (5)
28433 3.018)
32854  1151.0 (11)
31324 389.0 (13)
23432 141.0 (3)
57924  212.0 (5)
2788797.012)
22591  239.0 (6)
22876  1610.0 (7)
21676  197.0 (4)
34333 69.0 (1)
25358  0Z3P.
20762  322.0 (4)
21634  324.0 (6)
21863  454.0 (8)
23490  301.0 (8)
22110  151.0 (5)
22391  67.0(2)
28480 .038)
23577  133.0 (2)
2326405.012)
2762 96.0 (1)
24577  572.0 (6)
25060  70.0 (1)
25416  87.0 (1)
30354 0 (9.
22949 8.029)
18565  130.0 (2)
20825  97.0 (1)
14177  187.0 (3)
23480  141.0 (3)
17819  473.0(7)
20252  238.0 (5)
17258  162.0 (4)
20697  197.0 (4)
18431  347.0 (5)
20511  99.0 (1)
15808  232.0 (3)
16691  116.0 (2)
24976154.0 (3)
23742 112.0 (2)
20294  139.0 (2)
17695  92.0 (1)
®53  103.0 (2)
23467 740 (1)
19794 346.0 (7)
20472 91.0(2)
27271364.0 (25)
273426 495.0 (17)
291021  599.0 (9)

504605  439.0 (10)

75.0 (1)
372.0 (5)
135.0 (2)
142.0 (1)
60.0 (1)
246.0 (5)

582.0 (7)

559.0 (9)
219.0 (5)
85.0 (1)

415.0 (11)

145.0 (4)
445.0 (6)
167.0 (4)
70.0 (1)
84.0 (2)
182.0 (2)
228.0 (3)
133.0 (2)
491.0 (9) Prenylation
120.0 (4)
324.0 (5)
337.0 (7)
71.0 (1)
211.0 (3)
271.0(5) 1TM
226.0 (6)
111.0 (1)
4TM
78.0 (1)
343.0 (5)
96.0 (1)
682.0 (7)  Prenylation
358.0(3) GPI
276.0 (5) Prenylation
262.0 (4)
122.0 (1)
128.0 (3)
294.0 (5) Myristoylation
205.0 (5)
116.0 (3)
63.0 (1)
780(2) 4TM
198.0(3) 1TM™M
236.0 (4)
409.0 (6) ?
98.0 (2)

91.0 (1)
338.0 (6)
1 TM; Palmitoylation
917.0(18) 1TM
1051.0 (29)
1537.0 (27)
956.0 (14) 1TM
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0i|119602166
0i|3694920
0i|53791221
0i|14286105
0i|1228049
0i|16753233
0i|119620171
0i|31657142
0ij473583
0i|110624774
0i|55665772
0i}4557803
0i|5031931
0i|134142345
0i|134288865
0i|51315727
0i|4504255
0i|4506633
0i|31542331
0i|4506679
0i|4506625
0i|4506699
0i|28195394
0i}4506613
0i|4506667
0il4506715
0i|31979
0i}4506605
0i|4506685
0il4506671
0i|55956788
0i}4506631
0i|2697005
gil4506703
0i|4506635
gi|14277700
0i|17986258
0il4506741
0i|53692187
0i|17932940
0i|4506693
gij457262
0i|4506669
0il4506695
0i|119623780
0i|4506643
0i|5032051
0i|5031635
0i}4503053
gil4757944
0i}4502899
0i|386772
0i|115527968
0i|13491174
0i|38014007
0i|119582923
0i|141797011
0i|119629737

Dynein cytoplasmic heavy chain 1
ADP-ribosyltransferase like 1

Filamin A

Plasma membran& CATPase type 4
Glutamine dependent carbamoyl phosyathase
Talin 1

Dysferlin

Integrin alpha 1

DNA topoisomerase |

Mannose receptor, C type 2

Solute carrier family 44 member 1
Niemann Pick C1 protein

Nascent polypeptide-associated compgrazsubunit
ATP binding cassette subfamily C mentber
Solute carrier family 4 member 7
Histone H4

Histone H2A z

Ribosomal protein L31

Cysteine-rich angiogenic inducer 61
Ribosomal protein S10

Ribosomal protein L27a

Ribosomal protein S21

Histone H2A

Ribosomal protein L22

Ribosomal protein PO

Ribosomal protein S28

Histone H2B2

Ribosomal protein L23

Ribosomal protein S13

Ribosomal phosphoprotein P2

Nucleolin

Ribosomal protein L30
Proliferation-associated protein 2G4
Ribosomal protein S24

Ribosomal protein L32

Ribosomal protein S12

Myosin light chain 6

Ribosomal protein S7

Actin-related protein 2

Ribosomal protein L15

Ribosomal protein S17

Major histocompatibility complex, clags¥ box binding protein
Ribosomal protein P1

Ribosomal protein S19

MHC class | antigen C

Ribosomal protein L37a

Ribosomal protein S14

Cofilin 1

Hyaluronan and proteoglycan link profein
CD81 antigen

Clathrin light polypeptide A

Histone H3

CADML1 protein

MARCKS-like protein

DIP2B protein

Transmembrane protein 2

IQ motif containing GTPase activafingtein 1
Solute carrier family 19 member 1

58240 250.0 (6)

192594 .Q78)
280017 1172.0 (21)
133930  366.0 (9)
242983  64.0 (1)
269667  406.0 (11)
237294  814.0 (14)
130847  401.0 (9)
90725  240.0 (12)
166674  145.0 (2)
73302 78.0 (3)
142148  81.0 (1)
23384  178.0 (4)
171591  119.0 (1)
13604 140.0 (3)
11367  430.0 (10)
13553  85.0 (3)
14632  147.0 (2)
2620 103.0 (2)
18898  170.0 (1)
16561  122.0 (2)
9111  146.0 (2)
13995  1203.0 (14)
14787  573.0 (5)
34273  1154.0 (12)
7841  226.0 (3)
13906  1175.0 (6)
14865  315.0 (3)
17222 211.0 3)
11665  1283.0
76614  194.0 (2)
12784  222.0 (4)
8¥37 66.0 (2)
15069  257.0 (3)
15860  194.0 (3)
14515  513.0 (4)
17557  193.0 (6)
22127  95.0(2)
45376  104.0 (1)
24146  212.0 (1)
15550  733.0 (5)
35924  139.0 (1)
11514  993.0 (8)
16060  247.0 (3)
40648  420.0 (2)
10275  156.0 (1)
16273  301.0 (6)
18502  289.0 (3)
40165  484.0 (9)
25809  171.0 (3)
27077  86.0 (1)
15388  433.0 (7)
48509  125.0 (1)
19529  162.0 (6)
171491  76.0 (2)
154373 122.0 (4)
189251  278.0 (8)
®86 75.0 (1)

2091.0 (35)

1933.0 (38)
302.0 (9)
246.0 (7)

1301.0 (23)

1075.0 (18)

446.0 (10)

8T™M

1T™
1T™™

676.0 (15)
67.0 (2)
242.0 (4)
219.0 (4)
482.0 (9)
177.0 (3)
140.0 (5)

1T™™
9TM
12 T™

5T™M
11 T™

65.0 (1)
68.0 (1)
54.0 (1)
84.0 (1)
205.0 (1)
309.0 (8)

153.0 (3)
107.0 (1)

328.0 (4)
451.0 (9)
143.0 (3)
106.0 (2)
83.0 (1)
66.0 (1)
105.0 (1)
139.0 (2)

228.0 (4)
92.0 (1)
259.0 (4)
201.0 (2)
433.0 (2)
76.0 (1)
182.0 (1)
57.0 (1)
230.0 (3)
354.0 (5)
129.0 (1)
195.0 (3)
75.0 (1)

1™

4T™M

342.0 (2)
163.0 (3)
63.0 (1)

1TM
841.0 (13)
730(1) 12TM
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0i|61743954
gil4507047
0i|119582796
0i}4505807
0i|95113664
gi|74754588
0i|62089338
0i|16418453
0i|1174915
0i|10835049
gi|1705852
0i|3850044
0i|148536855
gi[757924
0i|44889481
0i|24307969
0i|21237748
0i|249616
0i}4506303
0i|1373019
0i|34782987
0i|114319027
0il42556032
0i|13375569
0i|119568427
0i|384062
0i|5031633
0i|119593392
0i|58331222
0i|119593571
gi|16757970
0i|238236
0i|119588731
0il4506773
0i|33598948
0i|7657683
0i|19882251
0i}4504529
0i|21361602
0i|2226273
019913416
0i|158937236
0i|30583505
0i|19744759
0i|62088652
0i|13699868
0i|9716092
0i|119631361
0i|603074
0i|3560557
0i|4885505
gi|55770844
0i|119594339
0i}4503131
0i|5453998
0i|51100974
0i|38014621
gi|799177

AHNAK nucleoprotein

Solute carrier family 7 member 1
Solute carrier family 12 member 2
Phosphatidylinositol 4 kinase type Jalp
Leucine rich repeat containing 1
Transmembrane protein 119
Tetraspanin 6

Pannexin 3

Utrophin

Ras homolog gene family member A

Voltage-dependent calcium channel, aitielta subunit 1

Tubulin specific chaperone D

Coatomer protein complex, subunit alpha
Epidermal growth factor receptor

Myosin 1B

Cytoplasmic FMRL1 interacting protein 1
CD151 antigen

Insulin-like growth factor | receptor

Protein tyrosine phosphatase, recepgper, tlpha
Cysteine-rich fibroblast growth facteceptor
TBP-Interacting protein

Immunoglobulin J chain

Prominin 1

Hp95

Ectonucleotide pyrophosphatase/phapsierase 1
Solute carrier family 24 member 3

FERM, RhoGEF, and pleckstrin domain jimdte
Glycogen debranching enzyme

ATPase class VI type 11C

Protein kinase C like 2

Niban protein

Polymeric immunoglobulin receptor
Transmembrane protein 16E

S100 calcium-binding protein A9
Phospholipase C gamma 1

Solute carrier family 7 member 11

Cystatin SN

Histatin 1

Solute carrier family 38 member 2
Trans-golgi network glycoprotein 46
Adaptor-related protein complex 2 alplsaibunit
Aminopeptidase puromycin sensitive
Catenin delta 1

Rho guanine nucleotide exchange factor 2
Synapse associated protein 97
Methylenetetrahydrofolate dehydrogedase
Sortilin

NCK-associated protein 1

ATP citrate lyase

Cellular apoptosis susceptibility protein
N-acetylated alpha-linked acidic dipdgmie 2
Catenin alpha 1

Damage-specific DNA binding proteii27 kDa
Catenin beta 1

Importin 7

Myosin ID

Autophagy related 9 homolog A

EBNAZ2 coactivator p100

629099  67.0 (1)
67638 41.Q (3)
1314 126.0 (3)

100000  55.0 (1)
59242102.0 (2)

29119  139.0 (4)

27563  77.0 (1)

44683  98.0 (3)

394465  58.0 (1)
21768 4.0 @)
123183  188.0 (5)
132600  §2)0
139324  99.0 (2)
134277 16.Q (1)
124950  207.0 (5)

45182  145.0 (4)
28295  65.0 (1)
798  174.0 (3)
90719  109.0 (2)
91867  76.0 (1)
136375  213.0 (6)
18099  76.0 (1)
97202  162.0 (4)
96023  432.0 (9)
99930  74.0 (1)
71992 5.081)

122139 115.0 (2)

174763 0 @].
129560  108.0 (2)
112034  133.0 (2)

79855  98.0 (3)
83283 20.0 (1)

107187  193.0 (4)
13242 .063)
148532  106.0 (1)

55423104.0 (1)
16388  145.0 (2)
6963  108.0 (1)

56026198.0 (3)

4887 71.0 (2)
107546  175.0 (5)

0885 207.0 (4)
108170  104.0 (2)
111471  250.0 (5)

103321 3.0 (4)
101531  331.0 (8)

92067  124.0 (3)
43000  129.0 (3)

120839  259.0 (5)
110416  150.0 (3)
83591  256.0 (4)
100071  432.0 (10)
126968  74.0 (1)
85496  126.0 (5)
119516  60.0 (1)
116202  73.0 (1)
94447  062)
101997  204.0 (4)

1586.0 (33)
184.0(3) 14 TM
155.0 (3) 12 TM
54.0 (1)
61.0 (1)
950(1) 1TM
850(1) 4TM
113.0(2) 4TM™
1060.0 (17)
459.0 (8)
227.0 (5)
78.0 (1)
151.0 (3)
198.0(4) 1TM
609.0 (9)
185.0 (2)
56.0(1) 4TM
169.0(2) 1TM

1TM
321.0(4) 1TM
121.0 (4)

4TM
536.0 (6)

3840(5) 1TM

145.0 (2)
260.0(4) 7TM

184.0 (2)
1TM
180.0(3) 8TM

69.0(1) 12TM

770(1) 9TM
68.0(1) 1TM
141.0 (3)
331.0 (4)
197.0 (5)
63.0 (1)
283.0 (4)
407.0 (5)
179.0(2) 1TM
1TM
254.0 (4)
159.0 (2)
1250(2) 1TM
584.0 (9)
86.0 (1)
306.0 (6)
203.0 (2)

580(1) 5TM
424.0 (6)
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0i|33873479
0i|387019
0i|38327039
0il42544159
0il4758648
gil45751608
gi|7705369
0i|94721259
0i}4503483
0i|1015321
0i|119600540
0i|6912530
0ij4033763
0i}4507943
0i|2873377
0i|116242779
0i|14250440
0i|55666319
0i|5880490
0il4758032
0i|38511752
0il493066
0i|119631610
0i|134244281
0i|119600034
0i|13514809
0i|89954531
0i|4506467
0i|38202255
0i|149363636
0i|119612222
0i|119585402
0i|94681046
0i|5107666
0i|984145
0i|32425737
0i|5123454
0i|119620257
0i|180117
0i|3170407
0i|2039383
0i|90265805
0i|7656959
0i|56204623
0i|20127454
0i|31542868
0i|24431958
0i}4503939
0i|16933537
gij4507297
0il4506675
0i|11066968
0i|119616317
0i|7549809
0i|30240932
0i|189428
gi}4503015
0i|28592

USOL1 protein

Phosphoribosylglycinamide formyltranséera
Heat shock 70 kDa protein 4

Heat shock 105 kDa protein

Kinesin family member 5B

Myosin IC

Coatomer protein complex subunit beta
Solute carrier family 26 member 6
Eukaryotic translation elongation fa&or
Alanyl-tRNA synthetase

Adaptor-related protein complex 2 Besabunit
Transmembrane 4 superfamily member 15
Importin beta 3

Exportin 1

Exportin t

Solute carrier family 12 member 7

EphA2 protein
Calcium/calmodulin-dependent serinegimdtinase
Lectomedin 1 alpha

Coatomer protein complex subunit beta 2
CD276 antigen

Glycyl-tRNA synthetase

Dynein cytoplasmic 1 intermediate peptide 2
Melanoma-associated antigen p97
ATPase, H+ transporting, lysosomdialpolypeptide, 70 KD
DEAD (Asp-Glu-Ala-Asp) box polypeptiger-linked
Sphingomyelin phosphodiesterase 3
Radixin

Threonyl-tRNA synthetase

Plexin B2

Polyadenylate binding protein 1
Acylpeptide hydrolase

Cyclin M4

Importin beta 1

Lanosterol synthase

Niban-like protein

Heat shock 70 kDa protein 1A
Glutamine-fructose-6-phosphate traimssa 1
CD36 antigen

Glycogen phosphorylase

ADAM 17

Phospholipase C delta 1

Calpain 7

Phosphoglycerate dehydrogenase
Bifunctional purine biosynthesis profeisRH
Glycogen synthase 1

Solute carrier family 16 member 7

Guanine nucleotide binding protein 1
Glomulin

Syntaxin binding protein 1

Ribophorin |

EH domain-containing protein 3
Chondroitin sulfate proteoglycan 2

Plastin 3

EH-domain containing 1

Phosphatase 2A regulatory subunit A
Copine llI

Albumin

62000  96.0 (2)
107767  163.0 (2)
94331  336.0 (8)
96865  202.0 (4)
109685  111.0 (2)
121681  172.0 (4)
1497  63.0 (1)
80910141.0 (2)
95338  201.0 (4)
106810  94.0 (2)
105691  102.0 (3)
1633  102.0 (2)
125545  208.0 (4)
123386  169.0 (3)
109964  61.0 (1)
W1 68.0 (1)
108266  166.0 (1)
104480  145.0 (2)
157177  91.0 (1)
02487  55.0 (1)
57235  76.0 (1)
84648  85.0 (2)
71456  69.0 (1)
80214102.0 (7)
68304  77.0(1)
73153  107.0 (2)
71081.72.0 (5)
68564  168.0 (2)
83435  200.0 (5)
53975  63.0 (1)
70671 64.0 (1)
81224  65.0 (1)
86607  77.0 (1)
97170  138.0 (2)
83309  73.0 (1)
84138  112.0 (3)
70038 3880
76747  257.0 (4)
53053  109.0 (1)
97092  140.0 (2)
93021  99.0 (1)
85665  103.0 (1)
92652  56.0 (1)
56650 9.0 &)
64616  487.0 (9)
83785  103.0 (2)
52200 65.0 (1)
w9  96.0 (2)
68208  145.0 (2)
68736  258.0 (3)
68569  88.0 (2)
60887 9.067)
Iws  62.0 (2)
70811  275.0 (10)
60627  217.0 (3)
65308127.0 (4)
60130  124.0 (2)
69366  98.0 (2)

512.0 (8)
287.0 (5)
421.0 (5)
281.0 (4)
141.0 (3)
12 T™M
222.0 (3)
239.0 (3)
246.0 (5)
147.0 (2)
625.0 (9)
225.0 (3)
66.0 (1)
248.0 (5)
168.0 (3)

4TM

11 T™
1TM
331.0(4) 7TM
183.0 (6)
61.0 (1)
59.0 (1)
75.0 (1)
611.0 (7)
371.0 (7)
99.0 (1)
325.0 (5)
208.0 (2)
190.0 (3)
286.0 (5)
214.0 (5)
72.0 (1)
86.0 (1)
151.0 (5)
213.0 (3)
167.0 (3)
527.0 (8)
454.0 (5)
109.0 (1)
189.0 (3)

1T™™

2T™M

4TM

Palmitoylation

1T™™

244.0 (3)
370.0 (6)
84.0 (1)
75.0(1) 127TM

Prenylation

87.0 (1)

215.0 (3)

174.0 (3)

148.0 (2)

1™

520.0 (9)
74.0 (1)
172.0 (2)
223.0 (3)
72.0 1)
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0i|27881593
0il4505815
0i|4503377
0i|1050527
0i|7656991
0i|13276615
0il460789
0i|62897087
0i[73909112
0il4757810
0il449441
0il4758958
0il4929561
0i|182871
0ij41281489
0i|62089044
0i|149589008
0i|1581615
0ij4759112
0i|19224660
0i}4335941
0il4507145
0i|119591141
0i|62896685
0i|4557317
0i|32189394
0i|18379349
0i|10720285
0i|19923193
0il4506439
0i|62896713
0ij435487
0i|9622850
0i|1710248
0i}4502281
0i|20070158
0i|119615779
0i|8922699
0i}4504169
0i|8439415
0il4758756
0i|31127085
0i|16445029
0i}4505061
0i|5453539
0i|5453854
0i|12005493
0i|5174557
0i|21410823
0i|24307907
0i|10863955
0i|21361547
0i|3641398
0i|9836652
0i|9951915
0i|24111250
0i|1906670
0i|94538362

Syntaxin binding protein 3
Phosphatidylinositol-4-phosphate 5-lertgpe 1 alpha
Dihydropyrimidinase-like 2

Seryl-tRNA synthetase

Coronin 1C

Membrane protein, palmitoylated 2
Transformation upregulated nuclear pnotei
WD repeat-containing protein 1

Stress induced phosphoprotein 1

ATP synthase, H+ transporting, mitochiah&1 complex, alpha
UDP-glucose pyrophosphorylase
cAMP-dependent protein kinase, regwaabunit alpha 2
RuvB-like 2 protein

Glucose-6-phosphate dehydrogenase
Putative MAPK activating protein PM28
Replication factor A protein 1

Peptidase D

Oligosaccharyltransferase

Solute carrier family 16 member 3

Protein kinase C and casein kinasersté&t neurons 3
Leucine aminopeptidase

Sorting nexin 4

Aspartyl aminopeptidase

RuvB-like 1 protein

Annexin A1l

ATP synthase; itansporting, mitochondrial F1 complex, beta
Vesicle amine transport protein 1

Sorting nexin 6

Heat shock 70 kDa protein binding pnote
Retinoblastoma binding protein 7

Eukaryotic translation initiation facBsubunit 3
Aldehyde dehydrogenase 9

Vacuolar sorting protein 35

Protein disulfide isomerase A5

N&K* -ATPase beta 3 subunit
Serine/threonine kinase 24

Solute carrier family 7 member 5

Glutamate carboxypeptidase-like protein
Glutathione synthetase

Tryptophanyl-tRNA synthetase

Nucleosome assembly protein 1-like 1

Ephrin receptor B4

Immunoglobulin superfamily, member 8
Cation-dependent mannose-6-phosphatetoece
Phosphorybosylaminoimidazole carboxylase
Poly(rC) binding protein 1

NPDO11

Milk fat globule-EGF factor 8 protein

Integrin binding protein DEL1

Plasminogen activator inhibitor typ@dmber 2
Phosphoserine aminotransferase
Ribonuclease/angiogenin inhibitor

Isocitrate dehydrogenase 1

Adipocyte plasma membrane-associatddipro
S-adenosylhomocysteine hydrolase

Guanine nucleotide binding proteinhalh3
Acyl-CoA thioester hydrolase

Flotillin 2

67764  84.0 (1)
62633  79.0 (1)
62293  156.0 (3)
58282  136.0 (1)
53249  96.0 (2)
61585 75.0 (1)
51028  62.0 (1)
66193 .0TT)
62639 99.01)
59750  115.0 (4)
56940  @).0
45518  115.0 (3)
51156  110.0 (3)
8889267.0 (3)
9938  69.0 (1)
68138  09@)
54383  62.0 (1)
50702  63.0 (1)
49469 62.0 (1)
48487  63.0 (1)
56166  143.0 (3)
51909  61.0 (1)
52428  116.0 (2)
50228  134.0 (2)
54390  358.0 (9)

56560 117.0 (2)
41920440.0 (6)

47804  76.0 (1)
41332 106.0 (1)
47820 .09B
51109  74.0 (1)
56292  64.0 (1)
91707  71.0(1)
59594  0¢1)

31512 113.0 (5)
49308  106.0 (1)
55010 65.0 (1)
52779  59.0 (1)
52385  90.0 (1)
53165  1{®)0
7453  80.0 (1)
108270  58.0 (1)
086  141.0 (1)
30993  268.0 (3)
47958  299.0 (7)
37526  104.0 (2)
24353  150.0 (2)
123  197.0 (6)
53765  2U(F)
44002 99.0 (2)
35188 5.0 (3)
49973203.0 (3)
46659  93.0 (2)
46480  147.0 (2)
47716 1.0 (2)
44049  269.0 (5)
41150 690 (
47064  55.0 (1)

146.0 (2)
350.0 (4)

150.0 (2)
84.0 (1)
79.0 (3)
240.0 (7)
292.0 (3)
625.0 (8)
273.0 (4)
279.0 (5)
86.0 (1)

Palmitoylation

88.0 (2)

121.0 (2)
188.0 (2)
122.0 (2)
83.0 (1)
215.0 (3)

1™
12T™

400.0 (5)
466.0 (9)
781.0 (9)
314.0 (6)
72.0 (1)
205.0 (2)

85.0 (1)
71.0 (1)
233.0 (3)
458.0 (5)
327.0 (6) TM1
88.0 (1)
58.0 (1)
63.0 (1)
113.0 (2)
65.0 (1)
102.0 (2)
75.0 (1)
227.0 (2)
284.0 (3)
477.0 (6)
64.0 (1)
112.0 (1)
63.0 (2)
93.0 (4)

11 ™™

Farnesylation
1T™

1T™

1T™

172.0 (2)
118.0 (1)
367.0 (5)
244.0 (3)
271.0 (5)
218.0 (8)
91.0 (1)
222.0 (5)

1T™™

Palmitoylation
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0i|33415057
0i|157502193
0i|119590191
0i|58761502
0i|5031699
0i|13160478
0il47938093
0il4758158
0i|231382
0i|180570
0i|4519417
0i}4504813
0il4505763
0i|21396504
0i|55960300
0i|6912420
0i|52487191
0i|20986531
0il46249758
0i|180687
0i|119624661
0i|115583685
0i|312137
0i|31645
gi|28614
0i|1633574
0i|20149560
0i|6912328
0i|3929617
gi}4506005
0il4506061
gij4885381
gi|4504753
0i|6912594
0ij4505641
0i|13375926
0il4758256
0i|38522
0i|8393516
0i|19913432
0i|28827795
0i|10863877
0i|11056044
0i|4506017
0i}4502599
0i|14714483
gi|133252
0i|150439236
0i|15788437
gi|181184
0i|2343185
0i|4826659
0i|387033
gil42734438
0i|4885079
0i|14251209
0i}4506179
0i|119574954

Transformation-related protein 14
Proteasome 26S non-ATPase subunit 13
ADP ribosyl transferase

GTP-binding protein PTD004

Flotillin 1

Inositol polyphosphate-5-phosphatase A
Protein tyrosine kinase 7

Septin 2

MHC class | antigen B*13

Creatine kinase brain type

Serine/threonine kinase receptor assacotein
CD82 antigen

Phosphoglycerate kinase 1

Ephrin receptor B2

Gelsolin

Heparan sulfate 2-O-sulfotransferase 1
Thioredoxin domain containing 4
Mitogen-activated protein kinase 1

Villin 2 (Ezrin)

2',3"-cyclic-nucleotide 3'-phosphodiester
Solute carrier family 29 member 1

Solute carrier family 16 member 1
Fructose-bisphosphate aldolase
Glyceraldehyde-3-phosphate dehydrogenase
Aldolase A

MHC class | antigen A2

Syntaxin 4A

Dimethylarginine dimethylaminohydroldse
SNAP alpha

Protein phosphatase 1 catalytic sulnedt
AMP-activated protein kinase, noncaimlyamma-1 subunit
Histone 1, H1b

Integrin alpha 7

Phosphatidylinositol transfer proteigtab
Proliferating cell nuclear antigen

Vacuolar protein sorting 37B

Eukaryotic translation initiation fac®rsubunit alpha
Eukaryotic translation elongation factpddlta
NAD(P)H steroid dehydrogenase like pnote
ATPase, H+ transporting, lysosomalsWBunit D
Chromatin modifying protein 4B
Phospholipid scramblase 1

Inorganic pyrophosphatase 1

Protein phosphatase 2A, catalytic subuni
Carbonyl reductase 1

OTU domain containing ubiquitin aldedyinding 1
Heterogeneous nuclear ribonucleoproté&in A
Deoxyribonuclease I-like 1

Cyclin-box carrying protein

Stomatin

Tubulin folding cofactor B

F-actin capping protein beta subunit

Purine nucleoside phosphorylase

Family with sequence similarity 49, rbemB
Mitochondrial ATP synthase, gamma suflni
Chloride intracellular channel 1

Proteasome subunit alpha type 1
Voltage-dependent anion channel 2

42819106.0 (2)

29454 101.0 (1)
113135  130.0 (4)
44743 1G8)0
47355  85.0 (1)
47819  114.0 (2)
118391  204.0 (3)
41487  146.0 (3)
40474  276.0 (5)
42644  296.0 (5)
38438  72.0(1)
29625  90.0 (1)
44615  568.0 (6)
110030  161.0 (2)
85697  103.0 (1)
1882  61.0 (1)
46971 7.001)
4139 88.0 (1)
69413  163.0 (2)
47578  80.0 (1)
5021 70.0 (2)
2394 62.0 (1)
39456  012Y.
60543  510.0 (9)
39420  121.0 (4)
40841  231.0 (6)
34180  100.0 (3)
31122 211.0 (5)
33233 159.0 (5)
37187  126.0 (4)
37579  106.0 (1)
22580  130.0 (4)
124287  76.0 (1)
31540  147.0 (4)
28769 162.0 (3)
31307  194.0 (4)
36112  166.0 (3)
71408  84.0 (1)
41900  74.0 (1)
40329  188.0 (3)
24950  08@)
35049  160.0 (2)
32660  150.0 (4)
35594  100.0 (2)
30375  133.0 (3)
31284  94.0 (1)
38747  104.0 (1)
33893  103.0 (1)
39337  74.0 (1)
31731 292.0 (7)
27325  70.0 (1)
2306 214.0 (5)
32148 0 @).
36748  412.0 (7)
32996  78.0 (1)

26923 66.Q (3)
29556 .0 (8Y
3809 60.0 (1)

210.0 (3)
152.0 (2)

516.0 (7)
151.0 (2)
293.0 (5)
261.0 (4)
262.0 (3)
302.0 (5)

62.0 (1)

653.0 (9)
209.0 (2)
96.0 (1)
61.0 (1)
136.0 (2)

156.0 (2)
74.0 (2)
59.0 (1)
62.0 (2)
217.0 (3)
803.0 (15)
593.0 (7)
352.0 (6)

189.0 (2)
113.0 (3)

62.0 (1)
124.0 (2)

55.0 (1)
70.0 (1)

216.0 (3)
84.0 (1)
169.0 (3)
84.0 (1)
121.0 (2)
77.0 (1)

88.0 (1)

505.0 (8)
88.0 (1)
102.0 (1)
65.0 (1)
81.0 (1)
86.0 (1)
114.0 (1)
126.0 (2)
114.0 (3)

1T™™

1™

4T™M

1T™
Myristoylation

11 T™
11 T™

1™
1T™

1T™

1T™™

1™

1T™

Palmitoylation
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0i|15930199
0i|30410792
gi|7705855
0i|158259997
0i|119609801
0i}4503143
0i|13477169
0i|116063554
0i}4506129
0il4758874
0i|7656922
0i}4506203
0i|25188179
gi|847724
0i|7524354
gij4505773
0i|1374813
0i|7661922
0i|34485714
0i}41393545
gi|178790
0i|19923989
0i|36038
gi}4507951
0i}4504483
0i|7656952
0i|5729941
0i|296736
0i|23397554
0il4758638
0i|5453990
0i|30425420
0i|54696300
gij4885371
0i|23065552
0i|23491735
0i|73536235
0i}4502013
0i|16877641
0i}4506405
0i}4506185
0i|20147713
0i|82407948
0i|5052202
gij4505753
0i|119598698
0i|726098
0i|14589951
0i|21361091
gil4757834
gij4506181
gi|7705885
0i|8922491
0i|19923231
0i}4502011
0i|33695095
0i|5020074
0i|31543380

Glucosamine-6-phosphate deaminase 2
Proteasome activator complex subunit 2
Hydroxysteroid (17-beta) dehydrogen&se 1
Family with sequence similarity 12&nmber A
Ubiquitin-conjugating enzyme E20
Cathepsin D preproprotein

Vitronectin

Phosphodeoxyriboaldolase
Phosphoribosyl pyrophosphate synth@ase
Transmembrane 9 superfamily member 2
Chromatin modifying protein 2A
Proteasome subunit beta type 7
Voltage-dependent anion channel 3
Methylthioadenosine phosphorylase
Dimethylarginine dimethylaminohydrol@se
Prohibitin

SNAP-23

RAB21

RAB23

RAB5C

Apolipoprotein B100

Collagen triple helix repeat-contairiing
Rho GDP dissociation inhibitor alpha
14-3-3 Eta

Hypoxanthine phosphoribosyltransferase 1
Calcyclin binding protein

Tetraspanin 9

Proteosome subunit alpha type 6

Leucine rich repeat containing 57
Peroxiredoxin 6 (Lysosomal phospholigs®e
Proteasome activator subunit 1
PHOSPHO1

Proteosome subunit alpha type 5

H1 histone family, member 0

Glutathione S-transferase M3

Ribosomal protein L10a

RAB14

Adenylate kinase 2

Proline-rich coiled-coil 1

Ras related protein RAL B

Proteasome subunit alpha type 4

Ras related protein RAL A

14-3-3 gamma

Chloride intracellular channel 4
Phosphoglycerate mutase 1

Clathrin adaptor complex AP2, MU subuni
Glutathione S-transferase 3

RNA polymerase Il polypeptide E
Ubiquitin carboxyl-terminal esterase L1
BCL2-associated athanogene 2
Proteasome subunit alpha type 2
Vacuolar protein sorting 28
Transmembrane protein 33

RABG6A

Adenylate kinase 1

RAB10

Glyoxalase |

DJ-1 protein

85310 192.0 (3)
27402 104.0 (1)
34324  89.0 (1)
28783  128.0 (1)

148138 99.0 (1)
44552  140.0 (2)
54305  86.0 (1)
35231  284.0 (4)
34769  114.0 (1)

7957 71.0 (1)

25104  DIE)

29965 .013p
3065985.0 (2)

31236 10.01(2)
20644  244.0 (4)
29804  64.0 (1)
23354  55.0 (1)
24348  165.0 (3)
26659  156.0 (3)
23482  338.0 (6)
515529  80.0 (1)
26224  135.0 (2)

23207 125.0 (3)
28219  277.0(3)
24579  62.0 (1)
26210  77.0(2)
26779  119.0 (2)

27399 .046%

26740127.0 (2)
25035  305.0 (5)

28602 .0LPS
29713 80.0 (1)

26579 3.0 @)
20863  116.0 (3)
26560  199.0 (3)
24831  135.0 (3)
23897  168.0 (3)
26478  93.0 (1)
46701  68.0 (1)
23408  95.0 (1)

29484 0.033)
23567  97.0 (1)
28303  222.0(2)

28772 1.042)
28804  99.0 (2)
49389  100.0 (2)
23356 494.0 (5)

24611 5.0Q1)
24824  65.0 (1)

78.0 (1)
95.0 (1)
64.0 (1)

359.0 (8)

124.0 (2)
294.0 (5)
150.0 (2)
497.0 (5)
158.0 (2)
118.0 (1)
297.0 (3)
312.0 (4)
494.0 (6)

297.0 (5)
220.0 (2)
163.0 (2)

77.0 (1)
299.0 (3)
245.0 (3)
283.0 (3)
257.0 (3)
138.0 (2)
62.0 (1)

74.0 (1)
254.0 (3)

74.0 (1)
220.0 (4)
164.0 (3)

90.0 (1)
144.0 (2)
195.0 (5)
251.0 (3)
369.0 (3)

425.0 (6)
265.0 (3)

111.0 (1)
170.0 (3)

23772 13p.0( 118.0 (2)

25899 0.023)
26462  319.0 (6)
27951  98.0 (1)
23593  72.0 (1)
21635  105.0 (2)
22469  246.0 (4)
20778 910 (2)
19891  162.0 (5)

265.0 (3)

98.0 (1)
333.0 (7)
132.0 (2)
329.0 (4)
145.0 (3)
201.0 (4)

3T™

9T™M

Palmitoylation

Palmitoylation

4T™M

3T™M
Prenylation

Sumoylation
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0i|6005731
0i|8218049
0i|62897873
0i|39725636
0i|5803135
0i|12585534
0i|156071462
0i|4885417
0i}4506365
0i}4502419
0i}4506363
0i}4092054
gi|7706563
0i}4506193
0i|21361884
0i|913159
0i|125987848
0i}4506195
0i}4506413
gil4758988
0i|13569962
0i|2978560
0i|3002951
0il49168476
0i|54696598
0i|29436553
0i}4503249
0i|4826962
0il4506691
0i|55669748
0i|1942977
0i}4506661
0i|4826898
gi|208115
0i|4506623
gij4505751
gij4757952
0i|1237406
0ij4432748
gij400059
0i|15530277
0i|19557691
0i}4505183
0i|296452
gi|1772345
0i|10863927
0i|825635
0i|14165469
gil4507669
0i|5174764
0i|307348
gil124219
gil4759140
0i|10716563
0i|20664042
0i|8922720
gil4507793
0i|60416394

Calcium binding protein P22

Histidine triad nucleotide binding pint8
Lin-7 homolog C

Transmembrane emp24 protein transpantoh containing 9
RAB35

Transmembrane emp24 domain-containiotgip 5
Solute carrier family 25 member 6
Huntingtin interacting protein 2
RAB2A

Biliverdin reductase B

RAB13

RAN

RABS8SB

Proteasome subunit beta type 1
RAB2B

Raf kinase inhibitor protein
VHL-binding protein 1

Proteasome subunit beta type 2
RAP1A

RAB1A

RAB1B

Neuropilin 1

Breakpoint cluster region protein 1
RAB11B

ADP-ribosylation factor 6

Syndecan 2

DEK oncogene

RAC3

Ribosomal protein S16
Golgi-Associated protein 1
Macrophage migration inhibitory factor
Ribosomal protein L7a

Profilin 1

H-Ras

Ribosomal protein L27

Profilin 2

CDC 42

Superoxide dismutase 1

Ribosomal protein S27
Interferon-induced transmembrane prdtein
Ferritin, light polypeptide

Surfeit 4

CD99 antigen

Ribosomal protein S26

Ras-related GTP-binding protein
Peptidylprolyl isomerase A
Calmodulin 1

Ribosomal protein S15a

Tumor protein, translationally contrdle
Metallothionein 2A

Prothymosin alpha

Eukaryotic translation initiation factB
Solute carrier family 9 member 3 regriafactor 1
Calnexin

Calcyclin

Transmembrane protein 30A
Ubiquitin-conjugating enzyme E2N
XRP2 protein

22456 103.0 (2)
20375  128.0 (2)
21834  118.0 (2)
27277  73.0(1)
23025  137.0(2)
26017  74.0 (1)
92 58.0 (1)
22407  7.09(1)
23545  125.0 (1)
22119  108.0 (1)
22774  238.0 (6)
24423 70.0 (1)
23584  197.0 (3)
26489 .024)
24214  95.0 (2)
21057  60.0 (1)
22626 100.0 (1)
22836 .011p
20987  103.0 (2)
22678 443.0 (7)
22171 350.0 (3)
103085  122.0 (1)
15522146.0 (3)
24574  87.0(2)
20082  84.0 (2)
22160  88.0 (1)
42674  93.0(2)
21379  139.0 (3)
16445  65.0 (1)
17218  105.0 (1)
2476  73.0 (1)
29996  192.0 (3)
15054  251.0 (3)
21298  103.0 (2)
15798  103.0 (2)
15046  72.0 (1)
21259  80.0 (1)
15936  55.0 (1)
9461 85.0 (1)
14546  106.0 (1)
20020  92.0 (1)
30394 710 (1)
18848  76.0 (1)
13015  88.0 (1)
20497 09
18012  179.0 (2)
16838  62.0 (1)
14839  103.0 (1)
19595  61.0 (1)
6042 64.0 (1)
12203 140.0 (1)
69151  127.0 (2)
38868  59.0 (1)
67568  150.0 (1)
10180  61.0 (1)
40684  52.0 (1)
17138 8.0711)
39642  84.0 (1)

352.0 (4)

193.0 (3)

242.0 (3)

298.0 (4)
67.0 (1)
290.0 (5)
170.0 (2)
278.0 (3)
125.0 (1)
406.0 (6)
85.0 (1)
178.0 (3)
163.0 (4)
176.0 (2)
324.0 (4)
66.0 (1)
160.0 (2)
522.0 (8)
483.0 (10)
519.0 (5)
100.0 (1)

155.0 (3)
132.0 (2)

332.0 (6)
167.0 (2)

312.0 (5)
287.0 (3)
216.0 (3)

74.0 (1)
433.0 (5)
67.0 (1)
58.0 (1)
112.0 (2)
269.0 (3)
109.0 (1)
67.0 (1)
95.0 (1)

120.0 (2)
258.0 (5)
165.0 (1)
186.0 (2)

229.0 (1)
112.0 (2)
80.0 (1)
311.0 (8)

95.0 (2)
66.0 (2)

Myristoylation

1T™™

1T™™
2T™M

Prenylation

Prenylation

1T™™

Palmit; Farn; Pren

2T™M

5T™M
1T™™

1T™
2TM
Myristoyl; Palmitoyl
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Origin, characterization and roles of matrix vesices in physiological and

pathological mineralization

Matrix vesicles (MVs) are involved in the initiatioof mineralization in tissues undergoing
physiological and pathological calcification. Pynogphate (PPhas a dual effect on mineralization: a
source of phosphate;Ro sustain hydroxyapatite (HA) formation and ahibitor of HA growth. We
found that formation of HA was optimal when théPP molar ratio was above 140, while calcium
pyrophosphate dihydrate, identified in osteoarithiitas exclusively produced by MVs when the ratio
was below 6. Proteomic analysis and lipid compaosgion both MVs and microvilli from osteoblast-
like Saos-2 cells, revealed that MVs have an eradopic reticular origin and characteristic lipidslan
proteins as in lipid rafts. Finally, we demonstdatbat MV release from microvilli is caused by the
concomitant actions of actin-depolymerizing andtaaetile motor proteins. Proteins involved in MV
biogenesis could be new therapeutic targets togptepathological calcification.

Keywords: Biogenesis, bone, cartilage, chondrocytes, maigsgicles, microvilli, mineralization,
osteoarthritis, osteoblasts, pyrophosphate.

Pecherzyki macierzy pozakomdérkowej (MV) uczestaigze wczesnych etapach mineralizacji tkanek,
zaréwno w normie, jak i w patologii. Nieorganiczpiyofosforan (PP odgrywa podwaéija role w tym
procesie: jestzrédiem nieorganicznego fosforanu ;)(P zwiazku niezlednego w produkcji
hydroksyapatytu (HA), i jest jednoczee inhibitorem tworzenia krysztatow HA. W ninieggzoracy
pokazanoze powstawanie HA w wyizolowanych z tkankigmerzykach MV zachodzi z optymaln
szybkacia w warunkach, kiedy stosunek molowyHR przekracza 140, podczas gdy pirofosforan
wapnia-2HO, zidentyfikowany w przypadkach osteoartretyzmirg¢ay), tworzy s¢ w kiedy stosunek
P/PR jest niszy niz 6. Proteomiczna i lipidomiczna analiza skladu cioeermego gcherzykow MV i
frakcji mikrokosmkow wyizolowanych z hodowli ostdabtow linii Saos-2 wskazuje na pochodzenie
tych struktur z siateczkirodplazmatycznej, a ich sklad biatkowy i lipidowyzppomina frakaj
mikrodomen btony plazmatycznej, tzw. tratw (argfts). W niniejszej pracy zaprezentowanozak
daneswiadczce, ze mczkowanie pcherzykéw MV od btony plazmatycznej (rejon mikrokdsdw)
zachodzi przy wspétudziale biatek uczestagyrh w depolimeryzacji F-aktyny i biatek
motorycznych. Biatka biace udziat w procesie powstawaniacperzykbw MV mog stanowé
dogodne cele przysziej interwencji farmakologiczzepobiegaicej rozwojowi stanéw chorobowych
zwigzanych z nieprawidtowym przebiegiem mineralizacji.

Stowa kluczoweBiogeneza, k&, chrzstka, chondrocyty, ggherzyki macierzy pozakomaorkowej,
mikrokosmki, mineralizacja, artroza, osteoblastgprganiczny pirofosforan.
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Origin, characterization and roles of matrix vesices in physiological and
pathological mineralization

Matrix vesicles (MVs) are involved in the initiatioof mineralization in tissues undergoing
physiological and pathological calcification. Pyhagphate (PPhas a dual effect on mineralization: a
source of phosphate;{Ro sustain hydroxyapatite (HA) formation and ahibitor of HA growth. We
found that formation of HA was optimal when théPP molar ratio was above 140, while calcium
pyrophosphate dihydrate, identified in osteoaiithiitas exclusively produced by MVs when the ratio
was below 6. Proteomic analysis and lipid compasgtion both MVs and microvilli from osteoblast-
like Saos-2 cells, revealed that MVs have an eradopic reticular origin and characteristic lipidslan
proteins as in lipid rafts. Finally, we demonstdathat MV release from microvilli is caused by the
concomitant actions of actin-depolymerizing andtatile motor proteins. Proteins involved in MV
biogenesis could be new therapeutic targets togptepathological calcification.

Keywords: Biogenesis, bone, cartilage, chondrocytes, matggicles, microvilli, mineralization,
osteoarthritis, osteoblasts, pyrophosphate.

Les vésicules matricielles (VM) sont impliquées gléiimitiation des minéralisations physiologique ou
pathologique. Le pyrophosphate (P&st une source de phosphatg (@ur maintenir la formation
d'hydroxyapatite (HA) mais aussi un inhibiteur dectoissance de ces minéraux. Nous avons montré
gue la formation d’HA était optimale lorsque le pap molaire PPR était supérieur a 140, tandis que
du calcium pyrophosphate dihydraté, marqueur dehfase, était exclusivement formé lorsque ce
rapport était inférieur a 6. Des analyses protéaascet en compositions lipidiques sur les VM et les
microvillosités des cellules Saos-2 ont révélé dege VM étaient formées dans le réticulum
endoplasmique et qu'elles possédent des lipidgsosdtines caractéristigues de radeaux lipidiques.
Finalement, nous avons montré que les VM sontdi®i partir des microvillosités grace aux actions
coordonnées de protéines dépolymérisant 'actide grotéines contractiles. Les protéines impliguée
dans la biogenese des VM peuvent étre des nouveilbdss thérapeutiques pour prévenir des
calcifications pathologiques.

Mots-clés: Biogénese, cartilage, chondrocytes, microvillagsiténinéralisation, os, ostéoarthrose,
ostéoblastes, pyrophosphate, vésicules matricielles
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